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Preface: 
The present PhD dissertation “The role of MIF and HTRA1 in multiple sclerosis”, is a research project 

trying to shed light on the proteins MIF and HTRA1 and their role in the pathology of multiple 

sclerosis through the analyses of already established MS patient cohorts, as well as in vitro and in 

vivo experiments. It is based on the main findings obtained from September 2016 until July 2022 and 

is part of a PhD project under the 4+4 PhD degree program.  

Investigations were primarily made at the Institute of Molecular Medicine at University of Southern 

Denmark and mainly supervised by my main supervisor Associate Professor Åsa Fex Svenningsen, 

but the expertise of both co-supervisor Associate Professor Eirikur Benedikz and Professor Zsolt Illes 

were available when needed.  

The main findings resulted in two published paper and one manuscript which are included in this 

dissertation. In addition, this thesis presents relevant background information and a general discussion 

of the novel findings in all three papers. Methodology and results are presented in the included papers.  

I hope you enjoy reading. 

Simone Hjæresen 

July 14, 2022  



8 

 

List of publications and manuscripts included in the thesis: 
1. Hjæresen S, Sejbaek T, Axelsson M, Vinsløv-Jensen H, Mortensen SK, Pihl-Jensen G, 

Novakova L, Christensen JDR, Pedersen CB, Halle B, Poulsen FR, Lautrup Frederiksen J, 

Zhang M, Benedikz E, Lycke J, Illes Z, Fex Svenningsen Å. The levels of the serine 

protease HTRA1 in cerebrospinal fluid correlate with progression and disability in 

multiple sclerosis. J Neurol. 2021 Sep;268(9):3316-3324. doi: 10.1007/s00415-021-10489-

7. Epub 2021 Mar 4. PMID: 33661357. 

 

2. Hjæresen S, Sejbaek T, Axelsson M, Mortensen SK, Vinsløv-Jensen H, Pihl-Jensen G, 

Novakova L, Pedersen CB, Halle B, Poulsen FR, Zhang M, Benedikz E, Frederiksen JL, 

Lycke J, Illes Z, Fex-Svenningsen Å. MIF in the cerebrospinal fluid is decreased during 

relapsing-remitting while increased in secondary progressive multiple sclerosis. J Neurol 

Sci. 2022 Jun 13;439:120320. doi: 10.1016/j.jns.2022.120320. Epub ahead of print. PMID: 

35717879. 

 

3. Hjæresen S, Mortensen SK, Clausen PD, Larsen ASA, Kronborg H, Zhang M, Benedikz E, 

Fex-Svenningsen Å. Macrophage Migration Inhibitory factor (MIF) is upregulated in 

oligodendrocyte precursors in the corpus callosum during cuprizone treatment. 

Unpublished  

  



9 

 

Additional contributions to publications and manuscripts: 
Fex Svenningsen Å, Löring S, Sørensen AL, Huynh HUB, Hjæresen S, Martin N, Moeller JB, 

Elkjær ML, Holmskov U, Illes Z, Andersson M, Nielsen SB, Benedikz E. Macrophage migration 

inhibitory factor (MIF) modulates trophic signaling through interaction with serine protease 

HTRA1. Cell Mol Life Sci. 2017 Dec;74(24):4561-4572. doi: 10.1007/s00018-017-2592-z. Epub 

2017 Jul 19. PMID: 28726057; PMCID: PMC5663815. 

 

Ulrichsen M, Gonçalves NP, Mohseni S, Hjæresen S, Lisle TL, Molgaard S, Madsen NK, Andersen 

OM, Svenningsen ÅF, Glerup S, Nykjær A, Vægter CB. Sortilin Modulates Schwann Cell 

Signaling and Remak Bundle Regeneration Following Nerve Injury. Front Cell Neurosci. 2022 

May 11;16:856734. doi: 10.3389/fncel.2022.856734. PMID: 35634462; PMCID: PMC9130554. 

  



10 

 

Acknowledgement: 
At first, I want to thank my main supervisor Åsa Fex Svenningsen for always believing in me and 

encouraging me to believe in myself and my capabilities. I am extremely grateful to you for 

introducing me to the area of multiple sclerosis research and providing me with the opportunity to 

immerse myself in this intriguing research area. Thank you for providing a warm and welcoming 

work environment and for always helping me out and supporting me in stressful periods with heavy 

workloads. I am deeply grateful for everything you have taught me both personally and 

professionally. It has been a great pleasure to work with you and have you as my inspiring mentor in 

the past 9 years. I am looking forward to continuing this in the future.  

I am also thankful to my co-supervisors. Thank you to Zsolt Illes for providing valued insight into 

the clinical physician perspective – an area where my knowledge often fell short. A special thank you 

to Eirikur Benedikz for all you help and for always providing guidance and expertise when methods 

and results were tricky. Thank you for introducing me to the laboratory work environment when I did 

my bachelor project in you research group in 2012-2013. 

I am also grateful for all the students I had the pleasure of supervising and working along site with, 

in the laboratory; Helene Kronborg, Emilie Caroline Boel Olsen, Emma Stæhr, Rune Øbo, Anne With 

Mikkelsen, Cathrine Høyer Christensen, Pernille Duus Clausen, Amalie Schirmer Larsen and Emilie 

Trommer Gramkow. A special thank you to Sif Kløvedal Mortensen for being both a valued and 

excellent colleague and friend. A lot of the results presented in this dissertation would not exists 

without commitment, sparring and curiosity from all of you. A thank you to both Kirsten Holst Hylov 

and Line Østerby Jørgensen for providing a fun working environment during your time in our 

laboratory.  

Off course a huge thank you to the very talented technicians Karen Rich, Tobias Christian Mogensen 

and Helle Vinsløv Jensen for your skilled technical expertise and your flexibility, for that I am 

sincerely grateful.   

I would like to recognize and acknowledge all of the hard work that was put into collecting the patient 

samples in the cohorts included in this dissertation. I am grateful that you allowed us to analyze your 

valued samples. A special thanks to Tobias Sejbæk, for providing appreciated knowledge and sparring 

regarding the results of the analyses.  



11 

 

A last, I would like to thank my friends and family. Thank you to my old and forever-lasting best 

friends Faiza Engdal Nielsen and Monica Kim Wikkelsøe for always cheering me on and for 

understanding that during a PhD does not always come with a lot of spare time for the nursing of 

friendships. An immense thank you to my mom, dad and brother for the endless support and 

encouragement throughout life. Who would have ever though I would be done studying? Thank you 

to the rest of my family, both the biological one and the one that came with marriages, you support 

has also been highly valued. A major thank you to my soon-to-be husband Ebbe Fink Andersen, 

nothing of this was ever possible without your patience, support, and endless love. Thank you to you 

and the kids for reminding me that laughter and foolery are excellent medication against writing stress 

and the down feeling of failed experiments.  

  



12 

 

Abstract: 
Background: MS is the most common chronic inflammatory disorder of the CNS characterized by 

lesions of inflammation, oligodendrocyte death and subsequent demyelination and 

neurodegeneration. In the past decades, extensive research effort has gone into obtaining a better 

understanding of the pathology of MS and identify new promising biomarkers for early RRMS 

diagnosis and SPMS transition, but a lot remains to be clarified.  

Macrophage Migration Inhibitory Factor (MIF) is involved in several functions within both the innate 

and the adaptive immune systems but has also been linked to neuronal survival and glia cell functions. 

MIF has also been implicated in several neurological diseases including Alzheimers disease, 

Parkinsons disease, and MS. We have recently reported that MIF binds to and inhibits the enzymatic 

activity of the trypsin-like serine protease High Temperature Requirement Serine Protease A1 

(HTRA1). HTRA1 degrades ECMs, microtubules and receptors and ligands of the TGFβ, Notch and 

Wnt signaling pathways, thereby regulating several cellular functions. It has been linked to several 

age-related-, autoimmune- and neurological diseases but has not been investigated in MS before. 

Objective and methods: We wanted to clarify the role of MIF and HTRA1 in the pathogenesis of 

MS by determining the protein levels in the CSF of MS patients from already available patient 

cohorts. MIF and HTRA1 CSF levels were measured using sandwich ELISAs in CSF from newly 

diagnosed treatment naïve CIS as well as RRMS and SPMS patients, both untreated and those that 

had received DMT. We also studied the cellular distribution of the proteins in human tissue and 

verified the results in the recently available OligoInternode database. The role of MIF in de- and 

remyelination was studied using 0.3% CPZ intoxication for 6 weeks followed by 2 days or 2 weeks 

of remyelination. Changes in MIF expression pattern and levels were studied using ELISA and 

immune labeling followed by manual and automated cell counting and quantification on the 

ImageExpress Pico. A possible role of MIF in de- and remyelination-related processes were studied 

using astrocytes, microglia, and OPCs isolated from mixed glia cell cultures as well as cortical 

neuronal cultures. To mimic inflammatory demyelinating conditions cells were treated with IFNγ. 

Cell metabolism were studied using MTT conversion, proliferation using Ki67 immune labeling and 

migration using TrackMate single cell tracking. Neurite outgrowth and complexity was studied based 

on the quantification of β-III-tubulin immune labeling in cortical neurons.  

Results: HTRA1 CSF levels were increased in both RRMS and SPMS patients compared to HCs and 

correlated with disability. Treatment with DMT significantly decreased HTRA1 CSF levels in both 
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MS subtypes. MIF was instead significantly decreased in both newly diagnosed treatment naïve CIS- 

and RRMS patients, while elevated in patients with SPMS compared to HCs. Treatment with 

dimethyl fumarate did not significantly affect MIF levels in the CSF of RRMS while mitoxantrone 

treatment in the SPMS showed a tendency to decrease MIF CSF levels. Using ROC analyses we 

found that HTRA1 could be a promising diagnostic biomarker for RRMS, while MIF may have some 

potential as a prognostic biomarker for SPMS conversion. HTRA1 was predominately expressed in 

astrocytes but was also found in neurons in human brain tissue. MIF protein was expressed in large 

cortical neurons, astrocytes, pericytes and oligo5 oligodendrocytes but not in microglia.  

MIF protein expression in murine brain tissue was similar to what we saw in human tissue, with high 

expression in neurons and some diffusely spread glia cells. CPZ-induced demyelination significantly 

decreased MIF CNS levels probably due to reduced neuronal expression. This reduction in MIF CNS 

levels persisted during endogenous remyelination and may decrease astrocyte and microglia 

proliferation, as well as reducing astrocyte motility. In the corpus callosum MIF was significantly 

upregulated in OPCs during acute remyelination and this local upregulation may drive OPC 

proliferation and migration. MIF itself did not directly affect neuronal functions.  

Discussion and conclusion: HTRA1 is a promising CSF biomarker for MS correlating with disease-

and disability progression. Increased HTRA1 in RRMS patients may reflect infiltration of activated 

macrophages, while increased levels in SPMS patients may be partly caused by CNS resident 

processes such as astrogliosis, oxidative stress and neurodegeneration. MIF CSF levels were lower in 

CIS and RRMS patients compared to HCs and increased with disease progression. No association 

was found with disease activity in the RRMS or RRMS conversion in the CIS patients, suggesting 

that decreased MIF CNS levels reflects an underlying pathology. In support of this, MIF was also 

decreased both during de- and remyelination in mice. Reduced MIF levels may decrease neuronal 

survival and the initial CNS resident response to tissue damage. Increased MIF in SPMS patients may 

arise due to neuronal aging, as a compensational mechanism or due to neurodegeneration. This may 

drive disease progression through MIF signaling in microglia and astrocytes. Local increase in MIF 

in OPCs may drive several remyelinating related functions.   



14 

 

Danish summary: 
Baggrund: MS er den mest almindelige kroniske inflammatoriske lidelse i CNS karakteriseret ved 

læsioner med inflammation, oligodendrocyt død og efterfølgende demyelinisering og 

neurodegeneration. I de sidste årtier har der været en omfattende forskningsindsats for opnå en bedre 

forståelse af patologien i MS og for at identificere nye lovende biomarkører for en tidligere RRMS-

diagnose og identificering af overgangen til SPMS, men meget mangler stadig at blive afklaret. 

Macrophage migration inhibitory factor (MIF) er involveret i adskillige funktioner inden for både det 

innate og det adaptive immunsystem, men er også involveret i neuronal overlevelse og flere glia celle 

funktioner. MIF er også blevet impliceret i flere neurologiske sygdomme, herunder Alzheimers 

sygdom, Parkinsons sygdom og MS. Vi har for nylig rapporteret, at MIF binder til og hæmmer den 

enzymatiske aktivitet af den trypsinlignende serinprotease, High temperature requirement serine 

protease A1 (HTRA1). HTRA1 nedbryder ECM'er, mikrotubuli og receptorer og ligander af TGFβ, 

Notch og Wnt signalvejene og regulerer derved adskillige cellulære funktioner. HTRA1 er impliceret 

i flere aldersrelaterede-, autoimmune- og neurologiske sygdomme, men er ikke blevet undersøgt i MS 

før. 

Formål og metoder: Vi ønskede at afklare MIF's og HTRA1's rolle i patogenesen af MS ved at 

bestemme proteinniveauerne i CSF hos MS-patienter fra allerede tilgængelige patientkohorter. MIF- 

og HTRA1 CSF-niveauer blev målt ved hjælp af sandwich-ELISA'er i CSF fra ny diagnosticeret 

behandlingsnaive CIS samt RRMS- og SPMS-patienter, både ubehandlede og efter DMT. Vi 

undersøgte også ekspressions mønsteret af proteinerne i humant væv og verificerede resultaterne i 

nye OligoInternode-database. MIF's rolle i de- og remyelinisering blev undersøgt under anvendelse 

af 0,3 % CPZ-forgiftning i 6 uger efterfulgt af 2 dage eller 2 ugers remyelinisering. Ændringer i MIFs 

ekspressions mønster og niveauer blev undersøgt ved hjælp af ELISA og immune farvning efterfulgt 

af manuel og automatiseret celletælling og kvantificering på en ImageExpress Pico. En mulig rolle 

for MIF i de- og remyeliniseringsrelaterede processer blev undersøgt ved hjælp af astrocytter, 

mikroglia og OPC'er isoleret fra blandede glia celle kulturer såvel som kortikale neuronale kulturer. 

For at efterligne inflammatoriske demyeliniserende tilstande blev cellerne behandlet med IFNy. 

Cellemetabolisme blev undersøgt ved hjælp af MTT-konvertering, celledeling ved hjælp af Ki67-

immune farvning og migration ved hjælp af TrackMate enkelt celle sporing. Neurit vækst og kultur 

kompleksitet blev undersøgt baseret på kvantificeringen af β-III-tubulin immune farvning i kortikale 

neuroner. 
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Resultater: HTRA1 CSF-niveauer var øget hos både RRMS- og SPMS-patienter sammenlignet med 

HC'er og korrelerede med handicap. Behandling med DMT reducerede signifikant HTRA1 CSF-

niveauer i begge MS-undertyper. MIF var i stedet signifikant lavere hos både ny diagnosticerede 

behandlingsnaive CIS- og RRMS-patienter, mens de var forhøjet hos patienter med SPMS 

sammenlignet med HC'er. Behandling med dimethylfumarat påvirkede ikke MIF-niveauer signifikant 

i CSF af RRMS, mens mitoxantronbehandling i SPMS viste en tendens til at reducere MIF CSF-

niveauer. Ved hjælp af ROC-analyser fandt vi ud af, at HTRA1 kunne være en lovende diagnostisk 

biomarkør for RRMS, mens MIF kan have potentiale som en prognostisk biomarkør for SPMS-

konvertering. HTRA1 blev overvejende udtrykt i astrocytter, men blev også fundet i neuroner i 

humant hjernevæv. MIF-protein blev udtrykt i store kortikale neuroner, astrocytter, pericytter og 

oligo5 oligodendrocytter, men ikke i mikroglia. 

MIF ekspression i muse hjernevæv lignede det vi så i humant væv, med højt udtryk i neuroner og 

nogle få glia celler. CPZ-induceret demyelinisering reducerede signifikant MIF CNS-niveauer 

sandsynligvis på grund af reduceret udtryk i neuroner. Denne reduktion i MIF CNS-niveauer forblev 

under remyelinisering og kan uligvis reducere astrocyt- og mikroglia proliferation, samt astrocyt 

migration. I corpus callosum var MIF signifikant opreguleret i OPC'er under akut remyelinering, og 

denne lokale opregulering kan drive proliferation og migration of OPCer. MIF i sig selv påvirkede 

ikke neuronale funktioner. 

Diskussion og konklusion: HTRA1 er en lovende CSF-biomarkør for MS, der korrelerer med 

sygdoms- og handicapprogression. Øget HTRA1 hos RRMS-patienter kan afspejle infiltration af 

aktiverede makrofager, mens øgede niveauer hos SPMS-patienter delvist kan være forårsaget af CNS-

residente processer såsom astrogliose, oxidativt stress og neurodegeneration. MIF CSF-niveauer var 

lavere hos CIS- og RRMS-patienter sammenlignet med HC'er og steg med sygdomsprogression. Der 

blev ikke fundet nogen sammenhæng med sygdomsaktivitet i RRMS- eller RRMS-konverteringen 

hos CIS-patienterne, hvilket tyder på, at nedsatte MIF CNS-niveauer afspejler en underliggende 

patologi. Dette er støttet af at MIF også var reduceret under både de- og remyelinisering i mus. 

Reducerede MIF-niveauer kan nedsætte neuronal overlevelse og den initiering CNS-respons på 

vævsskade. Øget MIF hos SPMS-patienter kan opstå på grund af neuronal aldring, som en 

kompensationsmekanisme eller på grund af neurodegeneration. Dette kan drive sygdomsprogression 

gennem MIF-signalering i mikroglia og astrocytter. Lokal stigning i MIF i OPC'er kan drive 

adskillige remyeliniserende funktioner. 
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1. Aim, hypotheses, and objectives:  
MIF and HTRA1 have been linked to several CNS functions and diseases. The overall aim of this 

thesis was to investigate the role of MIF and HTRA1 in MS pathology. 

We hypothesized that both MIF and HTRA1 CSF levels were altered in early MS patients and 

changed with disease progression and that the role of MIF in MS was more diverse than previously 

described.  

The objectives were as following: 

• Determine the CSF levels of MIF and HTRA1 in CSF from early RRMS and SPMS patients 

before and after DMT treatment and compare these to levels in HCs.  

• Define the usefulness of MIF and HTRA1 as potential MS biomarkers which could aid in 

future diagnosis  

• Determine the human expression patterns of MIF and HTRA1 

• Clarify the role of MIF in de- and remyelination utilizing CPZ-intoxication in mice  

• Determine the functions of MIF in neuronal and glia cells functions relevant to MS and 

CPZ-induced demyelination.  
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2. Introduction: 

2.1 . Multiple sclerosis: 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating and neurodegenerative disorder of 

the central nervous system (CNS) (1). It remains the leading cause of non-traumatic neurological 

disability in young adults with a disease onset around 20 to 40 years of age (2). The main pathological 

findings in MS are focal lesions within both the gray and white matter (GM, WM) of the CNS (3,4). 

The grade of demyelination and inflammation and subsequent axonal degeneration and 

oligodendrocyte loss varies within lesion types but the neuroinflammatory mediated demyelination 

causes impairment in neural conduction leading to various motor, sensory and cognitive dysfunctions 

(5).  

2.1.1: Clinical manifestations and the disease course of MS: 

2.1.1.1: Epidemiology of MS: 

Currently, 2.8 million people are living with MS worldwide and the incidence and prevalence of MS 

changes with both latitude, sex and ethnicity: MS is most prevalent in the Northern hemisphere (North 

America, Western Europe and Australasia) (6–8) and Denmark has one of the highest prevalence 

rates, currently at 282 per 100.000 people (MS, u.d.). It affects women more often than men and 

Denmark have a female to male ratio at 3:1, which have been on the rise since MS prevalence began 

increasing in the 1950s (9).  

2.1.1.2: Etiology: 

The etiology of MS still remains elusive but it has been suggested to originate from heterogenous 

genetic and environmental risk factors (10). A genetic component is supported by evidence showing 

that monozygotic twins have a higher concordance rate of MS (24%) than dizygotic twins (3%) and 

that the prevalence of familial MS is 13% (11,12). It has been estimated that genetics accounts for 

approximately 30% of the risk and more than 200 genetic variations have been associated with MS 

susceptibility (13,14). Most of these genetic variants encode molecules involved in immunology and 

the strongest genetic risk factors are polymorphisms within the human leukocyte antigen (HLA) 

genes. In Europeans, the HLA-DRB1*15:01 allelic variant increases the risk of MS with a ratio of 3 

and in combination with the lack of the HLA-A*02 allelic variant this ratio is increased to 5. The 

exact mechanism remains unknown, but it is suggested that it is connected to antigen presentation 

and T lymphocyte adaptive immunity (15,16). 
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A recent Danish migrations study showed that first-generation immigrants who migrated to Denmark 

before the age of 15 had an MS risk that was higher than that of their birth country, while the MS risk 

of people arriving in Denmark later than the age of 15 remained closer to that of their country of birth 

(17). This suggests that while genetic risk factors matter, environmental factors trump genetics. Twin 

studies have contributed to the identification of non-genetic factors that contribute to MS pathology. 

Latent Epstein-Barr virus (EBV) infection and the entering of EBV-infected B lymphocytes into the 

CNS is of most importance (18,19). In fact, a recent study has demonstrated that the risk of MS, 

increased with 32-fold after infection with EBV but not with other viruses, thereby strongly 

suggesting that EBV can be the leading cause of MS (20). However, since 90% of the general 

population is EBV-positive other factors must contribute (21). Vitamin D deficiency, lack of sun 

exposure, smoking and adolescent obesity are all environmental factors that increases the risk of MS 

development (16). Several of the factors have been reported to interact with HLA risk alleles and the 

combined influence of genetic and environmental factors that influence the peripheral immune system 

is undoubtedly important in MS risk (16).  

2.1.1.3: Clinical presentation and disease course: 

Clinical manifestations of MS are heterogenous and symptoms correlate with the brain area affected 

(13). It can represent as visual disorders, motor impairment, sensory disturbances, and brainstem 

syndromes (22). Up to 65% of patients show cognitive impairment and cognitive deficits that are 

present early in the MS disease course, even without other neurological deficits (23). Despite the 

heterogenous representation and a newer believe that pathological changes of MS form a continuum 

(24,25), MS can be divided into several subtypes.  

The initial phase of the diagnosable MS continuum is radiologically isolated syndrome (RIS) and 

usually arises with the incidental findings of typical magnetic resonance imaging (MRI) abnormalities 

suggesting demyelination, although patients do not present with clinical signs or symptoms (25–27). 

These patients are in increased risk of MS development and over 30% of RIS patients develop 

clinically isolated syndrome (CIS) or MS within 5 years (25,26). CIS is the first episode of 

neurological relapse suggesting demyelinating CNS disease and lasting at least 24 hours but does not 

fulfill the diagnostic criteria of the McDonald 2017 revisions for dissemination in space (DIS) and 

time (DIT) (see section 2.1.1.5) (25). Then patients fulfill the diagnostic criteria for DIS and DIT they 

are immediately diagnosed with relapsing-remitting MS (RRMS) (25). Approximately 85% of all 

patients with MS, according to the McDonald 2017 revision, are diagnosed with RRMS, that is 

characterized by alternating periods of neurological deficits called attacks, followed by a full or partial 
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recovery with clinical stability known as remission (25,26). Due to the heterogeneity of MS, disease 

activity, severity and relapse frequencies vary between patients (26). In almost half of the relapses 

there is residual deficits and stepwise accumulation of impairment is therefore seen (26). Up to 80% 

of RRMS patients convert to secondary progressive MS (SPMS) within 20 years, however new 

treatment options (see section 2.1.1.6) may delay this transition (28). The disease course of SPMS is 

not homogeneous and typically consists of periods of progression, some time with superimposed 

relapses but stable progression is also seen (26). The transition to SPMS is often gradual and currently 

no clear clinical or pathological criteria can determine the transition point (27). 10-15% of MS 

patients are diagnosed with the primary progressive form of MS (PPMS), with a lack of a relapsing-

remitting phase and a somewhat stable progression from disease onset (26). As for SPMS, the disease 

course of PPMS is not homogenous and some patients represent with superimposed relapses (26). 

2.1.1.4: Diagnosis, monitoring of disease progression and MS biomarkers: 

The most recent diagnostic criteria for MS is based on the 2017 revision of the McDonald criteria, 

which was developed from the International Panel on Diagnosis of Multiple Sclerosis (25). The 2017 

revision states that an MS diagnosis can be made with the evidence of inflammatory demyelination 

within the CNS that demonstrate DIS and DIT. DIS can be demonstrated by the presence of lesions 

at two different anatomical regions and DIT can be demonstrated by new lesions visible on MRI. The 

2017 revisions of the McDonald criteria also allow an MS diagnosis to be made in CIS patients with 

clinical or MRI showing DIS alongside evidence of chronic inflammation in the cerebrospinal fluid 

(CSF) (i.e the presence of oligocloncal bands (OCB)), even when the MRI does not support DIT (25). 

The diagnosis of MS is therefore made through a combination of clinical observations, neurological 

examination and MRI and CSF analyses. The most valuable clinical tool to quantify disability is the 

Expanded disability status scale (EDSS) (29). Despite the fact that clinical neurological examination 

along with the presence of lesions on T1- and T2-weighted MRI scans remain the most useful tools 

to aid in a MS diagnosis, CSF examination can provide additional information to help diagnosis and 

prevent mis-diagnosis (25). Currently, many new CSF and blood biomarkers have been proposed to 

differentiate between MS phenotypes, monitor disease progression and transition as well as treatment 

response but none of these have shown to be reliable biomarkers in individual MS patients (25,30). 

The identification of fluid biomarkers for diagnosis and SPMS conversion represent a major unmet 

need in MS (25). Several biomarkers that can be measured in CSF and/or blood have shown great 

promise as a paraclinical tool to aid MS clinicians (30). OCB and IgG index of MS patients is used 

as an indicative from CIS to clinically defined MS, especially since the 2017 revision of the 
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McDonald criteria, and both are established biomarker frequently used in the clinical setting (30,31). 

The presence of OCB in the CSF has also been shown to have prognostic value for the conversion of 

CIS to MS and from RIS to CIS (30).  

Neurofilament light (NfL) and heavy chains are released after axonal damage and NfL are one of the 

strongest candidates as a fluid MS biomarker. The CSF levels are increased at all disease stages and 

the levels reflect the clinical course and the presence of active lesions by MRI (30,31). It has also 

been suggested as a strong prognostic biomarker for an aggressive disease course, high risk of SPMS 

conversion and CIS to MS conversion (30). With the development of the ultra-sensitive technique 

called single molecular arrays (SIMOA) NfL can now be detected in serum and both serum and CSF 

levels have been demonstrated to reflect treatment responses in MS patients (30). Astroglial markers 

such as glial fibrillary acidic protein (GFAP) also show promising results as a serum biomarker for 

MS (31). High CSF levels of chitinase 3-like-1 (CHI3L1), likely a response of the astrocyte responses 

to CNS inflammation in lesions, has been shown to be a risk factor for CIS to MS conversion and to 

be associated with faster progression (30). CXC motif chemokine-13 (CXCL13) is a potent B 

lymphocyte chemoattractant and involved in the recruitment of B lymphocytes into the CNS in MS, 

levels of this protein is elevated in the CSF of MS patients but reduced after treatment and could 

therefore be a suitable biomarker for the efficiency of MS therapies (30). 

Despite the fact that the amount of data on fluid biomarkers for MS has dramatically increased over 

the past decade and several strong candidates have been identified for CIS to MS conversion, 

treatment response and prediction of disease progression, none of these have demonstrated the ability 

to timely diagnose SPMS transition. The diagnosis of SPMS conversion is therefore made 

retrospectively (25,28). The patient and the clinician can encounter several years of uncertainties, and 

it is estimated that SPMS conversion is delayed by up to 3 years in 2/3 of patients (28,s).  

2.1.1.5: Treatment options:  

No cure is currently available for MS, but it is possible to prevent disease activity/relapses and slow 

disease progression. MS treatments can be divided into: disease modifying treatment (DMT), 

treatment of acute MS relapses and symptomatic therapies. Major advantages have been made in the 

area of DMTs in the last three decades and the aim of these are to reach “no evidence of disease 

activity” (NEDA). The different DMT and their overall actions can be seen in Table 1.  
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Table 1 shows the mostly used treatment options, their mechanisms of action, effect, and the disease subtype for which 

they are used. 

Treatment 

type 

Mechanisms of action Year 

approved 

Disease 

subtype 

Reduction in 

annual 

relapse rate 

References 

Interferon 

(IFN)-β 

An anti-inflammatory cytokine, regulating 

antigen presenting, T helper (Th) 2 cell 

differentiation and T cell penetration into the 

CNS 

1993 CIS and 

RRMS 

30% (33,34)  

Glatiramer 

acetate 

Competes with MBP for binding to major 

histocompatibility molecules (MHC) on antigen 

presenting cells and induces regulatory T cells to 

secrete anti-inflammatory cytokines upon 

activation in the CNS 

1996 RRMS 30% (35,36)  

Mitoxantrone 

(MTX) 

Suppresses lymphocytes and macrophages and 

reduces pro-inflammatory cytokines  

2000 RRMS 

and SPMS 

61% (37,38)  

Natalizumab Monoclonal antibody, targeting the α4 chain of 

the very late activating antigen 4 and α4β7 

integrins present on the surface of leukocytes, 

reducing the number of migrating cells into the 

CNS. 

2004 RRMS 68% (39,40)  

Fingolimod Fingolimod-phosphate (the active derivative) is 

an antagonist for the sphingosine-1-phosphate 

receptors (S1P) leading to internalization of the 

S1P1 on T and B lymphocytes. This impairs the 

outlet of these cells into the peripheral 

compartment from the lymph nodes and thereby 

also the entry into the CNS. 

2010 RRMS 48-54% (41,42). 

Teriflunomide Inhibits the dihydro-orotate dehydrogenase that is 

important in the pyrimidine synthesis and thereby 

inhibits the proliferation of rapidly dividing cells 

such as activated B and T lymphocytes 

2012 RRMS 32-36% (43,44)  

Dimethyl 

fumarate 

(DMF) 

Inhibits the NFκβ driven production of pro-

inflammatory cytokines and promote a Th2 

driven immune response. It demonstrates 

neuroprotective effects through its actions on 

nuclear factor erythroid derived 2-related factor 2 

2013 RRMS 44-53% (45,46)  

Alemtuzumab Monoclonal antibody that targets the CD52 

antigen on lymphocytes leading to lymphocyte 

depletion  

2014 RRMS 49-69% (47)  

Ocrelizumab Monoclonal antibody, targeting CD20 on the 

surface of mature B cells, thereby depleting these 

cells and the trafficking into the CNS 

2017 RRMS 

and PPMS 

47%  (48,49)  

Cladribine A synthetic chlorinated deoxyadenosine analog 

that accumulates in lymphocytes leading to 

disruption of DNA synthesis and cell death in 

both resting and proliferating lymphocytes 

2019 RRMS 57.6% (50)  

Siponimod A selective antagonist for the S1P subtypes 1 and 

5 receptors leading to internalization of the S1P 

receptors on T and B lymphocytes and decreasing 

the number of lymphocytes in the peripheral 

2019 CIS, 

RRMS 

and active 

SPMS 

55% (51,52)  
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In summary, all DMTs carry out their actions primarily on the peripheral immune system through 

immunosuppressive or immunomodulating functions, but the documented effects on the CNS resident 

cells are sparse. Several of the treatment options have been reported to cross the blood brain barrier 

(BBB) to some extent and they may at least partly affect the CNS cells but treatment types that 

influence gliosis, axonal damage and hence brain atrophy are still lacking (53). This is also reflected 

in the lack of effective treatments for the progressive forms of MS. Treatment options, such as 

opicinumab, which inhibit Lingo-1 (a negative regulator of oligodendrocyte progenitor cell (OPC) 

differentiation), and clemastine, which induce OPC differentiation and hence promote the 

regeneration of myelin sheaths has become known as the most amenable options to delay, prevent or 

reverse progression in all MS phenotypes (54). 

2.1.2: Pathology: 

One of the main pathological hallmarks of MS is the presence of large focal lesions in the WM of the 

brain and spinal cord (1). Lesions occur due to the inflammation mediated demyelination leading to 

death of oligodendrocytes and variable axonal loss (55). The neuroinflammation leading to focal 

lesions occur due to the infiltration of peripheral T and B lymphocytes but is often associated with 

CNS resident neuroinflammation in the form of activated microglia and astrogliosis (56) (see sections 

2.1.2.1 and 2.1.2.2). The inflammatory reaction and subsequent demyelination is initiated around 

postcapillary venules and veins or periventricular followed by expansion into the surrounding normal-

appearing WM (NAWM). Demyelination is often associated with dense glial scar formation formed 

by an astrocyte reaction to the pathological changes forming inactive lesions. Most MS lesions can 

in part be remyelinated through the recruitment and differentiation of OPCs (56). Besides the defined 

lesion types, pathological changes have also been identified in NAWM. Infiltrating peripheral 

immune cells, activated microglia cells, degenerated axons and compromised BBB integrity can be 

found in NAVM and indicate global pathological changes in the MS brain (56). For some time, the 

view on MS pathology focused on the focal demyelinated lesions in the WM, but it has become clear 

that lesions and whole brain pathology in the GM is also prominent features of especially progressive 

MS pathology (56). GM lesions contain few infiltrating immune cells while neuronal degeneration 

and apoptosis is abundant (56,57). An overview of immunopathology and histological differences in 

MS lesion types can be seen in Table 2 (58–60).  
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Table 2 shows the different lesion types, the area they affect and the lesion characteristics. 

Area Lesion type Lesion characteristics Additional info 

WM Active lesion 

(pattern I) 

Perivascular infiltration of T lymphocytes  

Active demyelination with activated microglia and myelin-

laden macrophages 

BBB injury 

No immunoglobulin and complement deposition  

Most prominent in patients 

with early disease and rare in 

progressive patients 

WM Active lesion 

(pattern II) 

Massive infiltration of T lymphocytes and myelin-laden 

macrophages 

Immunoglobulin and complement deposition at the sties of 

active myelin destruction 

BBB injury 

Immunoglobulin and complement deposition present 

Most prominent in patients 

with early disease and rare in 

progressive patients 

WM Active lesion 

(pattern III) 

Infiltration of T lymphocytes and activated 

microglia/macrophages  

No immunoglobulin and complement deposition 

Predominantly immense oligodendrocyte apoptosis 

 

WM Active lesion 

(pattern IIII) 

Infiltration of T lymphocytes and activated 

microglia/macrophages  

Extensive non-apoptotic oligodendrocyte degeneration  

Only observed in PPMS 

patients in the original study 

Extremely rare 

WM Inactive lesion Sharply demarcated hypocellular center with demyelination 

Reduced axonal density 

Dense astroglia scaring  

No sign of inflammation    

Most abundant lesion type in 

the MS brain 

WM Chronic active Hypocellular core with compete demyelination 

Few infiltrative inflammatory cells 

Myelin-laden macrophages at the lesion edge but few in the 

lesion center 

More frequent in patients with 

a long disease duration 

WM Slowly expanding 

lesions 

Hypocellular, completely demyelinated center  

Few inflammatory cells  

Dense astroglia scaring  

Rim of activated microglia at the lesion edge  

Mostly found in progressive 

MS patients  

WM Shadow plaques Sharply demarcated areas with uniform thin myelin sheaths 

with shortened internodes 

Remyelination varies from 

patient to patient and depend 

on the lesion location 

GM 

and 

WM 

Type I/ 

leukocortical lesion 

Extensive cell and/or synaptic loss Located in the subcortical WM 

and the lower layers of the 

cortex 

GM Type II/ 

intracortical lesions  

Small perivascular areas of demyelination  Located in the cerebral cortex 

GM 

and 

WM 

Type III and 

IV/subpial lesions  

Rarely contain T and B lymphocytes or macrophages  

Activated microglia at the site of demyelination.  

T and B lymphocytes as well as plasma cells are present as 

diffuse infiltrates or as inflammatory aggregates in or close 

to the subpial lesions.  

Inflammatory aggregates are associated with demyelination 

and neurodegeneration in the underlying cortex possible 

due to the activation of microglia from lymphocyte secreted 

factors  

Can transverse several gyri and 

extend from the pial surface to 

the cortex 

Largest contributors to the 

cortical lesion load 

Type 4 lesions only affect the 

entire cortex but does not pass 

the border to the WM 

 

2.1.2.1: Immune cells in MS pathology: 

The original cause of MS remains unknown but most evidence points out that inflammation and 

immunopathology are key events.  
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Considerable evidence from the MS mouse model experimental autoimmune encephalomyelitis 

(EAE) along with the genetic association of MS with MHC class II haplotypes has contributed to the 

view of MS as an autoreactive CD4+ T lymphocyte mediated disease. Although, CD4+ T lymphocytes 

may play a role in the initiation of the disease, the number of CD4+ T lymphocytes is sparse at the 

time new MS lesions and neurodegeneration occur (61,62). MHC Class I-restricted cytotoxic CD8+ 

T lymphocytes dominate the lesions at all disease stages and are the immune cell type that primarily 

undergo clonal expansion in the CNS parenchyma (63–65). This has led to a new view on the MS 

pathogenesis, where cytotoxic CD8+ T lymphocytes are the main element of the inflammatory 

response in MS lesions. These CD8+ T lymphocytes display the phenotypes of inactive tissue-resident 

memory cells with focally restricted activation (62,66), but their functional role and tissue target in 

MS lesions remains unknown. CD8+ T lymphocytes have however, been shown to play a key role in 

axonal transection and oligodendrocyte death (67,68). 

The involvement of CD8+ T lymphocytes are not MS specific, but present in other inflammatory 

diseases. The involvement of B lymphocytes as a major component of the adaptive inflammation in 

the brain and spinal cord of patients is however specific for MS (62). Their role in both 

neuroinflammation and neurodegeneration is supported by the therapeutic effect of ocrelizumab and 

rituximab that targets B lymphocytes through CD20 (48,69). CD20+ B lymphocyte infiltration is seen 

early in lesion formation, and they may contribute to T lymphocyte mediated inflammation through 

auto-antigen presentation (70). It is possible that CD20+ B lymphocytes have a more direct 

involvement in the pathogenesis of MS through the production of factors that trigger demyelination 

and neurodegeneration (71,72). CD20+ B lymphocytes dominate in active MS lesions and later 

transform into Ig producing plasma cells and plasma blasts in chronic lesions (62). These cells have 

been reported to express high levels of IL-10 suggesting that they may regulate inflammation (62) 

and that cells of B lymphocyte origin may have disease promoting or regulatory functions depending 

on their differentiation stage (73). 

Cells of the innate immune system also contribute greatly to MS pathology. Macrophages are 

essential in the regeneration and remyelination as they infiltrate the CNS parenchyma and remove 

myelin debris in lesions (74). Active MS lesions have prominent myelin destruction and large 

numbers of macrophages with early myelin degradation products (56). Although macrophages in MS 

lesions primarily express markers of the pro-inflammatory phenotype, most of the cells co-express 

markers for pro-inflammation and anti-inflammation, indicating an intermediate activation state (75). 
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Macrophages are found in great numbers in MS lesions in RRMS patients, while microglia dominate 

in frequency in the progressive MS brain (58).  

Both the innate and adaptive immune systems greatly contribute to MS pathology at all stages of the 

disease, but several observations suggest that the progressive phase of MS is characterized by a 

different type of inflammation than that seen in the RRMS (4). Early RRMS patients show active 

inflammatory lesions, predominately in the WM, with evidence of a leaky BBB on contrast MRI. 

While compartmentalized accumulation of peripheral infiltrates, lead to CNS resident and innate 

inflammation, without signs of BBB breakage, dominates in the progressive disease phase leading to 

the slow expansion of already existing lesions in the WM as well as GM lesion formation (4,73).  

2.1.2.2: Glia cells, neurons, and hypoxia in MS pathology: 

The switch in inflammation that happens from the early MS phase to the later, highlight the 

importance of glia cells in MS pathology.   

All active MS lesions are associated with activated microglia/macrophages containing myelin 

proteins  and tissue destruction (76–78). It has been identified that 40% of the phagocytic cells in 

early MS lesions are microglia and that the majority of these are non-homeostatic (79). It has been 

suggested that microglia may be important for lesion formation and diffuse whole brain MS 

pathology. Active demyelination in MS lesions is associated with a pro-inflammatory state in 

microglia. Microglia in MS lesions express high levels of nicotinamide adenine dinucleotide 

phosphate (NADPH), implicating these cells in oxidative tissue injury (80). Microglia in remyelinated 

WM lesions in cuprizone (CPZ) mice and in vitro, upregulate and secrete factors known to influence 

OPCs proliferation and enhance differentiation as well as provide trophic support to newly recruited 

OPCs (74,81), suggesting that microglia also have a central role in promoting remyelination. In fact, 

polarization of microglia to an M2 anti-inflammatory phenotype have been demonstrated to drive 

OPCs differentiation during remyelination (74).  

Microglia may also contribute to MS pathology through the activation of astrocytes (82). Microglia 

activated astrocytes adapt the phenotype of the newly described A1 subpopulation of astrocytes (83). 

This cell type is abundant in several neurodegenerative diseases (84). Hypertrophic and reactive 

astrocytes have been identified in all MS lesion types (85) and astrocytes located at the edge of active 

demyelinating lesions have been demonstrated to contain myelin debris (86). The phagocytosis of 

myelin degradation products by astrocytes may be an early event in lesion formation (86) and 

astrocytes that have phagocytized myelin show induced NFκβ signaling and chemokine secretion 
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(82). Hypertrophic astrocytes in MS lesions express chemokines and cell adhesion molecules 

associated with macrophages/microglia and peripheral lymphocyte recruitment to the lesion site (82). 

This all suggests that the phagocytosis of myelin degradation products and activation of astrocytes 

may trigger the migration and subsequent pro-inflammatory activation of peripheral lymphocytes into 

the CNS. Reactive astrocytes also upregulate their expression of B-cell activating factor (BAFF) in 

MS lesions and may therefore also promote B lymphocyte survival, proliferation, and activation (87). 

Astrocyte foot processes are an essential part of the BBB and in active lesions reactive astrocytes 

with disrupted astrocyte end-feet can be found (85,88). This results in BBB dysfunction and allows 

for the infiltration of peripheral inflammatory cells. In inactive and chronic lesions hypertrophic 

astrocytes forms glia scars that isolate the damaged CNS area and prevent the spread of tissue 

destruction and disruption of the glia limitans in BBB remains (82). Astroglia scar formation inhibits 

both axonal regeneration, remyelination and contribute to oligodendrocyte death. (82,83,89).  

Remyelination in MS lesions may also fail due to lack of pro-regenerative, the excess of inhibitory 

OPCs factors or due to insufficient OPC differentiation (90). Changes in oligodendrocyte gene 

expression profiles have been identified between NAWM and brain tissue from healthy controls 

(HCs) indicating global oligodendrocytes pathology in the MS brain (91). In addition, age and disease 

duration greatly impact the remyelination capacity of the brain (77,92).  

The chronically demyelinated axons become vulnerable due to the loss of trophic support from myelin 

sheaths and oligodendrocytes (93). Demyelination also increases the energy demand for functional 

nerve conduction (93) and oxidative damage in cortical MS lesions is associated with 

oligodendrocyte- and neuronal injury in close proximity to activated microglia expressing NADPH 

(94). The demyelinated neurons compensate for the increased energy demand by increasing the size 

and numbers of axonal mitochondria (93). With time this compensation mechanism seem to fail since 

a reduction in mitochondrial gene expression have been observed in neurons in MS patients (95,96). 

This may be caused by mitochondrial dysfunction despite normal oxygen supply and is termed 

“virtual” hypoxia (97,98). This phenomenon may especially be amplified in the progressive phase of 

the disease due to age-related changes (97). There has also been evidence of real hypoxia in MS (98). 

Reduced cerebral blood flow have been identified not only in MS lesions but also in the NAWM and 

lesions formation is predominately found in areas with low blood supply (99–102), suggesting that 

hypoperfusion could be a key event in MS pathogenesis. 
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2.2. High temperature requirement serine protease A1 

2.2.1: HTRA1 regulation and basic functions: 

The high temperature requirement A (HTRA) proteins belong to the trypsin-like serine protease 

family, which is highly conserved in both prokaryotes and eukaryotes (103). In humans the family 

consists of four homologues: HTRA1/PRSS11, HTRA2/Omi, HTRA3/PRSP and HTRA4 (104). In 

prokaryotes the main function of the HTRA family proteins is quality control of proteins by degrading 

unfolded, misfolded, or damaged proteins both under normal physiological and cellular stress 

conditions (103,104). Some of the proteins in this family are also able to perform chaperone like 

functions and prevent protein aggregation (103). 

The HTRA1 gene was originally identified in human fibroblasts (105) and is located at chromosome 

10q26. The promoter region of HTRA1 contains 2 NFκβ binding sites and NFκβ have been 

demonstrated to directly regulate HTRA1 transcription (106). Several polymorphisms have been 

identified in the HTRA1 gene. The SNP located in the promoter region of HTRA1 (-497 A>G, 

rs11200638) is the most studied and may lead to increased HTRA1 expression in some cell types 

(107). It was also demonstrated that the SNP increased the responsiveness of the HTRA1 promoter 

to LPS leading to increased HTRA1 expression (108). HTRA1 expression can also be induced by 

cytotoxic, oxidic and endoplasmic reticulum stress as well as TLR-4 activation and interleukin 

stimulation, possibly in an NFκβ dependent fashion (106,109–112). IFNγ instead decrease HTRA1 

expression (112). 

The human HTRA family shares a very conserved protein architecture consisting of a protease 

domain with a catalytic triad (His220, Asp250 and Ser328), located on the loops connecting the β-

strands, at least one PDZ domain and a N-terminus domain that in HTRA1, 3 and 4 consists of a 

signal peptide, an insulin-like growth factor binding protein (IGF-BP) that resembles the TGFβ-

binding-like Mac25 domain as well as a Kazal serine protease inhibitor domain (113) (See Figure 1). 

The human monomer HTRA1 is a 51 kDa protein of 480 amino acid residues that is predicted to form 

a physiological occurring homotrimer that resembles a flat saucer (114).  

HTRA proteases is activated in a classical zymogen manner which unlike classical proteases of 

chymotrypsin family is reversible (103). The exact mechanisms of HTRA1 activation remains 

unclear, but it has been suggested that the binding of a substrate to HTRA1controls the activation of 

HTRA1  (induced-fit mechanisms) or that HTRA1 exists in both an active and inactive conformation 

but substrate binds only to the active forms of HTRA1 (113,114). The N-terminal region may be 
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involved in the regulation of HTRA1 activity, since under reducing conditions HTRA1 undergoes 

proteolysis yielding a 37 kDa product lacking the N terminal (115) (113).  

 

Figure 1 displays the protein domains of the serine protease HTRA1. The signal peptide (SP) can be found at the N-

terminal region, followed by the Mac25 domain composed of an IGF binding domain (IGF-BP) and a Kazal inhibitor 

domain (KZ). The protease domain (PD) contains the catalytic triad composed on the His, Asp and Ser residues and at 

the C-terminal the PDZ domain can be found. 

Created in BioRender, modified from (113) 

Very few inhibitors for HTRA1s enzymatic activity are known. NVP-LBG976/Luminespib is a 

HTRA1 inhibitor that have been demonstrated to inhibit the HTRA1-mediated cleaving of β-casein 

as well as several HTRA1-mediated cellular functions (116–119). We have shown that Macrophage 

migration inhibitory factor (MIF) inhibits the proteolytic activity of HTRA1 and have demonstrated 

through soft modeling of protein crystal structures that MIF can bind both the PDZ and protease 

domain of HTRA1, suggesting that both domains are necessary for a stable interaction between the 

two proteins (120) (See Figure 2).  

A                                                                                         B 

 
Figure 2 shows the predicted interaction between MIF and the protease domain of HTRA1 (A) and MIF and the PDZ domain of 

HTRA1 (B). The protease domain is predicted to interact with the first α-helix of MIF (A), while the PDZ domain is predicted to 

intercti with the loop between the first α helix and  N-terminal β-sheet. Modified from (121). 
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HTRA1 has both extra- and intracellular functions and have been found in both the cytoplasm and 

nuclei. In the cytoplasm HTRA1 is attached to microtubules due to the anchoring properties of the 

PDZ domain (122,123).  

HTRA1 has a large number of substrates and is hence involved in many different cellular functions. 

Amongst the HTRA1 binding partners are members of the TGFβ family proteins including the ligands 

TGFβ1, TGFβ2, BMP-2, BMP-4, GDF6 and type II and III TGFβ receptors (124,125). The exact 

mechanism behind the HTRA1 mediated regulation of TGFβ is still unknown and may be tissue 

specific (116,118,126–128). Some report that HTRA1 cleave pro-TGFβ1 in the endoplasmic 

reticulum (ER) and subsequently reducing the level of secreted mature TGFβ (118). Others have 

reported that secreted mature TGFβ1 is a HTRA1 substrate (116,126). Another possible role of 

HTRA1 in TGFβ signaling is through proteolytic processing of TGFβ receptors (125) or of TGFβ 

binding protein 1 which facilitate the anchoring of TGFβ to extracellular matrix components (ECMs) 

(118). HTRA1 regulate BMP-4 and TGFβ levels in the brain but HTRA1 itself is also increased by 

BMP-4 activation, suggesting that HTRA1 expression may act as an autoregulatory response to 

modulate TGFβ signaling (128). Secreted HTRA1 have been demonstrated to negatively regulate 

canonical Wnt signaling, through an interaction with β-catenin (129). Intracellular HTRA1 has also 

been shown to negatively regulate Notch signaling by the cleaving of the ligand JAG-1 (130). In 

addition, HTRA1 is a negative regulator of fibroblast growth factor (FGF) signaling, by the 

proteolytic processing of FGF8 and 18 (120) and it binds IGF-1 and antagonize its ability to bind the 

IGF receptor (131). At last, HTRA1 have been demonstrated to induce MAPK and NFκβ signaling 

(132,133).  

Many HTRA1 substrates are ECMs such as fibronectin, fibromodulin, biglycan, decorin, fibulin-5, 

aggrecan, collagen and elastin (134–139), suggesting that HTRA1 is involved in the organization of 

ECMs. HTRA1 also induce Matrix metalloproteinases (MMP) production as well as MMP activation 

through cleavage of fibronectin into bioactive fragments (132,135). As HTRA1 inhibits tubulin 

polymerization it also inhibits cell motility, morphology, and phagocytosis (122,140–142). In some 

cells the majority of HTRA1 co-localize with vimentin filaments and only partially with microtubules 

and this vimentin associated HTRA1 have been shown to be essential to homeostatic protein quality 

control and cell survival under proteotoxicity conditions (111).  
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2.2.2: HTRA1 in the nervous system:  

HTRA1 expression is high during development and its role in BMP signaling suggests a key role of 

HTRA1 in neurodevelopment (143). Recent studies also suggests that HTRA1s regulation of TGFβ 

family signaling may affect CNS resident inflammation (126).  

2.2.2.1: HTRA1 in neurodevelopment:  

During brain development HTRA1 is found in the neuroepithelium, especially close to the developing 

choroid plexus,  in the ventricular zone surrounding the ventricles and in the spinal cord 

(116,124,143). HTRA1 has been linked to neuronal development and regulate the cytoarchitecture in 

the ventricular zone by facilitating the connection between the radical glia cell and the apical 

membrane as well as stem cell proliferation (144). HTRA1 expression is upregulated with days in 

cultures in both primary neurons and the SK-N-SH neuroblastoma cell line and positively correlate 

with PSD95 during neuronal differentiation (145). HTRA1 is also known to increase neuronal 

survival and maturation through its proteolytic processing of mature TGFβ (116) and to promote 

neurite outgrowth through its cleavage of ECMs (128) or of ApoE into a 25 kDa N-terminal fragment 

(145).  

HTRA1 expression is upregulated in BMP-4 differentiated astrocytes and HTRA1 may regulate the 

rate of cortical astrogliogenesis during development through the inhibition of BMP signaling (128). 

2.2.2.2: HTRA1 in brain injury: 

In the adult rodent brain HTRA1 has been found mainly in the upper cortical layers in both astrocytes 

and neurons and displayed a membrane-associated expression (116). It has also been observed in 

astrocytes and pyramidal neurons in the hippocampus (128) (Lab, 2015). In the human brain HTRA1 

expression has been found in all neurons in both the frontal cortex and the midbrain, as well as 

Purkinje neurons in the cerebellum. All glia cells including astrocytes, microglia and 

oligodendrocytes also showed HTRA1 labeling (146). The knock-down of HTRA1 induces astrocyte 

activation both in vitro and in vivo and this is without affecting microglia numbers or morphology 

and vascular integrity (128). Upregulation of HTRA1 in reactive astrocytes after cortical stab wound 

injury have been suggested to decreased inflammatory responses by reducing endothelial and 

microglia proliferation thereby decreasing the lesion site (128). It is possible that HTRA1 regulate 

the inflammatory environment through its processing of TGFβ family proteins in astrocytes. In BV-

2 microglia, HTRA1 decreased the TGFβ signaling leading to reduced levels of Arg1 and iNos 

(126,127). 
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2.2.3: The therapeutic effects of HTRA1: 

HTRA1 and especially its role in TGFβ and ECMs processing have attracted attention as it may be 

involved in several pathologies, including cancer, autoimmune- and age-related diseases. 

2.2.3.1: HTRA1 in age-related and inflammatory diseases: 

HTRA1 may be a key mediator of arthritic diseases and increased in the synovial fluid and articular 

cartilage tissue in patients with osteoarthritis and rheumatoid arthritis (RA) (139,147). It was 

suggested that HTRA1 contribute to disease progression through the proteolytic processing of ECMs 

and cartilage components (139,148), both directly and indirectly through the activation of MMPs. It 

has been suggested that the increased HTRA1 levels were a consequence of extensive inflammation 

in RA, since HTRA1 is upregulated in macrophages and fibroblasts during disease development and 

IFNγ inhibits HTRA1 expression in the joint tissue (112).  

HTRA1 is also involved in age-related macular degeneration (AMD). In the HTRA1 promoter the 

risk variant rs11200638 (G>A) increases the susceptibility for AMD but this is in strong linkage 

disequilibrium with the risk variant rs10490924  (149) which lies in an HTRA1 regulatory region and 

causes the binding of different transcription factor than the WT sequence (150). Some of these 

transcription factors could be NFκβ activators, which may explain a possible association between 

HTRA1 expression and oxidative stress (107). The HTRA1 risk genotype is also associated with 

increased risk of AMD due to its interaction with the complement system (151) and the risk genotype 

increased the expression and secretion of several complement proteins including C3, CFI and CFH 

which can be found in AMD drusen deposits (deposits of extracellular material between the different 

layers of retina) (152). HTRA1 have been suggested to compromise the Bruch membrane (a part of 

the retinal membranes) in AMD patients by its indirect and direct effects on TGFβ signaling as well 

as the proteolytic processing of ECMs (153–155). This allows angiogenic signaling (e.g. vascular 

endothelial growth factor (VEGF)) to pass into the neural retina and induce neovascularization (156). 

HTRA1 also cleaves several proteins secreted from primary retinal pigment epithelium cells that 

regulate the complement pathway and amyloid deposition implicated in drusen formation (157). It 

was recently demonstrated that HTRA1 synergize with oxidized low density lipids in increasing the 

expression of VEGF and promoting macrophage infiltration and inflammation in response to 

oxidative stress in the ocular tissue (158). Hence HTRA1 contribute to AMD by the excess digestion 

of ECMs, which increases the levels of peptides stimulating inflammation and oxidative stress.  
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2.2.3.2: HTRA1 in CNS diseases: 

HTRA1 is a genetic risk factor for the cerebral small vessel disease (CSVD), cerebral autosomal 

recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) (159). 

Recently mutations in the HTRA1 gene have also been established as a risk factor in autosomal 

dominate CSVD (160,161). Several of these mutations causes misfolding in the protein structure and 

hinder trimerization or trimer-associated activation (160,162) while the mutations associated with 

CARASIL lies directly in the protease domain itself (160,163). Both mutations lead to decreased 

HTRA1 protease activity resulting in increased levels of TGFβ in the media of blood vessels and 

hypoperfusion or vascular flow disorders (163,164). HTRA1 mutations are more frequent in males 

than females but it is unclear if sex differences influence phenotype severity, or if this instead is 

associated with other vascular risk factors (160,161). 

The presence of WM hyperintensities on MRI are a hallmark of CSVD but is also one of the most 

common occurring MRI abnormalities in the general aged population (165). Recently, HTRA1 loss-

of-function mutations in the protease domain have been associated with increased presence of WM 

hyperintensities in the general population (166). These mutations even represented a higher risk factor 

for WM hyperintensities than hypertension (166). HTRA1 may therefore be important in maintaining 

WM integrity and HTRA1 functions are relevant in brain vascular pathologies beyond those of 

hereditary origin. The HTRA1 rs2293871 variant T allele was also found to be associated with 

extreme WM hyperintensities in older subjects and to increase HTRA1 expression in human brain 

tissue while decrease it in blood (167,168). Increased HTRA1 brain levels due the rs2293871 

polymorphism also contribute to cerebral small vessel ischemic stroke and Alzheimers disease (AD) 

(167). HTRA1 related proteins, complement components and neuroinflammatory proteins have been 

found to be enriched in vessels from patients with cerebral amyloid angiopathy (CAA) diseases (a 

form of CSVD that causes the build-up of Amyloid β (Aβ) deposits in the media of arterial vessels 

and veins) (119). The occurrence of CAA type lesions affects 16-70% of older people and possibly 

all AD patients (169).  

HTRA1 has been implicated in AD and the levels of this protein was found to be elevated in the 

frontal cortex from AD patients and in the AD mouse model 5XFAD and were highly correlated with 

Aβ (170). HTRA1 was also found to co-localize with Aβ deposits in neurons and vessels (117) and 

HTRA1 can enzymatically digest Aβ peptides into non-pathological fragments (117) as well as 

disintegrate and degrade tau fibrils (171). In fact, in AD brains HTRA1 levels also correlated 

inversely with pathological tau (171). HTRA1 has also been shown degrade ApoE4 faster than 
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ApoE3, which may explain the reduced levels of ApoE detected in brains of AD patients (172) and 

link HTRA1 to the strongest genetic risk factor for late onset AD (173).  

2.3 Macrophage Migration Inhibitory Factor: 

2.3.1: MIF protein structure and signaling: 

MIF is a small 12.5 kDa protein (174,175) that forms a homotrimer and has pleiotropic functions. It 

was first discovered in 1966 as a product released from activated T lymphocytes that could inhibit 

the migration of macrophages (176,177) but has later been demonstrated to exhibit a unique 

combination of hormone-, chaperone-, enzyme- and cytokine-like properties (178,179).  

The MIF gene is highly conserved across species and located at chromosome 22q11 (180). Its 

expression is regulated both by genetic and epigenetic factors. Two functional polymorphisms have 

been demonstrated to control the MIF promoter activity and expression; the -794 CATT5-8 

microsatelitte repeat (rs5844572) and -173 G>C single nuclei polymorphism (SNP) (rs755622), both 

increasing MIF expression (181,182). The MIF promoter contains bindings sites for activator protein-

1, NFκβ, glucocorticoid receptor, hypoxia-inducible factor (HIF), CRE and Sp1 (183). 

The monomer protein structure of MIF is 114 amino acids long and contains several biological active 

sites (184). There is a thiol-protein oxidoreductase activity encoded by the CXXC motif in the center 

of the MIF sequence that can reduce insulin and 2-hydroxyethyldisulfide and may have a potential 

role in redox homeostasis by the scavenge of reactive oxygen species (ROS) (185). The other catalytic 

activity of MIF is the tautomerase activity, that facilitates the tautomerization of substrates such as 

the non-natural occurring D-dopachrome and 4-hydroxylphenylpyruvate, but the biological relevance 

of this activity is still unknown (186,187). This domain along with the N-terminal residue (proline-

1) and the pseudo-(E)LR motif is, required for the binding of MIF to several of its binding partners 

and receptors (188–191). The trimeric MIF has also recently been demonstrated to have nuclease 

activity that allows MIF to digest genomic DNA (192). The MIF protein has several post-translational 

modifications that affects its activity. It has been reported to exist in glycated, glycosylated, 

phosphorylated, and oxidized forms (193).  

(S,R)-3- (4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1) is a reversible 

small-molecule that binds the tautomerase site of MIF and inhibits several of MIF biological functions 

(175,194). Another small-molecule inhibitor is the irreversible inhibitor 4-iodo-6-phenylpyrimidine 

(4-IPP) that binds to the nitrogen of the N-terminal proline-1 (195). 4-IPP displays a lower IC50 value 

than ISO-1 and may be a more potent inhibitor (196,197). 
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4-IPP also inhibits a second member of the MIF family; D-dopachrome tautomerase (D-DT) (also 

known as MIF-2) (195,196,198). The human D-DT protein only shares 34% sequence similarity to 

MIF but display high tertiary structural homology (199). D-DT has less tautomerase activity (198) 

and despite that several synergistic actions have been reported for the two proteins, they also display 

opposite effects in certain settings (200,201). 4-IPP also have 5–10 times greater specificity for MIF 

than for D-DT/MIF-2 (195). 

MIF protein is stored in intracellular vesicles and in the nuclei (202) but lacks the N-terminal signal 

sequence that facilitates the ER/Golgi mediated secretion (203). MIF secretion has been demonstrated 

to be mediated via a non-classical pathway in macrophages/monocytes, interacting with the Golgi 

complex-associated protein p115 (204). 4-IPP inhibits MIF secretion by targeting this interaction 

(204).  

MIF regulates its biological functions through receptor-mediated or protein-protein interactions. Five 

different MIF receptors have been identified, of which the CD74, invariant chain of the MHC II, is 

the most extensively studied. CD74 forms a signaling complex with CD44 and subsequently mediates 

intracellular signaling through activation of several signaling pathways (205). In addition, MIF is a 

non-cognate ligand for the chemokine receptors CXCR2, CXCR4 and CXCR7 (206,207). D-DT lacks 

the pseudo-(E)LR motif that allows MIF to binds to the CXCR2 and CXCR4 receptors but it activates 

the CD74 receptor with a threefold higher acid dissociation constant and an 11-fold higher 

dissociation rate (198), suggesting that the binding of D-DT to the receptor might not always trigger 

a signaling cascade but could lead to internalization of D-DT. The interaction between MIF and the 

CD74-CD44 complex leads to signaling through pathways such as the PI3K/Akt and the MAP kinase 

ERK1/2 pathways (208). Binding of MIF to CD74 can also result in the cleavage of CD74 and 

subsequent release of the intracellular domain of this protein that then translocate to the nucleus and 

induce activation of the NFκβ cascade, resulting in transcription of anti-apoptotic genes (209). The 

binding of MIF to the CXCR2, CXCR4 and CXCR7 receptors also facilitates biological functions 

through the PI3K/Akt and ERK1/2 pathways (207). This can be alone or in a complex with CD74 

(210) or one of the other chemokine receptors (211). A glycosylated form of MIF has also recently 

been identified to bind the epidermal growth factor receptor (EGFR) and block the EGF-induced 

activation of ERK1/2 (212).  

MIF also exert direct effects intracellularly and beside the intracellular vesicle stored MIF, MIF can 

also be endocytosed, empathizing the intracellular role of MIF (213). A newly identified intracellular 
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binding partner to MIF is the apoptosis-inducing factor (AIF) which is involved in a caspase-

independent cell-death called parthanatos (214). During cell stress AIF recruit MIF to the nucleus 

where it cleaves DNA into fragments leading to cell death (192). MIF also binds and inhibits p53 and 

Jun-c activation domain-binding protein (JAB-1), regulating cell proliferation, senescence, and 

apoptosis (215–218). The interaction between JAB-1 and MIF also leads to an activation of HIF-1α 

and indirectly to an inhibition of p53 (219). Other examples of intracellular binding partners are 

thioredoxin interacting protein (TXNIP), an intracellular inhibitor of NFκβ (220), Gremlin-1, a BMP 

antagonist (221) and NLR family pyrin domain containing 3 (NLRP3) that interacts with vimentin 

leading to inflammasome-dependent IL-1β and IL-18 release (222). As mentioned above we have 

also demonstrated that MIF binds to and inhibits the enzymatic activity of HTRA1 (120) (See section 

2.2.1).  

2.3.2 MIF in the immune system: 

MIF can regulate processes in both the innate and adaptive immune system and is secreted from 

immune cells (223–225). MIF also has an upstream role in inflammation, promoting the secretion of 

inflammatory mediators, including TNF-α, ILs , IFNγ, COX2, nitric oxide (NO), MMPs and products 

of the arachidonic acid pathways such as PGE2 (226–228). Glucocorticoids (GC) induce the release 

of MIF from T lymphocytes (229), despite that MIF counter-regulates the anti-inflammatory and 

immunosuppressive effects of GCs, by inducing transcription of inflammatory genes through the 

MAPK and NFκβ signaling pathways (230,231). It has been shown that MIF release is increased from 

monocytes/macrophages at low physiological concentrations of GCs and inhibited at high 

concentrations (232).  

In the innate immune system MIF have been shown to regulate macrophage responses and despite its 

identified function as an inhibitor of macrophage migration, it has recently been demonstrated that 

MIF signaling promotes monocyte/macrophage chemotaxis (207). It has been suggested that the 

migration arrest seen in the original study result from a receptor desensitization (233). MIF 

upregulates Toll-like-receptor 4 (TLR-4) expression on macrophages and supports macrophage and 

neutrophil survival (234–236). Macrophages also release MIF after phagocytosis, which in turn 

increase the phagocytic ability of this cell type (237). These data suggest that MIF sustains pro-

inflammatory processes in the innate immune cells by activating and supporting the survival of 

macrophages/monocytes. 
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In T lymphocytes MIF stimulate the secretion of both Th1 and Th2 cytokines, as well as IL-17 

(238,239), but was also reported to cause T lymphocytes activation cell death (240). MIF promote 

integrin-dependent adhesion/arrest and chemotaxis through the CXCR2, CXCR4 and CXCR7 

receptors  in both T and B lymphocytes as well as monocytes (206,233). The binding of MIF to the 

CD74-CD44 complex on B lymphocytes also promotes cell survival and proliferation (209), 

suggesting that MIF also regulates adaptive immune responses by sustaining a mature B lymphocyte 

population.   

2.3.3 MIF in the nervous system: 

MIF is both an immune-modulator and a neurotrophin with protective functions during pathological 

conditions in the CNS.  

The expression pattern of MIF in the human brain is largely unknown, however the presence of MIF 

mRNA has been reported in most human CNS regions (241) and MIF protein has been detected in 

the human cerebral cortex (242). MIF has also been found in the cortex, hippocampus, thalamus, 

hypothalamus, cerebellum, and pons in the rodent brain (243). It was identified in the epithelial and 

ependymal cells of the choroid plexus as well as, astrocytes, and neurons (243,244). In neurons MIF 

protein was found at low levels in the soma and nucleus but was high in the processes (245,246), 

while MIF expression was highest in astrocytes of the outermost cortical layer, in glia limitans and 

in some diffusely spread astrocytes (243). 

2.3.3.1: MIF as a neurotrophic factor: 

MIF expression was also associated with neurogenic areas in the hippocampus both during 

development and in the adult rodent and bovine CNS (247,248). The loss of MIF has been shown to 

lead to reduced neurogenesis in the hippocampus and to be associated with increased anxiety- and 

depression-like behavior as well as impaired hippocampus-dependent memory in rodents 

(245,247,249,250). This may be connected to the role of MIF in promoting stem cell proliferation in 

the denate gyrus (250,251). It has also been shown that MIF induces neural stem/progenitor cell 

(NSPC) renewal and differentiation (252–254). The neurotrophic effects of this protein may be 

mediated through Wnt/β-catenin signaling or CHD7, that has been identified in several processes of 

neurogenesis and neural differentiation (254,255). MIF has also been suggested to promote neurite 

outgrowth and survival in statoacoustic ganglion neurons and function as a neurotrophin in inner ear 

development in mice and zebrafish (252,256). Despite the exact mechanisms of MIFs regulation of 

neurogenesis, neural differentiation and neurite outgrowth still remains unelusive this all support an 

important role of MIF in neurodevelopment and neuronal maintenance. 
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2.3.3.2: MIF in oxidative stress and cell death: 

MIF has also been linked to the regulation of oxidative stress in neurons. Angiotensin II (Ang II) 

acting on the Ang II receptor (AT1R) induced ROS production in neurons through the activation of 

the NADPH oxidase (257). This in turn, increased the MIF levels in cultures of rat hypothalamus and 

brainstem neurons (258). ROS itself also increases the MIF levels in neurons (259) which decreases 

the basal firing of neurons, due to the ROS scavenging properties of MIF thiol-reductase activity 

(258). MIF can also  induce oxidative stress in cultured neurons leading to reduced viability 

(260,261). In support of MIF detrimental role in cell death MIF deletion was demonstrated to suppress 

the glutamate-induced death of cerebellar granular neurons in vitro (262). Other report that MIF 

decrease early neuronal apoptosis and protects neurons from cell death (263–265).  

2.3.3.3: MIF in CNS resident inflammation: 

MIF is an important upstream mediator of innate immunity in CNS resident cells and MIF increases 

the expression of inflammatory cytokines, chemokines and iNOS in primary rodent microglia (266) 

leading to subsequent increased COX2 expression and PGE2 production (267). The pro-inflammatory 

activation of cultured microglia is blocked by MIF inhibitors (266,268) and MIF expression itself is 

increased in activated microglia cells (269). Blocking MIF in microglia, also protect neurons from 

microglia-induced neurotoxicity (270,271). These data indicate that MIF may be involved in the 

regulation of microglia activation, inducing a M1 microglia phenotype under pathological conditions. 

At the same time, others have reported apposing results suggesting that MIF treatment in LPS-

activated microglia reduced the production of pro-inflammatory cytokines and protected neurons 

from cell death (272).  

MIF increases the proliferation and expression of inflammatory cytokines in astrocytes, leading to an 

increased COX2 expression and PGE2 production as observed in microglia (273,274). Pla2g2a and 

CD25H were identified to potentially regulate this MIF-CD74 mediated inflammatory response in 

astrocytes (274) and the later promoted astrocyte migration at low concentration and chemokine 

production at high concentrations (275,276). The release of chemokines from astrocytes may promote 

M2 macrophage migration and cytokine production (276). MIF expression in different cell types in 

the BBB may regulate the infiltration of peripheral immune cells into the CNS parenchyma (243) 

(277). 

2.3.4: The therapeutic potential of MIF: 

MIF has attracted attention due its diverse biological functions suggesting a potential as a therapeutic 

target for both autoimmune diseases, cancer, chronic inflammation, and neurological diseases. 
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2.3.4.1 MIF in autoimmune and inflammatory diseases: 

Increased levels of MIF in different body fluids have been reported in several autoimmune diseases 

(199). This is the case in for example respiratory diseases, pulmonary hypertension and in children 

suffering from type 1 diabetes (199). In adult type 1 diabetes MIF and CD74 levels are elevated in 

monocytes and MIF levels positively correlate with disease duration (199). The same is true in 

patients with autoimmune systemic lupus erythematosus (SLE) and RA. In SLE patients, elevated 

MIF levels have been demonstrated to correlate with end organ damage and GC exposure (199) and 

in RA patients, a high expression MIF in synovial fluid have been associated with more severe joint 

damage and disease activity (181,199,278). 

2.3.4.2: MIF in CNS diseases: 

Increased MIF levels have been reported in several neurological diseases. It increases in plasma of 

patients with acute and chronic spinal cord injury (SCI) as well as in rodent models of SCI where 

MIF associates with microglia (279,280). MIF levels also increases in patients with acute ischemic 

stroke where MIF positively correlates with infarct volume, disease severity, long-term outcome, and 

increased risk of stroke recurrence events (281,282). In ischemia, MIF may have a protective role by 

suppressing oxidative stress induced neuronal death or a detrimental role by promoting extensive 

inflammation (283).  

MIF also increases in the CSF of patients with AD and interacts with Aβ in AD plaques (284,285). 

In AD, MIF is likely expressed by microglia in Aβ plaques and linked to the Aβ induced 

neurotoxicity, astrocyte activation and Tau hyperphosphorylation (285). It has recently been shown 

that MIF undergo early oxidation and glycation in AD and that this modification inhibits enzymatic 

activity of MIF (286). It has been suggested that this glycation together with oxidation result in a 

failure to initiate microglia responses leading to microglia malfunctions, defective plaque clearance 

and subsequent disease progression (286). It was recently suggested that the increased MIF in AD 

brains may arise as a compensation mechanism, either due to microglia malfunction or the 

incorporation of MIF in Aβ plaques (285,287).  

Patients with Parkinsons disease (PD) have increased blood levels of MIF but not significantly 

different levels in peripheral blood cells. This may suggest that the increased MIF originate from the 

CNS (264,269,288). MIF has been shown to protect against early cell death, suppress inflammation 

and enhance autophagy in neurons in in vivo and in vitro in PD models (264). Intracellular MIF 

protect against dopamine cytotoxicity due to its role in catecholamine detoxification (289). At the 
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same time, MIF promote neuroinflammation through induction of the NLRP3 inflammasome, leading 

to neuronal loss (269).  

In the neurodegenerative disease amyotrophic lateral sclerosis (ALS), characterized by a loss of motor 

neurons due the accumulation of misfolded mutant SOD1, MIF have been demonstrated to inhibit the 

accumulation of misfolded SOD1 in the mitochondria and increase the survival of neurons (290,291). 

In mutant SOD1 mice, the knock-out of MIF accelerated disease onset, progression and reduced the 

survival, due to the accumulation of misfolded SOD1 in the mitochondria and ER membranes, early 

in the disease (290).  

2.3.4.2.1: MIF in multiple sclerosis: 

Several investigations have suggested that MIF may play a key role in the pathogenesis of MS, though 

the exact function of this protein in MS development and progression is far from clear.  

It has been found that there is a higher prevalence of the high-expression MIF alleles in MS patients 

which was associated with increased serum MIF levels, disease severity and progression in male MS 

patients, suggesting that it affects disease duration but not overall disease susceptibility (292–295).  

The levels of MIF in body fluids have also been reported both to increase and decrease, possibly 

depending on how the division of patient groups have been done. Several studies have reported that 

MIF CSF and peripheral blood levels are significantly higher in MS patients (296–298). While others 

have found significantly decreased levels in serum and CSF from RRMS patients compared to HCs 

and increased MIF serum levels in PPMS compared to RRMS patients (299). MIF CSF and blood 

levels have also been suggested to increase during acute relapses (296,299) and MIF baseline serum 

levels have been demonstrated to correlate with EDSS and to be significantly higher in MS patients 

with disability progression (298). It has been suggested that the high-expression MIF alleles may 

function as disease modifiers in male SPMS/PPMS patients, which also had significantly higher MIF 

plasma levels compared to levels in male CIS and RRMS (292).  

MIF expression has been found in reactive hypertrophic astrocytes and macrophages in both active 

and inactive WM lesions in the MS brain (300). No significant differences in mRNA levels of MIF, 

D-DT or MIF receptors have been reported in cortical MS and control tissue (301). Interestingly, It 

has been shown that MIF mRNA levels were significantly higher in WM from male SPMS patients 

compared to females (292).  
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MIF levels have recently been demonstrated to be decreased in immature B lymphocytes from early 

MS and high-risk CIS patients. This low MIF expression was associated with a CXCR4highCD74low 

phenotype in B lymphocytes suggesting a possible negative feedback loop between MIF and the MIF 

receptors in MS. The CXCR4highCD74lowMIFlow phenotype was also associated with a decreased 

sensitivity to apoptosis that may contribute to the increased survival of autoreactive B lymphocytes 

that survived peripheral tolerance checkpoints (302).  

Genetic deletion of MIF or the inhibition of MIF signaling in mice with EAE, decreases EAE severity, 

cumulative score, clinical EAE symptoms, disease duration and lethality (292,303). In these mice 

MIF is necessary for disease progression but not EAE development (304). MIF also promoted 

infiltration of activated macrophages/monocytes and CD4+ T lymphocytes into the CNS during EAE 

(303,305,306). MIF increased CNS-resident microglia activation that was associated with tissue 

destruction (292,300,301,303,304,307). MIF may also activate T lymphocytes during EAE and 

induce bystander activation in CD4+ T lymphocytes (301,305). This T lymphocyte activation may 

arise due to MIFs induction of microglia and macrophage activation (300).  

An inhibition of  MIFs binding to the CD74 receptor promote remyelination and neuroprotection, 

through the upregulation of genes involved in axonal survival, remyelination and regeneration (307). 

The partial MHC II construct RTL1000 that blocks the binding of MIF to CD74 and thus reduce MIF 

mediated functions, is currently in a clinical trial for the treatment of brain volume loss in SPMS 

patients (151). The small molecule inhibitor of phosphodiesterase, Ibudilast, that also may have 

physiologically relevant inhibitory effect on MIF (308), have recently been shown to reduce GM 

atrophy in primarily PPMS patients (309–311). The inhibition of MIF may thus have neuroprotective 

effects in progressive MS patients. 

The action of MIF during MS is thus complex and contradictory. It is not clear if MIF increase or 

decrease in MS or whether MIF has a protective or detrimental role in the disease.  
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3.1. Paper I: Hjæresen S, et al. The levels of the serine protease HTRA1 in cerebrospinal 

fluid correlate with progression and disability in multiple sclerosis. J Neurol. 2021 

Sep;268(9):3316-3324. doi: 10.1007/s00415-021-10489-7. Epub 2021 Mar 4. PMID: 

33661357. 

3.1.1. Introduction to paper I 

With the analyses of already established MS patient cohorts, we determined the levels of HTRA1 in 

the CSF of newly diagnosed treatment naïve RRMS patients and SPMS patients at baseline. CSF 

were collected from both patient cohorts at baseline and after one- or two years of DMT intervention. 

We showed that CSF levels were significantly increased in both subtypes of MS and correlated with 

disability and progression, while DMT intervention significantly decreased HTRA1 CSF levels. In 

RRMS patients CSF levels were decreased to levels comparable with those in HCs, whereas the 

decrease was less prominent in SPMS patients. We demonstrated that HTRA1 CSF levels could 

separate HCs from RRMS patients with great sensitivity and specificity. We also identified HTRA1 

protein expression in both NeuN+ neurons, GFAP+ astrocytes and NG2+ OPCs in human brain tissue, 

while HTRA1 mRNA was high in both neurons, astrocytes, and all cells of the oligodendrocyte linage 

in WM from progressive MS patients. These results indicate that HTRA1 levels in RRMS patients 

could reflect inflammatory processes and treatment response, while increased levels in SPMS patients 

may reflect astrogliosis or oligodendrocyte and neuronal related cell death.  
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Abstract
Background High Temperature Requirement Serine Protease A1 (HTRA1) degrades extracellular matrix molecules (ECMs) 
and growth factors. It interacts with several proteins implicated in multiple sclerosis (MS), but has not previously been linked 
to the disease.
Objective Investigate the levels of HTRA1 in cerebrospinal fluid (CSF) in different subtypes of MS and brain tissue.
Methods Using ELISA, HTRA1 levels were compared in CSF from untreated patients with relapsing–remitting MS (RRMS, 
n = 23), secondary progressive MS (SPMS, n = 26) and healthy controls (HCs, n = 26). The effect of disease modifying thera-
pies (DMTs) were examined in both patient groups. Cellular distribution in human brain was studied using immunochemistry 
and the oligointernode database, based on a single-nuclei RNA expression map.
Results HTRA1 increased in RRMS and SPMS compared to HCs. DMT decreased HTRA1 levels in both types of MS. Using 
ROC analysis, HTRA1 cut-offs could discriminate HCs from RRMS patients with 100% specificity and 82.6% sensitivity. 
In the brain, HTRA1 was expressed in glia and neurons.
Conclusion HTRA1 is a promising CSF biomarker for MS correlating with disease- and disability progression. Most cell 
species of the normal and diseased CNS express HTRA1 and the expression pattern could reflect pathological processes 
involved in MS pathogenesis.

Keywords HTRA1 · Cerebrospinal fluid · Biomarker · Dimethyl fumarate · Mitoxantrone · Secondary progression · 
Multiple sclerosis · Degeneration
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of 
the central nervous system (CNS) with degenerative features 
[11]. It is the most common non-traumatic cause of neurologi-
cal disability in young adults, and common in the Nordic coun-
tries [6]. The early phase is usually relapsing–remitting MS 
(RRMS), consisting of transient periods of new or worsening 
neurological symptoms. After 10–30 years, the disease often 
turns into secondary progressive MS (SPMS), which is charac-
terized by a slow progression of neurological symptoms with 
or without superimposed relapses [6, 11]. Treatment with dis-
ease modifying therapies (DMTs) may delay or even prevent 
the conversion from RRMS to SPMS [5]. Soluble biomarkers 
that could predict disease onset, DMT response and conversion 
to progressive MS would improve MS care. Some of the most 
promising MS biomarkers in blood or CSF are chitinase 3-like 
1 and 2, neurofilament light chain (NFl), chemokine (C-X-C 
motif) ligand 13 (CXCL13), and glial fibrillary acidic protein 
(GFAP) [23, 33].

HTRA1 is a 51 kDa enzyme belonging to the trypsin-like 
serine protease family [8]. HTRA1 degrades a large number 
of extracellular matrix molecules (ECMs), thus being central 
to ECM homeostasis, turnover, intercellular adhesion, and cell 
migration [21, 24]. It also digests growth factors, such as fibro-
blast growth factor 8 (FGF8) and 18 (FGF18) [12].

HTRA1 is present in the brain, but its function is poorly 
understood. It is known that HTRA1 supports neural out-
growth and astrocyte migration while modulating immune 
responses [7]. It was recently shown that interferon gamma 
(INF-γ) inhibits HTRA1 expression, and we have demon-
strated that the cytokine macrophage migration inhibitory 
factor (MIF) inhibits the enzymatic activity of HTRA1 [12, 
17]. HTRA1 has been linked to several diseases such as arthri-
tis, macular degeneration, cerebral autosomal recessive arte-
riopathy with subcortical infarcts and leukoencephalopathy 
(CARASIL) and Alzheimer’s disease [14, 15, 29], but not 
previously to MS.

In this study, the levels of HTRA1 were determined in the 
CSF from patients with RRMS and SPMS as well as in healthy 
controls (HCs). We also investigated the potential of HTRA1 
as a biomarker for diagnosis and prognosis. Using immunohis-
tochemistry and the oligointernode database we examined the 
cellular distribution of HTRA1 in the human brain.

Materials and methods

Subjects and clinical assessment

To investigate HTRA1 in the CSF, we used three different 
study cohorts previously utilized by Sejbaek et al. 2019 and 

Axelsson et al. 2011 and 2014 [3, 4, 27]. The samples were 
collected in accordance with the consensus protocol of the 
BioMS-eu network for biomarkers research in MS [31] and 
approved by the Regional Ethical Boards (EudraCT 2014-
000254-11, Dnr 2005:253.). All patients provided informed 
and written consent in accordance with the Declaration of 
Helsinki. Samples were stored at − 80 °C until the analysis 
was performed.

The samples from RRMS patient and HCs were obtained 
from University Hospital Odense (OUH) and part of the 
TREMEND (Tecfidera in Relapsing–Remitting Multiple 
Sclerosis: Endothelial Dysfunction) prospective open label 
phase IV trial [27]. The RRMS patients (n = 23) were newly 
diagnosed and for some (n = 13) the CSF samples were 
obtained before and after 1 year of treatment with dimethyl 
fumarate (DMF—Tecfidera®) (480 mg/day). HCs were sub-
jects without symptoms or signs of neurological disease and 
all had normal magnetic resonance imaging (MRI) and CSF 
results [27]. The samples from patients with RRMS: were 
approved by the regional Committee of Health Research 
Ethics (S-20140015HLP/csf), the Danish Health and Medi-
cines Authority (2014013769) and the European Clinical 
Trials Database (2014-000254-11).

SPMS samples were obtained from Sahlgrenska Univer-
sity Hospital, Gothenburg, Sweden. Before treatment initia-
tion, the SPMS patients were part of two previously studied 
cohorts [3, 4]. In the first cohort the SPMS patients (n = 10) 
had not received DMTs 6 months before their examination 
[4]. In the second cohort of SPMS patients (n = 16) the 
patients were either treatment naïve or had received DMT 
[3]. Some samples from the second cohort were obtained 
before and after 2 years of treatment with mitoxantrone 
(n = 13) (MTX—Novatrone®) (12 mg/m2 i.v. at 3-month 
intervals). The samples from patients with SPMS were 
approved by the regional committee of health and research 
ethics in Uppsala, Sweden: Dnr 2005:253. Demographic 
data and clinical characteristics of the patients and HCs are 
shown in Table 1.

HTRA1 ELISA

The HTRA1 ELISA was modified from Soo et al. 2015 [30]. 
Thermo  Fisher® Maxisorb plates were used and the Tween-
20 (Millipore, S7514484-809) concentration was increased 
to 1% in the washing solution. The coating antibody used 
was polyclonal HTRA1 antibody (1 µg/ml) (AF2916, R&D), 
while the detection antibody was a mouse monoclonal anti-
HTRA1 antibody (0.5 µg/ml) (MAB2916, R&D). Mouse 
IgG HRP linked whole antibody was used as secondary anti-
body (GE healthcare Life Sciences, NA931).

The standard curve was made using human recombinant 
HTRA1 (RP-77538, Thermo Fisher Scientific) in a twofold 
serial dilution starting at 200 ng/ml and with a lower limit 
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of quantification at 3.125 ng/ml. The plates were incubated 
with undiluted CSF (100 µl/well) and standards for 2 h at 
room temperature. All samples were run in a blinded fashion 
as duplicates.

The respective intra- and interpolate coefficients of varia-
tion were 10.25 and 4.78%, across all plates used to measure 
HTRA1 levels.

Frozen human brain sections

After informed consent, brain tissue was obtained from two 
female patients age 61 and 71 years (VEK: S-20130048, 
18/38918). Both patients had heterogenous contrast enhanc-
ing subcortical tumors covered with intact brain parenchyma. 
During tumor surgery, samples from this tumor-overlaying 
intact brain tissue were obtained. Histopathological investi-
gations confirmed the preoperative presumed glioblastoma 
diagnosis.

The tissue was immersed in 4% PFA overnight and 
washed in PBS. The tissue was then submerged in PBS 
containing 20% sucrose overnight and snapfreezed. The 
tissue was cut into parallel serial 30 µm-thick sections on 
a cryostat. Sections were stored at − 20 °C until further 
processing.

Immunohistochemistry

Heat-induced epitope retrieval was performed in 10 mM 
sodium citrate buffer, pH 6, 30 min. The sections were 
washed in Tris-buffered saline, pH 7.4 and autofluores-
cence bleached by immersing in 70% ethanol, 5 min, fol-
lowed by autofluorescence Eliminator Reagent (EMD 
Millipore, 2160) for 5 min. The sections were quickly 
dipped in 70% ethanol and washed three times in TBS 
and three times in TBS pH 7.4 containing 0.1% triton 
(TBST). Non-specific binding was blocked using goat- 
or fetal bovine serum containing TBST depending on 
the antibodies used. Primary antibodies diluted in 0.25% 
BSA or goat sera and HTRA1 (Abcam, ab38610) (1:400), 
GFAP (Abcam, ab4674) (1:1000), (1:2000), NeuN (Merck 
Millipore, MAB377) (1:500) or NG2 (Merck Millipore, 
MAB5384) (1:500) were incubated at 4 °C overnight. The 
sections were then washed twice in TBS, three times in 
TBST, and incubated with the secondary antibody diluted 
1:1000 in 0.25% BSA or goat sera (Alexa-488 donkey anti-
rabbit (Invitrogen, A21206), alexa-594 goat anti-mouse 
(Invitrogen, A11005), alexa-594 goat anti-rat (Invitro-
gen, A11007) and RRX donkey anti-chicken (Jackson 
Immuno Research, 703-295-155) for 3 h at RT. This was 
followed by one wash and visualization of the nuclei with 
10 µM DAPI (Merck, D9542) in TBS. Finally, the sec-
tions were washed in TBS, dipped in water and mounted 
using fluorescence mounting media (DAKO, S3023). Sec-
tions were examined using single photon laser confocal 
microscopy (Olympus FV1000). Pictures were taken with 

Table 1  Demographics of the study participants from both RRMS and SPMS patients

Age and disability (EDSS) were significantly higher in SPMS cohorts compared with that of RRMS and HCs. The gender distribution for the 
SPMS group significantly differed from that of the HCs and the RRMS. No other significant differences were found
p value HCs vs. SPMS at baseline: ap < 0.05
p value RRMS at baseline vs. SPMS at baseline: bp < 0.0001
p value RRMS at follow-up vs. SPMS at follow-up: cp < 0.05, ccp = 0.0001, cccp < 0.0001
p value HCs vs. SPMS at follow-up: dp < 0.0001
p value RRMS at baseline vs. SPMS at follow-up: ep < 0.05, eep <  + 0.0001
p value RRMS follow-up vs. SPMS baseline: fp < 0.0001
DMF Dimethyl fumarate, MTX Mitoxatrone

Healthy controls RRMS 
patients 
baseline

RRMS patients 
follow-up

SPMS patients baseline SPMS patients follow-up

Numbers (n) 26 23 13 26 18
Sex (F/M, (% female) 22/4 (85) 18/5 (78) 11/2 (85) 12/14 (46)a 6/12 (33)c, d, e

Age (years, mean ± SD) 40.8 ± 12.1 33.2 ± 8.4 34.4 ± 9.9 49.6 ± 10.7a, b 45.9 ± 11.5c

EDSS score (mean ± SD) NA 1.8 ± 1.0 1.5 ± 0.7 5.0 ± 2.0b 5.8 ± 1,6ccc

Disease duration (years, mean ±) NA 0 ± 0 1 ± 0 14.32 ± 8.056b, f 10.38 ± 7.402cc, ee

Treatment type NA NA DMF NA MTX
Duration of treatment (years) NA NA 1 NA 2
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a 20 × 0 > 0.095 objective and a Kahlman filter and further 
examined at 3× zoom.

Single‑nuclei RNA‑seq MS database

The oligointernode database (https ://caste lobra nco.shiny 
apps.io/MSCtr l_CCA_18/) from Jäkel et  al. 2019 [20], 
based on white matter lesions from four progressive MS 
patients and white matter from five non-neurological con-
trols was used to study the single nuclei t-distributed Sto-
chastic Neighbor Embedding (tSNE) plot and expression 
counts for HTRA1.

Statistical analyses

Statistical analyses were performed using the GraphPad 
prism software (version 8.0). Data is shown as mean ± SD. 
A p value less than 0.05 was considered statistically sig-
nificant. Group comparisons between normally distributed 
results were tested using unpaired t-test with or without 
Welch’s correction depending on differences in SD between 
groups. The Mann–Whitney rank test was used to compare 
groups that did not follow Gaussian distribution. Correla-
tions between HTRA1 levels and EDSS were tested using a 
multiple linear regression analysis accounting for the co-var-
iates age, gender and disease duration. For Receiver Operat-
ing Characteristic (ROC) curve analyses 0.9 ≤ Area Under 
the Curve (AUC) ≤ 1.0 were considered as an excellent per-
formance of the test, while AUC ≤ 0.75 were considered as 
a poor performance of the test. The cut-off was defined as 
the value maximizing the Youden index.

Results

HTRA1 concentrations in CSF were significantly 
increased in MS patients and increased with disease 
progression

The levels of HTRA1 were significantly increased in the 
CSF of both treatment naïve RRMS patients and patients 
with SPMS at baseline, compared to HCs (5.87 ± 1.85 ng/ml 
vs. 3.59 ± 0.60 ng/ml, p < 0.0001 and 8.54 ± 3.33 ng/ml vs. 
3.60 ± 0.60 ng/ml, p < 0.0001, respectively) (Fig. 1). HTRA1 
was also significantly higher in SPMS patients at baseline 
compared to treatment naïve RRMS patients (8.54 ± 3.33 ng/
ml vs. 5.87 ± 1.85 ng/ml, p = 0.0011) (Fig. 1).

HTRA1 concentrations in CSF decreased 
after treatment with DMF and MTX

1 year of DMF treatment reduced the mean HTRA1 lev-
els in the CSF of patients with RRMS from 5.87 ± 1.85 to 

2.77 ± 1.65 ng/ml, (p < 0.0001), i.e., concentrations similar to 
those found in HCs (Fig. 1). Two-year treatment with MTX 
also reduced the mean HTRA1 concentration in the CSF 
of patients with SPMS from 8.54 ± 3.33 to 5.64 ± 2.86 ng/
ml, (p = 0.0044) (Fig. 1). In contrast to RRMS, the HTRA1 
levels in SPMS still remained higher compared to HCs; 
5.64 ± 2.86 ng/ml vs. 3.59 ± 0.60 ng/ml, (p < 0.001), and 
were also higher compared to RRMS patients treated with 
DMF; 5.64 ± 2.86 ng/ml vs. 2.77 ± 1.65 ng/ml (p < 0.001).

HTRA1 levels correlated with EDSS at baseline 
and after treatment

Since HTRA1 levels increased with disease progression—
as indicated by higher levels in SPMS vs RRMS—and 
decreased after treatment, we next examined the correlation 
between EDSS and HTRA1 concentrations, both at baseline 
and after treatments. For this, a multiple linear regression 
analysis was performed accounting for both gender, age and 
disease duration of the patients. The HTRA1 concentration 
correlated independently with EDSS at baseline (F(14, 
29) = 4.444, p = 0.0003) and at follow-up (F(14, 13) = 7.616, 
p = 0.0004) (Fig. 2a, b). This was not the case for the change 
in HTRA1 concentration (ΔHTRA1) and EDSS (ΔEDSS) 
after treatments (F(14, 6) = 0.1885, p = 0.9952) (Fig. 2c).

HTRA1 cut‑off discriminated RRMS from healthy 
controls

The observation that HTRA1 levels significantly increased in 
patients compared to HCs, prompted us to examine HTRA1 

Fig. 1  HTRA1 concentrations in the CSF of HCs as well as RRMS 
and SPMS before and after treatment. HTRA1 increases in both 
RRMS and SPMS, but is decreased by treatments with both DMF 
and MTX. HTRA1 was determined by ELISA before and after treat-
ment with DMF (1-year treatment in RRMS) and MTX (2-year 
treatment in SPMS). Mean ± S.D, unpaired t-tests with or with-
out Welch correction or Mann-Whitey t test. Significance between 
groups are shown as: **: p = 0.01, ***: p = 0.001, ****: p < 0.0001. 
nHC = 26, nbaseline RRMS = 23, nRRMS follow-up = 13, nbaseline SPMS = 26, 
nSPMS follow-up = 18

https://castelobranco.shinyapps.io/MSCtrl_CCA_18/
https://castelobranco.shinyapps.io/MSCtrl_CCA_18/
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as a potential diagnostic biomarker for RRMS. When com-
paring HTRA1 levels in newly diagnosed, untreated RRMS 
patients to HCs, the ROC analysis showed an AUC at 0.903 
(95% CI 0.79–1.02). At a HTRA1 concentration of 4.623 ng/
ml, the sensitivity was 82.6% (95% CI 61.2–95%) and the 
specificity was 100% (95% CI 86.8–100%), suggesting that 
the HTRA1 levels in CSF are excellent for distinguishing 
between treatment-naïve early RRMS and HCs (Fig. 3a).

HTRA1 cut‑off had limited value to discriminate 
RRMS from SPMS

A ROC analysis was performed on the CSF levels of 
HTRA1 to evaluate HTRA1 as a discriminative marker 
between treatment naïve RRMS and SPMS patients prior to 
MTX treatment. This resulted in an AUC at 0.73 (95% CI 
0.6–0.87). At a HTRA1 concentration of 6.4 ng/ml, the sen-
sitivity was only 69.2% (95% CI 50–83.5%) and the specific-
ity 69.6% (95% CI 49.1–84.4%) suggesting that the accuracy 
for HTRA1 cut off as a marker of stage-specific marker was 
limited (Fig. 3b).

HTRA1 protein is highly expressed in astrocytes, 
neurons and oligodendrocyte progenitor cells 
within the healthy brain

The HTRA1 expression in the human brain was inves-
tigated using immunochemistry. We observed a  clear 
co-localization with GFAP expressing astrocytes, where 
HTRA1 was distinctly expressed in the cell soma (Fig. 4b, 
arrow). Many neurons also expressed HTRA1 that was 
localized to the nerve cell body (Fig. 4a, arrows). Some 
HTRA1 expression was also present in neuronal processes 
(data not shown). HTRA1 was expressed by oligoden-
drocyte progenitors (NG2 labeling) in the white matter, 
observed both in perinuclear areas and in the processes 
(Fig. 4c, arrows). We did not observe any co-localization 
between MBP and HTRA1 (data not shown), indicating 
that the HTRA1 expression decreases as oligodendro-
cytes mature. We did not find any co-localization between 
HTRA1 and IBA1, suggesting HTRA1 is not expressed by 
microglia (data not shown).

Fig. 2  Correlation between EDSS and HTRA1 concentration in the 
CSF showed that HTRA1 indeed correlate with EDSS scores. The 
multiple regression analyses between the EDSS and the concentra-
tion of HTRA1 (ng/ml) before (a) and after treatment (b), as well as 

between change of HTRA1 (ΔHTRA1) and EDSS (ΔEDSS) after 
treatment (c) are shown. Mean, nonparametric spearman correlation. 
nbaseline = 44, nfollow-up = 28, nchange = 21

Fig. 3  Sensitivity and specific-
ity of HTRA1 to discriminate 
HCs from treatment naïve 
RRMS patients showed and 
AUC of 0.903 (a), while the 
AUC of treatment naïve RRMS 
from SPMS patients at baseline 
was lower: 0.73 (b). nHC = 26, 
nbaseline RRMS = 23, nbaseline SPMS= 
26,  ROC Receiver operating 
characteristics
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The cellular distribution and expression of HTRA1 
mRNA increases in the brains of progressive MS 
patients

After investigating HTRA1 expression in the human 
brain, we verified our data using the recently available 

oligointernode database [20] that contains the RNA 
expression obtained from single-nuclei in brains from 
progressive MS patients and non-neurological controls. 
Figure 5 shows that the level of HTRA1 mRNA expression 
is highly expressed in both astrocytes, neurons and almost 
all subspecies of oligodendrocytes identified.

Fig. 4  HTRA1 expression in the human brain is localized to neurons, 
astrocytes and oligodendrocyte precursors (arrows denote labeled 
cells). Immunochemistry on 30  µm coronally parallel serial sec-
tions labeled with NeuN (Merck Millipore, MAB377) and HTRA1 

(Abcam, ab38610) (first row), GFAP (Abcam, ab4674) and HTRA1 
(Abcam, ab38610) (middle row), NG2 (Merck Millipore, MAB5384) 
and HTRA1 (Abcam, ab38610) (buttom row). Scale bare represents 
50 µm
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Discussion

We found that HTRA1 was present in the CSF and that the 
levels were elevated in newly diagnosed, treatment naive 
RRMS patients compared to HCs. HTRA1 concentra-
tions in CSF also correlated with EDSS and were higher 
in SPMS, suggesting that this protein may be connected 
to disability and disease progression. Treatment with 
DMT successfully decreased the HTRA1 concentration 
in RRMS patients to a level similar to that of HCs, while 
the levels observed in SPMS patients could only partly be 
reduced with DMT.

The ROC analysis provided cut-offs that could separate 
RRMS from HCs with high sensitivity and 100% specific-
ity, suggesting that HTRA1 may be a promising diagnos-
tic marker of RRMS. However, although CSF levels were 
significantly higher in SPMS than RRMS ROC analysis 
of CSF HTRA1 levels had a poor AUC value suggesting 
a limited value of HTRA1 to discriminate between MS 
phenotypes.

While 1-year treatment with DMF was able to normal-
ize the CSF levels of HTRA1 in RRMS, the reduction was 
lower in SPMS treated with MTX. This may suggest that 
elevated HTRA1 levels in RRMS are mostly related to 
inflammation, but other mechanisms may also operate that 
give rise to HTRA1 release in CSF, especially in SPMS. 
Both DMTs exert their effects mainly on the immune sys-
tem, where they reduce a number of immune cells, and 
modulate functions of the surviving immune cell popula-
tion [22, 25]. It was recently reported that HTRA1 expres-
sion is regulated by INF-γ, a cytokine known to induce 
and modulate an array of immune responses [16]. INF-γ 
has also been implicated in MS, though its role remains 
inconclusive [2, 17]. High levels of HTRA1 were found 
in rheumatoid arthritis, where the inhibition of HTRA1, 
in mouse models decreased disease severity [17]. HTRA1 
also increased the inflammatory response to oxidative 
stress and was involved in macrophage infiltration in age 
related macular degeneration [22].

Low levels of HTRA1 are known to be present in neurons 
of several brain regions, as well as in astrocytes, oligoden-
drocytes and microglia in the human brain [10]. We found 

Fig. 5  The  tSNE expression profile of HTRA1 in progressive MS 
brains, normalized to non-neurological controls. HTRA1 single 
nuclei expression and cellular distribution from the Cluster Canoni-

cal Correlation Analysis (CCA) clustering of white matter tissue from 
progressive MS patients and non-neurological, visualized using the 
oligo internode database [20]
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that astrocytes, oligodendrocyte precursors, and many corti-
cal neurons expressed high levels of HTRA1 in the normal 
brain but could not find the protein in myelinating oligoden-
drocytes or microglia. Using the oligointernode database 
[19, 20], we found similar results in white matter of MS 
patients and non-neurological controls. Cluster Canoni-
cal Correlation Analysis (CCA clustering) based on single 
nucleus RNA sequencing showed that HTRA1 was highly 
expressed in neurons, astrocytes and several oligodendrocyte 
cell types in the white matter, the cells that also express 
HTRA1 in the normal human brain.

The high CSF levels of HTRA1 in SPMS patients may 
reflect an increased production of HTRA1 by CNS resident 
cells, due to disease progression, as a result of neurodegener-
ation, manifested as neuronal cell death, Wallerian degenera-
tion, and astrogliosis [26]. We could not find any correlation 
between NF and HTRA1 in RRMS or SPMS patients (Sup-
plementary Fig. 1S), suggesting that the increased levels 
of HTRA1 are not directly correlated with axonal damage.

Although high HTRA1 RNA expression by oligodendro-
cyte populations was recently detected in the progressive MS 
brain [20], we could not find a co-localization of the HTRA1 
protein with mature oligodendrocytes in healthy brain tissue. 
This may imply that the distribution of HTRA1 is changed 
in MS. It may also indicate astrocytes as the cellular source 
of the HTRA1 in CSF. In active lesions, astrocytes phago-
cytose myelin and recruit immune cells by the secretion of a 
plethora of factors [18]. With the progression of MS, astro-
cytes become reactive, forming glial scars around plaques 
[1]. GFAP also increases with disease severity in a man-
ner similar to HTRA1 [4]. The increase of HTRA1 may be 
connected to the increased role of astrogliosis in advanced 
disease [1].

The ECM is altered inside MS plaques and considered an 
important remyelination-inhibiting factor in chronic lesions 
[32]. HTRA1 digests ECM components as chondroitin 
sulphate proteoglycans and fibronectin, proteins known to 
accumulate in demyelinating lesions in MS patients and 
inhibit remyelination [28]. A chronic high level of HTRA1 
may, therefore, prevent fibronectin dependent degeneration 
and promote remyelination [13]. We have also found that 
HTRA1 digest growth factors as FGF 8 and 18, that are 
involved in astrocyte migration as well as oligodendrocyte 
precursor differentiation [9, 12].

In conclusion, the HTRA1 levels in CSF were increased 
in MS, and its role as a potential diagnostic marker warrant 
further studies. The highest levels were detected in progres-
sive MS where HTRA1 significantly correlated with dis-
ability. Two immunotherapies were able to decrease the 
elevated CSF levels suggesting that HTRA1 may reflect 
treatment responses. This should be addressed in additional 
studies with higher numbers of patients. The HTRA1 pro-
tein co-localized with astrocytes in the normal white matter 

tissue, suggesting that the increased levels of HTRA1 in 
both RRMS and SPMS may reflect astrocyte involvement 
in immunological processes and potentially astrogliosis. In 
addition, the expression of HTRA1 RNA by a wide range of 
oligodendrocytes and OPCs in the MS brain could indicate 
additional roles in pathological conditions. The increased 
level of HTRA1 in MS may affect both myelination and 
ECM production. Thus, the role of HTRA1 in the pathogen-
esis of MS need to be further explored.
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Supplementary material 

Methods and materials 

Correlation between neurofilament light chain and HTRA1 in CSF from MS patients 

As the levels of NFl has previously been investigated in the same patient samples included in this study, two-

tailed non-parametric Spearman correlation analyses were used to investigate the correlation between the two 

proteins. A p-value less than 0.05 were considered statistically significant. 

 

Results 

There is no correlation between HTRA1 and NFl in MS patients 

The levels of NFl have previously been investigated in the same groups of RRMS and SPMS samples used for 

this paper. Sejbaek et al 2019 showed that NFl was increased in the treatment naïve RRMS patients but decreased 

after 1 year of DMF treatment (15). On the other hand, Axelsson et al 2011(14), found that NFl levels were not 

significantly changed in SPMS patients compared with controls and had no relationship to disability or 

progression. This prompted us to make a correlation analysis between HTRA1 and NFl in both RRMS and SPMS 

patients. We found no correlation between HTRA1 and NFl in either disease stage (Figure 1S). 

 



 2 

 

 

Figure 1S: Correlation between NFl and HTRA1 levels in CSF from RRMS and SPMS patients at baseline (A 

and C) and follow-up (B and D). Mean, nonparametric spearman correlation. nRRMS, baseline: 21, nRRMS, follow-up: 13, 

nSPMS, baseline: 12, nSPMS, follow.up: 9. 
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3.2 Paper II: Hjæresen S. et al. MIF in the cerebrospinal fluid is decreased during relapsing-

remitting while increased in secondary progressive multiple sclerosis. J Neurol Sci. 2022 Jun 

13;439:120320. doi: 10.1016/j.jns.2022.120320. Epub ahead of print. PMID: 35717879. 

3.2.1 Introduction to paper II 

We determined the CSF levels of MIF patients with CIS, RRMS and SPMS and shed further light on 

the changes in MIF CSF levels in early- and progressive MS patients. We showed that DMT treatment 

could not significantly alter MIF CSF levels in RRMS and SPMS patients suggesting that DMF and 

MTX does not reach the primary cellular source of MIF in MS. We demonstrated that MIF CSF levels 

does not reflect disease activity but does correlate with disability. We demonstrate that MIF CSF 

levels could separate RRMS patients from SPMS patients with promising sensitivity and specificity. 

We identified MIF protein in NeuN+ neurons, GFAP+ astrocytes and NG2+ pericytes and confirm 

high MIF expression in these cells within the WM of progressive MS patients. In addition, MIF 

mRNA was high in oligo 5 oligodendrocytes in progressive MS patients. Low levels of MIF in CIS 

and early MS patients may protect neurons from cell death and result in dysregulation of MIF 

receptors, while increased levels of MIF in SPMS may arise as a compensation mechanism but still 

drive CNS resident and peripheral inflammation leading to disease progression.  
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A B S T R A C T   

Background: Macrophage migration inhibitory factor (MIF) is involved in the function of both the innate and 
adaptive immune systems and in neuroprotection and has recently been implicated in multiple sclerosis (MS). 
Objectives: Determination of MIF levels in the cerebrospinal fluid (CSF) of patients with distinct subtypes of MS 
and the cellular localization of MIF in human brain tissue. 
Methods: The levels of MIF were investigated in CSF from patients with clinically isolated syndrome (CIS) (n =
26), relapsing-remitting MS (RRMS) (n = 22), secondary progressive MS (SPMS) (n = 19), and healthy controls 
(HCs) (n = 24), using ELISA. The effect of disease-modifying therapies in the RRMS and SPMS cohorts were 
examined. Cellular distribution of MIF in the human brain was studied using immunochemistry and the newly 
available OligoInternode database. 
Results: MIF was significantly decreased in treatment-naïve CIS and RRMS patients compared to HCs but was 
elevated in SPMS. Interestingly, MIF levels were sex-dependent and significantly higher in women with CIS and 
RRMS. MIF expression in the human brain was localized to neurons, astrocytes, pericytes, and oligo5 oligo-
dendrocytes but not in microglia. 
Conclusion: The finding that MIF was decreased in newly diagnosed CIS and RRMS patients but was high in 
patients with SPMS may suggest that MIF levels in CSF are regulated by local MIF receptor expression that affects 
the overall MIF signaling in the brain and may represent a protective mechanism that eventually fails.   

Abbreviations: MS, multiple sclerosis; CNS, central nervous system; MIF, macrophage migration inhibitory factor; RRMS, relapsing-remitting multiple sclerosis; 
CIS, clinically isolated syndrome; SPMS, secondary progressive multiple sclerosis; HC, healthy controls; DMTs, disease modifying therapies; CSF, cerebrospinal fluid; 
GFAP, glial fibrillary protein; NfL, neurofilament light chain; HTRA1, high temperature requirment A1; MRI, magnetic resonance imaging; EDSS, Expanded Disability 
Status Scale; DMF, dimethyl fumarate; MTX, mitoxantrone. 

* Corresponding authors at: University of Southern Denmark, Department of Molecular Medicine, J.B. Winsløws vej 21, 5000 Odense, Denmark. 
E-mail addresses: shjaresen@health.sdu.dk (S. Hjæresen), tobias.sejbaek@rsyd.dk (T. Sejbaek), markus.axelsson@neuro.gu.se (M. Axelsson), skmortensen@ 

health.sdu.dk (S.K. Mortensen), lenka.novakova@vgregion.se (L. Novakova), christian.bonde@rsyd.dk (C.B. Pedersen), bo.halle@rsyd.dk (B. Halle), frantz.r. 
poulsen@rsyd.dk (F.R. Poulsen), mzhang@health.sdu.dk (M. Zhang), eib@health.sdu.dk (E. Benedikz), jette.lautrup.battistini@regionh.dk (J.L. Frederiksen), jan. 
lycke@neuro.gu.se (J. Lycke), zsolt.illes@rsyd.dk (Z. Illes), aasvenningsen@health.sdu.dk (Å. Fex-Svenningsen).  

Contents lists available at ScienceDirect 

Journal of the Neurological Sciences 

journal homepage: www.elsevier.com/locate/jns 

https://doi.org/10.1016/j.jns.2022.120320 
Received 29 November 2021; Received in revised form 7 June 2022; Accepted 7 June 2022   

mailto:shjaresen@health.sdu.dk
mailto:tobias.sejbaek@rsyd.dk
mailto:markus.axelsson@neuro.gu.se
mailto:skmortensen@health.sdu.dk
mailto:skmortensen@health.sdu.dk
mailto:lenka.novakova@vgregion.se
mailto:christian.bonde@rsyd.dk
mailto:bo.halle@rsyd.dk
mailto:frantz.r.poulsen@rsyd.dk
mailto:frantz.r.poulsen@rsyd.dk
mailto:mzhang@health.sdu.dk
mailto:eib@health.sdu.dk
mailto:jette.lautrup.battistini@regionh.dk
mailto:jan.lycke@neuro.gu.se
mailto:jan.lycke@neuro.gu.se
mailto:zsolt.illes@rsyd.dk
mailto:aasvenningsen@health.sdu.dk
www.sciencedirect.com/science/journal/0022510X
https://www.elsevier.com/locate/jns
https://doi.org/10.1016/j.jns.2022.120320
https://doi.org/10.1016/j.jns.2022.120320
https://doi.org/10.1016/j.jns.2022.120320
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jns.2022.120320&domain=pdf


Journal of the Neurological Sciences 439 (2022) 120320

2

1. Introduction 

Multiple sclerosis (MS) is an autoimmune inflammatory disease 
particularly common in the Nordic countries [1]. It affects the central 
nervous system (CNS) and is the most common non-traumatic cause of 
neurological disability in young adults, characterized by inflammation, 
demyelination, and neurodegeneration [2,3]. In most patients, the early 
phase of MS is relapsing-remitting (RRMS) with episodes of neurological 
dysfunction that remit spontaneously, but residual symptoms from re-
lapses accumulate over time [2]. After 10–30 years, the disease often 
proceeds into secondary progressive MS (SPMS), characterized by slow 
irreversible progression of disability that affects both the physical and 
mental status of the patient [4,5]. Clinically isolated syndrome (CIS) is 
defined as a single clinical demyelinating event in patients not fulfilling 
the diagnostic criteria of MS and may become the initial relapse of MS if 
oligoclonal bands are not present [6]. Although initial symptoms in MS 
patients can vary, optic neuritis is the initial clinical presentation in 
~25% of MS patients [7]. 

Early diagnosis of MS and early intervention with disease-modifying 
therapies (DMTs) may reduce disease activity, slow disease progression, 
and delay the conversion from RRMS to SPMS [8–10]. Biomarkers 
would be useful to predict the course and severity of MS as well as 
conversion from CIS to RRMS and RRMS to SPMS. Biomarkers in body 
fluids that could predict such a conversion and DMT response might also 
improve MS care. Several potential MS biomarkers in blood or cere-
brospinal fluid (CSF) have recently been found, for example glial 
fibrillary protein (GFAP), neurofilament light chain (NfL), chitinase 3- 
like 2 (CHI3L2), and our newly reported high temperature require-
ment A (HTRA1), but none of these have so far been implemented in 
daily clinical practice [11–15]. 

Macrophage migration inhibitory factor (MIF) is a small, highly 
conserved 12.5 kDa protein with a large number of functions generated 
through a multitude of receptors and binding partners [16–20]. MIF is a 
broadly expressed pro-inflammatory cytokine that regulates both the 
innate and the adaptive immune system [21,22]. It is secreted from 
activated immune cells, particularly marcrophages, to regulate inflam-
matory responses and stimulate both the expression and secretion of 
other cytokines and chemokines in immune cells [17,22,23]. MIF is 
highly expressed throughout the CNS and has been identified in most 
cells in nervous tissue including neurons, ependymal cells, astrocytes, 
oligodendrocytes, neural stem cells/progenitor cells, and activated 
microglia [24–27]. MIF and its homolog D-dopachrome tautomerase 
(DDT) have also been implicated in several neurological diseases, such 
as MS, Alzheimer’s, and Parkinson’s disease, but MIF’s exact function 
within the CNS is still unclear [28–32]. We recently found that a binding 
partner to MIF (HTRA1, a serine protease) that is increased in the CSF of 
MS patients [15]. 

While MIF has previously been investigated in MS, the results have 
been somewhat conflicting. Some studies have shown increased levels of 
MIF in CSF and blood, in patients with RR and progressive MS and that 
MIF was upregulated during acute relapses, whereas other studies have 
suggested that MIF is significantly decreased in blood from RRMS pa-
tients and increased only in progressive MS patients [25,33–36]. Re-
ceptors involved in MIF signaling as well as MIF itself have been 
reported to be upregulated in active MS lesions in patients with RRMS 
and in active and inactive white matter lesions in MS [37,38]. 

There is some disagreement as to whether MIF is detrimental or 
beneficial in MS. In a rodent model for MS - experimental autoimmune 
encephalitis (EAE) - MIF promoted EAE progression through the acti-
vation of CNS macrophages and microglia and the induction of 
bystander T cell activation, resulting in an inhibition of CNS repair 
mechanisms [37–42]. At the same time, several investigations show that 
MIF mediates neuroprotective effects by suppressing inflammatory re-
sponses, inhibiting apoptosis, and increasing the expression of brain- 
derived neurotrophic factor [43,44]. 

To better understand these varying reports concerning MIF in MS, we 

investigated the levels of MIF protein in the CSF of Danish and Swedish 
patients with CIS, RRMS, and SPMS. We found that MIF was significantly 
lower in patients with CIS and RRMS compared to controls, while MIF 
was significantly higher in SPMS patients. DMTs had no significant ef-
fect on MIF levels in RRMS patients but showed a strong tendency to 
reduce MIF levels in SPMS. MIF levels in the CSF were sex-dependent, 
being higher in female CIS and RRMS patients although no difference 
was found in SPMS. MIF was primarily localized to neurons but was also 
present in several other brain cells. 

2. Methods and materials 

2.1. Study population, CSF sampling, and clinical assessment 

Three different study cohorts were included in the study. Written 
consent was obtained from all participants in accordance with the 
Declaration of Helsinki. 

CSF samples from CIS patients were obtained from Jette Lautrup 
Frederiksens biobank at Rigshospitalet Glostrup, Copenhagen, Denmark 
(Protocol number. H-4 2014–095). All CIS patients (n = 26) were 
diagnosed with optic neuritis, and CSF was collected at clinical exami-
nation along with magnetic resonance imaging (MRI). The CIS patients 
were newly diagnosed, and none had been treated with methylpred-
nisolone (Medrol®) prior to CSF collection. Using the McDonald 2017 
criteria [45], CIS was defined as the absence of MRI evidence of 
dissemination in space and/or in time or the presence of CSF-specific 
oligoclonal bands. CIS patients were included from 10th January 2017 
until 14th December 2018. Conversion to RRMS was determined at the 
start of data analysis for the study, i.e. 1.5–3.5 years after study inclusion 
and CSF sampling. 

CSF from RRMS patients and healthy controls were obtained from 
Odense University Hospital and from the TREMEND (Tecfidera in 
Relapsing-Remitting Multiple Sclerosis: Endothelial Dysfunction) pro-
spective open-label phase IV trial (EudraCT 2014–000254-11) designed 
to identify potential biomarkers in MS patients treated with dimethyl 
fumarate (DMF - Tecfidera®) [46]. The patients were newly diagnosed, 
treatment-naïve RRMS patients originally diagnosed according to the 
McDonald 2010 criteria [45], and all patients had oligoclonal bands in 
their CSF. CSF was collected at baseline (n = 22) and after 12 months of 
treatment with DMF (n = 13) (480 mg/day). Disability was assessed 
using the Expanded Disability Status Scale (EDSS) at 1, 3, 6, and 12 
months and if clinical relapse was suspected. RRMS patients underwent 
MRI at baseline, 3 to 6 months after DMF initiation, and at follow-up 
after 12 months. Active relapse state in RRMS patients was defined as 
being within 30 days since the onset of neurological disturbances (n =
9). Three RRMS patients had new MRI activity at baseline, and the other 
six had clinical signs of relapse. RRMS patients with >30 days since 
clinical neurological symptoms of relapse were defined as being in a 
remission state (n = 13). Three of these 13 patients had relapses in the 
follow-up period. Relapses in RRMS patients were treated with meth-
ylprednisolone (Medrol®). 

Healthy controls (n = 23) were participants without symptoms or 
signs of neurological disease, and all had normal MRI and CSF results 
[46]. 

CSF samples from SPMS patients (n = 17) were obtained from 
Sahlgrenska University Hospital, Gothenburg, Sweden (Ethical permis-
sion; Uppsala Dnr 2005:253). These patients were enrolled from the 
Swedish MS centers in Gothenburg, Umeå, and Örebro and fulfilled the 
McDonald 2010 criteria [45,47]. The original inclusion criteria were 1) 
PPMS or SPMS, with or without superimposed relapses, and 2) disability 
progression at a rate of ≥1 point on the EDSS in the year prior to study 
enrollment. SPMS patients (n = 17) were either untreated for the last 3 
months (n = 9) or had previously received first-line DMTs (n = 8) [47]. 
SPMS patients in the original study were either treated with mitoxan-
trone (MTX) or rituximab; however, the current study only used CSF 
from SPMS patients treated with MTX (n = 12) (Novatrone®) (12 mg/ 
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m2 i.v. at 3-month intervals). SPMS patients underwent clinical exami-
nation, MRI, EDSS and multiple sclerosis severity score scoring, and CSF 
collection at inclusion and again after 24 months of treatment. 

In accordance with the consensus protocol of the BioMS-eu network 
for biomarker research in MS, the CSF samples were collected by lumbar 
puncture, centrifuged, transported on ice until frozen, and stored at 
-80 ◦C until analysis [48]. 

Demographic data and clinical characteristics of the patients and 
healthy controls are shown in Table 1. Compared to the RRMS cohort, 
the SPMS cohort had significantly higher age, EDSS score, and disease 
duration. The sex distribution in the SPMS cohort differed to that of the 
HCs and RRMS cohorts. 

Brain tissue used for immune labeling was obtained after informed 
consent from two female patients aged 61 and 71 years (Ethical 
permission: S-20130048, 18/38918). Both patients had heterogenous 
contrast-enhancing subcortical tumors covered with intact brain pa-
renchyma. Samples from the tumor-overlaying intact brain tissue were 
obtained during tumor surgery. Histopathological investigations 
confirmed the preoperative glioblastoma diagnosis. The tissue was 
treated as previously described [15]. 

2.2. MIF ELISA 

The concentration of MIF in CSF samples was determined using the 
Human MIF Duoset ELISA (DY289, R&D, lot: 339550 and P136296) 
according to the manufacturer’s protocol. The plate was incubated with 
CSF samples diluted 1:1 in reagent diluent or undiluted (in duplicate) as 
well as standards for 2 h. The lower limit of quantification was 62.5 pg/ 
ml, and the intra- and interplate CVs were 6.8% and 1.2%, respectively. 
Samples that were out of range were excluded from the analyses; this 
occurred for three HC samples and one RRMS sample at follow-up. 

2.3. Immunohistochemistry 

Tissue was immune-labeled as previously described [10]. Heat- 
induced epitope retrieval was performed in 10 mM sodium citrate 
buffer, pH 6, for 30 min. Non-specific binding was blocked using 10% 
fetal bovine serum (FBS) containing TBST. Primary antibodies were 
diluted in TBST with 10% FBS (MIF (Abcam, ab189290, lot: 
GR3240665–1) (1:500), MIF (E7T1W) (Cell Signaling, 87501S, lot: 1) 
(1:100), GFAP to label astrocytes (Abcam, ab4674, lot: GR3234906–1) 
(1:1000), NeuN to label neurons (Merck, MAB377, lot: 0607036763) 

(1:500), Kallikrein-6 to label oligo5 oligodendrocytes (Abcam, 
ab190924, lot: GR3336334), NG2 to label OPCs/immature oligoden-
drocytes and pericytes (Merck, MAB5384, lot: 23110360), IBA-1 to label 
microglia (Abcam, Ab 178,846, lot: GR3235737–3)) and were incubated 
at 4 ◦C overnight. Secondary antibodies were diluted 1:1000 in 10% FBS 
containing TBST (Alexa-488 donkey anti-goat (Invitrogen, A11055, lot: 
830720 and 1,445,994), alexa-594 goat anti-mouse (Invitrogen, 
A11005, lot: 49818A), alexa-488 goat anti-chicken (Abcam, ab150169, 
lot: GR3234906–1), Alexa 488 donkey anti-rabbit (Invitrogen, A21206, 
lot: 2045215)) and incubated for 3 h at room temperature. The nuclei 
were visualized with 10 μM DAPI (Merck, D9542, lot: 79M4003V) in 
TBS. Sections were examined using a Leica DM600B fully automated 
upright microscope. Pictures were taken with a 20× objective. 

2.4. Single-nuclei RNA-seq MS database 

The OligoInternode database (https://castelobranco.shinyapps. 
io/MSCtrl_CCA_18/) from Jäkel et al. 2019 [49], based on white mat-
ter lesions from four patients with progressive MS and white matter from 
five non-neurological controls, was used to study the single nuclei t- 
distributed Stochastic Neighbor Embedding (tSNE) plot and expression 
counts for MIF. 

2.5. Statistical analyses 

Statistical analyses were performed using the GraphPad prism soft-
ware (version 8.2). Data are shown as mean ± SD. A p-value <0.05 was 
considered statistically significant, and a p-value between 0.05 and 0.1 
was considered as showing a tendency. Gaussian distribution of the data 
was analyzed using the D’Agostino and Pearson test. Demographic data 
of the MS patients were analyzed using ordinary one-way ANOVA with 
Sidak-Holm multiple post hoc comparisons or a chi-squared test. Group 
comparisons for three or more groups were tested using ordinary or 
Brown-Forsythe and Welch one-way ANOVA with Sidak-Holm multiple 
post hoc comparisons depending on differences in SD between groups. 
Group comparisons between two groups were tested using a two-tailed 
unpaired t-test or the Mann-Whitney rank test if the groups did not 
follow a Gaussian distribution. The change in MIF CSF levels after 
treatment was tested only for patients whose samples were analyzed 
both at baseline and follow-up, and this was done using a two-tailed 
paired t-test. 

Correlations between MIF levels and EDSS score were tested using 

Table 1 
Demographics of the study participants.   

Healthy 
controls 

CIS 
patients 

RRMS patients 
Baseline 

RRMS patients Follow- 
up 

SPMS patients 
Baseline 

SPMS patients Follow- 
up 

Numbers (n) 24 26 22 13 19 14 
Sex (F/M, (% female)) 20/4 (83%) 20/6 

(77%) 
18/4 (82%) 11/2 (85%) 9/10 (47%)a, b 5/9 (36%) 

Age (years, mean ± SD, (range)) 39.8 ± 11.2 
(21–59) 

37.6 ±
12.2  
(21–73) 

33.1 ± 8.6 
(19–32) 

33.8 ± 10.2  
(20–32)) 

45.9 ± 11.1bb  

(22–60) 
47.8 ± 11 
(24–62) 

EDSS score (mean ± SD, (range)) NA NA 1.7 ± 1.02 
(0–4) 

1.4 ± 0.62 
(0–2) 

5.3 ± 1.5bbbb  

(3–8) 
5.6 ± 1.5 
(3–8.5) 

Disease duration (years, mean ± SD, 
(range)) 

NA NA 0.12 ± 0.08 
(0–0.25) 

1.15 ± 0.09 
(1–1.25) 

10.8 ± 8.3bbbb  

(2–28) 
12.7 ± 8.8 
(3− 30) 

Number of patients in active relapse at 
baseline 

NA NA 9/22 NA NA NA 

Treatment NA NA NA DMF NA MTX 
Duration of treatment (years) NA NA NA 1 NA 2 

p value HCs vs. SPMS baseline: a; p < 0.05. 
p value RRMS at baseline vs. SPMS at baseline: b; p < 0.05, bb; p < 0.01, bbbb; p < 0.0001. 
Ordinary one-way ANOVA with Sidak-Holm multiple post hoc comparisons were used to test for significant differences in age between HCs, CIS, RRMS, and SPMS 
patients at baseline and to test for significant differences in EDSS score and disease duration between RRMS and SPMS patients at baseline and follow-up. Chi-squared 
test was used to test for significant differences in gender distributions between HCs, CIS, RRMS, and SPMS patients at baseline. 
DMF; dimethyl fumarate, MTX; mitoxantrone, CIS; clinically isolated syndrome, RRMS; relapsing-remitting multiple sclerosis, SPMS; secondary progressive multiple 
sclerosis, SD; standard deviation, EDSS; Expanded Disability Status Scale, NA; not applicable. 
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multiple linear regression analysis accounting for the co-variates of age, 
sex, and disease duration. For receiver operating characteristic (ROC) 
curve analyses, 0.9 ≤ area under the curve (AUC) ≤ 1.0 was considered 
as an excellent performance of the test, while AUC ≤ 0.75 was consid-
ered as a poor performance of the test. The cut-off was defined as the 
value maximizing the Youden index. 

3. Results 

3.1. MIF CSF levels were significantly lower in CIS and RRMS patients 
compared with healthy controls 

MIF levels in CSF from the newly diagnosed CIS patients were 
significantly lower than that of the HCs (348.7 ± 170.6 pg/ml vs. 557.1 
± 251.1 pg/ml, p = 0.009) (Fig. 1). The same was true for the newly 
diagnosed treatment-naïve RRMS patients (345.5 ± 113.1 pg/ml vs. 
557.1 ± 251.1 pg/ml, p = 0.004) (Fig. 1). There was no significant 
difference in MIF levels between CIS patients and treatment-naïve RRMS 
patients (348.7 ± 170.6 pg/ml vs. 345.5 ± 113.1 pg/ml, p > 0.999) 
(Fig. 1). 

3.2. MIF CSF levels in SPMS patients were significantly higher compared 
with healthy controls 

Mean MIF CSF levels in SPMS patients prior to DMT treatment were 
significantly higher than those of HCs (1181 ± 625.9 pg/ml vs. 557.1 ±
251.1 pg/ml, p = 0.003) (Fig. 1). The same was true for patients with CIS 
(1181 ± 625.9 pg/ml vs. 348.7 ± 170.6 pg/ml, p = 0.0001) and treat-
ment-naïve patients with RRMS (1181 ± 625.9 pg/ml vs. 345.5 ± 113.1 
pg/ml, p < 0.0001) (Fig. 1). 

3.3. DMT intervention may affect MIF CSF levels in MS patients 

One year of DMF treatment in the RRMS cohorts elevated the mean 
MIF CSF levels, although not significantly (345.6 ± 102.6 pg/ml vs. 
445.5 ± 270.6 pg/ml, p = 0.17) (Fig. 2A). Hence, treatment in the RRMS 
cohort increased the mean MIF concentration to levels comparable with 
those in HCs (445.5 ± 270.6 pg/ml vs. 557.1 ± 251.1 pg/ml, p = 0.22). 

Two years of treatment with MTX reduced the MIF CSF levels of the 
SPMS patients (1199 ± 646.5 pg/ml vs. 844.1 ± 331.7 pg/ml. p =

0.052) (Fig. 2B), although not significantly and not to levels comparable 
with those found in HCs (844.1 ± 331.7 pg/ml vs. 557.1 ± 256.7 pg/ml, 
p = 0.005). 

3.4. The MIF levels in CIS patients did not predict MS diagnosis 

The MIF levels were significantly lower in newly diagnosed CIS and 
treatment-naïve RRMS patients compared to HCs. We therefore inves-
tigated whether MIF levels differed between patients who had converted 
to RRMS and patients currently without an MS diagnosis. 

The CIS patients were divided into two groups. One group comprised 
patients who had developed MS within 3.5 years after clinical onset of 
optic neuritis. The other group comprised patients who still had CIS 
according to the McDonald 2017 criteria. We found no difference in MIF 
levels between these two groups (333.7 ± 174.8 pg/ml vs. 359.4 ±
172.9 pg/ml, p = 0.951) (Fig. 3A). Both groups still had significantly 
lower MIF CSF levels than HCs (333.7 ± 174.8 pg/ml vs. 557.1 ± 251.1 
pg/ml, p = 0.020 and 359.4 ± 172.9 pg/ml vs. 557.1 ± 251.1 pg/ml, p 
= 0.017) (Fig. 3A). 

3.5. MIF levels in RRMS patients did not change with disease activity 

As MIF CSF levels were previously found to be significantly higher in 
patients during acute MS relapses [33], we investigated whether this 
was the case in our cohort of treatment-naïve RRMS patients. No dif-
ference was found in MIF levels between RRMS patients in relapse and 
RRMS patients determined to be in remission at >30 days since last 
active relapse (337.2 ± 111.0 pg/ml vs. 351.2 ± 118.7 pg/ml, p =
0.989) (Fig. 3B). Both groups of RRMS patients had significantly lower 
levels of MIF compared with HCs (337.2 ± 111.0 pg/ml vs. 557.1 ±
251.1 pg/ml, p = 0.006 and 351.2 ± 118.7 pg/ml vs. 557.1 ± 251.1 pg/ 
ml, p = 0.007, respectively) (Fig. 3B). There were no differences in MIF 
levels between RRMS patients with an EDSS score at 1.5 or above at 
baseline and RRMS patients with an EDSS score below 1.5 (data not 
shown). 

3.6. MIF levels were significantly lower in female CIS and RRMS patients 

It has previously been reported that MIF levels were significantly 
higher in males than in females with progressive MS [30], but we did not 
observe any sex difference in our SPMS patient cohort (1068 ± 721.3 
pg/ml vs. 1282 ± 544.8 pg/ml, p = 0.471) (Fig. 4C). However, we did 
observe significantly lower MIF levels in female RRMS and CIS patients 
compared to male patients (322.1 ± 134.3 pg/ml vs. 442.7 ± 154.3 pg/ 
ml, p = 0.018) (Fig. 4B). This was also the case when all MS patients 
were analyzed together (522.2 ± 475.8 vs 738.8 ± 588.2 pg/ml, p =
0.032) (Fig. 4A). 

3.7. MIF levels correlated significantly with disability 

As MIF levels were significantly higher in SPMS patients than in 
RRMS patients, we examined the correlation between EDSS score and 
the MIF concentration at baseline and after DMT treatment for all MS 
patients with McDonald 2017 MS. We used multiple linear regression 
analysis that took account for sex, age, and disease duration. The MIF 
levels significantly predicted EDSS score both at baseline (F [4,33] 
=13.64, p < 0.0001) and at follow-up (F [4,25] = 4.72, p = 0.018) 
(Fig. 5A and B). This was not the case for the change in MIF concen-
tration (ΔMIF) and EDSS score (ΔEDSS) after treatment (F [4,21] =
0.212, p = 0.929) (Fig. 5C). Eight of the 13 RRMS patients whose 
samples were analyzed both at baseline and follow-up showed reduced 
or unchanged EDSS score after one year of DMF treatment. Among SPMS 
patients, that was the case for six of the 12 patients after two years of 
MTX treatment. We observed no differences in baseline or follow-up MIF 
levels between patients with reduced or unchanged EDSS scores and 
patients with an increased EDSS score at follow-up (data not shown). In 

Fig. 1. MIF concentrations in CSF from HCs, CIS patients, treatment-naïve RRMS 
patients, and SPMS patients at baseline. Mean ± S⋅D, Brown-Forsythe and Welch 
one-way ANOVA with Sidak-Holm multiple post hoc comparisons. Significance 
difference between groups is shown: **: p < 0.01, ***: p < 0.005, ****: p <
0.001. nHC = 24, nCIS patients = 26, nUntreated RRMS = 23, nUntreated SPMS = 19. 
MIF; Macrophage migration inhibitory factor, CSF; cerebrospinal fluid, HCs; 
healthy controls, CIS; clinically isolated syndrome, RRMS; relapsing-remitting 
multiple sclerosis, SPMS; secondary progressive multiple sclerosis. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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addition, among RRMS patients who had reduced EDSS scores at follow- 
up, four were defined as being in remission at baseline and five were 
defined as being in relapse at baseline. 

3.8. Sensitivity and specificity of MIF for distinguishing between 
treatment-naïve RRMS patients and healthy controls 

As MIF has previously been suggested as a biomarker for MS [35,50], 
we examined MIF as a potential diagnostic and prognostic biomarker for 
MS using our patient cohorts. We used ROC analysis to determine cut-off 
values. Comparing MIF levels in newly diagnosed, untreated RRMS 
patients to MIF levels in healthy controls, the ROC analysis showed an 
AUC at 0.76 (95% CI: 0.62–0.90). At a MIF concentration of 414.9 pg/ 
ml, the sensitivity was 81.8% (95% CI: 61.5%–92.7%) and the speci-
ficity was 66.7% (95% CI: 46.7%–82%) with a likelihood ratio of 2.46 
(Fig. 6A). This suggests that the MIF levels in CSF alone are not ideal for 
distinguishing between treatment-naïve early RRMS patients and 
healthy controls. 

3.9. MIF cut-off values may distinguish treatment-naïve RRMS patients 
from SPMS patients 

ROC analysis to evaluate MIF as a discriminative marker between 

treatment-naïve RRMS and SPMS patients prior to MTX treatment pro-
vided an AUC of 0.88 (95% CI: 0.76–1.0). At a MIF concentration of 
508.4 pg/ml, the sensitivity was 79% (95% CI: 56.7%–91.5%) and the 
specificity was 95.5% (95% CI: 78.2%–99.8%) with a likelihood ratio of 
17.37 (Fig. 6B). This suggests that MIF may be useful as a marker to 
distinguish RRMS from SPMS. 

3.10. MIF is highly expressed in neurons and astrocytes but also in 
oligodendrocytes and pericytes in the human brain 

MIF expression was investigated using immunochemistry on human 
brain sections obtained from glioblastoma patients. Sections were 
double-labeled with antibodies for the different cell species and MIF. We 
observed a co-localization between MIF and NeuN; MIF was highly 
expressed in many larger-sized cortical neurons, where its expression 
was localized mostly to the cell soma (Fig. 7A, arrowheads). Most MIF+

cortical neurons were localized to the cortical layer 3 (data not shown). 
MIF was also expressed in GFAP+ astrocytes, where it was distinctly 
expressed in the entire cell soma and processes (Fig. 7B, arrowheads). 
We also found a co-localization of MIF with oligo5 oligodendrocytes that 
were investigated using the antibody-kallikrein 6 antibody (Fig. 7C) as 
previously described by Jäkel et al. 2019 [49]; this was not in the 
myelin, however, but on the cell body from what may be oligo5 

Fig. 2. MIF concentrations in individual RRMS (A) and SPMS (B) patients before and after treatment with DMF for 1 year (RRMS) or MTX for 2 years (SPMS). Mean, paired 
t-test. n RRMS = 13, n SPMS = 14. 
MIF; Macrophage migration inhibitory factor, CSF; cerebrospinal fluid, RRMS; relapsing-remitting multiple sclerosis, SPMS; secondary progressive multiple sclerosis, 
DMF; dimethyl fumarate, MTX: mitoxantrone, 1y; 1 year, 2y; 2 years. 

Fig. 3. MIF baseline concentrations in CSF of (A) CIS patients without conversion to MS at follow-up and those with conversion and (B) newly diagnosed treatment-naïve 
RRMS patients during relapse and remission periods. 
Mean ± S⋅D, ordinary (A) or Brown-Forsythe and Welch (B) one-way ANOVA with Sidak-Holm multiple post hoc comparisons. Significance between HCs and groups 
is shown: * p < 0.05, **: p < 0.01. nHC = 24, nCIS,MS = 15, nCIS, NO = 11, nRRMS, relapse = 9, nRRMS, Remission = 13. 
MIF; Macrophage migration inhibitory factor, CSF; cerebrospinal fluid, HCs; healthy controls, CIS; clinically isolated syndrome, RRMS; relapsing-remitting multiple 
sclerosis, ON; optic neuritis, MS; multiple sclerosis. 
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oligodendrocytes. There was also a co-localization with NG2; this was 
likely not in oligodendrocyte precursor cells but rather in pericytes in 
blood vessels that also express this protein (Fig. 7D). No co-localization 
was observed between IBA-1 and MIF in the human brain sections 
(Fig. 7E). 

3.11. The cellular distribution of MIF increased in neurons, pericytes, and 
oligo5 oligodendrocytes in the brain of progressive MS patients 

After studying MIF expression in the human brain, we verified our 
data using the recently available OligoInternode database [49] that 
contains CCA alignment clustering of single-nuclei RNA (sn-RNA) from 
different white matter areas from four patients with progressive MS and 
five non-neurological controls. MIF mRNA was high in several clusters 
(Fig. 8), which could be identified as the clusters neuron3, pericytes, and 
oligo5 defined as mature myelinating oligodendrocytes that predomi-
nately expresses markers responsible for signaling, cell-to-cell adhesion, 
and viability [49] (Fig. 8B, C, D and F). Besides this, MIF RNA was not 
widely expressed (Fig. 8E and F). 

3.12. MIF CSF levels did not correlate with NfL levels in MS patients 

As it was found that MIF was expressed in larger-sized neurons in 
human brain tissue and had a high single-nuclei expression in neurons 
from progressive MS brains, we investigated the correlation between 
MIF and NfL CSF levels in our patient cohorts. NfL levels have previously 
been investigated in the RRMS and SPMS cohorts described in the cur-
rent paper [46,47]. MIF levels and co-variates did not significantly 
predict NfL CSF levels at baseline (F [4,13]=2.36, p = 0.11) or follow-up 
(F [4,8]=2.44, p = 0.13) (Fig. 9A and C). This was also the case for NfL 
levels in the SPMS patients (F [4,6]=0.92, p = 0.51 and F [4,5]=0.183, 
p = 0.94) (Fig. 9B and D) and for ΔMIF and ΔNfL (F [4,6]=1.09, p =
0.441 and F [4,6]=0.54, p = 0.71) (Fig. 9E and F). 

4. Discussion 

The present study demonstrated that CSF levels of MIF increased 
with disease progression and duration. It was also found that MIF levels 
were decreased in CIS patients and in newly diagnosed, treatment-naïve 
RRMS patients. Disease-modifying therapies had no significant effect on 
MIF levels in RRMS or SPMS patients although a strong tendency was 
observed in SPMS patients. 

MIF levels have previously been investigated in both blood and CSF 

of MS patients, but the results have varied [30,33–37,50,51]. These 
variations are likely the result of differences in subdivision of the pa-
tients being analyzed, where some studies have compared a mix of MS 
patients at different stages and duration of disease. As MIF concentra-
tions vary greatly between patients with RRMS and patients with SPMS, 
the results of an analysis on all patients would depend on disease 
duration and the ratio between RRMS and SPMS patients in the study. 

In the current study we analyzed patients according to diagnosis and 
disease duration. MIF levels in the CSF of newly diagnosed, treatment- 
naïve CIS patients and RRMS patients were significantly lower than 
those of healthy controls, while MIF levels were elevated in SPMS pa-
tients. We thus corroborate earlier findings where MIF was decreased in 
serum from RRMS patients [34,51]. In blood, MIF has been shown to be 
predominately expressed by B cells and the levels of MIF mRNA in these 
cells were downregulated in both early RRMS and CIS patients 
compared to healthy controls [51]. The MIF receptor CD74, which 
boosts the proinflammatory and proliferative capacity of B cells, was 
downregulated while the MIF receptor CXCR4, which makes B cells less 
sensitive for apoptosis, was upregulated and inversely regulated by 
endogenous MIF in a negative regulation loop [51]. A decrease of CD74, 
and subsequently of MIF, suppressed the induction of proinflammatory 
genes as well as the expression of NFKB1, IL6, and TNF-α [51]. The 
reduced expression of CD74 on B cells in early MS blood was suggested 
to reflect a functional state of anergy - an absence of the normal immune 
response - contributing to the increased viability of autoreactive B cells 
that survived peripheral tolerance checkpoints [51]. It is possible that 
the downregulation of MIF seen in the CSF of CIS and RRMS patients is 
the result of similar CNS-resident mechanisms. Both MIF receptors are 
expressed by several cell types in the human brain; the CD74 receptor on 
activated microglia and astrocytes while CXCR4 is present in all glial 
subtypes as well as cholinergic, dopaminergic, and GABAergic neurons 
[52–55]. The fact that MIF is decreased in the CSF of CIS and RRMS 
patients may suggest a decrease in CD74 expression and an upregulation 
of CXCR4 in the CNS-resident cells, which may, in turn, decrease CNS- 
resident inflammation. It is possible that the low MIF level seen in CSF 
is a protective mechanism induced by neurons, which are normally the 
highest expressors of MIF in the brain, to regulate MIF receptors and 
thus decrease the local immune response [24]. The protective mecha-
nism fails over time, leading to increased MIF secretion, receptor 
expression, and subsequent inflammation. While CD74 is unchanged in 
the white matter of SPMS patients, the CXCR4 receptor is increased 
especially in microglia found in demyelinated lesion with abundant 
neuronal cell death [30,56]. The microglia could also be affected by 

Fig. 6. Sensitivity and specificity of MIF to distinguish HCs from treatment-naïve RRMS patients (A) and treatment-naïve RRMS from SPMS patients before treatment (B), using 
ROC analyses. nHC, MIF = 24, nUntreated RRMS =22, nUntreated SPMS = 19. 
ROC; Receiver operating characteristics, MIF; Macrophage migration inhibitory factor, HCs; healthy controls, RRMS; relapsing-remitting multiple sclerosis, SPMS; 
secondary progressive multiple sclerosis. 
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Fig. 7. MIF expression in the human brain. Immunochemistry on 30 μm coronally parallel serial sections labeled with MIF (Abcam, ab189290) or (Cell Signaling, 
87501S) along with NeuN (Chemicon, MAB377), GFAP (Abcam, ab4674), Kallikrein-6 (Abcam, ab190924), NG2 (Chemicon, MAB5384), or IBA-1 (Abcam 
ab178846). Scale bare represents 50 μm. 
MIF; Macrophage migration inhibitory factor, GFAP; Glial fibrillary acidic protein, NeuN; Neuronal nuclear protein, NG2; neuron/glia antigen 2, IBA-1; ionized 
calcium-binding adapter molecule 1, DAPI; 4′,6-diamidino-2-phenylindole. 
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glycation and oxidation of MIF, which has been reported in other in-
flammatory diseases and Alzheimer’s disease. Glycation and oxidation 
result in microglia malfunction and an increase of MIF in CSF and blood 
as a compensatory mechanism due to reduced MIF activity [32,57,58]. 
The MIF-induced upregulation of CXCR4 could increase the chemotaxis 
of activated peripheral immune cells contributing to excess inflamma-
tion [17,19]. At the same time, an increased MIF concentration could 
also protect neurons against hypoxic injury by increasing the production 
of brain-derived neurotrophic factor- BDNF [44,59,60]. 

It has been demonstrated that CSF and blood levels of MIF were 
significantly increased during acute relapses but not during remission, 
while MIF baseline serum levels have been demonstrated to correlate 
with EDSS score and to be significantly higher in MS patients with 

disability progression [33–35]. We could not corroborate any changes in 
MIF concentrations due to acute relapses in our RRMS cohort, but MIF 
CSF levels did increase significantly with disability. We also found that 
MIF levels were significantly lower in female CIS and RRMS patients 
compared to male patients with the same disease subtype. Sex differ-
ences have been reported previously for both MIF and DDT in serum and 
white matter from SPMS patients, but not in patients with CIS and RRMS 
[30]. Estrogen and its receptors have been implicated in the inhibition of 
MIF expression as well as in the binding between MIF and the CD74 
receptor in both murine macrophages and human monocytes [61–63]. It 
has also been demonstrated that the partial MHC II construct DRα1- 
MOG-35-55, which blocks the binding of MIF to CD74, was more 
effective in male than female EAE mice due to a connection with 

Fig. 8. MIF single nuclei expression and cellular distribution from the CCA clustering of white matter tissue from progressive MS patients and non-neurological controls, 
visualized using the OligoInternode database. 
Sn-tSNE projection of all the cell clusters identified in Jäkel et al. 2019 [49] (A) and the cell clusters with high MIF mRNA expression (B, C and D), as well as sn-tSNE 
projection sorted by MIF expression (E). MIF normalized expression count in the different cell clusters (F). 
Sn-tSNE; single nuclei t-distributed Stochastic Neighbor Embedding, MIF; Macrophage migration inhibitory factor, MS; multiple sclerosis, CCA; Cluster Canonical 
Correlation. 
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estrogen signaling [63]. It is possible that the absence of sex differences 
among the SPMS patients in the current study was due to low numbers of 
patients included in the analyses or the lower estrogen levels in older 
women [64]. It may also be connected to the two known functional 
polymorphisms in the promoter region of MIF (MIF -749 CATT5–8 mi-
crosatellite repeat and MIF -173 G > C SNP) that lead to higher MIF 
expression in male MS patients, suggesting that MIF expression could act 
as a disease modifier in men [30]. 

As MIF is a regulator of the innate and adaptive immune system, we 
were surprised to find that DMTs did not have a greater effect on the MIF 
levels in RRMS patients. One year of DMF treatment slightly increased 
the MIF CSF levels, but this was not significant (p = 0.17). Two years of 
MTX treatment decreased the MIF CSF levels, but this did not reach 
significance either (p = 0.051) and was not to levels comparable with 

those measured in healthy controls. Some patients with RRMS and SPMS 
showed almost unchanged MIF levels at follow-up. DMF and MTX exert 
their effects mainly on the immune system, where they reduce the 
number of immune cells and modulate the functions of the surviving 
immune cell population [65]. This may suggest that the cellular sources 
of MIF in both RRMS and SPMS patients were only partly affected by 
systemically administrated drugs. It is possible that these treatments 
affect MIF levels in the peripheral blood and thereby MS-related 
inflammation in the peripheral immune system but have a lesser influ-
ence on MIF levels in CNS-resident cells. The CSF level of monomethyl 
fumarate (MMF) (the active component of DMF) is reportedly only 11% 
of that in plasma, implying that only a fraction of the MMF penetrates 
the blood-brain barrier; this is also true for MTX [66,67]. Ibudilast—a 
relatively new anti-inflammatory drug and potential treatment for MS - 

Fig. 9. Correlation between MIF CSF levels and NfL CSF levels at baseline in RRMS patients (A) and SPMS patients (B), at follow-up (C + D), and between ΔMIF and ΔNfL (E 
+ F). nRRMS,baseline = 18, nSPMS,baseline = 11, nRRMS, follow-up = 13, nSPMS, follow-up = 10, nSPMS, follow-up = 11, nRRMNS, change = 11, nSPMS, change = 11. 
NfL; Neurofilament light chain, MIF; Macrophage migration inhibitory factor, conc.; concentration, RRMS; relapsing-remitting multiple sclerosis, SPMS; secondary 
progressive multiple sclerosis. 
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is also an allosteric inhibitor of MIF. This molecule readily passes the 
blood-brain barrier and may be better at modulating the MIF in the brain 
[68–70]. 

Several CNS cell types produce MIF [71,72]. In the MS brain, MIF is 
expressed in active and inactive white matter lesions in association with 
reactive hypertrophic GFAP+ astrocytes and macrophages/microglia 
[38]. The highest levels of MIF mRNA from brain samples of progressive 
MS patients were in neurons, pericytes, and oligo5 oligodendrocytes (a 
subpopulation of mature oligodendrocytes that is more common in 
brains of progressive MS patients) [49]. The oligo5 cell is a recently 
identified type of oligodendrocyte that is involved in cell signaling, cell- 
to-cell adhesion, and viability rather than myelination and can be found 
using the antibody for KLK6 [49]. We found a partial overlap between 
MIF and KLK6 in healthy brain tissue. No co-localization was found 
between MIF and myelin basic protein (MBP) or 2′,3′-cyclic nucleotide 
3′-phosphodiesterase (CNP) (data not shown). We found no expression 
of MIF in IBA-1+ microglia/macrophages. It has been suggested that MIF 
can be taken up by astrocytes under pathological conditions in the ro-
dent brain [38]. It is possible that this is also what we see in the human 
brain, highlighting the lack of consistency between sn-mRNA seq data 
and immunolabeling regarding the MIF protein expression in GFAP+

astrocytes. 
As our data suggested that MIF was primarily expressed and pro-

duced by neurons, we investigated the correlation between NfL and MIF 
in CSF, NfL has previously been studied in this patient cohorts [46,47]. 
We found a weak tendency but not a significant correlation between NfL 
and MIF in RRMS patients, implying that it is possible but not likely that 
the overall MIF CSF levels relate to axonal/neuronal damage. It is still 
possible that MIF levels reflect neuronal secretion, as previously sug-
gested [24]. 

Finally, we investigated the usefulness of MIF as a biomarker using 
ROC analyses, which indicated MIF to be a weak diagnostic marker for 
RRMS. This was further supported by the inability of MIF to differentiate 
between CIS patients with rapid RRMS conversion and those without. 
Instead, MIF may have potential as a prognostic biomarker to identify 
the conversion from RRMS to SPMS as MIF levels could discriminate 
these disease subtypes with 79% sensitivity and 96% specificity, as well 
as a likelihood ratio of 17.37. MIF may increase with disease progression 
during RRMS and reach a higher level before conversion to SPMS, but 
this requires further studies as we investigated only newly diagnosed 
patients with RRMS and patients who have had SPMS for a number of 
years. 

In conclusion, MIF levels in the CSF were decreased in patients with 
newly diagnosed CIS and with RRMS but were high in patients with 
SPMS. MIF levels increased with disease progression and with higher 
EDSS score. Disease-modifying therapies had no significant effect on 
MIF CSF levels in RRMS patients but may decrease the levels in SPMS 
patients. The MIF protein co-localized with neurons, astrocytes, oligo5 
oligodendrocytes, and pericytes in the brain sections. Low levels of MIF 
in the CSF of CIS and early MS patients may be involved in the regulation 
of MIF receptors and thus affect overall MIF signaling in the CNS pa-
renchyma, which in turn could regulate peripheral and CNS resident 
inflammation. MIF CSF levels may also represent protective mechanisms 
that eventually fail and contribute to excess peripheral inflammation. 
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3.3. Manuscript I: Hjæresen S. et al. Macrophage Migration Inhibitory factor (MIF) is 

upregulated in oligodendrocyte precursors in the corpus callosum during cuprizone 

treatment 

3.3.1. Introduction to manuscript I 

In this study, we investigated the function of MIF in CPZ-induced de- and remyelination to obtain a 

better understanding of our novel findings in paper II. We found that MIF CNS levels was 

significantly reduced during de- and remyelination, similarly to the results we had previously 

obtained from CIS and early MS patients. We identified reduced neuronal expression as a possible 

cause of reduced MIF levels within the CNS and speculated that reduced neuronal expression of MIF 

may accelerate neuronal cell death. In addition, reduced levels of MIF in the CNS may dampen the 

CNS resident inflammation by reducing microglia and astrocyte activation. We also found that OPCs 

upregulated their MIF expression during acute remyelination, which may drive both OPC migration 

and proliferation and hence remyelination.  

 

 

 

 

 

This manuscript was prepared as a brief research report following the guidelines of Springer 

Nature. 
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Abstract: 

Background: Macrophage migration inhibitory factor (MIF) is a protein with a large palette of 

functions. Within the central nervous system, MIF is involved in neurogenesis, neurite outgrowth and 

microglia and astrocyte activation. Elevated levels of MIF have been linked to several neurological 

and neurodegenerative diseases, but several studies also indicate a neuroprotective role for MIF. 

Methods: The expression of MIF was investigated during CPZ-induced demyelination and 

endogenous remyelination in vivo. The function of MIF was also investigated in metabolism, 

proliferation, and motility of glia cells and in neurite outgrowth and culture complexity in cortical 

neurons in vitro.   

Results: We found that CNS levels of MIF significantly decreased during de- and remyelination, 

probably due to reduced neuronal expression, despite no direct effect on neurons in culture. Reduced 

levels of MIF during demyelination may decrease astrocyte and microglia proliferation, as well as 

reducing astrocyte motility. In the corpus callosum MIF was significantly upregulated in OPCs during 

acute remyelination and this local upregulation may drive OPC proliferation and migration.  

Conclusion: This study show that neurons may reduce their MIF expression during demyelination 

and reduced CNS levels of MIF may dampen the CNS resident inflammatory response, while the 

local upregulation in OPCs during early remyelination may drive several OPC functions.  
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Introduction: 

Macrophage migration inhibitory factor (MIF) is a 12.5 kDa pleiotropic protein that exhibits a unique 

combination of hormone-, cytokine-, chaperone-, and enzyme-like properties (1–3). MIF is 

constitutively expressed, stored intracellularly, and released upon different stimuli (4–9). Once 

secreted, MIF operates through five known receptor and a multitude of protein-protein interactions 

(10–21). Through these, MIF regulate a large number of cellular functions including cell survival, 

proliferation, differentiation, as well as cytokine production and chemotaxis (12,17,19,21). 

MIF is expressed in multiple brain regions, including the cortex, hippocampus, thalamus, 

hypothalamus, cerebellum, and pons in the rodent brain (22–25). It has been identified in the 

ependymal cells of the choroid plexus, astrocytes, and neurons (22,23). In the CNS, MIF has been 

implicated in neurogenesis and development of the hippocampus and inner ear (24–28). In the adult 

CNS, MIF elevates the expression of inflammatory cytokines in microglia and astrocytes and mediate 

macrophage and astrocyte migration (29–35).  

Inflammatory stimuli increase MIF expression within the CNS (22,36) and MIF is also elevated in 

numerous neuroinflammatory and neurodegenerative diseases, including Multiple sclerosis (MS), 

Alzheimer’s-, and Parkinson’s disease (37–42). However, it is not known if the increased levels MIF 

seen in these diseases are protective or detrimental. We have recently reported that the MIF levels in 

cerebral spinal fluid (CSF) are significantly decreased in treatment naïve clinically isolated syndrome 

(CIS)- and relapsing-remitting MS (RRMS) patients, while significantly increased with disease 

progression to secondary progressive MS (43). In the MS mouse model experimental autoimmune 

encephalomyelitis (EAE), MIF promotes disease progression and clinical symptoms by mediating the 

infiltration of peripheral immune cells and inducing microglia activation (44–50). As MIF is involved 

in a plethora of cellular functions and as the EAE model differed from what we had shown in patients, 

we wanted to further investigate the effect of MIF in the cuprizone (CPZ) treated mouse brain and in 

mouse primary cultures in vitro. 
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Methods and materials:  

The experiments were approved by the Danish Animal Experiments Inspectorate (license number 

2018-15-0202-00150 and 2017-15-0201-01278) and performed according to Danish legislation. 

Preparation and isolation of glia cells: 

A single-cells suspension was made using Neural Tissue Dissociation Kit (T) (130-093-231) from 

brains of postnatal (P1-P5) C57BL/6 mice according to manufacture protocol. The cells were seeded 

in PDL-coated 75 cm2 flasks (2 pup brains per flask) in DMEM with 10% heat inactivated FBS 

(Sigma-Aldrich, F9665) and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich, P4333). After 24-48 

hours the media were replaced by fresh media and the cells were allowed to proliferate for 6-8 days.  

The different glial cell types were isolated from the mixed cultures using a modified version of the 

“shake off” method (51,52).  The flasks were shaken with a stroke diameter of 1.5 at 200 rpm for 6 

hours to detach microglia cells from the astrocyte-oligodendrocyte layer. The microglia containing 

media were collected and centrifuged at 300 xg for 5 minutes. After an additional 18 hours of shaking 

the OPC containing media were collected with the same procedure. The flasks were shaken once 

more after 6-8 days to isolate additional microglia and OPCs cultures. After this an almost pure 

astrocyte monolayer remained in the flasks. These were trypsinized using TrypLE Express (Gibco, 

12604013) and were used for experiments immediately after. All glia cell types were cultured in 

DMEM containing 2% B27 and 1% P/S after isolation. The “shake off” resulted in 93% pure 

microglia cultures, 85% pure OPCs cultures and 92% pure astrocytes cultures, as determined by the 

% of IBA-1+, RIP+ and GFAP+ cells (Supplementary Figure 1S). 

Preparation of neuronal cortex cultures: 

Primary cortical neuronal cultures were prepared from prenatal mice embryos on day 17-18 of 

gestation based on published protocols (53,54). Pregnant female mice were euthanized, and a 

caesarean section was performed to isolate the foetuses. The cerebral cortex was isolated under a 

microscope and the tissues were mechanical dissociated using a p1000 pipette and passed through a 

70 µm cell strainer. The suspension was centrifuged at 300 xg for 5 minutes and the pellets were 

resuspended in Neurobasal media (Gibco, 21103-049) supplemented with 0.3 % L-glutamine (Sigma-

Aldrich, G7513), 2 % B27 (Gibco, 17504-044) and 1 % P/S.  

Seeding and stimulation of cells: 
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For the study of MTT reduction astrocytes were seeded at a density of 30.000 cells/cm2, while 

microglia and OPCs were seeded at a density of 60.000 cells/cm2 in PDL-coated clear (Corning, 

CLS3595) 96 well plates. For the study of proliferation, the seeding densities were 60.000 cells/cm2 

for astrocytes and 120.000 cells/cm2 for microglia and OPCs in PDL-coated black (ThermoFisher, 

165305) 96 well plates. OPCs and microglia were seeded at 40.000 cells/cm2 in PDL coated 96 well 

ImageLock plates (Incucyte, BA-04857) for tracking of single cell motility, while astrocytes were 

seeded at 25.000 cells/cm2. Glia cells were allowed to attach overnight before the media were changed 

to new DMEM containing 2% B27, 1% P/S and relevant stimuli. 

Cortical neurons were seeded at 25.000 cells/cm2 in PDL-coated black 96 well plates for the 

investigation of neurite outgrowth and in clear 96 well plates for the study of viability. Cortical 

neurons for the study of neurite outgrowth were cultured for 48 hours before addition of stimuli, while 

neurons for the study of viability were grown for 4 days.  

For all assays, the following stimuli were used: MIF (Peprotech, 300-69), irreversible MIF inhibitor 

4-Iodo-6-phenylpyrimidine (4-IPP; SML-0472, Sigma Aldrich) and interferon (IFN) γ (Preprotech, 

315-05). All stimuli were dissolved according to manufacture protocols and for the stimuli dissolved 

in DMSO (Sigma-Aldrich, D2650), relevant DMSO concentrations were included in the experimental 

setup.  

Glia cells for proliferation and metabolic quantification were stimulated for 48 hours while all three 

glia cell types were stimulated for 12 hours for the study of single cell motility. Cortical neurons were 

stimulated for 48 hours.  

Cuprizone treatment: 

C57BL/6 BomTac male and female mice (9-11 weeks of age) were fed a diet of 0.3% cuprizone 

(oxalic bis-(cyclohexylidenehydrazide) (CPZ)) pellets (Envigo, TD.140805) ad libitum for 6 

continuous weeks to induce demyelination. Pellets were replaced with new ones every 2-3 days. After 

6 weeks of CPZ feeding, some mice were fed normal chow (Envigo, TD.00588) for subsequent 2 

days (acute remyelination) or 2 weeks (complete remyelination) to induce spontaneous remyelination. 

Controls were age- and sex-matched C57BL/6 BomTac mice that were fed normal chow for 8 weeks. 

CPZ-fed mice were weighed at the beginning of the experiment and 2-3 times every week to control 

that the mice lost no more than 20% of their body weight (Supplementary Figure 2S B and C). Control 

chow-fed mice were weighed at the beginning of the experiment and before euthanization. At the 

relevant timepoints, mice were euthanized with CO2 and the brains were isolated and snap-freezed 
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with CO2. The brains were sectioned coronally, starting rostrally to 30 µm sections in a 10 parallel 

serial. Series 1-6 were transferred onto Superfrost Plus glass slides (Thermo scientific, 630-0950).  

Serie 7 and 8 were transferred to Eppendorf tubes for mRNA and protein purifications, respectively. 

Immunocytochemistry: 

Glia cells and neurons were fixed in 4% paraformaldehyde (PFA) for 10 min, followed by 3 washes 

in PBS. The cells were blocked in PBS (pH 7.4) containing 0.25% BSA and 0.25 % triton X-100 

(blocking solution) for 1 h at room temperature and incubated with the primary antibodies (anti-GFAP 

chicken polycloncal IgY 1:1000 (abcam ab46674), anti-RIP rabbit polycloncal IgG 1:200 (Abcam, 

ab53041), anti-IBA-1 rabbit monocloncal [EPR16588] 1:200 (abcam, ab178846), anti-NG2 rabbit 

monocloncal [EPR23976-145] 1:100 (abcam, ab275024), anti-β-III-tubulin mouse monocloncal 

[2G10] 1:1000 (Invitrogen, MA1-118), anti-Ki67 rabbit polycloncal IgG 1:500 (Abcam, ab15580)) 

diluted in blocking buffer over night at 4oC. The following day, the cells were washed 3 times with 

PBS containing 0.25% triton X-100 and incubated with the secondary fluorophore conjugated 

antibodies (Alexa-488 goat anti-chicken IgY 1:400 (abcam, ab150169), Alexa-488 goat anti-rabbit 

IgG (Invitrogen, A11034), Alexa-488 donkey anti-mouse IgG (Invitrogen A21202)) for 1-4 hours at 

room temperature. The cells were when washed twice and the nuclei were visualized using 10 µM 

DAPI (Sigma-Aldrich, 9542) diluted in TBS for 5-10 minutes under rotation.  

Immunohistochemistry: 

DAB: 

The coronal slides were fixed in 4% PFA for 15 minutes and wash in PBS (pH 7.4). Heat-induced 

epitope retrieval was performed in 10 mM sodium citrate buffer (pH 6) for 30 minutes. Sections were 

blocked in 0.3% hydrogen peroxide for 1 hour and washed in PBS. Non-specific binding was blocked 

using 5% goat serum in PBS for 30 min. Primary MIF antibody were diluted in PBS with 5% goat 

serum (anti-MIF [E7T1W] (Cell Signaling, 87501S, lot: 1) (1:100)) and were incubated at 4oC 

overnight. The following day the slides were washed in ddH2O followed by PBS and incubated with 

HRP conjugated streptavidin (Cytiva, RPN1231V) (1:200) in 5% goat serum for 1 hour at room 

temperature. The tissue was washed in PBS followed by TBS (pH 2) and developed with 50 mg/ml 

DAB (D5637-5G, Sigma Aldrich), diluted in TBS (pH 2), with 0.033% hydrogen peroxide (H1009-

100ML, Sigma Aldrich). The sections were incubated with DAB for 5-7 min and washed with TBS 

and PBS. The tissue was dehydrated with ethanol dilutions and xylene. Sections were examined using 

a Leica DM600B fully automated upright microscope. 
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The number of MIF+ cells were manually counted using the Fiji Plugin Cell Counter on pictures taken 

at 20x magnification at bregma -1.58 to -2.46. Fiji was also used to measure the area of the corpus 

callosum and the number of counted cells were normalized to the area for all sections.  

IHC-F: 

Immune labeling of tissue was performed as previously stated (55). Heat-induced epitope retrieval 

was performed in 10 mM sodium citrate buffer (pH 6) for 30 minutes. Non-specific binding was 

blocked in PBS containing 0.1% saponin, 5% FBS and 2% BSA containing (blocking solution). 

Primary antibodies were diluted in blocking solution (anti- MIF (E7T1W) (Cell Signaling, 87501S, 

lot: 1) (1:100) anti-NeuN (Merck, MAB377, lot: 0607036763) (1:500)) and were incubated at 4oC 

overnight. Secondary antibodies were diluted 1:1000 in blocking solution (Alexa-594 goat anti-

mouse (Invitrogen, A11032), alexa-488 goat anti-rabbit (Invitrogen, A11034) and incubated for 3 

hours at room temperature. The nuclei were visualized with 10 µM DAPI (Merck, D9542, lot: 

79M4003V) in TBS.  

MIF staining intensity in NeuN+ neurons were quantify using the 2-channel scoring software on the 

ImageExpress Pico. Pictures were taken at 4x magnification at 1200 ms. The sensory or visual cortical 

area were chosen as the area in which MIF staining intensity was quantified. MIF+ neurons were 

identified by setting the intensity above the local background to 50 and a width between 3-30. The 

average cell intensity was used as a parameter for the MIF expression within this cortical area. 8 brain 

sections at bregma -2.06 to bregma – 3.16 were analyzed pr. timepoint. 

For the immune labeling of MIF and NG2, antigen retrieval was performed as described after which 

non-specific binding was blocked in PBS containing 0.1% triton, 5% FBS and 2% BSA containing 

(blocking solution 2). Sections were incubated with anti- MIF (E7T1W) (Cell Signaling, 87501S, lot: 

1) (1:100) in blocking solution 2 at 4oC overnight. The secondary antibody was diluted 1:500 in 

blocking solution (Alexa-488 goat anti-rabbit (Invitrogen, A11034) and incubated for 3 hours at room 

temperature. The sections were then washed and blocked in blocking solution 2 and incubated with 

the second primary antibody (anti-NG2(abcam, ab275024) (1:500) in blocking solution 2 at 4oC 

overnight. The sections were incubated with the secondary antibody again as described above. The 

nuclei were visualized as described. Sections were examined using a Leica DM600B fully automated 

upright microscope. Pictures were taken with a 10x or 20x objective. 
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Protein purification and quantification: 

Brain tissue was homogenized in cold RIPA buffer (ThermoFisher Scientific, 89900) containing 4% 

protease inhibitor (Merck, 5892970001), thoroughly vortex and sonicated for 10 seconds. The 

samples were incubated under rotation for 30 minutes and centrifuged at 10.000 xg for 20 minutes 

(cold). The supernatant was transferred to new Eppendorf tubes and stored at -80oC until further 

processing. 5 µl were used for determination of total protein concentrations using the Pierce BCA 

protein assay kit (Thermofisher Scientific, 23227) according to the manufactures protocol. The 

samples were diluted 1:100 in lysis buffer and the plate was read on a kinetic plate reader Molecular 

Devices 6465 at 562nm. 

MTT: 

After 48h of incubation with stimuli, 0.5mg/mL MTT was added directly into the cells. The cells 

were incubated in the dark for 4 hours before removal of the liquid. To dissolve the formazan crystals 

in the wells, 100µl DMSO (D0662, Sigma-Aldrich) was added to each well, and the absorbance was 

measured at 562nm and 650 nm as a reference (kinetic microplate reader, Molecular Devices 6465). 

The background at 650nm was extracted together with absorbance of the cells without MTT. 

Proliferation assay:  

After 48 hours of stimulation the glia cells were fixed in 4% PFA and stained with Ki67 as described 

above. The cells were analyzed using the ImageXpress Pico, where the whole well was captured at 

10x magnificent with the same exposure on each cell type. The ImageXpress Pico 2-channel 

analyzing software was utilized to quantify the number of Ki67+ cells in relation to DAPI+ nuclei. 

Microglia and OPCs were identified by setting the intensity above the local background to 200 and a 

width between 5-25 and astrocytes were analyzed by setting the intensity above the local background 

to 350 and a width between 5-30. To account for the graded expression of ki67+ during cell division 

and quiescence (56) similar average cell intensity of the fluorophore was obtained for each plate of 

each cell type. 

Single cell migration assay: 

For the study of single cell motility glia cells were stained and cultured as described in (57). Pictures 

were obtained with the 10x objective every 30 minutes for 12 hours. The Fiji plugin, TrackMate 

version 3.8.0 was utilized to quantify single cell motility (58). The Laplacian of Gaussian (LoG) 

detector with estimated blob diameter of 24.12 µm for microglia and 25 µm for OPCs and a threshold 

of 0.4 was used to detect individual cells. The simple Linear Assigment Problem (LAP) tracker was 
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adjusted to a linking maximum of 80 µm, a gap-closing maximum distance of 15 µm and a gap closing 

maximum frame gap of 2 to track single cell migration through the time lapse of the movie. 

Additionally, the number of spots in track was set to 24 to exclude cells that where not detectable on 

all frames throughout the movies. From these settings data regarding single cell track displacement 

(µm) and total distance travelled (µm) was obtained. 

Quantification of neurite outgrowth and complexity: 

The cortex cultures were fixed in 4% PFA and stained with β-III-tubulin using ICC as described 

above. Pictures of the β-III-tubulin labeled cortical neurons were obtained using the ImageXpress 

Pico at 10x magnification with an exposure at 100 ms. The Neurite Tracing software on the 

ImageExpress Pico was used to quantify the average length of the process (µm/number of cell bodies), 

average cell body area (µm/number of cells) and number of processes and branches. The application 

settings for identification of cell bodies were a with at 12-65 and an intensity above local background 

at 100. For identification of outgrowth a with between 1-11 and an intensity above local background 

at 15 was used.  

MIF ELISA 

The concentration of MIF in media from stimulated astrocytes (24 hours) and in brain lysate was 

determined using the Mouse MIF ELISA kit (Immunosource, CSB-E07292m) according to 

manufacture protocol. Samples was diluted 1:100 and analyzed in triplicates.  

Statistical analyses: 

For statistical analyses, the GraphPad Prism 8 (version 2.1) was used. Gaussian distribution was either 

checked using D’Agositino-Pearson normality test or a standard QQ-plot if number of replicates were 

too small for the analysis. Statistical differences were tested using an unpaired t-test or a one-way 

ANOVA with a Sidak-Holm post hoc multiple comparisons test. Differences among means with 

p<0.05 were accepted as statistically significant and differences with p value between 0.05 and 0.1 

was accepted as showing a tendency to differences.  
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Results: 

MIF is highly expressed in neurons, and some diffusely spread glia cells: 

We first investigated the MIF expression in sections from the brains of C57BL/6 mice (age 10-12 

weeks) at levels bregma -1.58 to bregma -2.06. Here MIF was identified in neurons predominately 

present in the cortical layer 3, 5 and 6 (Figure 1A and C). MIF expression was found in both the cell 

soma and the processes and seemed strongest in larger sized neurons (Figure 1C, arrows). MIF+ 

neurons were also identified in the hippocampus where MIF labelling was strongest in areas around 

CA2 and denate gyrus but could also be found in CA1 and CA3 (Figure 1E). In the hippocampus 

MIF labelling was only found in the processes/projections arising in both the CA1, CA2 and CA3 

striatum pyramidales and dentate gyrus and not in any cell bodies (Figure 1F-H). MIF expression 

was also present in glia cells in the cortex and the white matter (Figure 1D, arrows and data not 

shown). The majority of MIF labelled glia cells were found primarily in the subcortical white matter 

and the white matter adjacent to the hippocampus (Figure 1B and G). Very little MIF expression 

was found in the corpus callosum but few MIF+ cells were found in the midline (Figure 2D).  
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Figure 1: display the MIF expression in control-fed C57BL6 mice (age 10-12 weeks). MIF immune labelling (anti-MIF 

[E7T1W] (Cell Signaling, 87501S) 1:100) was performed on 30 µm coronal serial sections. MIF expression was found 

in neurons in the cortex and was mostly expressed in the cortical layers 5 and 6 (magnificent4) (A). In the cortical neurons 

MIF expression was found in both the cell soma and the processes (magnificent 10x) (B). MIF expression was also present 

in glia cells in the subcortical white matter (magnificent 10x) (B) where it also was found in both the cell soma and the 

processes (magnificent 10x) (D). High MIF expression was also found in the entire hippocampus (magnificent 4x) (E), 

where it was predominately found in the neuronal processes (magnificent 20x) (H). Some MIF positive glia cells were 

also found here (magnificent 10x) (F and G). Scale bars represent 200 µm 
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MIF brain levels decrease after CPZ-induced demyelination and stays low during endogenous 

remyelination:  

C57BL/6 mice (age 10-12 weeks) were treated with CPZ for 6 weeks, the treatment was then stopped, 

and the animals were kept on normal food for 2 days or 2 weeks. The success of the treatment was 

first investigated. 6 weeks of 0.3% CPZ dietary consumption induced significant demyelination in 

the corpus callosum, that was partly remyelinated after 2 days of normal food and fully remyelinated 

after 2 weeks (Supplementary Figure 2S A). 

The protein expression of MIF at the different time points was first investigated using ELISA on brain 

lysates. MIF was significantly reduced after 6 weeks of CPZ intoxication (Figure 2A). The 

concentration remained low both during acute- and complete endogenous remyelination (Figure 2A).  

Diffuse white and gray matter demyelination and pathology is an important feature of MS and since 

CPZ have been reported to provoke similar patterns of diffuse white- and gray matter demyelination 

(59), we investigated if the cortical expression pattern of MIF changed after CPZ-induced 

demyelination. MIF expression remained predominately in neurons in cortical layer 3, 5 and 6 both 

in control mice and in mice after CPZ induced demyelination but the intensity of the labeling 

decreased after 6 weeks of CPZ intoxication (Figure 2E, G, I and K, arrows). The reduction in MIF 

staining intensity was confirmed on fluorescence immune labeled sections and MIF cortex levels 

were significantly lower after 6 weeks of CPZ-induced demyelination (Figure 2B) 
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Figure 2: show the changes in MIF expression during CPZ-induced demyelination and endogenous remyelination. MIF 

CNS expression was decreased after 6 weeks of CPZ intoxication and stayed low during endogenous remyelination (A), 

measured using ELISA on whole brain lysate (n=3 pr. Timepoint in triplicates). The cortical MIF expression was reduced 

in a similar pattern (B, E, G, I, K). MIF expression (anti-MIF [E7T1W] (Cell Signaling, 87501S) 1:100) were visualized 

using IHC-DAB (n=3 pr. timepoint) and IHC-F (n=1 pr. timepoint) on 30 µm coronal serial sections. MIF staining 

intensity in the cortex (IHC-F) was quantified using the ImageExpress Pico and the 2-channel analyzing software (n= 1 

pr. Timepoint, 8 sections). The number of MIF+ glia cells increased in the corpus callosum and reached significant 

elevated levels during acute remyelination (magnificent 10x) (C, D, F, H) (n=2 pr. Timepoint, 3-5 sections). The number 

returned after complete remyelination (C, J). The MIF+ cells were confirmed to be NG2+ (anti-NG2 rabbit monocloncal 

[EPR23976-145] 1:100 (abcam, ab275024)) OPCs (magnificent 10x) (L, M, N) using IHC-F double immune labeling 

(n=2 pr. timepoint). Mean, ± SD, One-way ordinary ANOVA with a Sidak-Holm post hoc multiple comparisons test or 

unpaired t test. * p<0.05, ****p<0.0001. Scale bar represent 200 µm.  
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MIF+ OPCs migrate to the corpus callosum after CPZ-induced demyelination: 

We investigated the MIF expression in the corpus callosum. As demyelination of the corpus callosum 

differs based on orientation (60), we focused on the midline of the corpus callosum at the caudal end 

(approximately at bregma – 1.82).  We observed very few MIF+ cells in the corpus callosum of control 

mice (Figure 2D). After 6 weeks of CPZ intoxication an increase in the number of MIF+ cells in the 

corpus callosum were observed (Figure 2C and F). These MIF+ cells increased in the entire length 

of the corpus callosum but was highest in numbers at the midline. The increase in MIF+ cells reached 

a significant level during acute remyelination (Figure 2C and H). Co-labeling of MIF with NG2, 

GFAP, and IBA-1 confirmed that the majority of the MIF+ cells in the corpus callosum at this 

timepoint were OPCs (Figure 2N and data not shown).  

MIF regulates glia cell metabolism and proliferation: 

To investigate how MIF affected the different cell species, first the cell metabolism of neurons, OPCs, 

astrocytes and microglia using an MTT assay were examined. Neither the addition of MIF and the 

irreversible MIF inhibitor 4-IPP significantly affected glia or neuronal metabolism (Figure 3 A-D). 

Addition of MIF to microglia did slightly increase MTT conversion though (Figure 3B).  

Next, we studied the proliferation of glia cell using Ki67 immune labeling. Here we found that 

inhibiting MIF function, significantly decreased the proliferation of OPCs, astrocytes and microglia 

while MIF addition had no effect (Figure 3E, G and I). Cell proliferation was also investigated under 

inflammatory conditions using IFNγ stimulation. Here it was found that when either MIF or 4-IPP 

was added together with the pro-inflammatory compound, 4-IPP still decreased astrocyte 

proliferation, while MIF together with IFNγ had no effect (Figure 3J). No significant effects were 

found in microglia and OPCs, when IFNγ were used together with MIF and 4-IPP (Figure 3F and 

H). No effect of the DMSO vehicle on neither metabolism nor proliferation was seen 

(Supplementary Figure 3S). 
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Figure 3: shows the effect of MIF and the irreversible MIF inhibitor 4-IPP on the metabolism of glia cells and neurons 

as well as on proliferation of glia cells. Addition of 500 ng/ml MIF significantly increased the MTT conversion in 

microglia cells (n=5) (B) and showed a similar tendency in astrocytes (n=4) (C). Neither addition of 500 ng/ml MIF or 

25 µM 4-IPP significantly affected the MTT conversion in OPCs (n=4) (A) or neurons (n=3) (D). MTT conversion 

measured as the absorbance at 562 nm. Inhibition of MIF using 25 µM 4-IPP significantly reduced the number of Ki67+ 

OPCs (n=3) (E), microglia (n=3) (G) and astrocytes (n=3) (I). Addition of 100 ng/ml IFNγ and 25 µM 4-IPP only 

significantly reduced astrocyte proliferation (n=3) (J), while neither the combination of IFNγ and MIF or IFNγ and 4-IPP 

affected OPC (n=3) (F) or microglia (n=3) (H) proliferation. The number of Ki67+ cells were visualized with ICC (anti-

Ki67 rabbit polycloncal IgG 1:500 (Abcam, ab15580)) after 48 hours of stimulation and quantified using the 

ImageExpress Pico and the 2-channel analyzing software. Mean ± SD. One-way ordinary ANOVA with a Sidak-Holm 

post hoc multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

MIF regulates individual cell migration displacement and distance in astrocytes and OPCs: 

Cell migration is a key event in both OPC-mediated remyelination as well as astro- and microgliosis. 

We therefore studied the MIF mediated migration in all glial cell types. To delineate the dynamics of 

individual cell migration we adapted a single cell-tracking assay to investigate the specific effect of 

MIF on migration distance and displacement. Here we found that the inhibition of MIF protein 

significantly decreased both the total - and the orientated migration distance of the OPCs (Figure 4A 

and B). Addition of MIF to astrocytes increased all migration parameters (Figure 4E and F), while 

neither MIF nor 4-IPP had an effect on microglia migration (Figure 4C and D). No effect of the 

DMSO vehicle on motility was seen (Supplementary Figure 4S).  
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Figure 4: shows the effect of MIF on the motility of glia cells. Inhibition of MIF, using 25 µM 4-IPP significantly reduced 

the track displacement (A) and total displacement (B) of OPCs (n=3). Neither the addition of 500 ng/ml MIF or 25 µM 

4-IPP affected microglia motility (n=3) (C-D). Addition of 500 ng/ml MIF significantly increased the track displacement 

(E) and total displacement (F) of astrocytes (n=3). Motility was monitored for 12 hours in a live cell setting where cells 

were visualized using CellTracker. Pictures were taken every 30 minutes and the Fiji plugin, TrackMate version 3.8.0 

was utilized to quantify single cell motility. Mean ± SD. One-way ordinary ANOVA with a Sidak-Holm post hoc multiple 

comparisons test. *p<0.05, **p<0.01. 

MIF does not affect neurite outgrowth or neuronal network complexity:  

MIF has been reported to regulate neuronal functions and neurodevelopment (25,28,61,62). We 

therefore investigated the role of MIF alone and under pro-inflammatory conditions, in neurite 

outgrowth and network complexity. Here we found that neurite outgrowth in terms of average length 

of the outgrowth as well as the complexity was unaffected by both MIF and 4-IPP, both alone (Figure 

5A, C, E and G) and in combination IFNγ (Figure 5B, D, F and H). No effect of the DMSO vehicle 

on neuronal measurements was seen (Supplementary Figure 5S).  
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Figure 5: shows the effect of MIF on neurite outgrowth and culture complexity. Neither addition of 500 ng/ml or 25 µM 

of the MIF inhibitor 4-IPP significantly affected neurite length (A), the number of processes (C), branches (E) or the cell 

body area (G) in cortical neurons (n=4). The same was true with MIF and 4-IPP was added together with 100 ng/ml IFNγ 

(B, D, F, H) (n=4). Cortical neurons were fixed after 48 hours stimulation and stained with β-III-tubulin (β-III-tubulin 

mouse monocloncal [2G10]). ImageExpress Pico and The Neurite Tracing software was used to quantify the average 

length of the process (µm/cell body), cell body area (µm/cell number) and number of branch points and processes. Mean 

± SD. One-way ordinary ANOVA with a Sidak-Holm post hoc multiple comparisons test. 

  



99 

 

Discussion: 

We have recently reported that MIF levels are significantly decreased in the CSF of patients with CIS 

and early RRMS and that this decrease is unaffected by relapse activity (43). The function of MIF in 

the healthy and diseased brain is not well known and we therefore wanted to further investigate the 

distribution and function of MIF in the healthy and degenerated rodent brain. For this we utilized 

0.3% CPZ intoxication for 6 weeks since several similarities have been observed between CPZ-

induced pathology and MS histopathology (59). The CPZ model reflects several characteristics of 

progressive MS but have also been demonstrated to display several features of early MS, particularly 

in CPZ intoxication at low concentrations for 5-6 weeks (63).  

We first investigated the levels of MIF in whole brain lysates from the different time points and found 

that the MIF levels were significantly reduced in mice after 6 weeks of CPZ-induced demyelination. 

This reduction persisted during acute and complete remyelination, thus mirroring what we had 

previously demonstrated in CIS and RRMS patients (43). We have previously demonstrated that 

treatment with dimethyl fumarate did not significantly affect MIF CSF levels in RRMS patients (43). 

Based on these data, we suggest that the decrease in MIF levels seen in CIS and early RRMS patients 

originate predominately from within the CNS.  

In this study we found that MIF was mostly expressed in cortical and hippocampal neurons but could 

also be found in few diffusely spread glia cells both in the white and gray matter in control-fed mice. 

This supports our findings in human brain tissue, where MIF labeling was predominately found in 

cortical neurons and in some astrocytes in control tissue (43). We noticed that the intensity of the 

MIF labeling decreased after 6 weeks of CPZ-treatment with fewer MIF-labeled neurons and 

confirmed that the MIF staining intensity in the cortex was significantly reduced after 6 weeks of 

CPZ-induced demyelination. It has been suggested that MIF is continually expressed and secreted 

from neurons (23,64) supporting that neuronal secretion could be the primary cellular source of MIF.  

Neuronal secretion of MIF has been demonstrated to protects neurons from amyloid β- and ischemia-

induced cell death (38,65). Reduced MIF expression and secretion from neurons during early MS and 

CPZ-induced demyelination may hence accelerate neuronal death. Surprisingly, neither MIF nor 4-

IPP had any significant effect on the neuronal parameters measured in this study. Others have reported 

that MIF inhibition inhibits neurite outgrowth in hippocampal neurons (27) and MIF has also been 

shown to promote neurite outgrowth and survival in statoacoustic ganglion neurons in mice and 

zebrafish (28,66).  
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To investigate the effect of reduced MIF levels on difference CNS cells, the effect of MIF on glial 

cell metabolism in vitro was first investigated. Here it was found that glia cell metabolism was not 

affected by MIF. Investigating proliferation, we found that the MIF inhibitor 4-IPP significantly 

reduced both microglia and astrocyte proliferation.  

MIF has previously been shown to induce astrocyte proliferation via the CD74 receptor and increase 

the secretion of inflammatory cytokines IL-1β and TNFα, both known mediators of microglia 

activation (33). An inflammatory activation and proliferation increase were however, seen at higher 

MIF concentrations than those used in our experiments. It is also possible that astrocytes generate 

enough MIF to uphold their own proliferative capacity and that this is why only direct inhibition of 

MIF using 4-IPP, affected cell division.  

MIF has also been reported to active microglia and hence induce the expression of pro-inflammatory 

cytokines, chemokines, and NO production (29,67) and MIF inhibition has been shown to reduce the 

production of pro-inflammatory cytokines by these cells (67,68). An activation of microglia may also 

explain the increased metabolism in this cell species, seen by us.  

MIF have both autocrine and paracrine functions on peripheral immune cells and binds several 

different immune receptors through which MIF regulate different signaling pathways (11,14,69–73). 

When the glia cells were stimulated with IFNγ, only astrocyte proliferation were reduced by MIF 

inhibition, while microglia proliferation were unaffected. LPS treatment of immortalized BV-2 

microglia cells have been demonstrated to upregulate CD44 expression while downregulating CD74 

and CXCR2 expression (67). MIF inhibition instead increased the CD74 LPS-altered expression and 

decreased CD44. This may suggest different mechanisms behind MIF-mediated regulation of 

microglia proliferation in IFNγ-stimulated and unstimulated cells.  

Glial migration was also altered by MIF. In astrocytes, MIF increased the single cell displacement 

and distance, while microglia migration was unaffected. MIF has been reported to indirectly induce 

astrocyte migration and chemokine production, and via the astrocyte secretion of MIF-induced CCL5 

promote microglia migration (35), in part explaining our findings.  

These data together may suggest that the low levels of MIF present in the CNS after CPZ intoxication 

or the levels found in CIS and RRMS patients, could dampen the CNS-resident inflammation and 

reduce the disease progression, since reactive astrocytes and extensive microglia activation leads to 

increased release of cytotoxic inflammatory mediators and NO, which have been demonstrated to 
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contribute to CPZ-induced demyelination (74). On the other hand, activated astrocytes have also been 

demonstrated to recruit microglia to the demyelination site and mediate myelin phagocytosis thereby 

promoting remyelination (75). Both activated astrocytes and microglia secrete several factors 

involved in OPC proliferation, migration, and maturation after CPZ-induced demyelination (75). In 

fact, CNS-resident microglia activation is necessary for remyelination and reorganization of neuronal 

circuits in CPZ-fed mice (75). The exact role of reduced MIF in astrocytosis and microgliosis during 

de- and remyelination therefore remains to be clarified.  

When we investigated the highly myelinated corpus callosum, we observed an increase in MIF+ cells 

after 6 weeks of CPZ-induced demyelination. The cells with high MIF expression persisted when 

treatment was stopped and early remyelination had started but was decreased at 2 weeks of complete 

remyelination. This observation is in accordance with previous studies where the repopulation and 

proliferation of OPCs in this area increased after 4 weeks of demyelination and remained high until 

1 week of endogenous remyelination (76). We therefore speculated that the cell type with a strong 

upregulation of MIF protein were OPCs and confirmed this through double immunolabeling with 

MIF and NG2. These data thus suggest that despite an overall reduction of MIF in the brain at all 

time points, MIF increased in the corpus callosum during early regeneration. 

This local increase in MIF in OPCs in the corpus callosum during acute remyelination could drive 

both proliferation and migration of OPCs during regeneration in our CPZ model and MS, since we 

demonstrated that MIF inhibition reduced both proliferation and migration in these cells. There are 

very few data concerning MIFs effect on OPC function. Cells of the oligodendrocyte linage was 

mostly considered victims of neuroinflammatory damage, though recently oligodendrocytes and 

OPCs have been demonstrated to express MHC-II in both MS patients and EAE mice (77). In vitro, 

OPCs express MHC-II in response to IFNγ, which may regulate the function of CD4+ T lymphocytes 

(77). It is possible that OPCs adapt an inflammatory phenotype after CPZ intoxication. OPCs and 

oligodendrocytes have also been demonstrated to upregulate the MIF receptors CD74 and CD44 after 

CPZ-induced demyelination (50), which may result in altered MIF signaling within these cells. We 

did, however, not observe an altered cell division in OPCs stimulated with both 4-IPP and IFNγ. 

In conclusion, we found that MIF decreases in the brain during CPZ intoxication, both in de- and 

remyelination which may be caused by reduced neuronal expression of MIF. We also found a local 

upregulation of MIF in OPCs during acute remyelination in the corpus callosum. We demonstrate 

that inhibition of MIF decreases the proliferation of all three glial subtypes and that a decrease in MIF 
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decrease the migration OPCs, while addition of MIF increases astrocyte migration. Taken together 

these data suggest that OPCs increase their local expression of MIF during repopulation and 

remyelination of the corpus callosum and that this local upregulation may drive local OPC function 

during remyelination, such as proliferation and migration. At the same time, the reduced levels of 

MIF in the brain may decrease astrocyte reactivity and microglia activation. 
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Supplementary material: 

Purity of the glia cell cultures isolated using the shake-off method: 

After isolation using the “shake off” method (see method and material), the cells were seeded in black 

96 well plates at a seeding density at 120.000 cells/cm2 for OPCs and microglia and 60.000 cells/cm2 

for astrocytes in DMEM containing 2% B27 and 1% P/S. The cells were allowed to attached overnight 

and fixed and stained as described in method and materials. This resulted in 93% pure microglia 

cultures (Figure 1S A), 85% pure OPCs cultures (Figure 1S B) and 92% pure astrocytes cultures 

(Figure 1S C). 

 

Figure 1S: shows the purity of glia cells isolated with the shake-off method. Isolated OPCs were determined as 85% 

pure based on the % of RIP+ (anti-RIP rabbit polycloncal IgG 1:200 (Abcam, ab53041)) stained cells in culture (A) 

(n=3). Microglia were determined as 93% pure based on the % of IBA-1+ (rabbit monocloncal [EPR16588] 1:200 

(abcam, ab178846)) stained cells in culture (B) (n=3). Astrocytes were determined as 92% pure based on the % of 

GFAP+ (chicken polycloncal IgY 1:1000 (abcam ab46674)) stained cells in culture (B) (n=3). Cells were stained after 

isolation with the shake-off method and overnight culture.  
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0.3% CPZ intoxication for 6 weeks causes demyelination of the corpus callosum: 

The sections were rinsed in 96% ethanol and dipped ten times in the 0.1% luxol fast blue solution and 

incubated at 60°C overnight. The following day, the sections were immersed ten times in 96% ethanol 

to dissolve the excess luxol fast blue and afterward rinsed in purified water. The sections were then 

dipped 20 times in a 0.5% lithium carbonate solution. The sections were dipped in 70% ethanol. They 

were afterward stained by dipping in hematoxylin (Sigma-Aldrich, MHS32-1L) and eosin (Sigma-

Aldrich, 861006). The sections were hydrated in 70% and 99% ethanol and afterward in xylene. Fiji 

was used to measure the thickness of the corpus callosum based on the luxol blue fast staining, at the 

midline on pictures taken at 1.25 magnification (1 pixel = 3,18 microns). 

The thickness of the corpus callosum was significantly reduced after 6 weeks of CPZ-feeding (Figure 

S2A). 2 days of acute remyelination increased the thickness partly, while completely return the 

thickness to control levels (Figure 2SA). 
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Figure 2S: shows supplementary information about CPZ intoxication in mice. CPZ-induced demyelination and the 

following spontaneous remyelination was confirmed using Luxol fast blue staining of sections (n=3, 3-7 sections pr. 

Timepoint) (A). 6 weeks of CPZ intoxication significantly reduced the thickness of the corpus callosum and caused 

demyelination, which was returned to normal after 2 weeks of complete remyelination. Mean ±SD. One-way Ordinary 

ANOVA with Sidak-Holm multiple comparison post hoc test. CPZ mice were weighted during CPZ feeding to monitor 

the weight loss (B). No mice loss more than 20% of their initial weight (B). Control-fed mice were weighted at the 

beginning and after 8 weeks of feeding with control chow (C). Blue lines indicate male mice and red lines indicate female 

mice.  
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0.025% DMSO does not affect glia or neuronal functions: 

0.025% DMSO treatment in did affect glia cell metabolism (Figure 3S A-D), proliferation (Figure 

3S E-J) or motility (Figure 4S A-F). Neither did it affect neurite outgrowth or complexity (Figure 

5S A-H). 
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Figure 3S: shows the effect of DMSO on the metabolism of glia cells and neurons as well as on proliferation of glia cells. 

Addition of 0.025% DMSO did not affect the MTT conversion in OPCs (n=4), microglia cells (n=5) (B), astrocytes (n=4) 

(C) or neurons (n=3) (D). MTT conversion measured as the absorbance at 562 nm. Addition of 0.025% DMSO did not 

affect the number of Ki67+ OPCs (n=3) (E), microglia (n=3) (G) and astrocytes (n=3) (I). Addition of 100 ng/ml IFNγ 

and 0.025% DMSO did not affect proliferation in OPCs (n=3) (F), microglia (n=3) (H) or astrocytes (n=3) (J). The number 

of Ki67+ cells were visualized with ICC (anti-Ki67 rabbit polycloncal IgG 1:500 (Abcam, ab15580)) after 48 hours of 

stimulation and quantified using the ImageExpress Pico and the 2-channel analyzing software. Mean ± SD. Unpaired t-

test.  

 

Figure 4: shows the effect of 0.025% DMSO on the motility of glia cells. Addition of 0.025% DMSO did not affected 

track displacement and total displacement of OPCs (n=3) (A-B), microglia (n=3) (C-D) or astrocytes (n=3) (E-F). Motility 

was monitored for 12 hours in a live cell setting where cells were visualized using CellTracker. Pictures were taken every 

30 minutes and the Fiji plugin, TrackMate version 3.8.0 was utilized to quantify single cell motility. Mean ± SD. Unpaired 

t-test.  
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Figure 5S: shows the effect of 0.025% DMSO on neurite outgrowth and culture complexity. Addition of 0.025% DMSO 

did not affect neurite length (A), the number of processes (C), branches (E) or the cell body area (G) in cortical neurons 

(n=3). The same was true 0.025% DMSO was added together with 100 ng/ml IFNγ (B, D, F, H) (n=3). Cortical neurons 

were fixed after 48 hours stimulation and stained with β-III-tubulin (β-III-tubulin mouse monocloncal [2G10]). 

ImageExpress Pico and The Neurite Tracing software was used to quantify the average length of the process (µm/cell 

body), cell body area (µm/cell number) and number of branch points and processes. Mean ± SD. Unpaired t-test 
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4. Main findings 
The determination of HTRA1 and MIF CSF levels in established patient cohorts of newly 

diagnosed CIS and RRMS patients as well SPMS patients revealed several novel findings: 

• HTRA1 CSF levels were elevated in all MS patients and correlated with progression and 

disability  

• HTRA1 CSF levels were significantly reduced in MS patients after DMT intervention  

• HTRA1 CSF levels could represent a novel diagnostic biomarker for RRMS 

• HTRA1 were found in both neurons and glia cells within the CNS and HTRA1 mRNA were 

high in neurons, oligodendrocytes, and astrocytes in WM from progressive MS patients 

• MIF CSF levels were lower in newly diagnosed CIS and RRMS patients, while increased in 

SPMS patients  

• DMT intervention during RRMS did not significantly change the MIF levels 

• MIF CSF levels did not change with relapse activity but did correlate with disease 

progression 

• MIF CSF levels could be sex-dependent and lower in female CIS and RRMS patients  

• MIF protein was predominately found to co-localize with NeuN, GFAP, NG2 and KLK6 

within the human brain and MIF mRNA was high in neurons, pericytes and 

oligodendrocytes in WM from progressive MS patients 

The further investigation of MIF during de- and remyelination in CPZ-fed mice also unveiled 

several interesting findings:   

• MIF CNS levels were reduced during CPZ-induced demyelination and the reduction 

persisted throughout complete remyelination 

• MIF CNS levels could be reduced due to decreased neuronal MIF expression 

• Inhibition of MIF reduced proliferation of microglia, astrocytes and OPCs, low MIF within 

the CNS could hence reduce glia cell proliferation 

• Inhibition of MIF reduced OPC motility, while addition of MIF increased astrocyte motility, 

low MIF within the CNS could hence decrease OPC and astrocyte motility 

• MIF expression was high in OPCs that repopulated the corpus callosum during acute 

remyelination, suggesting that these cells upregulate their MIF expression to induce OPC 

proliferation and migration   
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5. Discussion in general: 
In this PhD thesis, the three presented papers investigate the role of MIF and HTRA1 in MS. The 

start for this investigation was the identification of HTRA1 as a new binding partner to MIF (1). Soft 

modeling of the protein crystal structures suggested that MIF binds both the PDZ- and protease 

domains of HTRA1 to inhibit the proteolytic activity of this trypsin-like serine protease and that this 

binding was physiologically relevant (1). MIF have, as previously stated, been linked to MS 

pathology and disease progression in both MS patients and EAE mice, though the investigations 

showed disparate results. HTRA1 had not been investigated in MS but have, as described in the 

introduction, been linked to several other neurological and neurodegenerative diseases.  The first aim 

of the PhD was therefore to investigate the levels of both proteins in the CSF of patients with CIS, 

RRMS and SPMS, both at baseline and after treatment with DMTs. As MIF had previously been 

suggested as a biomarker for MS (2,3), we also wanted to investigate if not only MIF but HTRA1 as 

well could be a good biomarker for any stage of MS. Furthermore, we wanted to investigate the cell 

functions connected to MIF levels in MS pathology through the use of in vitro culturing of primary 

glia- and neuronal cells as well as CPZ induced demyelination in mice.  

5.3. HTRA1 and its role in MS: 

The main findings of paper I was that the CSF levels of HTRA1 were elevated already in newly 

diagnosed treatment naïve RRMS patients and increased with disease progression and disability and 

hence was even further increased in the CSF from SPMS patients.  

5.3.1. HTRA1 as a driver of peripheral inflammation during RRMS: 

The pathology of RRMS is characterized by a massive invasion of inflammatory cells into the brain 

leading to a disturbance of the BBB and a formation of new lesions predominately in WM (4). This 

large and acute inflammation and local tissue destruction within the CNS also leads to focal microglia 

and macrophage activation causing demyelination and axonal injury with a majority of the active 

lesions undergoing remyelination to some extent (4). Treatment of our cohort of RRMS patients with 

DMF significantly decreased the HTRA1 levels to concentrations comparable with those measured 

in HCs (5). DMF operates mainly by inducing a cytokine shift in CD4+ T lymphocytes from pro-

inflammatory to anti-inflammatory (6,7), inhibiting the activation of NFκβ by antigen-presenting 

cells and thereby reducing peripheral activation of the adaptive immune system (7,8) as well as 

reducing infiltration of immune cells into the CNS (7,9).  
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As the CNS levels of monomethyl fumarate (MMF) are only 11% of that in blood (10), DMF is 

believed to function mainly through its immunosuppressive and immune modulating functions. This 

indicates that increased HTRA1 in early MS patients may originate from the periphery and could be 

related to inflammation.  

Currently, very little is known about HTRA1 in the immune system and in immune cells. It is known 

that HTRA1 expression is increased in mouse macrophages upon LPS, IL-6 and IL-12 stimulation 

(11,12), suggesting that inflammation increase HTRA1 expression. On the other hand, it has also 

been found that TNFα, IL-1β and IFNγ decrease HTRA1 expression and IFNγ even decreases an 

LPS-induced upregulation of HTRA1 (11). It is possible that the primary cellular source of increased 

HTRA1 in the CSF of RRMS patients is infiltrating macrophages. Activated macrophages are found 

in high numbers in RRMS lesions and secrete high levels of both IL-6 and IL-12 (4,13) but these 

macrophages have been demonstrated to have an intermediate activation state in MS lesions (14). 

Macrophages/monocytes most likely have a beneficial role early in MS disease but due to their ability 

to re-activate infiltrating T lymphocytes through antigen-presentation their role will become 

deleterious. A switch from pro-inflammatory detrimental macrophage/monocyte phenotype back to 

the beneficial anti-inflammatory phenotype would hence be of great interest and DMF have been 

demonstrated to enhance the anti-inflammatory phenotype in macrophages (15). If HTRA1 is 

upregulated in pro-inflammatory activated macrophages, this effect of DMF may in turn explain the 

ability of treatment to reduce HTRA1 levels.  

HTRA1 has been reported to promote macrophage infiltration by synergizing with oxidized 

phospholipids in retinal pigment epithelial cells and enhance the inflammatory response to oxidative 

stress (16). In combination with the presence of binding sites for the oxidative stress pathway NFκβ 

within the HTRA1 promoter (17) this establishes an association between HTRA1 expression and 

oxidative stress and suggests that HTRA1 may be involved in regulation of the inflammatory response 

to oxidative stress. Inflammation as well as oxidative stress induced tissue damage are also key part 

of MS pathology (4). Extensive oxidative damage to cellular components have been observed in 

active demyelinated MS lesions (18) and the severity of the oxidative damage correlate with the extent 

of inflammation (19). Whether hypoxia drives neuroinflammation or extensive inflammation leads to 

oxidative damage is still under debate (20). DMF reduces oxidative responses and have antioxidant 

properties, which may further explain why DMF treatment in RRMS reduced HTRA1 levels. But the 
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role of HTRA1 in the relationship between oxidative damage and inflammation in MS remains 

unknown.  

Despite very few studies on HTRA1s role in neuroinflammation, many other chymotrypsin-like 

serine proteases including kallikreins and plasminogen activators have been linked to inflammation 

and MS related neuroinflammation (21). Increased levels of other serine proteases in sera, CSF and 

lesions of MS patients have been reported and altered serine protease activity is one of the first signs 

of inflammatory demyelination (21). The levels of several MMPs are also increased in MS patients 

and in MS mouse models these are linked to disease promotion (21–25). Monocytes and neutrophils 

both contribute to increased MMP activity, but some are also increased in B- and T lymphocytes as 

well as activated microglia and astrocytes (21,23). Synovial fibroblasts, mesenchymal stem cells and 

invertebrate disc cells upregulate MMPs in response to HTRA1 stimulation, due to the production of 

fibronectin fragments (26–28). These data suggest that increased levels of HTRA1 in peripheral 

immune cells could contribute to the upregulation of MMP levels and activity in MS.  

Both resident microglia and infiltrating macrophages release proteases including MMPs in MS 

lesions and these contribute to the degradation of ECM components (22). Several of HTRA1s 

substrates are ECMs (27–31) and can function as TLR ligands thereby regulating inflammation (32). 

The majority of these induces pro-inflammatory processes in monocytes and lymphocytes. An 

elevated level of HTRA1 may thus cleave more of these ECMs and contribute to a decrease of 

inflammation. On the other hand, the HTRA1 substrates thrombospondin-1 and aggrecan are mostly 

considered anti-inflammatory molecules (32–34), suggesting the opposite. The degradation of ECMs 

by HTRA1 may also decrease the integrity of the BBB leading to immune cells infiltration and lesion 

development. Since deposits of the HTRA1 substrates fibrinogen and fibronectin have been identified 

on and around endothelial cells in lesions (32). Within the CNS fibrinogen is deposited as fibrin which 

is a marker of BBB disruption and activator of microglia responses. This occurs early in MS (32). A 

role for HTRA1 in the integrity of the BBB is supported by the linkage between loss-of-function 

mutation in HTRA1 and the development of CARASIL (35). HTRA1 mutations have also been 

established as a risk factor for autosomal dominate CSVD and WM hyperintensities (36–38).  

Although the DMF levels are low in the CNS of MS patients, it has been implied that it has a 

neuroprotective effect against oxidative stress, through its action on nuclear factor (erythroid-derived-

2)-like 2 in oligodendrocytes, OPCs, neurons and neural stem cells (39). It also changes the phenotype 

of microglia cells from pro-inflammatory to anti-inflammatory and reduces the inflammatory 
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activation of astrocytes thereby further inducing neuroprotection (40). It is therefore possible that 

some of the increased HTRA1 during RRMS originates from within the CNS.  

In summary, HTRA1 CSF levels are significantly increased in RRMS patients and could originate 

from activated infiltrating macrophages. The increased levels of HTRA1 are in accordance with 

increased CSF levels of other serine proteases and may be caused by oxidative stress and result in 

increased immune cell infiltration either through direct induction of macrophage chemotaxis or 

through degradation of ECMs. 

5.3.2. HTRA1 in MS related CNS functions in progressive MS: 

The primary feature of SPMS is brain atrophy, which arises from the shrinking of lesions due to 

degeneration of chronically demyelinated axons (4). Some WM lesions show a slow expansion in 

progressive MS patients and cortical demyelination, due to inflammation in the meninges and 

perivascular spaces can also be found (4).  

The HTRA1 levels increased even further with disease progression in SPMS patients and immune 

suppressive treatment with MTX was not able to reduce the HTRA1 CSF levels to the same extend 

as DMF in RRMS patients (5). MTX operates by inhibiting type II topoisomerase thereby inducing 

an anti-inflammatory shift in CD4+ T lymphocytes (7,41). It inhibits proliferation of macrophages 

and B- and T lymphocytes, and it induces leukocyte cell death and lysis (7,41). It also decreases the 

migratory capacity of monocytes into the CNS (7).  

The mean age of our SPMS cohort where significantly higher of that in HCs and as previously 

described HTRA1 have been linked to several age-related diseases, suggesting that baseline levels of 

HTRA1 may be connected to age. We did not find a correlation between HTRA1 CSF levels and age 

in our MS patients (data not shown), and therefore speculated that the further increase in HTRA1 in 

the analyzed SPMS patients was caused by pathological mechanisms arising as the disease 

progresses. As previously described, the disease pathology in SPMS patients occur behind a mostly 

closed BBB (4,42). Since MTX crosses the BBB poorly and may even be actively transported out of 

the CNS (43) it is likely that MTX does not reach the CNS resident source of HTRA1 in SPMS 

patients.  

HTRA1 have been identified in both neurons and glia cells in the human brain (44–46). In paper I, it 

was found that HTRA1 was highly expressed in NeuN+ neurons, GFAP+ astrocytes and NG2+ OPCs 

in human brain tissue (5). HTRA1 mRNA was also upregulated in neurons, astrocytes, and all cells 

of the oligodendrocyte linage in the brains of progressive MS patients (5). In paper I, we suggest that 
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increased HTRA1 may arise from increased astrocyte reactivity and glia scar formation (5). In 

inactive lesions, hypertrophic astrocytes form glia scars in the lesion center (4). These glia scars have 

both detrimental and beneficial functions in CNS regeneration (4,42). GM demyelination is also most 

prominent in progressive MS patients and both astrocytic and microglia activation are found here (4). 

Increased expression of HTRA1 may arise as a consequence of astrocyte reactivity or glia scar 

formation, as a driver of these pathological features but more likely as a compensatory mechanism. 

HTRA1 have been found to increase in reactivate astrocytes around the lesions site after cortical stab 

wounds in mice. The deletion of HTRA1 in these mice was associated with increased 

neuroinflammation, increased astrocyte reactivity, microglia proliferation, increased Chondroitin 

sulfate proteoglycans (CSPG) levels and endothelial proliferation that resulted in an increased lesion 

site area (45). Increased levels of HTRA1 in SPMS patients may therefore decrease CNS resident 

inflammation. On the other hand, HTRA1 have been demonstrated to activate microglia cells (47), 

though controversies still exist about this (48). 

HTRA1 is known to alter ECMs components in the mouse brain (45). Several ECMs are also altered 

in MS lesions (32,49). The majority of these ECMs inhibits OPCs maturation in vitro, but few may 

also promote OPCs differentiation (32). CSPGs levels are upregulated in the HTRA1 knock out 

mouse brain (45) as well as in MS lesions (50) and  inhibit OPCs differentiation (32).  HTRA1 

degrade fibronectin to produce fibronectin fragments (27,51), which may further hinder OPC 

maturation (32). In AD, HTRA1 has instead been suggested to have a protective role due to its 

degradation of aggregated Tau as well as disintegration of fibrillar Tau (52,53). HTRA1 could thus 

have a positive impact on remyelination in MS lesions through its degradation of high molecular 

weight ECMs and disintegration of protein aggregates or it may promote degeneration through the 

production of ECMs fragments/peptides which drive both peripheral and CNS resident inflammation. 

In paper I, the OligoInternode database was utilized to demonstrate that HTRA1 was upregulated in 

neurons and all cells of the oligodendrocyte linage in progressive MS brains (5) and the human protein 

atlas confirm that cells of the oligodendrocyte linages are high HTRA1 expressors (atlas, u.d.). These 

oligodendrocytes range from OPCs to mature oligodendrocytes and possess many different functions 

including myelination, viability, cell-cell adhesion, and immune functions (54). Despite the lack of 

co-immune labeling between HTRA1 and myelin proteins in HC tissue, HTRA1 expression seem 

highly relevant in oligodendrocytes at all developmental stages. Both oligodendrocytes and neurons 

are known to undergo oxidative damage in MS (42,55). Extensive peripheral inflammation and 

oxidative bursts in microglia during MS are key factors in oxidative stress (19,42). In active MS 
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lesions both oligodendrocytes and neurons contain high levels of oxidized DNA and phospholipids 

(42,55). Oxidative stress eventually leads to mitochondrial dysfunction that particularly in the 

progressive state of MS is amplified by age-related changes such as iron accumulation in 

oligodendrocytes (56).  HTRA1 is, as previously stated, a member of the oxidative stress response 

protein family and upregulated in  cells as well as tissues under oxidative stress (17,57,58).  In MS, 

it is possible that the HTRA1 expression in neurons and oligodendrocytes is increased as a response 

to oxidative stress and subsequent degeneration. Whether this upregulation is a neuroprotective 

compensatory mechanism, or a driver of neurodegeneration and cell death is unclear, but the HTRA1 

family of proteins are known for their protective role under stress conditions especially due to the 

degradation of misfolded proteins and the disintegration of aggregated proteins (59). 

It is possible that the increased HTRA1 levels seen in the CSF of SPMS patients are partly linked to 

the neurodegenerative processes. HTRA1 is also elevated in the frontal cortex of AD patients and in 

a mouse model of AD (60). It co-localizes with Aβ deposits in neurons (61) and has been identified 

as unique for AD pathology/neurodegeneration rather than neuroinflammation in general (60). The 

HTRA1 mediated fragmentation of ApoE also indicates a neuroprotective role of HTRA1 (62).  

In summary, HTRA1 CSF levels were even further elevated in SPMS patients and was only partly 

reduced by DMT treatment suggesting that CNS resident mechanisms contribute to the increase in 

HTRA1. HTRA1 levels in SPMS patients may increase due to astrogliosis or mitochondria 

injury/oxidative damage in oligodendrocytes or neurons but whether increased HTRA1 in progressive 

MS patients is beneficial or harmful remains to be clarified.  

5.4. MIF and its role in MS: 

Paper II showed that the MIF levels were significantly decreased in treatment-naïve CIS and early 

RRMS patients, while significantly increased in progressive MS patients (63). In manuscript I, we 

identified decreased neuronal expression as a possible cause of reduced MIF levels in early MS 

patients and CPZ-treated mice, that we suggest may decrease CNS resident inflammation. We also 

found a local increase or redistribution of MIF expression in OPCs which could drive remyelination.  

In paper II, it was found that DMT treatment in MS patients did not significantly affect the MIF CSF 

levels which suggests that most of the MIF found in the CSF in MS patients, likely originate from 

within the CNS. Reduced MIF levels observed in CIS and early MS patients could be caused by 

reduced neuronal expression, while increased MIF levels in progressive patients may arise from other 

pathological mechanisms.  
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The levels of MIF in both blood and CSF have previously been investigated in MS, but as discussed 

in paper II the majority of these investigations were made in patients not separated into groups 

according to treatment/no treatment, MS subtype or disease duration (64,65). In this study, we 

examined newly diagnosed and treatment naïve CIS and RRMS patients, allowing us to determine 

the CSF levels of MIF in patients prior to MS conversion and early in the disease course with and 

without treatment. 

Some other studies have investigated MIF blood levels in patients divided based on MS subtypes. 

Here it was found that MIF serum levels in RRMS patients were significantly lower than that of HCs, 

while significantly increased in PPMS patients compared to RRMS patients (2). This is in accordance 

with our results. Another study also demonstrated that MIF plasma levels were significantly higher 

in SPMS/PPMS patients compared to RRMS and CIS patients, though this was only the case for male 

MS patients (66).  

To our knowledge, only one other study investigated MIF CSF levels in MS patients divided 

according to MS subtypes. This study showed that the MIF levels were significantly increased in 

RRMS patients during relapses compared to HCs and RRMS patients in remission (67). It is possible 

that MIF CSF levels increases with disease duration/progression in RRMS patients, but the result 

from manuscript I, suggesting that MIF CNS levels were decreased after CPZ-intoxication, makes it 

likely that MIF decreases early in MS pathology due to underlying pathological mechanisms within 

the CNS. Despite other reports to the contrary, we also did not observe any differences in MIF levels 

in RRMS patients during relapses and remission. This result is supported by the observation that MIF 

CNS levels were significantly lower in mice both during CPZ-induced demyelination and endogenous 

remyelination. It also further supports that decreased MIF within the CNS parenchyma is an 

underlying pathological event independent of disease activity and inflammatory state of the patients. 

One study even showed that MIF CSF levels were significantly higher in CIS and MS patients with 

a stable disease course compared to those without (3). 

Since MIF functions as a cytokine in the peripheral immune system by activating macrophages and 

promoting lymphocyte chemotaxis (68–72), it is likely that MIF have different roles in peripheral 

inflammation and within the CNS. In EAE mice, MIF inhibition delay disease progression, lower the 

number of infiltrating monocytes and activated microglia as well as encephalitogenic T lymphocytes 

into the CNS, thereby reducing tissue destruction (66,73–79). 
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5.4.1. MIF CNS levels may be lowered due to reduced neuronal expression: 

In manuscript I, we demonstrate that reduced neuronal expression of MIF could be the cause of low 

MIF CSF levels in CIS and early MS patients. It has been suggested that MIF is constitutively 

expressed and may be constantly secreted by neurons (80,81). This support the fact that neurons could 

be the cells responsible for most of the MIF in the brain and the CSF levels.  

Very little is known to cause reduced MIF levels in the body or CNS. Both estrogen levels and 

hypoxic conditions in combination with NFκβ activation have been reported to reduce MIF 

production in macrophages/monocytes as well as in vivo in mice (82,83). During ischemia, in mice, 

the downregulation of MIF has been shown to accelerate neuronal loss as MIF was protective against 

reperfusion induced oxidative stress (82). It is possible that similar mechanisms occur in neurons and 

that the presence of oxidative damage during MS pathology could explain the reduced secretion of 

MIF from neurons. MIF function is often autocrine and a reduced production/secretion of MIF from 

neurons during MS may in turn, increase neuronal cell death due to reduced BDNF (84). On the other 

hand, MIF have also been shown to induce oxidative stress in cultured neurons leading to reduced 

viability (85,86). During cell stress MIF is recruited by AIF to the nucleus of neurons, where it induces 

neuronal cell death (86). This suggests that reduced MIF expression in neurons could reduce oxidative 

stress and neuronal cell death. The consequence of reduced MIF production in neurons thus need 

further clarification. 

During wound healing estrogen reduces MIF expression in activated macrophages/monocytes, which 

is mediated through the NFκβ signaling pathway (83,87). In paper II, we show that MIF CSF levels 

were significantly lower in female CIS and RRMS patients, which may be explained by higher 

estrogen levels. High estrogen levels in MS patients are associated with reduced relapse rate and 

symptom severity and in EAE mice estrogen induces anti-inflammatory properties in peripheral 

immune cells and reduces demyelination (88). To our knowledge we are the first to demonstrate sex-

dependent differences in MIF levels in CIS and early MS patients. Benedek et. al demonstrated that 

MIF plasma and CNS WM levels were significantly higher in male progressive MS patients compared 

to female and that the high-expression MIF alleles may function as disease modifiers in males (66). 

We did not investigate MIF promoter polymorphisms in our cohorts and the exact relevance of these 

in MS are also still under debate (89–92). Neither did we show any significant sex-differences in MIF 

CSF levels in our SPMS cohort. As stated in paper II, the lack of difference could be caused by a too 

low number of SPMS patients in the analysis, but it could also be explained by decreased levels of 
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estrogen in older women (83,93). Decreased levels of estrogen could increase MIF CSF levels and 

abolish the sex-dependent difference in MIF in progressive patients.  

Reduced MIF production/secretion from neurons may affect the overall MIF signaling within the 

CNS parenchyma, through modulation of MIF receptor expression on neurons themselves or glia 

cells. As discussed in paper II, it has been demonstrated that early MS- and high-risk CIS patients 

have reduced MIF levels in immature B lymphocytes (94). Reduced MIF expression on these 

immature B lymphocytes may alone contribute to the reduced CSF levels of MIF in our cohort of 

treatment naïve CIS and RRMS, but the authors also demonstrated that this low MIF expression was 

associated with a CXCR4highCD74low phenotype in B lymphocytes suggesting a possible negative 

feedback loop between MIF and the MIF receptors on these cells (94). As described in paper II, it is 

very likely that something similar is occurring within the CNS. The overall reduced levels of MIF 

could result from a dysregulation of MIF receptor expression, both on neurons and glia cells. CD74 

have been demonstrated to increase on activated OPCs after CPZ treatment (75) and in vitro after 

IFNγ stimulation (unpublished data). As OPCs upregulated their MIF expression locally, during 

endogenous remyelination, this may result in an increased CD74 expression. CD74 receptor 

expression is mostly associated with the peripheral immune system and few reports are available 

concerning the expression of this receptor within the CNS. Even so the receptor is present on activated 

microglia and immune oligodendrocytes (54,95). CD74 has also been found to be upregulated on 

monocytes from HLA-DR2 positive MS patients compared to HCs and on both peripheral monocytes, 

infiltrating monocytes and activated microglia after EAE induction (96). CXCR4 is essential for 

OPCs motility and maturation and have been demonstrated to significantly increase in the corpus 

callosum after 6 weeks of CPZ intoxication and to be critical for remyelination (97,98). This may be 

mediated through the CXCR4 cognate ligand CXCL12, but based on our result from manuscript I, it 

is not unlikely that MIF-CXCR4 signaling is involved. In B lymphocytes a low expression of MIF 

was associated with a high expression of CXCR4, but in manuscript I we report a high MIF expression 

in OPCs and based on the association between CXCR4 and remyelination, it is more likely that the 

increased MIF expression in the OPC is associated with increased CXCR4 expression. This suggests 

that MIF signaling, and the MIF-receptor regulatory loop may occur in different ways in different 

cell types, which may account for the many diverse and complex functions of MIF. 

Both CD74 and CXCR4 are involved in several immune functions in peripheral immune cells, 

including antigen presentation, survival, and chemotaxis (71,99,100). The activation and infiltration 
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of autoreactive B lymphocytes and CD8+ T lymphocytes and the differentiation of antigen-presenting 

cells are all important features of the immunopathology of MS (4,101).  The dysregulation of MIF as 

well as MIF receptors, both in the peripheral and CNS parenchyma, most likely contribute to several 

of these features. The overall low and locally high expression of MIF during MS and CPZ-

intoxication could affect both the infiltrating immune cells and the CNS resident microglia and 

astrocytes. Despite reports on the presence of few infiltrating CD8+ T lymphocytes and 

macrophages/monocytes after CPZ-induced demyelination (102), this model is mostly associated 

with activation of CNS resident inflammatory processes (103). Based on this, the results of 

manuscript I addresses the inflammatory processes of astrocytes and microglia and since we 

speculate, based on the result of paper II, that the majority of MIF in the CSF of CIS and early MS 

patients originate from CNS resident cells, this is also the scope of this discussion. As briefly 

discussed in manuscript I, astrocytosis and microgliosis could be early contributors to lesion 

formation in MS patients. Reactive astrocytes and activated microglia are found at the edge of 

demyelinating lesions and extend into NAWM, where they might contribute to myelin phagocytosis, 

leukocyte chemotaxis, tissue damage and oxidative injury (104,105). In paper II, we did not find MIF 

expression in microglia in human tissue, and we did not observe co-immune-labelling between MIF 

and IBA-1 after 6 weeks of CPZ-induced demyelination (data not shown). Despite this, we report 

that the low levels of MIF found in CIS and early MS patients (likely due to reduced secretion from 

neurons) could dampen the inflammatory responses in microglia and especially in astrocytes. Both 

microglia and astrocytes are also important in the initiation of remyelination and the reduction of an 

early response to tissue destruction in the CNS parenchyma may have a negative impact on the 

remyelination capacity of the brain (103,106). With the recent advancement in the classification of 

different microglia and astrocyte phenotypes within the brain (107,108), it would be of great interest 

to investigate the role of MIF in different astrocyte and microglia phenotypes.  

Active MS lesions can in part be repaired by remyelination where OPCs and oligodendrocytes 

reappear within the lesion (4). This is frequently seen in patients with acute and early MS (4,109,110), 

but the remyelinating capacity of the brain seem to differ from region to region and patient to patient 

(110,111). One of the main findings of manuscript I, was the local upregulation or redistribution of 

MIF protein in OPCs that repopulated the corpus callosum during endogenous remyelination. Up 

until now, MIF has not been linked to OPCs but the human protein atlas (atlas, u.d.) confirm that cells 

of the oligodendrocyte linage are among the highest expressors of MIF mRNA. Based on the findings 

in manuscript I, we suggest that OPCs upregulate their expression of MIF to facilitate the expansion 
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of cell numbers as well as motility. It is, also possible that MIF facilitate several other functions within 

OPCs, such as maturation, survival, cell-cell communication, or immune responses. Several of these 

mechanisms contributes to remyelination. This of course requires further studies, but this novel 

finding points to MIF as a target for future remyelination therapies in MS.  

In summary, MIF CSF levels are reduced in CIS and early RRMS patients, as well as after CPZ 

intoxication in mice. This may be the result of a reduced neuronal expression/secretion either due to 

a dual activation of hypoxia and the NF-κβ pathway or estrogen. It could also be caused by a 

dysregulation of MIF receptors on neurons or reduced MIF levels within the CNS may cause this 

receptor. This may in turn affect neuronal survival and dampen the CNS resident inflammatory 

response. Low MIF levels may also drive disease progression and could impact remyelination but a 

local upregulation of MIF in OPCs may induce cells proliferation and migration leading to an 

induction of remyelination.  

5.4.2. Increased MIF levels; a facilitator of neurodegeneration or a compensational 

increase? 

In paper II, we show that MIF CSF levels are elevated in SPMS patients compared to levels in RRMS 

patients and HCs (63). Since the main characteristics of the disease pathology switches from RRMS 

to SPMS (42,112), this suggests that increased MIF levels is involved in/originates from 

neurodegenerative processes or astrocyte mediated gliosis. We also demonstrate in paper II, that MIF 

CSF levels could be partly reduced by MTX treatment indicating that increased MIF levels could 

originate at least in part from peripheral processes (63).  

As described in the introduction, inflammation is present at all stages of MS, but in SPMS patients 

the inflammation is most pronounced in the meninges and the perivascular spaces and may be trapped 

behind a closed BBB (56,112,113). The peripheral infiltrates forming the inflammatory perivascular 

aggregates may indirectly drive extensive microglia activation and tissue destruction (113). 

Eventually this leads to demyelination and neurodegeneration which is associated with oxidative 

bursts in microglial cells (114). Microglia-related mechanisms in MS may be amplified by aging, 

since several age-associated changes in the inflammatory responses have been observed in human 

microglia (115). MIF may affect these age-associated processes through its upregulation in neurons. 

It was recently demonstrated that MIF levels were upregulated in neurons in aged mice, and it was 

suggested that MIF released from these neurons signaled through CD74 on a unique type of highly-

activated microglia. This may in turn, induce CNS inflammation (116). This suggests that MIF could 
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be involved in the extensive activation of microglia in the aged MS brain, due to an increased release 

from neurons. In addition, MIF itself is released from NLRP3 inflammasome activated microglia, 

which may further drive extensive CNS resident inflammation (117). 

Increased expression of MIF in neurons in the aged brain, may, in itself, contribute to elevated CSF 

levels of MIF in SPMS patients. In paper II, we utilized the OligoInternode database to demonstrate 

that MIF mRNA levels were high in neurons in WM from progressive MS patients and despite no 

correlation between NfL and MIF CSF levels, MIF CSF concentrations could still reflect neuronal 

secretion (63).  

It was recently demonstrated that Aβ treatment of SH-SY5Y cells induced an increase in the secretion 

of MIF. This has been suggested to be a compensatory mechanism to increase neuronal survival 

during Aβ toxicity (118). In the same study the authors found that MIF co-localized with Aβ plaques 

in microglia cells and suggested that increased MIF CSF levels during AD disease progression arises 

due to the entrapment of MIF in Aβ plaques (118). It is possible that the increased neuronal MIF 

expression/secretion during disease progression in MS, also is a compensatory mechanism. In PD 

increased MIF levels may contribute to the induction of autophagy and suppression of apoptosis in 

neurons (119). Autophagy in neurons is essential for clearing of misfolded, aggregated, and damaged 

proteins and dysfunction in this process is therefore associated with neurodegeneration (120), further 

supporting a beneficial role of MIF in neuronal survival.  

On the other hand, MIFs nuclease activity was recently identified as a key player in the cell death 

parthanatos; a process which is involved in cell death in several neurodegenerative diseases and could 

have relevance in MS (121,122). Parthanatos is mediated through the MIF-AIF interaction, where 

AIF is required for the translocation of MIF to the nucleus (86,123). AIF has been identified as key 

player in oligodendrocytes apoptosis during CPZ-induced demyelination (124). It also presents a link 

between oxidative damage and apoptosis in oligodendrocytes since it is released after prolonged 

megamitochondria in these cells (124). This suggest that MIF could be involved in the induction of 

apoptosis in oligodendrocytes, although this remains to be clarified. In paper II, we show that MIF 

mRNA was upregulated in oligo5 oligodendrocytes in the brains of progressive MS patients (63). 

These oligodendrocytes are mature cells responsible for signaling and viability, predominately 

present in the MS brain (54). This instead suggests that an upregulation of MIF could support 

oligodendrocyte viability and align with our results concerning MIFs upregulation in OPCs during 

remyelination in CPZ-treated mice.  
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In summary, MIF increased with disease progression and is hence significantly elevated in SPMS 

patients. Increased MIF could originate from aged neurons or as a compensatory mechanism to 

support survival and autophagy in neurons. Increased release of MIF from neurons may still drive 

disease progression through an overactivation of microglia (and astrocytes) within the CNS. On the 

other hand, it is also possible that increased levels of MIF induce oligodendrocyte cell death through 

its nuclease activity.  

5.5. HTRA1 and MIF as novel biomarkers for MS: 

Early therapeutic intervention delays disease progression in MS patients (125). That means that early 

diagnosis or even determination of possible disease conversion in patients presenting with signs of 

optic neuritis or CIS is crucial for earlier treatment and hence improved outcomes. The identification 

of a prognostic biomarker for SPMS conversion is of even greater value than a diagnostic one since 

the diagnosis of SPMS is often retrospective (126). It is estimated that SPMS patients have a period 

of diagnostic uncertainty that lasts almost 3 years (127) where SPMS patients most likely stay on 

ineffective DMT treatments. Despite few effective treatment options for SPMS patients today, the 

early diagnosis of SPMS transition could open a window for a better treatment- and progression 

outcomes (112). 

As mentioned in the introduction, many new potential biomarkers have been suggested and despite 

promising results on their usefulness in diagnosis of the initial disease, disease- and disability 

progression and treatment response none of these have been implicated in everyday clinical practice 

(128).  

In paper I, we show that HTRA1 have great promise as a diagnostic marker for RRMS. It may even 

present a better choice than NfL or GFAP, which are some of the mostly studied molecular 

biomarkers for MS. HTRA1 CSF levels were able to separate HCs from newly diagnosed treatment 

naïve RRMS with 83% sensitivity and 100% specificity (5). Unfortunately, analyses of the newly 

diagnosed and untreated CIS cohort where not a part of this investigation, which meant that we were 

unable to determine if HTRA1 could be used as a marker for RRMS conversion in CIS patients. 

Currently, OCB and MRI are valuable tools for diagnosis of RRMS and with the newest update on 

the McDonald criteria, the majority of CIS patients will be able to start early DMT treatment (126). 

However, only 25% of patient presenting with optic neuritis will develop RRMS (129) and it would 

be of great value to identity these patients and start early treatment intervention.  
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Our cohort represent a smaller (n=23) and defined subtype of MS and usefulness of HTRA1 as a 

diagnostic biomarker needs to be confirmed on a larger scale. In addition, disadvantages of the current 

potential biomarkers are their lack of specificity for MS. As HTRA1 levels are also increased in AD 

patients, it is possible that HTRA1 levels are elevated in patients that present with clinical or MRI 

phenotypes that resembles that of MS, but is not MS.  

In paper II, we report that MIF could have potential as a prognostic biomarker for SPMS transition 

since MIF CSF levels could discriminate RRMS patients from SPMS with 79% sensitivity and 96% 

specificity (63). MIF CSF levels could hence along with an improved clinical definition of SPMS aid 

in a better determination of SPMS transition. In paper II, we also report that DMF treatment may 

increase MIF CSF levels in some RRMS patients and as for the HTRA1 investigation both the RRMS 

and SPMS cohorts represent smaller and defined MS subtypes (n=22 and n=19). It is possible that 

MIF CSF levels increases slowly from early RRMS to late RRMS and the usefulness of MIF as a 

prognostic marker in the clinical setting needs further investigation but present a promising tool.  

In summary, both MIF and HTRA1 CSF levels might aid in the clinical diagnosis and prognosis of 

MS patients but needs further studies.  

5.6. Limitations: 

The studies presented in this thesis were limited by several aspects. In paper I and II, the patient 

cohorts were already established and were limited by the number of CSF samples available after the 

initial studies which used the cohorts. This also meant that we did not have access to a cohort of 

PPMS patients. In addition, a major limitation was that the use of established and defined cohorts did 

not allow us to monitor MIF and HTRA1 CSF levels over time in the same patients. Although, we, 

when possible, controlled for confounding factors, differences in age and gender distribution could 

have affected the results. Information about confounding factors/co-variates that were not available, 

such as genetic and lifestyle choices may also have affected the results. Some MS patients may 

respond poorly to treatment or may have an especially aggressive disease course, however 

demographic - and clinical data about these patients were limited and especially for the SPMS cohort, 

the patients were not followed, and superimposed relapses and MRI data were not evaluated in the 

follow-up period.  

For the investigation of MIF and HTRA1 as MS disease biomarkers, a major limitation was the lack 

of an independent and larger cohort with patients ranging in disease duration and progression to 

confirm the use of these molecular biomarkers in MS.  
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In manuscript I, we utilized CPZ-intoxication to mimic MS pathology. A major limitation of studying 

MS pathology in mice is that no ideal mouse model for MS exists today. CPZ-induced demyelination 

only allowed us to study a limited number of processes related to the MS pathology. The most 

frequently used MS mouse model is EAE which allow researchers to study the autoimmune- and 

inflammatory aspects of MS including T lymphocyte infiltration (130). Despite recent development 

of progressive EAE models and EAE models combined with toxin- or mechanical induction of 

neuronal damage/demyelination, it is still unclear to what extend the EAE model sheds light on the 

neurodegenerative aspects of MS (130). In addition, the CPZ model present an easier model to study 

defined de- and remyelination events. 

The use of in vitro culturing to study the direct effect of compounds without surrounding and 

confounding variables is a fast and widely used approach, however, it often lacks translatability to in 

vivo situations, which also present a limitation in this study. Co-culturing of different types of glia 

cells or glia cells and neurons could to some extend overcome this (131) and would allow the studying 

of cell interaction and communication in response to MIF and HTRA1. In addition, it is well 

established and known that culturing media, growth density and culture preparation affect the 

phenotype of glia cells (132), which also challenges the in vivo translatability. At last, the culturing 

of primary cells often result in a low yield of cells and requires extensive protocol optimization and 

cell culturing knowledge, which has also been the case in this thesis. Due to this a lot of the novel 

findings about MIF in neurons and OPCs during de- and remyelination within the CNS need to be 

further clarified. 
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6. Conclusion:  
Based on the results represented and discussed in this thesis we propose the following functions of 

MIF and HTRA1 in MS pathology: 

• HTRA1 CSF levels were increased in treatment naïve RRMS patients and may originate 

primarily from infiltrating activated macrophages 

• HTRA1 CSF levels were further increased in SPMS patients and could be attributed to 

processes related to astrogliosis or oxidative stress induced cell death in neurons and 

oligodendrocytes 

• HTRA1 could be a promising diagnostic biomarker for RRMS 

• MIF CSF levels were decreased in treatment naïve CIS and RRMS patients, possibly due to 

reduced neuronal secretion. 

o Reduced neuronal secretion of MIF could accelerate neuronal death and result in a 

response failure of CNS resident cells to initial tissue damage. 

• MIF CSF levels were increased in SPMS patients, either as a compensation mechanism due 

to neurodegenerative related processes or due to aging. 

o Increased MIF secretion from neurons could drive disease progression in SPMS 

patients through extensive activation of microglia cells.  

• MIF could be a promising prognostic biomarker for SPMS transition 
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7. Future perspective: 

In paper I of this thesis we identified a novel link between increased HTRA1 CSF levels and MS 

pathology and demonstrated that HTRA1 CSF levels could be related to disease disability and 

progression. Little is currently known about the function of HTRA1 in neuroinflammation and 

neurodegeneration and we hope to shed further light on these aspects in the future. Based on the 

current literature about HTRA1 in the immune system and CNS we suggested possible pathological 

roles for HTRA1 in the disease pathology of both RRMS and SPMS, however with the limited 

knowledge about HTRA1 we have today these are merely speculations. We hope that with the studies 

of HTRA1 in cellular functions in cultured primary immune- and CNS cells, we can identify the 

cellular source of increased HTRA1 in MS and obtain knowledge about the consequence of increased 

HTRA1 on both peripheral and CNS resident inflammatory functions, neurodegenerative and 

demyelinating processes as well as oligodendrocyte and remyelinating mechanisms. In addition, we 

hope to translate this in the in vivo setting and obtain a better understanding of the general and the 

MS-related consequence of increased HTRA1 through the use of CPZ-intoxication and EAE 

induction in WT and transgenic HTRA1 mice. The studies of brain tissue, meningues and peripheral 

blood mononuclear cells from these mice may shed light on pathological aspects of MS related to 

HTRA1 and could give a better understanding of MS pathology.  

In paper II and manuscript I, we demonstrate that MIF levels are reduced in the CSF of CIS and early 

RRMS patient as well as in the CNS after CPZ-induced de- and remyelination. We further 

demonstrate that reduced neuronal secretion could be the cause of this. Very little is currently known 

to lower MIF expression, hence we hope to identify the MS-related cause of reduced MIF expression 

in neurons. It is not unlikely that oxidative stress is a player in this, however conflicting results on the 

effect of this process on MIF expression exist and we hope to clarify this in the future. Another novel 

finding of manuscript I is the local upregulation of MIF in OPCs which could drive remyelination-

related functions such as proliferation and migration. Currently, no papers describe a possible role for 

MIF in oligodendrocytes and we hope to obtain a better understanding of MIF in oligodendrocyte 

functions such as maturation, survival, myelination, and the trophic support of neurons. In paper I, 

we also demonstrate that MIF CSF levels is increased in SPMS patients and suggests that this could 

be caused by aging or arise as a compensational mechanism. However, despite increased levels of 

MIF these patient’s disease still progress. We hope to clarify why MIF levels increase with disease 

progression and how increased MIF levels in SPMS patient could possibly still drive disease 

progression, maybe through extensive activation of microglia or the induction of cell death. All of 



137 

 

these remaining questions about MIFs pathological role in MS would hopefully be answered to some 

extent, through the culturing of glia cells alone and as glia-neuronal co-cultures as well as the 

differentiation of OPCs in culture. Both acute and chronic CPZ-induced demyelination in MIF 

knockout mice will hopefully also provide us with new answers.  

We also hope to further clarify the usefulness of both HTRA1 and MIF as MS biomarkers, by 

determining the levels of both proteins in blood from CIS and MS patients using SIMOA. In addition, 

we hope to determine if HTRA1 CSF (or blood) levels would be able to discriminate high-risk CIS 

patients from those that most likely will not convert to RRMS. In addition, we hope to be able to 

monitor HTRA1 CSF (or blood) levels in a follow-up cohort of CIS patients, thereby being able to 

determine if and how HTRA1 levels increase during disease development/progression. We also hope 

to clarify the evolvement of MIF CSF levels during RRMS disease progression and thereby clarify 

the usefulness of MIF as a prognostic marker for SPMS transition.  
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