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[bookmark: _Toc135667199]Zusammenfassung
Die Multiple Sklerose (MS) ist eine Autoimmunerkrankung, welche zu einer Demyelinisierung und Degeneration von Nerven des Zentralen Nerven Systems führt. Hierdurch kommt es zu neurologischen Defiziten, welche entweder intermittierend oder langsam progredient auffallen können. Beides ist assoziiert mit langfristiger Behinderung bereits im jungen Alter. In den letzten Jahrzehnten hat die MS Forschung zugrundeliegende pathogene Aspekte identifizieren können. Hierzu gehören insbesondere pro-inflammatorische T Zellen. Jedoch konnte, durch den Erfolg von B-Zell Depletion als Behandlung der schubförmigen und auch progressiven MS, nun auch den B-Zellen eine wichtige Rolle zugeschrieben werden. Dies unterstützend konnten B-Zell Ansammlungen im Sinne eines lymphoiden Gewebes in den Gehirnen verstorbener MS Patienten nachgewiesen werden. Der Nachweis intrathekaler Antikörper Produktion, ein weiterer Indikator von B-Zell Aktivität, ist bereits Teil der McDonald Kriterien zur MS Diagnosestellung. 
B-Zell aktivierender Faktor (BAFF) wird als Promotor der B-Zell Aktivierung und Proliferation angesehen. In immunologisch verwandten Autoimmunerkrankungen wurde dieser als pro-inflammatorisch und pro-morbide identifiziert. Eine Blockierung dessen führte jedoch überraschenderweise zu einer Verschlechterung der MS. Dies wies auf eine MS-spezifische Rolle des BAFF, im Gegensatz zu anderen autoimmunen Erkrankungen, hin. 
Die vorliegende Arbeit kategorisiert und definiert zunächst verschiedenste B-Zell Subtypen und die jeweilige Rolle in der MS- Pathologie. Des Weiteren wird der Einfluss von BAFF auf B-Zellen, gewonnen aus dem Blut freiwilliger gesunder Spender, in der humanen Zellkultur untersucht. Hierbei wird zunächst der Einfluss auf die Entwicklung von B-Zell Subtypen durch die Analyse der Oberflächenmarker mittels Durchflusszytometrie beleuchtet. Dann gehen wir der Frage nach, welchen Effekt BAFF auf das inflammatorische Potenzial, im Sinne von abgegebenen Botenstoffen, gemessen mittels Antikörper-vermittelter Immunassays, ausübt. 
Wir zeigen, dass eine bestimmte Dosis an BAFF in einer naiven B-Zell Population zu einer signifikanten Erhöhung des abgegebenen regulatorischen Botenstoffes Interleukin 10 führt. Ebenso weisen wir nach, dass BAFF den Anteil von maturen naiven B-Zellen erhöht und den der pro-inflammatorischen Gedächtnis B-Zellen reduziert.
All dies unterstützt die vermutete regulatorische, jedoch dichotome, Wirkweise von BAFF und ergibt potenzielle neue Angriffspunkte für eine wirkungsvolle Therapie gegen die Multiple Sklerose.  


[bookmark: _Toc135667200]Abstract
Multiple sclerosis (MS) is an autoimmune disease leading to demyelination and degeneration of the nerves in the central nervous system, thereby resulting in neurological deficits that can be either relapsing-remitting or progressive. Both are associated with long-term disability, especially already in young age. 
Within the last decades, research in MS was able to identify aspects of underlying pathogenesis. A major part is enacted through pro-inflammatory T cells. However, through the success of treating relapsing-remitting and progressive MS by B cell depletion therapy, the role of B cells in the initiation and maintenance of MS has become of increasing interest. As such, lymphoid like structures with an accumulation of B cells have been spotted in brains of deceased MS patients. Intrathecal antibody production, another indicator of B cell activity in MS, is already part of the diagnostic McDonald criteria. 
The B cell activating factor of the tumour necrosis family (BAFF) has been perceived as a promotor for B cell activation and proliferation. It is associated with a pro-inflammatory and pro-morbid role in MS-related autoimmune diseases. However surprisingly, blockage of BAFF induced detrimental deterioration of MS. Thus indicating a MS-specific function of BAFF, in contrast to other autoimmune diseases.  
This work firstly categorises and defines various B cell subgroups and their role in MS pathogenesis. Furthermore, it investigates the influence of BAFF on B cells in human cell culture of blood retrieved from healthy donors. Here, the influence on subtype composition will be uncovered through fluorescence-activated cell sorting, and its influence on the inflammatory potential in terms of cytokine release will be investigated through the measurement of cytokines by enzyme-linked immunosorbent assay.
We show that specific concentrations of BAFF induce a significant increase in the release of the regulatory cytokine interleukin 10 from naïve B cell culture. Furthermore, we prove that BAFF promotes mature naïve B cells whilst reducing the proportion of disease-driving pro-inflammatory memory B cells. 
Taken together, this supports a suspected regulatory, but dichotomous, role of BAFF and offers new viewpoints on a potentially effective therapeutic approach for MS.  
[bookmark: _Toc135667201]
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Abbreviations

	ANOVA
	analysis of variance 

	APRIL
	a proliferation-inducing ligand

	BAFF
	
B cell activating factor of the tumour necrosis
family

	BAFF-R
	BAFF receptor

	BBB
	Blood-brain barrier

	BCMA
	B cell maturation antigen

	BCR 
	B cell receptor 

	BLyS
	B lymphocyte stimulator

	Breg
	regulatory B cell

	CD
	cluster of differentiation

	CFSE
	carboxyflorescein succinimidyl ester

	CIS
	clinically isolated syndrome

	CNS
	central nervous system

	D
	day

	CSF
	cerebrospinal fluid

	EAE
	experimental autoimmune encephalomyelitis

	EDSS
	expanded disability status scale

	EDTA
	ethylenediaminetetraacetic acid

	ELISA
	enzyme-linked immunosorbent assay 

	FACS
	Fluorescence-activated cell sorting

	Foxp3+ 
	forkhead box P3

	FSC-A
	forward scatter

	GM-CSF
	granulocyte macrophage-colony stimulating factor

	HEPES
	
4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid)

	hi
	high

	IFN  
	interferon 

	Ig
	immunoglobulin

	IL  
	interleukin   

	IL-10
	interleukin 10

	iNOS
	inducible nitric oxide synthase

	int
	intermediate

	IV
	intravenous

	MACS
	magnetic activated cell sorting

	MBP
	myelin-basic protein

	MFI
	mean fluorescence intensity

	MHC
	major histocompatibility complex

	MOG
	myelin oligodendrocyte glycoprotein

	MRI
	magnetic resonance imaging

	MS
	multiple sclerosis

	OCB
	oligoclonal bands

	PBS
	phosphate buffered saline

	PD-L1
	programmed cell death ligand 1

	PI
	propidium iodide

	PLP
	proteolipid protein

	PMA
	Phorbol-12-myristat-13-acetat

	PPMS
	primary progressive MS

	RH
	RPMI medium supplemented with 1% HEPES

	RRMS
	Relapsing-remitting MS

	SLE
	systemic lupus erythematosus

	sNfl
	soluble neurofilament light chain

	SPMS
	secondary progressive MS

	SSC-A
	side scatter

	TACI
	T cell activator and calcium modulating ligand interactor

	TGF-β
	transforming growth factor β 

	Th cell
	T helper cell

	TNF
	tumour necrosis factor

	TNF
	tumour necrosis factor 

	Tregs
	regulatory T cells

	95%CI
	95% confidence interval
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Introduction
[bookmark: _Toc135667205]Multiple Sclerosis
Multiple sclerosis (MS) is one of the most common disabling diseases in the young (1, 2). The illness comes with a great disease burden for patients and caretakers. Risk factors for MS include genetic predisposition and environmental influences. As such, the incidence of MS is highest the furthest away from the equator and migration from an area with great prevalence to areas with a lesser number of cases before the age of 15 associates with the risk of the latter environment (1, 3). Patients’ most common initial presentation is optic neuritis (4-9). However, symptoms can vary from paraesthesia or paresis, to signs of cerebellar dysfunction or other neurological deficits. Prevalence is two to three times higher amongst women than men (10). MS can be divided into four clinical subtypes defined by their development of symptoms and course of disease. 
Clinical isolated syndrome (CIS) is defined by a single event of neurological deficits relatable to demyelination without evidence of dissemination in time (11). The most common (85-90%) clinical disease course is relapsing-remitting MS (RRMS), which is characterized by intermittent episodes of neurological symptoms that mainly subside (11). Without or sometimes even with treatment this can then transform into the clinical course of secondary progressive MS (SPMS) (2, 11, 12). Here, neurological symptoms progress independent of present or absent relapses. A minority of patients, presenting with a one-year progression in neurological deficits associated with active lesions shown on magnetic resonance imaging (MRI) of brain or spine and / or positive oligoclonal bands (OCB), are identified to have primary progressive MS (PPMS) (11, 13).
Diagnosis is made through applying the McDonald criteria that cover clinical presentation, timing, lesions visible on MRI and OCB in cerebral spinal fluid (CSF) (13). 
Even though progress in the investigation of pathogenesis as well as treatment options has been made within the last twenty years, a lot is yet to be discovered. 
MS is a chronic inflammatory disease of the central nervous system (CNS) accompanied by demyelination and glial scarring (7). Although the CNS has traditionally been considered immunologically privileged, evidence arose that the innate and adaptive immune systems do interact with the CNS. In vitro studies showed a transmigration of human T helper (Th)17 cells across a model of the endothelial blood-brain barrier (BBB) and cytokines released by such cells were found to disrupt tight junctions in vitro and in vivo (8). Post-mortem pathological studies of brain lesions also show a great abundance of inflammatory cells in close proximity to MS lesions (9). It has been shown that infiltrating immune cells directly affect microglia, neurons and astrocytes (14). In concordance with this, medication modulating the peripheral immune system is highly efficient in reducing symptoms and detectable lesion load in MS patients. Additional evidence against the immunological privilege is the presence of lymphatics and meningeal follicle-like structures within the CNS (15-17).
Over the years, an important role has been assigned to T cells in MS development, especially through in-depth investigation of the murine model of MS experimental autoimmune encephalomyelitis (EAE). Detrimental immune effects are especially induced by Th17 cells through cytokine release and direct synapse like formations with neuronal cells (18). 
Generally, an imbalance of cytokines and cell types is present in MS creating an inflammatory burden. Thus, compared to healthy controls, blood extracted from MS patients show higher levels of inflammatory cytokines, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon  (IFN), interleukin 17 (IL-17), interleukin 6 (IL-6), and tumour necrosis factor  (TNF) (9, 19). Along with this, anti-inflammatory mediators such as interleukin 10 (IL-10) are reduced (9). Not only a reduction in number but also in functionality has been shown for regulatory cell types in MS (20).
The impact the immune system exhibits within the CNS is most likely a combination of infiltrating peripheral immune cells and local CNS inflammation. 

[bookmark: _Toc135667206]The importance and role of B cells 
In recent years, not only T cells were in focus of MS research but through the development of effective B cell depletion therapy, the role of B cells in MS pathogenesis has become of increasing interest. 
Oligoclonal bands, indicating intrathecal antibody production by B cells, are present in the CSF of over 95% of MS patients (11). Antibodies against myelin oligodendrocyte glycoprotein (MOG), myelin-basic protein (MBP) and proteolipid protein (PLP) have been detected in MS lesions and CSF (21-23). Even though their potential for disease enhancement in EAE suggest the importance of antibodies released from plasma cells, as of yet, no antigen specificity has been defined in humans (24).  
Recently, it has been shown that B cell’s pro-inflammatory effect seems to be mediated through their role as antigen-presenting cells as well as through cytokine release, not solely through antibody production. Thus, pro-inflammatory B cells releasing cytokines such as GM-CSF, which has been identified to be important in MS development and maintenance, have been shown to be greatly prevalent and more readily inducible in MS patients than in healthy controls (9, 25, 26). These cells were also shown to activate myeloid cells in vitro (9). B cells obtained from MS patients were also shown to promote demyelination in spinal cord explant cultures via complement-dependant cytotoxicity and direct targeting of neurons and glia of the CNS (27).
Acting as antigen-presenting cells, B cells influence the shift of T cells into Th1 and Th17 cells by interaction of co-stimulatory molecules CD80 and CD86, which were shown to be more prevalent on B cells extracted from MS patients in comparison to healthy controls (Figure 1) (28). Confirming the importance of this role of B cells, B cell depletion therapy also resulted in a decrease in Th1 and Th17 response (29).
[image: ]
[bookmark: _Ref135660801][bookmark: _Toc135556692]Figure 1: Roles of B cells in MS
: antigen presentation, immunomodulation through cytokine release and development into antibody-producing plasma cells (adapted from (28)) 

All of the above indicate an interaction between the peripheral immune system and the CNS. Furthermore, findings of leptomeningeal ectopic B cell follicles indicate that not only do peripheral immune cells cross the BBB but that there is also constant presence and maturation of B cells and antibody production within the brain of MS patients even with an intact BBB (15, 30, 31). The presence of B cell enriched tertiary lymphoid tissue within the CNS has been shown to be associated with grey matter pathology (diffuse meningeal inflammation, grey matter cortical demyelination, neuronal loss and microglial activation) and an exacerbated clinical course in SPMS patients (16, 17, 32).  

[bookmark: _Toc135667207]B cell depletion therapy
The success of CD20 antibodies depleting B cells is particularly interesting as it is the first drug group beneficial in PPMS (33). Furthermore, it has been shown to have a particularly long-lasting effect (24, 34). 
Therapy with the humanized monoclonal CD20 antibody ocrelizumab leads to a decrease in clinical progression represented by the expanded disability score (EDSS), gadolinium enhancing MRI lesions, displaying active inflammation, and decrease of the soluble neurofilament light chain (sNfl), a marker of neuronal destruction. Specifically, ocrelizumab was shown to exhibit a 45% reduction in relapse activity and clinical activity, a 40% reduction in disability progression with a 95% reduction in gadolinium-enhancing T1-lesions and 80% reduction in T2 lesions in MRI in RRMS patients in comparison to patients treated with the baseline therapy interferon beta-1a (35). In PPMS, ocrelizumab resulted in a 25% reduction in disability progression in comparison to placebo (36). This difference in effectiveness between RRMS and PPMS highlights different underlying pathogeneses including neuroinflammation and neurodegeneration to various extents depending on clinical courses. Whilst neurodegeneration is barely treatable with immunosuppressive treatment, flare-ups can nowadays be well controlled by suppressing the overactive immune system. CD20 B cell depletion therapy acting through cellular toxicity and apoptosis has no impact on plasma cells as these do not present CD20 on their surface (37). Therefore, a major aspect of the role of B cells in the pathogenesis of MS seems to be antibody independent. Surface markers representing the different steps of B cell maturation will be further discussed below. B cell depletion in blood 2-8 weeks and in CSF 24 weeks after treatment indicates a peripheral and central effect (38, 39). 

[bookmark: _Toc135667208]B cell maturation and subtypes 
B cells can be subdivided by their surface markers, cytokine or antibody release and stage of maturity (Figure 2). They originate from multipotent haematopoietic precursor cells within the bone marrow, which then develop into Pro B cells (34, 37). From that point on, CD19 is presented on each subgroup of B cells (34, 37). From the following stage of maturation, Pre B cell, surface marker CD20 is present, except on plasma cells. CD20 is of particular interest as being targeted by B cell depletion therapy. Immature B cells characterised by IgM presentation then exit the bone marrow, multiply by tonic B cell receptor (BCR) signalling and further develop into transitional B cells within the spleen (37, 40, 41). This transitional B cell type is characterised by a co-expression of CD38 and CD24 and a lack of CD27 (42, 43). It belongs to the interleukin 10 releasing B cell subtypes that are collectively alleged as regulatory B cells (44). 

[image: ]
[bookmark: _Ref135556158][bookmark: _Toc135556693][bookmark: _Ref135660761][bookmark: _Toc113900914]Figure 2: B Cell Maturation
: Different stages of maturation represented by surface marker (orange) and cytokine (green: anti-inflammatory, red: pro-inflammatory) and antibody (black) release. TNF = tumour necrosis factor, iNOS = inducible nitric oxide synthase, PD-L1 = programmed cell death ligand 1, hi = high, int = intermediate.



Further maturation results in mature naïve B cells presenting IgM and IgD, with intermediate levels of CD24 and CD38, that exit the spleen and enter the blood stream (37). Exposure to antigens prompts further maturation within secondary lymphoid tissue. Memory B cells expressing, among other markers, CD27 and an intermediate level of CD38 and high levels of CD24 develop (45). In the marginal zone, short-lived plasma cells develop whilst in the germinal centre memory B cells can further differentiate into pro-inflammatory B cells releasing pro-inflammatory cytokines, plasma cells releasing antibodies or a subgroup generally appreciated as part of the regulatory B cell subgroup (“Breg”) (9, 45).  The latter express, among others, high levels of CD24 and CD38, whilst also expressing CD27 (45).
B cell maturation, including the collective specific surface marker expression and the most important released cytokines of B cell subgroups are displayed in Figure 2. 

[bookmark: _Toc135667209]Regulatory B cells and interleukin 10 
In recent years, it has been established that autoimmune diseases result from a disbalance between pro- and anti-inflammatory mediators of the immune system. With a reinforced role of B cells in MS development, decreasing their detrimental role has become of interest. However, approaching it from the other point of view, it would be desirable to promote their known regulatory aspects as well. 
Primarily, these are enacted by the release of the regulatory cytokine interleukin 10 (IL-10) (28). 
IL-10 inhibits pro-inflammatory cytokine production by monocytes/macrophages (46). Selective IL-10 knockout on B cells has been shown to result in more severe EAE whilst the transfer of IL-10-releasing B cells in B cell-deficient mice resulted in alleviation of EAE symptoms (47, 48). In line with this regulatory effect of B cells, CD20 B cell depletion before initiation of EAE exaggerated symptoms and enabled influx of T cells into the CNS. IL-10 transgenic mice, expressing human IL-10 transgene under the control of a class II major histocompatibility complex (MHC) promotor, were shown to be resistant to EAE (49) whilst a lack of IL-10-producing B cells prevented recovery from EAE.(50)  
In contrast to this stands another study documenting that the IL-10 B cell receptor is essential for scar formation in disease progression shown by effective symptom suppression through B cell depletion during disease progression and an exacerbation of chronic relapsing MS through the intravenous (IV) administration of IL-10 (51). Supporting this is the finding of IL-10 and IL-4 and their receptors in close proximity to chronic active MS lesions in post-mortem brain tissue (52). Interestingly, it was demonstrated that intranasal IL-10 administration inhibited acute and protracted relapsing EAE, once more representing the complexity and dichotomous role of B cells in the development of different clinical courses of MS (51, 53).   
In line with the presumed inflammatory disbalance present in MS, IL-10 blood levels were shown to be decreased in disease compared to healthy controls (54). Low IL-10 levels at first event of CIS were also correlated with the occurrence of a second event of a demyelinating CNS disorder, as well as with high leucocyte levels in CSF, number of T2 and gadolinium-enhancing lesions on MRI. However, no difference in correlation could be drawn between the progression into MS or neuromyelitis optica spectrum disease, a group of illnesses associated with demyelinating events but with a nowadays proven separate underlying pathogenesis from MS (55). 
IL-10 exerts regulatory functions by influencing the shift of Th cells into regulatory T cells (Tregs) and prevents the pro-inflammatory cytokine release from Th1, Th17 cells and macrophages (Figure 1) (44, 56). It also acts through autoregulation by promoting IL-10-releasing B cells (57). 
B cells releasing IL-10 are grouped as regulatory B cells. They can be subdivided again according to their expression of surface markers. The most important two groups present high levels of CD24 and CD38 on their surface and can be differentiated by their expression of CD27: transitional B cells belong to the naïve B cell pool (CD27-), whilst “Breg” are mature B cells (CD27+) (20, 42, 44). Controversies exist regarding which of those two and other IL-10-producing B cells is the most important with the greatest release of IL-10 (44, 54).
CD19+ CD24hi CD38hi B cells were shown to suppress the differentiation of Th1 cells from naïve T cells (20). This anti-inflammatory shift was shown to be IL-10 dependent and less functional in MS (58). Promotion of Tregs, which themselves are usually malfunctioning in MS patients, is another anti-inflammatory role of regulatory B cells (59, 60). 
B cells derived from MS patients have been shown to display a lower production of IL-10 after activation than cells received from healthy donors with no difference present between MS subtypes (54). Transitional B cells have been shown to be particularly low during relapse compared to remission (61). Therefore, a special interest lies in the process of how regulatory B cells are promoted.

[bookmark: _Toc135667210]BAFF and B cells 
A special role in B cell maturation has been assigned to the B cell-activating factor of the tumour necrosis family (BAFF, also known as B cell survival factor, B lymphocyte stimulator [BLyS]) (62-64). This protein exists in a membrane-bound or secreted biologically active soluble form (65-68). BAFF is expressed by immune cells as well as by non-haematopoietic stromal cells and binds to three different receptors (65): BAFF-receptor (BAFF-R), TACI (T cell activator and calcium-modulating ligand interactor) and BCMA (B cell maturation antigen)(41, 68). BAFF is the sole ligand for BAFF-R, whilst TACI and BCMA are also receptors for a proliferation-inducing ligand (APRIL). The three receptors can be expressed on all subtypes of B cells (69). However, throughout different stages of maturity, BAFF-R is highly expressed on immature, whilst TACI and BCMA mainly on mature B cells and plasma cells (7, 41, 69). 
Generally, the BAFF/APRIL system plays an important role in survival, function and maturation of B cells by activating NF-κB signalling pathways (70, 71). In vitro assays showed that recombinant human BAFF promoted the survival of CD19+ cells retrieved from humans and mice (41, 72-74).
In this matter, a deficiency or complete lack of BAFF-R results in retained B cells at immature / transitional stage resulting in immune deficiency (75). Overexpression of, or increased exposure to BAFF, such as by the administration of soluble BAFF or in BAFF transgenic mice, has been shown to result in augmented levels of mature B cells, hyperglobulinemia and association with autoimmune disease development (66, 76-78). 

[bookmark: _Toc135667211]BAFF and T cells
Interestingly, BAFF has not only been shown to influence B cell maturation and survival but seems to play a multifactorial role in MS by influencing T cells as well. Thus, T cells and B cells extracted from MS patients were revealed to express a higher level of BAFF-R mRNA compared to controls (68).
Furthermore, it has been shown that Th17 cells were increased in BAFF transgenic mice in line with severe EAE, whilst reduced levels of Th17 cells in BAFF knockout mice correlated with a delayed onset and diminished peak severity of EAE (79). This effect was shown to be independent from B cells’ antigen presentation (79). Administration of recombinant BAFF in mice resulted in raised CD4+ and CD3+ T cells (80). In vitro experiments confirmed an increase in vitality, activation state, identified by specific surface markers (CD69+, CD154+, CD25+), and cytokine release including IFN by T cells through BAFF exposure, all reversible through the application of recombinant human TACI Ig fusion protein binding BAFF (81-83). 
Treg levels, on the other hand, were shown to remain unchanged by in vitro BAFF exposure in contrast to their increased level in transgenic BAFF mice (81, 84). However, direct comparison between mice and human immune cells must be made carefully as for example, mouse T cells were demonstrated to express BAFF-R and TACI whilst human T cells only expressed BAFF-R (84). This is deemed important as different effects were shown to be promoted through activating different receptors. As such, in mice, silencing TACI promoted T cell vitality whilst silencing BAFF-R resulted in a decrease in vitality, acting through the PI3K-Akt signalling pathway (85). Human in vitro experiments showed that recombinant human BAFF did not promote survival of CD4+ T cells but rather CD8+ T cells, which were not influenced in mice (72). 

[bookmark: _Toc135667212]BAFF and MS
Increased BAFF levels have been shown to associate with autoimmune diseases (86-88). Correlating data from MS patients show high BAFF levels in demyelinating plaques within the CNS and the CSF (89, 90). 
In coherence with this, patients with a variant of the TNFSF13B gene, which results in increased soluble BAFF release, showed a greater risk of developing MS and systemic lupus erythematosus (SLE) (87). In addition, high expression of BAFF and CXCL13, a chemokine involved in B cell recruitment to lymphoid tissue, has been found in the CNS in EAE (91). Here, BAFF was particularly high during relapse and peak but low in the remission phase of the relapsing-remitting and chronic-relapsing models of the disease (91). During chronic progressive EAE, high BAFF levels quickly returned to normal after disease onset (91). 

Even though BAFF level has been shown to be significantly higher in MS patients compared to healthy controls, it also correlates with a more stable clinical course of the disease (92). 
Interestingly BAFF levels were shown to increase under disease-modifying therapy with interferon β and other immunosuppressive therapy (mitoxantrone, cyclophosphamide) (92). In line with this, Gommerman et al. showed that overexpression of BAFF correlated with high levels of IgA-producing plasma cells in the gut that produce IL-10 and were shown to be protective against EAE when transferred into mice lacking IL-10 (93, 94).
Due to the detrimental associations of BAFF with disease development and maintenance and effectiveness in the treatment of SLE, blockage of BAFF had become a target of interest in MS therapy. However, trials of the BAFF/APRIL neutralizing antibody atacicept, as well as tabalumab, neutralizing soluble and membrane bound BAFF, and belimumab, targeting soluble trimeric BAFF molecules and licensed for SLE therapy, had to be stopped in phase II due to a rise in MS disease activity (7, 95-98). 
Multiple groups have shown that B cell depletion therapy induces an increase in BAFF serum levels (99, 100). This was inversely proportionate to the consecutive rise in regulatory transitional B cells. This leads to the conclusion that BAFF influences the composition of B cell subgroups directly and possibly influences the inflammatory potential of B cells persistently. 
[bookmark: _Toc135667213]Aim of this work 
Multiple sclerosis is one of the most disabling diseases in young adults. It is known that underlying pathogenesis includes an interaction of the immune system and the CNS. However, the role of one player, namely B cells, is still not completely clear but seems to be an important one. 
In the construct of complex immune-nerve interaction, the B cell stimulating factor BAFF seems to exert a peculiar role. This work therefore aims to shed more light on the direct interaction of this mediator with immune cells. As BAFF has been shown to be particularly important in premature B cells inducing a B cell shift towards maturity, the influence BAFF exerts on the composition of B cells will be in focus. 
Whilst B cells at first have been thought to induce an immune response in the CNS through antibodies, a major role has nowadays been attained towards their released cytokines. The BAFF effect on cytokine release will also be investigated in B and T cells. Especially BAFF’s dichotomous role in whether to induce a pro-inflammatory or regulatory B or T cell shift will be discussed in depth. 


[bookmark: _Toc135667214]

Material and Methods
[bookmark: _Toc135667215]Material 

Reagents, buffers, chemicals
	Compound
	Company

	Acridine Orange/Propidium Iodide Stain
	Logos Biosystems, Simindaero (South Korea)

	Brefeldin A
	Sigma-Aldrich Corp., St. Louis (USA)

	Dulbecco's Phosphate-buffered saline with Ca 2+ & Mg2+ (PBS+)
	Sigma Aldrich Corp. ST. Louis (USA) 

	Dulbecco's Phosphate-buffered saline without Ca 2+ & Mg2+ (PBS-)
	Sigma Aldrich Corp. ST. Louis (USA) 

	Ethanol 70% (EtOH)
	AppliChem GmbH, Darmstadt (Germany)

	Ficoll Paque Plus
	GE HealthCare, Chicago (USA)

	Gibco RPMI
	Thermo Fisher Scientific, Waltham (USA)

	HEPES
	Carl Roth GmbH, Karlsruhe (Germany)

	Ionomycin
	Sigma-Aldrich Corp., St. Louis (USA)

	Penicillin / Streptomycin (P/S) (10000 units penicillin and 10mg streptomycin per ml)
	Sigma Aldrich Corp., St. Louis (USA)

	Percoll
	Sigma-Aldrich Corp., St. Louis (USA)

	Permeabilisation and Fixation
	Thermo Fisher Scientific, Waltham (USA)

	Permeabilisation Buffer
	Thermo Fisher Scientific, Waltham (USA)

	Phorbol-12-myristat-13-acetat (PMA)
	Sigma-Aldrich Corp., St. Louis (USA)

	Propidium iodide (PI)
	Sigma-Aldrich Corp., St. Louis (USA)

	Xvivo
	Lonza Group AG, Basel (Switzerland)




Buffer and media preparations
	Custom buffer and media
	Ingredients

	FACS Buffer
	 PBS (+) +5g 0,5% BSA

	Human Medium
	485ml Xvivo + 5ml 1% Penicillin+ 5ml 1% Streptomycin + 5ml 1% L-Glutamine

	MACS Buffer
	PBS (+) +5g 0,5%BSA + 4ml 0,5M EDTA




Kits
	Compound
	Company

	CD19 Microbeads, human
	Miltenyi Biotec GmbH, Bergisch Gladbach (Germany)

	CD27 Microbeads, human
	Miltenyi Biotec GmbH, Bergisch Gladbach (Germany)

	CD38 Microbeads, human
	Miltenyi Biotec GmbH, Bergisch Gladbach (Germany)

	Human IL-10 ELISA
	Enzo Life Sciences GmbH, Lörrach (Germany)




Cytokines and Ligands
	Compound
	Company

	BCR cross linking anti-goat IgM
	Jackson Immunology

	Mega CD40L 
	Enzo Life Sciences GmbH, Lörrach (Germany)

	Recombinant Human BAFF (carrier-free)
	BioLegend San Diego (USA)

	rh sCD40L
	ImmunoTools GmbH, Friesoythe (Germany)




FACS Antibodies
	Compound
	Company

	CD19
	BD Bioscience, Franklin Lakes (USA)

	CD19
	Thermo Fisher Scientific Inc., Waltham (USA)

	CD19
	BD Bioscience, Franklin Lakes (USA)

	CD20
	BD Bioscience, Franklin Lakes (USA)

	CD24
	BioLegend, San Diego (USA)

	CD27
	BioLegend, San Diego (USA)

	CD3
	BioLegend, San Diego (USA)

	CD38
	BD Bioscience, Franklin Lakes (USA)

	FC-Block (Purified Rat Anti Mouse CD16/CD32)
	BD Bioscience, Franklin Lakes (USA)

	Fixable viability staining APC / Horizon
	BD Bioscience, Franklin Lakes (USA)

	GM-CSF
	BD Bioscience, Franklin Lakes (USA)

	IFNy
	BioLegend, San Diego (USA)

	IgD
	BD Bioscience, Franklin Lakes (USA)

	IL-10
	BD Bioscience, Franklin Lakes (USA)

	IL-4
	BD Bioscience, Franklin Lakes (USA)

	Mouse BALB/c IgG2a, κ
	BD Bioscience, Franklin Lakes (USA)

	Mouse IgG1, κ
	BD Bioscience, Franklin Lakes (USA)

	Mouse IgG1, κ
	BioLegend, San Diego (USA)

	Mouse IgG2a, κ
	BioLegend, San Diego (USA)

	Rat IgG2a,κ
	BD Bioscience, Franklin Lakes (USA)

	CD45 RA
	BD Bioscience, Franklin Lakes (USA)

	CD45 RO
	Thermo Fisher Scientific Inc., Waltham (USA)

	CD4
	BD Bioscience, Franklin Lakes (USA)




Labware & Equipment
	Compound
	Company

	96 Well Suspension Culture Plate, F-bottom
	Greiner Bio-One GmbH, Frickenhausen (Germany) 

	Analog Vortex Mixer
	VWR International GmbH, Darmstadt (Germany)

	Autoclave Heraeus
	Thermo Fisher Scientific, Waltham (USA)

	BD FACS Canto II
	BD Bioscience, Franklin Lakes (USA)

	Bioanalyzer Chip Vortexer (IKA MS 3)
	Agilent, Santa Clara (USA)

	Cell Culture Incubator
	Binder GmbH, Tuttlingen (Germany)

	Cell Culture Microscope, bright field
	Hund, Wetzlar (Germany)

	Centrifuge Heraeus Fresco 21
	Thermo Fisher Scientific Inc., Waltham (USA)

	Centrifuge Multifuge Heraeus XIR
	Thermo Fisher Scientific, Waltham (USA)

	Eppendorf Research Adjustable-volume Pipettes
	Eppendorf GmbH, Wesseling-Berzdorf (Germany)

	Eppendorf tubes 1.5ml + 2ml
	Eppendorf GmbH, Wesseling-Berzdorf (Germany)

	Falcons 15ml + 50ml
	Greiner Bio-One GmbH, Frickenhausen (Germany) 

	Freezer (Sanyo)
	EWALD Innovationstechnik GmbH, Rodenberg (Germany)

	Fridges and Freezers
	Liebherr, Bulle (Switzerland)

	Luna Cell Counting Slides
	Logos Biosystems, Simindaero (South Korea)

	Luna- FL Dual Fluorescence Cell Counter 
	Logos Biosystems, Simindaero (South Korea)

	MACS LS Columns
	Miltenyi Biotec GmbH, Bergisch-Gladbach (Germany)

	Multifuge Heraeus XIR
	Thermo Fisher Scientific Inc., Waltham (USA)

	Multiwell Plate, tissue-culture treated polystyrene, 6-well, 24-well, 48-well, 96-well
	Starlab, Hamburg (Germany)

	Pipette tips 10µl, 200µl, 1000µl
	Starlab, Hamburg (Germany)

	Pipetus
	Hirschmann Laborgeräte GmbH & Co.KG, Eberstadt (Germany)

	Pipetus 
	Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt (Germany)

	Polystryrene Round Bottom Test Tubes 5ml (FACS tubes)
	BD Bioscience, Franklin Lakes (USA)

	Quadro MACS Separating Magnet
	Miltenyi Biotec GmbH, Bergisch Gladbach (Germany)

	Serological Pipettes, polystyrene, 5ml + 10ml + 25ml 
	Greiner Bio-One GmbH, Frickenhausen (Germany) 

	Tissue culture plate 96 U
	TPP Techno Plastic Products AG, Trasadingen (Switzerland)

	Vertical Laminar Flow Hood SAFE 2020
	Thermo Fisher Scientific Inc., Waltham (USA)

	Water bath Aqualine AL18
	Lauda GmbH & CO. KG, Lauda-Königshofen (Germany)




Software
	Compound
	Company

	FACSDiva
	BD Bioscience, Franklin Lakes (USA)

	FlowJo10.6.1 
	FACS Analysis, Ashland (USA)

	GraphPad Prism 8
	GraphPad Software, Inc., La Jolla (USA)

	Office 2007/2010
	Microsoft Corp., Redmond (USA)




[bookmark: _Toc135667216]Methods
[bookmark: _Toc135667217]Lymphocyte isolation 
Blood was taken from healthy donors after receiving their written informed consent. This was then mixed with Dulbecco’s Phosphate Buffered Saline modified without calcium or magnesium (PBS-) (Sigma Aldrich) supplemented with ethylenediaminetetraacetic acid (EDTA) and then layered on 15 ml of Ficoll Paque Plus (GE Healthcare). After gradual centrifugation with low acceleration and deceleration at 800g for 30 min the peripheral blood mononuclear cell layer was retrieved into a Falcon tube, which was then filled up with PBS-. Centrifugation at 300g with quick acceleration and deceleration for 15 min revealed a cell pellet that was the taken up into MACS buffer and counted using the fluorescence cell counter LUNA-FL (Logos Biosystems). 

[bookmark: _Toc135667218]Magnetic activated cell sorting 
Cell subpopulations were isolated using magnetic activated cell sorting (MACS). This technique enables isolation of specific subgroups by labelling surface markers with magnetic beads. By running the solution through specific columns in a magnetic field, cells can be separated. For this, cells were resuspended in pre-cooled MACS buffer and labelled with either MACS microbeads or antibodies with subsequent microbead labelling (Miltenyi) according to protocol in relation to cell number (4°C for 5-15min). Falcons containing magnetically labelled cells were then filled up with MACS buffer and centrifuged at 300g at 4°C for 10 min. LS columns were placed into a pre-cooled QuadroMacs Separator magnet (Miltenyi) and rinsed with 3 ml MACS buffer before the cells resuspended in 1 ml MACS buffer were added. Falcons that previously contained cell suspensions were rinsed twice with 3 ml MACS buffer and run through the magnet before a final 3 ml of MACS buffer. Flow through was collected. When cells within the column were those desired, columns were removed from the magnet and 5 ml of MACS buffer was pushed through the columns and collected in a separate Falcon. This procedure was then performed once more. Cell suspensions were then centrifuged at 300g at 4°C for 10 min and the cell pellet was collected in XVivo (Lonza) supplemented with 1%Pen/Strep/L-Glut, counted and seeded as described below. 
B cell subpopulations were isolated using human CD19 microbeads for general B cell population and naïve B cell isolation kit (CD19+CD27-). Memory CD4+ T cells were isolated with the CD4+ T cell kit and consecutive naïve CD4+ T cell (CD45RA) for negatively sorting for memory T cells (CD45RO). All kits were used according to the manufacturer’s protocol (Miltenyi); the purity of sort was evaluated by flow cytometry analysis. 

[bookmark: _Toc135667219]Cell cultivation
Cells were finally cultured at a concentration of 1 Mio cells per ml in XVivo medium (Lonza) supplemented with 1% streptomycin/penicillin and 1% L-Glutamine. For B cell stimulation soluble CD40ligand (sCD40L) (1 μg/ml) (Enzo or ImmunoTools) and goat anti-human IgM B cell receptor cross-linking antibody (10 μg/ml) (Jackson Immunology) were added (9, 54, 101). 
Th1/Th17-like cell differentiation was achieved by the addition of anti-CD28 (2.5 µg/ml), IL-23 (10 ng/ml), anti-IFNy (5 µg/ml) and antil-IL-4 (5 µg/ml) after seeding the memory cell pool of T cells (CD4+ CD45RO) on OKT3 (anti-CD3) (2.5 µg/ml) coated culture plates for seven days with subsequent addition of IL-23 (10 ng/ml) on day 3. 
Cells were then treated with recombinant human BAFF (BioLegend) at different concentrations (2.5 ng/ml, 25 ng/ml, 50 ng/ml, 100 ng/ml, 500 ng/ml) and cultivated at 37°C 5% CO2 for three and six days (B cells) or treated on day six of the seven-day protocol for T cells. 

[bookmark: _Toc135667220]Flow cytometry
Flow cytometry is a common technique to identify expression of surface markers, cytokine production and transcription markers of cells that are previously labelled with fluorescent antibodies and permeabilised if necessary (for the detection of intracellular / intranuclear markers and cytokines). By a single-cell suspension running through the flow cytometer, fluorochrome-coupled markers are excited by three different laser beams at the corresponding wavelengths. Thereby, cell size is detected by forward scatter, cell granularity by sideward scatter and further markers by respective fluorochrome coupled markers resulting in a digital display of concomitant markers identifying specific cell subgroups.  For all of the experiments the FACS Canto II (BD Biosciences) in combination with the FACS Diva software (BD Biosciences) was used. Analysis was performed after compensation for spectral overlap using the FlowJo software version 10.6.1 (FlowJo LLC. USA). Within one experiment, laser settings remained the same. To ensure correct identification of population antibody isotypes, fluorescence minus one (antibody master mix without the antibody in question) and unstained controls were used.  
[bookmark: OLE_LINK1]Surface marker staining: Cells were washed in FACS buffer at 4°C 550g 5 min followed by antibody staining for B cells (CD19, CD27, CD24, CD38, CD3) or T cells (CD4, CD3) for 15 min at 4°C and then washed in FACS buffer. For live/dead staining propidium iodide (PI) was added just before recording with the FACS Canto II. Dead cells were excluded, lymphocytes identified through forward and sideward scatter and B cell / T cells gated according to their surface markers. 
Intracellular staining: To optimize cytokine detection, cells were stimulated by the addition of PMA (Phorbol-12-myristat-13-acetat) (20 ng/ml) and ionomycin (500 ng/ml); to ensure intracellular retainment of cytokines, brefeldin A was added for 5 h in XVivo 1% Pen/Strep/L-Glut at 37°C 5% CO2. For the unstimulated control, only brefeldin A was added. Cells were then washed in PBS- (550g 4°C 5 min) before fixable viability staining (BD Biosciences) was performed (15 min 4°C) in PBS-. Cells were then washed in FACS buffer before staining of surface markers by adding the antibody mix for 15 min at 4°C. Cells were then washed, before 150 μl Permeabilization/Fixation (1:4) (Thermo Fisher) was added for 30 min up to 18 h. Afterwards, cells were washed in Permeabilization Buffer (1:10) (Thermo Fisher) at 1000g 4°C for 5 min. Then to minimize unspecific binding, Fc blockage was performed in Permeabilization Buffer for 10 min at 4°C before the intracellular antibody mix was incubated for 15 min at 4°C. Cells were then washed once more before their uptake into FACS buffer and acquisition by FACS Canto II.  

[bookmark: _Toc135667221]ELISA
Enzyme-linked immunosorbent assay (ELISA) is a technique through which released factors can be evaluated in suspension. For this, fluorescent labelling of the cytokine in question is performed and absolute values calculated using a standard curve. 
Supernatants of naïve B cells were stimulated with PMA (20 ng/ml) and ionomycin (500 ng/ml) for 5 h before collection whilst CD19+ B cell supernatants were handled without stimulation. Supernatants were then kept at -80°C until analysis of IL-10 levels by IL-10 ELISA (Enzo Life) according to manufacturer’s protocol. All samples were analysed in duplicates and values then calculated using a standard curve. 

[bookmark: _Toc135667222]Statistical analysis 
All data was analysed and displayed using Graph Pad Prism 8 software. Data is shown as mean ± standard error of the mean. Statistical significance was assumed with a p < 0.05. After distribution analysis for normality of the values (Shapiro-Wilk), we performed analysis of variance (ANOVA) to evaluate parametric distributed values and compare each value with the untreated condition, corrected by multiple comparison, unpaired t-test or Mann-Whitney test when comparing two. All normalisation was performed to the untreated condition. Statistically significant outliers were identified and removed from the analysis if reasonable. Significance is always displayed with a p-value of * p < 0.05, ** p < 0.01, *** p < 0.001 or **** p < 0.0001.   Figures 2 and 12 were created with Biorender. 

[bookmark: _Toc135667223]Ethics
The study was performed in compliance with the Declaration of Helsinki; participants gave written informed consent.
[bookmark: _Toc135667224]

Results
[bookmark: _Toc135667225]Descriptive analysis of B cells
Our first aim was to identify subgroups of B cells through the expression of their surface markers as described in Figure 2. Gating strategy is shown in Figure 3. Gating for lymphocytes was performed through side and forward scatter, for living cells through the lack of propidium iodide uptake and B cells through representation of CD19 and lack of CD3 on surface. All of the following named percentages in this paragraph account for the proportion of specific subgroups out of CD19+ CD3- B cells from the untreated condition of previously sorted B cells through MACS sort for CD19. 
B cells were gated for CD27 and IgD expression identifying a mean of 17.06% on day 3 (D3) and 19.76% on day 6 (D6) as CD27+ IgD- switched memory B cells (D3 95% confidence interval (95%CI) [8.124; 25.99]; D6 95%CI [4.724; 34.8], n = 7). A mean of 47.86% on day 3 and 43.23% on day 6 (D3 95%CI [32.93; 62.79]; D6 95%CI [28.92; 57.54]) lacked CD27 and displayed IgD, thereby identifying as naïve B cells (CD27- IgD+).
Cells expressing a mean of 25.22% on day 3 and 24.79% on day 6 (mean; D3 95%CI [15.34; 35.10]; D6 95%CI [15.08; 34.49] lacked CD27 and IgD (CD27- IgD-) were described as double negative.
Memory B cells can also be identified by the high expression of CD24 with co-expression of intermediate levels of CD38 (D3 mean: 18.63, 95%CI [12.22; 25.03], n = 6; D6 mean: 20.29, 95%CI [10.34; 30.25], n = 7). The proportion was comparable to memory B cells identified through CD27 expression and lack of IgD.
A mean of 14.69% on day 3 and 13.36% on day 6 (D3 95%CI [9.792; 19.58], n = 6, D6 95%CI [3.401; 23.32], n = 7) were regulatory B cells, co-expressing high levels of CD24 and CD38, including CD27- transitional B cells and CD27+ Bregs. 
A mean of 51.78% on day 3 and 44.81% on day 6 (D3 95%CI [41.47, 62.10.]; n = 6, D6 95%CI [36.29; 53.33], n = 7) of CD19+ CD3- B cells displayed intermediate levels of CD24 and CD38 on their surface, and thereby were identified as mature naïve B cells. 
[image: ]
[bookmark: _Ref135556179][bookmark: _Toc135556694]Figure 3: Gating of B cell subgroups
: Gating for lymphocytes by sideways scatter (SSC-A) and forwards scatter (FSC-A), then for living cells by the lack of propidium iodide (PI) uptake. B cell gating by CD19+ and CD3-. Then gating was performed for either IgD and CD27 or CD24 and CD38 identifying: CD27- IgD+ naïve B cells, CD27- IgD- double negative B cells, CD27+ IgD- switched memory B cells, CD27+ IgD+ non-switched memory B cells; CD24+ CD38int memory B cells, CD24+ CD38+ regulatory B cells, CD24int CD38int mature naïve B cells.

[bookmark: _Toc135667226]BAFF increases IL-10 release of naïve B cells 
It was previously suggested that IL-10 release in murine splenic B cells was increased by BAFF treatment (102). Therefore, we treated human naïve B cells (CD19+CD27-) and cells from the general B cell pool (CD19+) with different concentrations of BAFF for three and six days. Then ELISA of the supernatants was performed. Here, we could show a significant increase in IL-10 release by naïve B cells treated with 50 ng/ml of BAFF on day 3 (mean difference to untreated: -0.2087, 95%CI [-0.4, -0.01733], p = 0.0398, n = 5) when normalised to the untreated condition. This effect was not present with any other concentration of BAFF, nor on day 6 (Figure 4). Viability was only significantly decreased when comparing untreated day 3 to treated with 500 ng/ml on day 6 (mean difference: 0.76%, p = 0.0394, not shown). For all other conditions, no difference in viability was detected. Viability was determined by the percentage of lymphocytes not taking up PI.
In contrast to naïve B cells, IL-10 release was not significantly influenced by BAFF independent of concentration within the general pool of B cells (not shown). Here one must take into account that the general B cell pool experiments were performed without stimulation with PMA and ionomycin. There was no significant difference in viability between the treatment conditions. 
[image: ]
[bookmark: _Ref135556049][bookmark: _Toc135556695]Figure 4: IL-10 release in B cell subgroups treated with BAFF: IL-10 release in naïve B cells treated with different concentration of BAFF on day 3 and day 6, normalised to untreated. *p < 0.05.

[bookmark: _Toc135667227]BAFF decreases memory and pro-inflammatory B cells 
Not only cytokine release but also surface markers can identify different stages of maturity and inflammatory potential of B cells. This is especially important, as different subgroups carry various importance in disease development. Li et al. identified B cells representing CD27+ IgD- CD24+ CD38int as the pro-inflammatory B cell type most common in MS (9). Therefore, we sorted lymphocytes for CD19 or CD19 and lack of CD27 (CD19+ CD27-) and treated those cells with different concentrations of BAFF (untreated, 50 ng/ml, 100 ng/ml, 500 ng/ml) in culture for three and six days, when FACS analysis for subgroups was performed. Exemplary gating strategy for subgroups identified by surface markers is shown in Figure 3. 
Treatment with 500 ng/ml of BAFF significantly decreased the proportion of switched memory B cells (CD27+ IgD-) within the general B cell population on day 6 (mean difference 0.3302, 95%CI [0.2242, 0.4362], p = 0.0008) and nearly significantly on day 3 (mean difference: 0.09271, 95%CI [-0.01603, 0.02015], p = 0.0805) Figure 5A. Moreover, BAFF significantly decreases the proportion of switched memory B cells (CD27+ IgD-) of the naïve B cell population with lower concentrations of BAFF as well, but solely on day 6 (with 50 ng/ml; mean difference: 0.4217, 95%CI [0.06432, 0.7791], p = 0.0293; with 100 ng/ml; mean difference 0.4157 95%CI [0.07863, 0.7528], p = 0.0252), not reaching significance with 500 ng/ml (mean difference: 0.3223, 95%CI: [-0.08474, 0.7293], p = 0.0999) (Figure 5C). 
As described above, memory B cells can also be identified by a high representation of surface marker CD24 with intermediate levels of CD38. Even though the drop in the proportion of memory B cells when applying these markers is not as clear, it seems to follow the same tendency with a drop on day 6 when B cells are exposed to a high concentration of BAFF (500 ng/ml mean difference 0.2424, 95%CI [-0.02168, 0.5064], p = 0.0651) (Figure 5B). This effect seems not to be as strong in naïve B cells (Figure 5D).  
[image: ]
[bookmark: _Ref135556337][bookmark: _Toc135556696]Figure 5: Influence of BAFF on proportion of memory and pro-inflammatory B cells: Proportion of memory B cells defined by co-expression of CD27+ IgD- (A&C) or CD24hi CD38int (B&D) after exposure of CD19+ (A&B) or CD19+ CD27- (C&D) B cells with different concentrations of BAFF for three or six days normalised to untreated.  *p < 0.05, ***p< 0.001

[bookmark: _Toc135667228]BAFF increases proportion of mature naïve B cells
Further investigating the influence of BAFF on the proportion of B cell subgroups, BAFF was shown to decrease regulatory B cells (CD24+ CD38+) on day 3 within the general B cell pool (CD19+) treated with 50 ng/ml BAFF (mean difference: 1.372, 95%CI [0.09362, 2.650], p = 0.0387) (Figure 6A). However, this cell type could include naïve and memory B cells. 
Therefore, we investigated which subgroups concomitantly increased with BAFF treatment. Naïve B cells representing IgD expression whilst lacking CD27, were raised on day 3 (mean difference: -1.9, 95%CI [-2.677, -1.123], p = 0.0006) (Figure 6B) whilst the proportion of B cells expressing intermediate levels of CD24 and CD38 (CD24int CD38int) increased on day 6 (mean difference: -4.014, 95%CI [-7.256, -0.7723], p = 0.0207) (Figure 6C), both with 50 ng/ml BAFF. Combining these markers identify mature naïve B cells (Figure 2), therefore most likely indicating an increase in mature naïve B cells through BAFF exposure. These dynamics could not be shown in naïve B cells treated with BAFF (data not shown).
[image: ]
[bookmark: _Ref135556458][bookmark: _Toc135556697]Figure 6: Influence of BAFF on proportion of subgroups of B cells: Change of percentage of (A) regulatory B cells (CD24+ CD38+), (B&C) mature naïve B cells representing IgD on their surface, intermediate levels of CD24 and CD38 and lacking CD27. All presented as percentage of CD19+ CD3- cells from pre-sorted B cells (CD19+) after three and six days of BAFF treatment.   *p < 0.05, ***p < 0.001

[bookmark: _Toc135667229]BAFF increases double negative B cells 
On another note, 50 ng/ml BAFF also increased double negative B cells (CD27- IgD-) on day 6 from the general B cell pool (CD19+) (mean difference: 0.1794, 95%CI [-0.3362, -0.02271], p = 0.03231) (Figure 7). Double negative B cells are thought to have undergone class switch but were unable to gain CD27 on their surface. These are associated with autoimmune diseases such as SLE and rheumatoid arthritis but have not been associated with a unique role in the development in multiple sclerosis (103). 
[image: ]
[bookmark: _Ref135556547][bookmark: _Toc135556698]Figure 7: Influence of BAFF on proportion of double negative B cells: Proportion of CD27- IgD- B cells (of CD19+ CD3- cells) after treatment with different concentrations of BAFF for 3 or 6 days normalised to untreated. *p < 0.05

[bookmark: _Toc135667230]BAFF has no effect on cytokine release by Th1/Th17-like cells nor on the GM-CSF release by B cells 
BAFF not only has been shown to influence B cells but also T cells. Therefore, CD4+ CD45RO- memory T cells shifted to a Th1/Th17-like type for seven days were treated with different concentrations of BAFF (untreated, 50 ng/ml, 500 ng/ml) for the final 24 h. The cytokine profile was then investigated by FACS analysis. The percentages of GM-CSF, IFNγ and IL-17A positive T cells were not significantly changed by BAFF (Figure 8). 
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[bookmark: _Ref135556584][bookmark: _Toc135556699]Figure 8: Cytokine profile in Th1/Th17-like cells treated with BAFF: (A) IFNγ, (B) IL-17A and (C) GM-CSF positive Th1/Th17-like cells from shifted T cells exposed to different concentrations of BAFF.  

As described above, GM-CSF releasing B cells were displayed to be of high prevalence and importance in MS pathogenesis (9, 25). A role of BAFF on these has to our knowledge not been discovered, yet. Therefore, we also investigated the impact of BAFF on the proportion of GM-CSF positive B cells. Exposure to different concentrations of BAFF (50ng/ml, 100ng/ml, 500ng/ml) for 3 or 6 days did not change the percentage of GM-CSF releasing B cells in neither pre-sorted naïve (CD19+CD27-) nor the general pool of B cells (CD19+) (Figure 9 A,B). 


[image: ]
[bookmark: _Ref135556624][bookmark: _Toc135556700]Figure 9: Proportion of GM-CSF positive B cells after treatment with BAFF: (A) Pre-sorted naïve B cells (CD19+ CD27-) or (B) CD19+ B cells treated with different concentration of BAFF for 3 or 6 days. All displayed as percentage of B cells (CD19+CD3-). 


[bookmark: _Toc135667231]Discussion
Multiple sclerosis patients present a disbalance with a burden of pro-inflammatory cell functions. In terms of this, not only a lack of regulatory B cells but also a dysfunction of these in inflammatory T cell suppression have been shown in disease (104, 105). 
The long-term effect of B cell depletion therapy, acting through cellular cytotoxicity and apoptosis, with data showing protection even after repopulation of B cells supports the theory of a ‘reset’ in B cell biology (24, 34). Previous studies show an increase in BAFF correlating with B cell depletion, making it a possible factor in this ‘reset’ (19, 106, 107). BAFF has been shown to be important in B cell maturation and its role is accounted pro-inflammatory in multiple autoimmune diseases (108, 109). Even though the antagonization of BAFF showed efficiency in the treatment of the murine MS model EAE, it had devastating effects in MS patients reflecting a possibly regulatory function in multiple sclerosis (96, 98, 110, 111). However, the underlying reasons are still unclear. 
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[bookmark: _Ref135556731][bookmark: _Toc135556701]Figure 10: Effect of BAFF on the proportions of B cell subgroups and IL-10 release: Schematic display of BAFF effect on the different B cell subgroups. Effect in CD19+ pre-sorted B cells indicated by blue arrows, in CD19+CD27- pre-sorted naïve B cells by green arrows, markers used in this work for identification of subgroups in bold. 
We could show that the percentage of the mature naïve B cell type (CD27- IgD+ & CD38Int CD24Int) from B cells (CD19+) is greater when exposed to BAFF. Furthermore, the proportion of memory B cells (CD27+ IgD- ; CD24hi CD38int), from naïve B cells and within the general B cell pool, was decreased by BAFF exposure. A schematic overview of the BAFF effect is displayed in Figure 10.
This dynamic is mirrored in previous clinical data displaying repopulating B cells after depletion through rituximab to be predominantly less mature but highly activated (19). Repopulating B cells after depletion through the monoclonal antibody against the lymphocytic surface protein CD52 (alemtuzumab) that demolishes B and T cells, were mostly mature naïve B cells correlating with high BAFF levels (112, 113). Alemtuzumab has been shown to be greatly efficient in therapy resistant MS leading to a long-term stabilisation of the disease. Moreover, the blockage of BAFF through the medication atacicept was shown to limit the survival of naïve B cells as well as plasmablasts while it had no impact on memory B cells (41). All this supports the important role of BAFF in maintaining naïve B cells, which seems to play an important role in MS flare control (96). 
The drop of memory B cells through BAFF exposure is of particular interest as CD27+ IgD- CD24hi CD38int memory B cells were described to be the major pro-inflammatory B cell type present in MS (9). Generally, memory B cells are accepted as disease driving and have been shown to correlate positively with clinical activity (displayed by high EDSS) under interferon therapy (114).

We could also show that in line with previous data of murine splenic cells, BAFF leads to an increase in IL-10 release by naïve B cells (102). The regulatory cytokine IL-10 is particularly decreased in patients with MS and replacement in EAE showed promising results (46-49). Comparing all this to naïve B cells from people with MS would be particularly interesting as there have been suggestions that their release of IL-10 is malfunctioning (104). Nevertheless, IL-10 plays a dichotomous role in disease, as it has for example been shown to be responsible for scar formation in chronic MS (51).
The surge in IL-10 was not present in the CD19 general B cell pool treated with BAFF. This might be explained through a role of different ligand stimulation in inducing IL-10 release. For example, multiple studies suggest an induction of IL-10 in naïve B cells through CD40 activation, usually by activated T cells (34, 44, 54). In memory IL-10-releasing B cells (‘Bregs’), this was shown to be triggered through toll-like-receptor 4 and 9 activation that is usually pathogen-induced (34, 44, 54, 115, 116). We stimulated B cell receptor and CD40 to represent antigen binding and stimulation through T cell interaction, respectively (29). Even though not directly triggered, evidence proves interlacing of toll-like-receptor with B cell receptor (BCR) response (117). Further co-stimulation through CD80/86 coupling by T cells’ CD28 is another trigger point that should be investigated in future studies. CD80 positive B cells are shown to be elevated in MS, indicating future importance in investigation (118). 

In literature, a great variability on specific markers of B cell subgroups can be found. Therefore, part of this work was also to define the different subgroups of B cells according to the greatest cross over between publications on B cell subgroup defining markers in humans. Memory B cells were identified by the expression of CD27 and lack of IgD, and by the expression of high levels of CD24 and intermediate levels of CD38 (37, 119). A measurement of the co-expression would have been preferential, but proportions were comparable applying both definitions. 
Naïve B cells are generally defined by the lack of CD27 and expression of IgD on their surface (37). Mature naïve B cells, the stage between transitional and memory B cells, are identified by an intermediate level of CD24 and CD38, as well as displaying IgD whilst lacking CD27 (120). Regulatory B cells highly express CD24 and CD38 on surface, including CD27 negative transitional and CD27 positive ‘Bregs’, both accounted for as main producers of IL-10 (20, 42, 44, 60). Double negatives, a cell type associated with autoimmune disease, are defined by a lack of CD27 and IgD expression on surface (103).
The percentages of memory B cells, mature naïve and naïve B cells from CD19+ B cells were comparable to, whilst the proportion of double negative and regulatory B cells in this work were around 5 -10 % greater than in previously described ex vivo proportions (119-122). Subgroups were previously shown to be different depending on the age of the donor. Two out of three previous papers describing ex vivo proportions did not pre-sort for B cells, and did not apply intracultural stimulation; moreover, their cohorts were of Asian and Hispanic ethnicity, whilst our cohort was Caucasian, possibly explaining minor differences (119, 121, 122).

CD20 antibody therapy (rituximab and ocrelizumab) has also been shown to influence highly activated, migratory and pro-inflammatory CD20+ CD3+ T cells and lead to an increase in naïve / effector T cell ratio. Furthermore, ocrelizumab was found to induce Tregs and increase IL-10-expressing T cells whilst decreasing IFNγ-releasing T cells. 
Lastly, we therefore investigated the influence of BAFF exposure on the release of the pro-inflammatory cytokines GM-CSF, IFNγ and IL-17A by Th1/Th 17-like cells but could not show any significant direct effect. In contrast, previous studies showed greater activation and cytokine release by murine and human T cells (CD3+) in vitro and greater proliferation in memory (CD45RO) and naïve (CD45RA) T cells through BAFF exposure (82, 85). However, cytokine profiles were to our knowledge not previously investigated in subgroups of T cells treated with BAFF. Using our pre-established protocol, we tried to investigate the effect of BAFF on pro-inflammatory Th1/Th17-like cells. The fact that fully developed T cells do not depend as much on external activation signals could explain these observations. 

[bookmark: _Toc135667232]Summary & Outlook
It seems clear that B cells carry an important role in the pathogenesis of MS. However, it is still unclear how this role is exerted and influenced. We aimed to shed more light on the direct effect of BAFF on the proportion of different B cell subgroups by categorising these based on previous research and identifying particularities of the BAFF-immune cell interaction. 
There has been a great discussion on the role of BAFF influencing immune cells and disease activity in MS. For years, the perception of a pro-inflammatory role of BAFF was carried by its clinical correlation with autoimmune diseases including its role in promoting B cell survival, proliferation and prevention of apoptosis of antibody-secreting cells from the memory B cell pool (74). The surprising detrimental effect of antagonising BAFF signalling in MS stands in great contrast to the effect in other autoimmune diseases. This points out that there must be other underlying aspects specific to this inflammatory disease of the CNS. 
In this study, no pro-inflammatory impact on B cells through BAFF exposure in terms of memory B cell proliferation or GM-CSF, IFNγ, or IL-17A release could be shown. Pro-inflammatory cytokine profiles from Th1/Th17-like cell were also not influenced by BAFF.  
In contrast, we could show that BAFF induces particular effects on B cells, by maintaining mature naïve B cells, increasing IL-10 release and reducing the proportion of disease-promoting memory B cells. Therefore, we argue for a rather anti-inflammatory role BAFF enacts on B cells and possibly in MS pathogenesis. 
Identifying markers specific for B cell subgroups has been a difficulty due to dynamic changes of surface markers during maturation, cell interaction and immune activation. Human B cells in MS also seem to be greatly heterogeneous in phenotype and those inhabiting the CNS are almost impossible to investigate (19).  We display a clear overview of the B cells subgroups and the roles they enact. Future clinical studies will more closely define their specific roles in MS induction and maintenance.
This study displays a great variance of the BAFF effect in human cell culture. This makes us believe that the B cell / BAFF interaction is greatly susceptible to minor changes in BAFF concentrations and part of a very complex interplay of specific receptor-ligand interaction and the primary B cell type present. Only little is known for example about the effect of specific BAFF receptor activation / dimer development and blockage. In the pathogenically related disease rheumatoid arthritis, BAFF-R levels were significantly reduced in those relapsing after repopulation of B cells after CD20 treatment, interestingly independent of the BAFF serum levels (123). 
Furthermore, one should not underestimate the interaction between different immune cells, not represented in this work. This study was performed on B cells retrieved from healthy donors and the ‘setting’ of B cells in MS could be unalike (29). The pathogenesis of MS certainly differs from other autoimmune diseases but even from the murine antibody or T cell mediated MS model EAE. Furthermore, statements made on the basis of peripheral immune cells should be made carefully as the correlation between cytokine levels in CSF and serum is for example weak and multiple factors within the CNS are difficult to investigate (31). A great impact might also be displayed by the direct interaction of B cells and BAFF with cells of the CNS. As such, activation by APRIL, binding to two of the three BAFF receptors, has shown to induce an anti-inflammatory reaction and IL-10 release by astrocytes (124). 
In the future, long-term repopulation studies on cell types and BAFF levels in connection with clinical phenotypes (EDSS) and relapse rates will be particularly interesting.  Intrinsic signalling explaining the influence BAFF exerts on phenotype and cytokine release from B and T cells is also still to be explored.

Altogether, this work begins to find an explanation for the possibly protective effect BAFF enacts in development and maintenance of MS, by promoting anti-inflammatory B cell types and cytokines whilst reducing pro-inflammatory memory B cells. The novel perception of BAFF as a regulatory player, that our findings support, offers the opportunity for a future use in personalized therapy, possibly further reducing side effects whilst suppressing disease activity.
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