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INTRODUCTION 

 

ANTIBODIES – FOCUS ON IGM  

The humoral immune response is characterised by the production by B cells of antibodies that protect 

against infection. The type of antibody secreted evolves as long as the immune response develops. 

Antibodies are composed of two heavy and two light chains. Functionally, all antibodies possess two 

domains - one that confers the antigen specificity, known as the antigen binding fragment (Fab), and 

another that drives antibody function, known as the crystallisable fragment (Fc), formed by the 

assembly of two C-terminal regions of the heavy chain connected by a disulfide bridge between two 

conserved cysteine residues (Williams & Barclay, 1988). The Fc domain determines the isotope of the 

antibody. Five isotopes (IgM, IgD, IgG, IgA and IgE) and six subclasses (IgG1-4 and IgA1 and IgA2) 

exist in humans, each with its own set of effector functions (Schroeder et al, 2019). Each antibody has 

two Fab domains and one Fc domain, generating a molecule that can either exist as a monomer or form 

multimers (pentamers or hexamers in the case of IgM, dimers in the case of IgA). During the early 

stages of B cells differentiation, V(D)J recombination takes place to assemble variable (V), diversity 

(D) and joining (J) segments of the V exon of the immunoglobulin genes, giving rise to diverse 

repertoires of B lymphocytes, each expressing receptors for a specific antigen (Tonegawa, 1983). After 

having encountered the cognate antigen, B cells are activated and begin to proliferate in the germinal 

centres. During this proliferation stage, immunoglobulin genes undergo two types of DNA 

modification: class-switch recombination and somatic hypermutation. Class-switch recombination 

consists in the replacement of the heavy constant region gene from the constant mu region to one of 

the other constant heavy genes, resulting in the switch of the immunoglobulin isotype from IgM/IgD 

to IgG, IgE or IgA, retaining the antigen-binding properties but assuming new functional capacities 

due to the newly acquired Fc domain. Somatic hypermutation consists in the massive accumulation of 

point mutations in the variable genes of the heavy and light chains, giving rise to high-affinity 

antibodies. Both the Fab and the Fc domains acts together to drive antibody effector function and 

pathogen clearance (Lu et al, 2018). The class of each antibody determines the location to which the 

antibody is delivered (IgA and IgM for example provide protection in mucosal tissues), the avidity of 

the antibody, and effector functions like complement activation, neutralisation of virus and toxins, and 

Fc receptor binding on other immune cells, thus mediating antibody dependent cellular cytotoxicity 

and antibody dependent phagocytosis. The Fc region can also affect the affinity or kinetics of binding 

of the antibody by the variable region and thus influence antigen recognition or binding (Torres & 

Casadevall, 2008). 

IgM is the first antibody isotope to be secreted in response to infection and is the only antibody present 

in all vertebrates (Fellah et al, 1992). However, IgM antibodies have historically been considered less 

interesting than IgG for the development of the humoral response, perhaps due to a reported lower 
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affinity and to the two distinct waves of high IgM and IgG serum that follow a primary infection or 

immunization (Eisen, 2014). Early IgM production comes largely from unmutated plasmablasts before 

class-switching. Although class-switched plasmablasts can contribute to the early antibody response, 

the production of somatically hypermutated high-affinity IgG from long-lived, germinal center –

derived plasma cells dominate the later stages of controlled infection and is associated with immediate 

protection from subsequent challenge (Victora & Nussenzweig, 2012). Past studies trying to 

characterize pathogen-specific BCR repertoires used limiting dilution seeding (Banchereau, 2015) or 

B cell immortalization (Kwakkenbos et al, 2010; Traggiai et al, 2004) for functional interrogation of 

secreted antibodies, but analysed only the IgG repertoire, ignoring the presence of both IgM-expressing 

memory cells as well as the presence of serologically protective IgM response (Banatvala & Chrystie, 

1977). Only recently, IgM antibodies have come into focus, after studies in murine models showing 

that, other than thought previously, antigen-specific IgM long living plasma cells persist in the spleen 

in response to vaccination or infection and secrete high titres of antigen-specific IgM throughout the 

lifetime (Bohannon et al, 2016). Functionally, IgM antibodies can confer the host protection against 

viral and bacterial infections (Harada et al, 2003; Skountzou et al, 2014; Throsby et al, 2008; Racine 

et al, 2011) and monoclonal IgM antibodies isolated from human patients have been shown to protect 

mice against a lethal challenge of H5N1 and H1N1 influenza viruses (Throsby et al, 2008). One of the 

unique features of IgM is the ability to form pentamers and hexamers, enabling high-avidity 

interactions with antigen (Brewer et al, 1994). Interestingly, in vitro class switch of monoclonal 

antibodies from IgM to IgG1 or IgG3 can result in loss of binding capacity, with a similar binding 

profile shown also by IgM derived Fab fragments, suggesting that the full binding capacity is supported 

by the IgM Fc domain (Lindner et al, 2019). Artificial production of monomeric IgM by mutating the 

C terminus C575S residue results instead in a similar binding profile as the wild-type IgM, suggesting 

that the effects of switching the constant region are isotype intrinsic and not due to a change in avidity 

(Lindner et al, 2019). IgM mediated neutralization capacity has been investigated in comparison with 

their IgG counterparts. Thouvenel et al (Thouvenel et al, 2021) observed that IgM antibodies against 

Plasmodium parasites lost their potency if converted to monomeric IgG. Shen et al (Shen et al, 2019) 

isolated two influenza-neutralizing antibodies from influenza virus-infected mice 7G6-IgM and 3G10-

IgM. When made into a chimeric antibody with human IgG1 constant regions, the potency of the more 

potent antibody 7G6-IgM fell by around 100-fold, while the less potent 3G10-IgM did not change 

significantly. The IgM version also offered better in vivo protection against challenge with various 

influenza strains than did the IgG version. An obvious question is what the mechanistic basis for this 

IgM class-dependent potency might be. Thouvenel et al (Thouvenel et al, 2021) ascribe the effect of 

IgM to IgG class switch partly to the reduction in avidity caused by the reduction in valency, and partly 

to other factors, for example, enhanced steric blockade or epitope accessibility. Either conformational 

influence of the Fc region on the paratope (Janda et al, 2012), or the effect of Fc region flexibility on 
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the ability of the antigen-binding domains to access the epitope (Tobita et al, 2004) might influence 

antigen binding. 

 

 

AUTOANTIBODIES IN NEUROLOGICAL DISEASES AND MULTIPLE SCLEROSIS 

Autoimmune diseases are caused by the recognition of self molecules by lymphocytes or antibodies, 

resulting in cellular lysis and/or an inflammatory response in the affected organ. Aberrant responses to 

self have been linked to over 80 inflammatory disorders, collectively defined as ‘autoimmune diseases’ 

(Theofilopoulos et al, 2017) and more than 25 new types of autoantibodies have been described 

recently in patient with neurological diseases (Prüss, 2021). The discovery of novel antibodies is 

fundamental for understanding the disease cause and for diagnostic and therapeutic decision. 

Clinical symptoms observed in antibody-associated neurological diseases include memory 

impairment, behavioural abnormalities, seizures, psychosis, movement disorders, vegetative 

dysfunction. Two main types of autoantibodies can be detected in serum and cerebrospinal fluid (CSF) 

of patients with autoantibody associated neurological syndromes. Onconeural antibodies, targeting 

intracellular antigens, almost always indicate the presence of an underlying cancer (e.g. anti-Hu 

antibodies); thus, although these antibodies are not pathogenic, they are excellent biomarkers of 

paraneoplastic syndromes (Graus et al, 2016) and can guide the search for the underlying tumor. Auto-

antibodies targeting instead neuronal cell surface antigens have direct pathogenic effects and probably 

cause the neurological disorder. They are associated with distinct neurological syndromes and can 

occur in patients with or without cancer. Examples of disease-specific autoantibodies against neuronal 

cell surface-derived antigens and associated with clinically and diagnostically defined syndromes 

include the N-methyl-D-aspartate receptor (NMDAR) and leucine-rich glioma-inactivated 1 (LGI1) in 

autoimmune encephalitis; the aquaporin-4 (AQP4) water channel or myelin oligodendocyte 

glycoprotein (MOG) in patients with neuromyelitis optica spectrum disorders (NMOSDs) and MOG 

antibody-associated disorders (MOGADs), respectively; and the acetylcholine receptor (AChR) and 

muscle-specific tyrosine kinase (MuSK) in patients with myasthenia gravis (MG) (Dalmau et al, 2007; 

Irani et al, 2010; Huda et al, 2019; Spadaro et al, 2018; Gilhus, 2016). Complement activation, cross-

linking and target receptor internalization, direct stimulation or blockage of the target receptor, 

interference with protein-protein interactions and antibody-dependent cytotoxicity are all possible 

mechanisms by which antibodies may exert their pathogenic effect.  

 

Multiple Sclerosis 

Multiple Sclerosis (MS) in a chronic demyelinating disease of the central nervous system (CNS). It is 

typically diagnosed between the third and fourth decade of life, occurs more frequently in women than 

men and is considered the most common neurological cause of disability in young adults, with a 

prevalence greater than 1 in 1000 (Wallin et al, 2019). The clinical course of MS includes a relapsing-
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remitting form (RRMS), that regards approximately 90% of patients who experience self-limiting 

episodes of neurological dysfunction, and primary progressive form (PPMS) regarding the 10% of 

patients, in which the neurological disability chronically worsens without any evidence of discrete self-

remitting events. Eventually, 50% of patients with RRMS will develop progressive disability 

independent from relapses in what is called secondary progressive MS (SPMS) (Lublin & Reingold, 

1996; Miller & Leary, 2007; Lorscheider et al, 2016). The trigger(s) of MS remains unknown, but an 

interplay between genetic, epigenetic, and environmental factors is believed to have a pathogenic role 

in the disease (Olsson et al, 2016).  

The notion that MS is an autoimmune disorder is supported by several, albeit indirect, lines of 

evidence: CNS plaques contain conspicuous inflammatory infiltrates composed mainly of lymphocytes 

and macrophages (Kutzelnigg & Lassmann, 2014); intrathecally produced oligoclonal antibodies are 

present in the CSF (Stangel et al, 2013); genetic risk variants revealed by genome-wide association 

studies are mostly immune system related genes (Sawcer et al, 2014); immunotherapies with different 

mechanisms have shown positive treatment effects (Haghikia et al, 2013); and finally, most aspects of 

multiple sclerosis can be closely mimicked in autoimmune animal models, collectively named 

experimental autoimmune encephalomyelitis (EAE) (Gold et al, 2006).  

In the recent years, following the striking efficacy of CD20-depleting therapies in reducing the disease 

activity (Hauser et al, 2008a), the interest for a B cells involvement in the pathogenesis of MS has 

grown rapidly. Several lines of evidence support an antibody-mediated pathogenesis of the disease, 

including the presence of antibodies (Mehta et al, 1981), B cells (Archelos et al, 2000) and activated 

complement (Storch et al, 1998) in active multiple sclerosis lesions and the fact that treatments 

effective in autoantibody-mediated diseases such as intravenous immunoglobulin (Lisak, 1998) and 

plasma exchange (Weinshenker et al, 1999) may have benefits in some multiple sclerosis patients.  

One of the clinical hallmarks of the MS is the presence of intrathecal immunoglobulin production, 

identifiable at the CSF examination as oligoclonal bands (OCBs) (Johnson et al, 1977); OCBs are not 

only a diagnostic and prognostic tool (Stangel et al, 2013) but also one of the strongest evidences for 

an involvement of humoral immune response. CSF B cell count is generally increased in the CSF of 

patients with MS, particularly in those with contrast-enhanced lesions on MRI (Eggers et al, 2017) and 

B cells can be detected in the CNS lesions in early to late stages of the disease, most abundantly in 

active lesions of patients with RRMS (Machado-Santos et al, 2018). Moreover, ectopic lymphoid 

follicle-like structures containing CD20+ B cells, CD138+ plasma cells and follicular dendritic cells 

have been identified in the leptomeninges of patients with SPMS (Serafini et al, 2004; Magliozzi et al, 

2007; Howell et al, 2011). Although apparently restricted to late disease phases, lymphoid-like 

structures in the brains of patients with MS provide a microenvironment for B cell expansion and 

maturation, and hence local immunoglobulin production. Interestingly, the phenomenon of B cell 

accumulation and formation of ectopic lymphoid tissue with distinct T cell areas and B cell follicles 

occurs also in other antibody-mediated diseases, such as myasthenia gravis and autoimmune thyroiditis 
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(Roxanis et al, 2002; Aloisi & Pujol-Borrell, 2006; Magalhães et al, 2002), suggesting that B cell 

infiltration and lymphoid organization in the MS brain could be causally related to the disease.  

The rapid onset of CD20 depletion effect (Hauser et al, 2008b) combined with the fact that the therapy 

doesn’t deplete antibody producing cells such as plasmablasts and plasma cells, indicates that the effect 

of these therapies does not only rely on the global reduction of humoral immunity, and that the 

pathogenic role of B cells in MS is likely not restricted to antibody production (Hauser, 2015; Hohlfeld 

& Meinl, 2017). B cells are likely to influence MS pathology through additional effector functions 

including antigen presentation and roles in proinflammatory and regulatory immune responses (Von 

Büdingen et al, 2015; Krumbholz et al, 2012). B cells represent a unique population of APCs, highly 

specialized in presenting only those antigens that bind to their clonal BCR or Ig molecule. Moreover, 

B cells entering the CSF are important for recruiting other inflammatory cells and promoting their 

survival (Lehmann-Horn et al, 2015). Finally, B cells from patients with MS have been reported to be 

inherently polarized toward secretion of high levels of pro-inflammatory molecules including IL-6 and 

granulocyte macrophage-colony stimulating factor (GM-CSF), and lower levels of regulatory cytokine 

IL-10 (Li et al, 2015; Barr et al, 2012). Despite the rapid response of B cell depletion therapy on focal 

inflammation argues against a primary effect on antibodies, the possible elimination of a yet-to-be-

identified autoantibody in MS cannot be completely excluded.  

 

MACACS AND MONOCLONAL ANTIBODIES  

The study of class antibody class specific properties requires the use of monoclonal antibodies of 

different classes specific for a defined pathogen. Research and industrial attention have greatly 

developed during the past decade, with more than 45 therapeutic antibodies licensed for treatment of 

neoplastic or autoimmune diseases. However, both have focused overwhelmingly on IgG, with the 

result that the specific properties of other classes are still very poorly characterized, Methods that have 

been proposed and widely used for monoclonal antibody production include phage display libraries 

produced from humans with a humoral response of interest (Plaisant et al, 1997; Mao et al, 1999). 

Although this technique has produced numerous useful antibodies, its applicability is limited by 

differences in binding properties between antibodies expressed in bacterial and eukaryotic cells. In 

addition, phage display may result in heavy- and light- chain combinations that do not occur in the 

same B cell in vivo. Human B cells can also be immortalized by Epstein-Barr virus (EBV) 

transformation (Traggiai et al, 2004; Åman et al, 1984; Bonsignori et al, 2011), with or without the 

use of toll-like receptor ligands. However, these techniques can be inefficient and transformed clones 

can be lost because of instability.  

One of the technical difficulties relies in the fact that only a small fraction of the total B cells is specific 

for a certain antigen. A commonly used method for antigen-specific B cell isolation is the selection by 

fluorochrome-conjugated soluble antigens (Casali et al, 1986; Di Niro et al, 2010; Scheid et al, 2009), 

followed by immunoglobulin gene cloning, but this has the disadvantage that many antigens lose their 
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native conformation when produced in a soluble form, and given the importance of antigen 

conformation for both anti-viral and autoimmune antibodies, the power of this approach may be 

overestimated. Moreover, affinity of a B cell for a specific antigen may be influenced by factors like 

glycosilation, interaction with other cell expressed membrane components, assembly into multi-

subunit complexes, which all depend on the membrane expression by a suitable cell. Others recently 

have described effective protocols for antigen-specific B cell isolation include negative selection to 

exclude polyspecific B cells that bind to irrelevant antigens (Robbiani et al, 2020; Thouvenel et al, 

2021). One known property of B cells is that when the affinity for a membrane protein extracellular 

domain antigen is high enough, they extract the protein from the membrane and rapidly become highly 

activated (Batista et al, 2001), in a process that requires first a clustering of BCRs at the site of contact, 

and a two-phase response in which B cells first spread over the antigen-bearing membrane, and then 

contract thereby collecting bound antigen into a central aggregate (Fleire et al, 2006). If the antigen is 

fluorescent, this allows highly specific sorting of the antigen-specific B cells. Advantages of this 

system include the possibility to use various membrane expressed antigens in their native 

conformation, the possibility to use activation markers such as CD69 to further distinguish cells that 

internalised the antigen from cells from cells that acquired the fluorescent antigen for other reasons, 

and the possibility to use adherent cells for antigen expression, so that unspecific B cells will only 

contact the antigen-expressing cells but will not adhere to them and can be easily washed away. We 

previously applied this property to develop a technique (membrane antigen capture activated cell 

sorting - MACACS) suitable for isolation of high affinity antigen-specific B cells from the peripheral 

blood of recently infected donors, or donors affected by antibody-mediated autoimmune diseases 

(Zimmermann et al, 2019). We describe here the application of this property for the selection of rare 

SARS-CoV-2 spike-protein IgM B cells from the larger proportion of circulating polyreactive B cells, 

enabling us to produce patient-derived monoclonal antibodies in their native class and thereby assess 

their intrinsic properties.  

Another technical aspect that follows the appropriate selection of antigen-specific B cells, is the 

antibody engineering and production. Conventionally paired immunoglobulin heavy- and light-chain 

sequences are cloned in separate vectors. Transient transfection of these vectors in mammalian 

HEK293 cells enables the production of recombinant monoclonal antibodies (Smith et al, 2009). 

Although these enables the expression of a large number of monoclonal antibodies in a short time, the 

transient co-transfection of separate vectors doubles the DNA preparation work and requires large 

amount of transfection reagent for the production of milligrams of antibody, which is a costly, labor- 

and time-intensive scale-up process. The expression of recombinant antibodies as IgG1 is based on 

early work cloning the variable regions into an IgG1 backbone using single-cell PCR (Tiller et al, 

2008), assuming that the binding and functional properties of the antibodies obtained will be equivalent 

to those of the original class and preventing the study of constant regions and Fc dependent 

mechanisms. This approach has been also recently employed to study the properties of IgM antibodies 
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against SARS-CoV-2 (Wang et al, 2021; Feldman et al, 2021), ignoring the possibility of a dramatic 

effect of this artificial Fc exchange on antibody functional properties. In the present work, we 

addressed these limitations by PCR amplification of both the variable and the constant region of both 

antibody chains from the cDNA of the single antigen-specific B cell; the immunoglobulin chains thus 

obtained were cloned into a vector hosting a dual antibody expression cassette with a selection marker 

(Braren et al, 2007; Dodev et al, 2014), enabling us to obtain stably transfected cell line producing the 

antibody of interest in the exact form as produced by the isolated B cell. We have applied this method 

to the production of monoclonal antibodies from both recently infected donors and donors affected by 

MS. 
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OBJECTIVES 

In this work, we first aimed to optimise the methods for recombinant antibodies production starting 

from the isolation of circulating antigen-specific B cells. We aimed to produce recombinant antibodies 

in their native class in order to dissect their class-specific properties. We took advantage from the 

unique setting offered by the COVID-19 pandemic, which gave us the opportunity to collect blood 

from donors recently infected by a novel virus and to use them to select SARS-CoV-2 spike-protein 

specific B cells, applying MACACS, a technique developed in our laboratory that enables enrichment 

of rare antigen-specific B cells from peripheral blood. We applied this technique to produce 

recombinant antibodies against a known target and assess their functions when expressed in their native 

class, including in vitro neutralisation potential, complement activation, affinity measurement and 

epitope mapping. In vitro class switch of recombinant antibodies enabled the direct comparison of the 

functional attributes of IgG and IgM. 

In the second part of this work, we aimed to identify the target antigen of CSF IgM in MS patients. We 

first screened two independent cohorts of CSF samples for CSF antibodies binding to the cell surface 

of a panel of neural or glial derived cell lines. After the identification of IgM binding to a peripheral 

neuroectodermal tumour (PNET) that reliably differentiates MS from controls, we applied the 

optimised pipeline for cloning of SARS-CoV-2 spike-specific monoclonal antibodies to the cloning of 

CSF derived PNET-binding IgM from multiple sclerosis patients, with the aim of using the 

recombinantly produced IgM for antigen identification by immunoprecipitation and mass 

spectrometry.  

In the last part, we used the incidental detection of natalizumab in the CSF of treated patients while 

looking for antibodies binding to PNET cells to develop a flow-cytometry based assay and use it to 

determine natalizumab concentration in CSF, serum, and breastmilk of multiple sclerosis patients.  
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Abstract 

Introduction 

Persistent intrathecal immunoglobulin production, mainly of the IgG subtype, detected as oligoclonal 

bands, is a diagnostic hallmark of Multiple sclerosis (MS), which can be found in 98% of MS patients. 

Up to 25% of patients show additional persisting intrathecal IgM synthesis, which, unlike their blood 

counterpart, show a high degree of somatic hypermutation, suggesting an antigen driven production. 

Despite intensive investigations, the antigenic stimulus that initiates or perpetuates B cell activation 

and intrathecal immunoglobulin production in MS patients is still a matter of debate.  

Aims  

The aim of our study was to identify the target antigen of intrathecally produced cerebrospinal fluid 

(CSF) IgM antibodies.  

Methods 

Two independent cohorts of MS patients and control CSF samples were screened in a blinded fashion 

by flow-cytometry for antibody binding on a panel of nervous system related cell lines. B cells from 

prospectively collected CSF were sorted, single cells expanded and immunoglobulin genes from wells 

resembling the cell specific binding pattern of the original CSF sample were sequenced. Heavy and 

light chain sequences were then used to produce CSF derived monoclonal IgM, which were used for 

immunoprecipitation and mass spectrometry.  

Results  

We identified CSF IgM binding to a Peripheral Neuro-Ectodermal Tumor (PNET) cell line in 10% of 

MS donors and less than 1% of controls, independently from CSF IgM content. We sorted and 

expanded 1678 single B cells from a CSF sample with this IgM reactivity and produced 5 recombinant 

IgM with the same cell-line specificity. One of these IgM clones (B3) showed the same binding 

specificity of the original CSF sample. Immunoprecipitation and mass spectrometry in combination 

with transcriptomic analysis of membrane proteins expressed by cell lines bound or not bound by B3 

allowed to identify isoform 1 of SCARA5 as a target. Testing IgM binding to SCARA5 in a cohort of 

CSF including MS patients, inflammatory patients and non-inflammatory controls confirmed that 

SCARA5 is one of the targets of CSF IgM in a small percentage of MS patients. Labeling of chronic 

MS lesions confirmed expression of SCARA5 by neurons, foamy macrophages around lesions and 

astrocytes.  

Conclusions 
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We identified a novel autoantigen targeted by intrathecally produced and highly hypermutated CSF 

IgM. Interference with SCARA5 ferritin-independent iron transport function may contribute to the 

disease pathogenesis. 

 

Introduction 

MS is a chronic demyelinating condition of the central nervous system (CNS) of unknown aetiology 

and the most common neurological cause of disability in young adults, with a prevalence greater than 

1 in 1000 (Wallin et al, 2019). The notion that MS is an autoimmune disorder is supported by several, 

albeit indirect, lines of evidence, including inflammatory infiltrates composed by lymphocytes and 

macrophages in the CNS plaques (Kutzelnigg & Lassmann, 2014); intrathecally produced oligoclonal 

antibodies (Stangel et al, 2013); the presence of genetic risk variants mostly in immune system related 

genes (Sawcer et al, 2014); positive treatment effects by immunotherapies (Haghikia et al, 2013). 

MS has been associated with inflammatory T helper cell profiles and T cells play key roles in adoptive 

transfer models of demyelinating disease (Gold et al, 2006); therefore, historically, MS research has 

focused on T cells. However, in the recent years, especially following the striking efficacy of CD20-

depleting therapies in reducing the disease activity (Hauser et al, 2008), interest for a B cells 

involvement in the pathogenesis of MS has grown rapidly.  

One of the clinical hallmarks of MS is the presence of intrathecal immunoglobulin production, 

identifiable at the CSF examination as oligoclonal bands (OCBs) (Johnson et al, 1977); OCBs are not 

only a diagnostic and prognostic tool (Stangel et al, 2013) but are one of the strongest pieces of 

evidence of the immune pathogenesis of the disease, and of an involvement of humoral immune 

response. Indeed, OCBs are not exclusively found in MS, but also in other diseases that have been 

shown to be antibody mediated, such as limbic encephalitis (Gultekin et al, 2000), or in infectious 

diseases of the central nervous system, where they are specific for the pathogen involved (Meinl et al, 

2006). Interestingly, a comparison of the immunoglobulin transcriptomes of B cells with the 

corresponding immunoglobulin proteomes in patients with MS demonstrated that intrathecal B cells 

are the source of immunoglobulin oligoclonal bands in the CSF (Obermeier et al, 2008).  

Immunoglobulin M (IgM) OCBs are present in approximately 30–40% of patients (Villar et al, 2005a), 

and their presence has been associated with more active disease (Villar et al, 2002; Oechtering et al, 

2021, 2022) and potentially with therapeutic responses to B cell–directed therapy (Villar et al, 2014). 

Moreover, IgM sequences from the cerebrospinal fluid of patients with multiple sclerosis or 

neuroborreliosis show a high degree of somatic hypermutation, suggesting an antigen driven IgM 

response (Beltrán et al, 2014), rather than a bystander response. 

Despite intensive investigations, the antigenic stimuli that initiates or perpetuates B cell activation and 

immunoglobulin production in MS patients is still a matter of debate. Using recombinant antibody 

technology, in this study we aim to clone recombinant monoclonal IgM from CSF samples selected 

based on IgM reactivity against a neuroectodermal tumour cell line, and to use these patient-derived 

antibodies to identify molecular targets of CSF IgM in MS patients.  
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Methods 

Patient samples 

CSF samples from patients undergoing diagnostic lumbar puncture at the Neuropoliklinik, University 

Hospital, Basel and from University Hospital of Graz were collected and immediately processed. All 

the donors gave informed consent according to the procedures reviewed by the institutional ethics 

committee. Each sample was collected using a 15 ml falcon tube, centrifuged at 400 g at room 

temperature for 10 minutes; the CSF supernatant was then aliquoted and frozen in -80°C. For the 

prospective part of the study, the CSF samples were analyzed for PNET-binding IgM by flow 

cytometry, immediately after collection, while the CSF cell pellet was resuspended in RPMI 

supplemented with 40% FCS (R40) and kept on ice for further processing or stored within 2h in liquid 

nitrogen.  

 

Cell lines 

Cell lines used included: PNET (neuroectodermal tumor), SW1088 (astrocytoma), A172 

(glioblastoma), STTG1 (grade IV astrocytoma) and DAOY (desmoplastic cerebellar 

medulloblastoma), HEK (embryonic kidney), HeLa (epithelial), TE671 (rhabdomyosarcoma), 

SVGp12 (astroglial, SV40 transformed). All cell lines were purchased from from ATCC (LGC, Wesel, 

Germany) and were cultured following the manufacturer indications. TE cells transfected with human 

CD40 Ligand (Edgar Meinl, Ludwig-Maximilians-Universität, Munich, Germany) were used as feeder 

cells for B cell expansion. For irradiation, cells were washed in PBS, trypsinized, resuspended in ice-

cold FCS and kept on ice during irradiation (75 Gy). 

 

CSF single B cells expansion and immunoglobulin sequencing  

B cells from PNET-binding IgM positive CSF samples were sorted and expanded using the protocol 

described by Huang et al. (Huang et al, 2013) and subsequent modifications. Briefly, as soon as a CSF 

sample arrived, CSF cells were resuspended R40, transferred to a sterile flow cytometry tube, spun 

down at 300g, 4°C for 3 minutes and resuspended in 100 uL of PBS plus 1 uL of the following 

antibodies: FITC-conjugated anti-CD3 (BioLegend 317306), anti-CD4 (BioLegend 357406), anti-

CD14 (BioLegend 301804), anti-CD16 (BioLegend 360716), anti-CD56 (BioLegend 318304); PE-

conjugated anti-CD19 (BioLegend 363004). Cells were incubated on ice for 20 minutes, then washed 

once, resuspended in 100 uL of sterile PBS and sorted using a FACS Aria III (BD Biosciences). The 

gate was set on the CD19-positive, CD3/CD4/CD14/CD56-negative population. Sorted CD19+ cells 

were cultured in 384-well plate wells at an average density of 0.9 cells/well, in RPMI with 40% FCS, 

0.05 ng/μl IL-21 (Gibco, PHC0215), together with 50,000 irradiated TE CD40L cells/well. After 9 

days of culture, 15 μl of supernatant was withdrawn from each well and screened for PNET-binding 

antibodies as described above. B cells from positive wells were lysed in 20 μl of 15 mM Tris–HCl, pH 

8.0 containing 0.5 U/μl of recombinant murine RNAse inhibitor (NEB, M0314L). RNA was extracted 

from this lysate by Zymo Quick-RNA microprep kit (R1050 & R1051), and reverse transcribed with 

the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara, 634888). One hundred 

nanograms of the thus generated cDNA was used to prepare sequencing libraries with the DNA prep 

kit (Illumina). The libraries were sequenced paired-end 150 bp on a NextSeq 500 sequencer (Illumina) 

yielding an average of one million reads per lysate. Reads mapping to immunoglobulin gene sequences 

were extracted from the resulting single-cell transcriptomes with a custom script in R (Dataset EV3 

and 4), using packages Shortread (Morgan et al, 2009) and Biostrings, reassembled with EZassembler 

(Masoudi-Nejad et al, 2006), and assigned to V(D)J genes using IgBLAST (https://www. 

ncbi.nlm.nih.gov/igblast/). 

 

Extraction and assembly of immunoglobulin gene sequences 
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Based on the deduced heavy and light chain sequences, DNA constructs encoding the inferred amino 

acid sequence from leader to several bases into the constant region were synthesized by IDT with 

restriction sites at the termini to enable in-frame cloning into pVitro and the resulting plasmids 

transfected into Freeestyle HEK cells (Invitrogen, R79007). On the day of transfection, each 125 ml 

flask containing 14 ml of cells at 1 x 10^6 viable cells/mL was transfected with pVITRO hygro dual 

expression plasmid expressing the heavy and the light chain of each of the recombinant antibodies, 

using 293fectin Transfection Reagent (Gibco, 12347019) according to the manufacturer’s instructions. 

24 h post-transfection, hygromycin B (50 µg/ml) was added to transfected cells, which were then 

maintained in culture under selection for 2 weeks at densities between 3 x 10^5 and 5 x 10^5 viable 

cells/ml. Cultured supernatants were harvested after 16 days, centrifuged at 2000 g for 20 minutes, 

passed over 0.45 mm filters (Sartorius). Cell supernatants were buffer-exchanged into PBS using 

Amicon Ultra 15 50-K columns (Sigma, UFC905024) following the manufacturer’s instructions, and 

the resulting antibody containing supernatants were stored at 4°C or at -20°C until use. Recombinant 

antibodies were quantified by ELISA. 

 

Flow cytometry  

For flow cytometry screening of PNET-binding antibodies in CSF, 100000 PNET cells and the same 

number of SW1088 cells per well were incubated with a 1 to 4 dilution of the CSF in PBS. Incubation 

was done in 96-well-plates, for 30 minutes, on ice. Cells were then washed twice with cold PBS and 

labeled with 100 µl of PBS containing Dylight-405-conjugated anti-human IgM (JIR 109-475-129), 

FITC-conjugated anti-human IgG (JIR 109-096-098) and Alexa Fluor 647-conjugated anti-human IgA 

(JIR 109-605-011) for 30 minutes on ice, washed twice with cold PBS and measured on a Beckman 

Coulter CytoFLEX flow cytometer equipped with a 96-well plate reader.  

A similar technique was used for testing the supernatants from expanded B cells; in this case, 10 µl 

PNET cells were incubated on ice with 15 µl of supernatant from each expanded B cell, in a 384-well 

plate (Thermo Scientific). After 30 minutes' incubation on ice, cells were transferred to a 96-well plate, 

washed twice in PBS and labeled as described above.  

For testing effect of surface proteins removal on monoclonal antibody binding, cells were trypsinized, 

washed twice with PBS and resuspended in HBSS 5 mM CaCl plus Pronase (SigmaAldrich) 2 mg/ml, 

then incubated for 1h at 37°C. Cells were then labeled with each monoclonal antibody or CSF as 

described above. Deglycosilation was performed using PNGase, neuraminidase, Endo-O-Glycosidas, 

Endoglycosidase F1, F2, F3 (EDEGLY and NDEGLY, Sigma) alone or in combination, following 

manufacturer instructions.  

 

ELISA 

384-well plates were coated with goat anti-human IgG (Southern Biotec, 2014-01), anti-human IgM 

(Southern Biotec, 2023-01), or anti-human IgA (Southern Biotec, 2053-01) antibodies overnight at 

4°C, washed once with PBS and blocked with PBS- 1% BSA at room temperature for 90 minutes. 

Plates were then washed three times with PBS 0.05% Tween, incubated with 15 µl of serially diluted 

samples for 2 h at room temperature, washed three times with PBS 0.05% Tween and incubated with 

anti-IgG-HRP (Southern Biotec 2014-05), anti-IgM-HRP (Southern Biotec 2023-05), anti-IgA-HRP 

(Southern Biotec 2053-05) or goat anti-Ig-HRP (Southern Biotec, 2010-05) in PBS-0.1% BSA for 1h 

at room temperature. Plates were then washed three times with 80 µl/well of PBS-0.05% Tween and 

developed with TMB ELISA substrate (SureBlue Reserve TMB Microwell Peroxidase Substrate, REF 

53-00-00) until a blue color was visible; the reaction was stopped with sulfuric acid and plates were 

read at 450 nm immediately after stopping. 

  

Western blot 
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Cell lysates were prepared as follows: cultured cells were washed with PBS, trypsinized and washed 

twice with PBS. The cell pellet was then resuspended in 1ml/5,000,000 of cells of RIPA buffer 

(Thermo Fisher) with addition of Halt Protease Inhibitor Cocktail (Thermo Fisher). The lysate was 

incubated on ice for 15 min and sonicated at frequency of 50 kHz for 30 seconds on ice, then 

centrifuged at 14,000 g, at 4°C for 30 minutes. The supernatant was transferred to a clean tube and the 

protein concentration was assessed using Pierce BCA Protein Assay kit (Thermo Fisher). For SDS 

PAGE, samples were prepared using 30 ug of proteins from each lysate, mixed with NuPAGE LDS 

sample buffer 4x (Thermo Fisher) and heated at 70°C for 10 minutes. Proteins were then separated 

using 4-12% Bis-Tris gels (Thermo Fisher) in MOPS running buffer, transferred to a nitrocellulose 

membrane and probed by immunoblot using each of the produced recombinant anti-PNET IgM. 

 

Immunoprecipitation and mass spectrometry 

Cultured PNET cells from three T150 flask were washed twice with ice cold PBS and then incubated 

with B3 for 30 minutes at 37°C, washed twice in PBS and trypsinized. Cells were then retrieved in 

R10, centrifuged at 300 g for 3 minutes at 4°C, washed twice in PBS, and the pellet lysed in 500 uL of 

Pierce IP lysis buffer containing Halt Protease Inhibitor Cocktail (Thermo Fisher). The lysate was 

sonicated at low power for 10 1 second pulses and incubated on ice for 30 minutes, then centrifuged 

for 30 minutes at 10’000 g at 4°C. The supernatant was then incubated with Dynabeads (Thermo 

Fisher, 5 mio of beads every 40 mg of cell pellet) previously coated with unconjugated Donkey anti-

human IgM (JIR 709-005-073) for 30 minutes at 4°C on a rotor. The suspension was then washed 

twice with Pierce IP lysis buffer. The product from immunoprecipitation was eluted by incubating the 

suspension with 106 mM Tris HCl, 5% LDS and boiling the samples for 10 min at 70°C. The elution 

product was run on an 4-12% Bis-Tris gels (Thermo Fisher) in MOPS running buffer, transferred to a 

nitrocellulose membrane and probed by immunoblot using Alexa Fluor 680 conjugated streptavidin to 

detect biotinylated membrane proteins and each our recombinant IgM. Samples were then cooled down 

to RT and 0.5 µL of 1M iodoacetamide was added to the samples. Cysteine residues were alkylated 

for 30 min at 25°C in the dark. Digestion and peptide purification was performed using S-trapTM 

technology (Protifi) according to the manufacturer’s instructions. In brief, samples were acidified by 

addition of 2.5 µL of 12% phosphoric acid (1:10) and then 165 µL of S-trap buffer (90% methanol, 

100 mM TEAB pH 7.1) was added to the samples (6:1). Samples were briefly vortexed and loaded 

onto S-trapTM micro spin-columns (Protifi) and centrifuged for 1 min at 4000 g. Flow-through was 

discarded and spin-columns were then washed 3 times with 150 µL of S-trap buffer (each time samples 

were centrifuged for 1 min at 4000 g and flow-trhough was removed). S-trap columns were then moved 

to the clean tubes and 20 µL of digestion buffer (50 mM TEAB pH 8.0) and trypsin (at 1:25 enzyme 

to protein ratio) were added to the samples. Digestion was allowed to proceed for 1h at 47 °C. After, 

40 µL of digestion buffer was added to the samples and the peptides were collected by centrifugation 

at 4000 g for 1 minute. To increase the recovery, S-trap columns were washed with 40 µL of 0.2% 

formic acid in water (400g, 1 min) and 35 µL of 0.2% formic acid in 50% acetonitrile. Eluted peptides 

were dried under vacuum and stored at -20 °C until further analysis. Samples were acquired at the 

Proteomic Core Facility, Biozentrum, Basel. 

 

SCARA5 cloning  

RNA was extracted by PNET cells using quickRNA (Zymo) following the manufacturer instructions 

and reverse transcribed using SuperScript™ III RT (200 units/μl), followed by removal of RNA 

complementary to the cDNA by incubating the cDNA with E.Coli RNase H at 37°C for 20 minutes. 

Amplification of SCARA5 sequence was carried out by nested PCR using primers designed on the 

basis of publicly available DNA sequence. The resulting PCR product was used for cloning into 

competent cells and the resulting plasmid transfected into HEK293 cells.  
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Statistics 

Statistics were calculated using GraphPad Prism. Plots were generated in R or in Prism, and compound 

figures were assembled using Inkscape.  

 

Results 

CSF PNET binding IgM discriminate MS patients from controls 

To test whether the CSF from MS patients contains antibodies of any class binding to cell surface 

determinant of neural derived cells, we tested two independent cohorts of CSF (n = 360 for cohort 1; 

n = 200 for cohort 2) in a retrospective fashion by flow cytometry. We identified CSF IgM binding to 

a peripheral neuroectodermal tumor (PNET) cell line in the 10% of MS patients and less than 1% of 

control samples (Fig 1A). PNET-binding IgM were able to discriminate MS from not MS patients, 

independently from intrathecal IgM synthesis (Fig 1B).  

We next prospectively screened a total of 212 patients (72 MS, 40 inflammatory non-MS and 100 non-

inflammatory) with the aim to sort B cells from CSF positive for PNET-binding IgM and produce from 

them monoclonal antibodies recapitulating the binding of the original CSF sample. From this cohort, 

we identified PNET binding IgM in the 11 % of MS patients and 3 % of controls (p = 0.0378, Fisher’s 

exact test). Clinical features of tested MS donors are shown in Table 1.  

 

Binding specificity and somatic hypermutation  

From 1 CSF sample (D2358) from a CIS patient, positive for PNET-binding IgM, 1678 CD19 positive 

B cells were sorted, distributed into single wells of 384 well plates and cultured for 10 days in the 

presence of IL-21 and CD40 ligand (Fig 2A). Resulting single cell supernatants were screened by flow 

cytometry. Five wells exhibited binding (i.e. ratio of binding of the single cell supernatant to PNET 

divided by the binding of secondary antibody) to the target PNET cell line above the threshold of 1.2. 

Given the low number of cells that it is possible to obtain from each single donor and the interference 

that antibody labeling could have with the following expansion phase, we were not able to assess the 

phenotype of sorted and expanded B cells. From the 5 positive hits (Fig 2B), B cells were lysed, 

reverse-transcribed and their transcriptomes surveyed by RNA sequencing. Immunoglobulin heavy 

and light genes were extracted bioinformatically and recombinantly expressed in the same class as 

observed in the B cells from the supernatant testing, yielding 5 IgM, whose binding on PNET cells was 

confirmed.  

The variable region sequence of the heavy and light chain of each recombinant IgM was aligned with 

the corresponding heavy and light variable germline sequence, thus enabling us to determine the degree 

of somatic hypermutation: three antibodies (G8, D20, G12) were germline, one was moderately 

mutated (M16) and one antibody had high degree of somatic hypermutation (B3) in both heavy and 

light chain (Fig 2C). This is in line with previous observation that intrathecally produced IgM are 

somatically hypermutated, suggesting an antigen-driven production. The reversion to unmutated heavy 

and light chain variable regions led to the drastic reduction in the binding capacity of the highly mutated 

recombinant antibody B3 (Fig 2D). When a combination of mutated HC and reverted LC or vice versa 

was used to produce B3, the binding was abolished by the presence of reverted HC, significantly 

reduced in the presence of reverted LC suggesting a role in the binding capacity of both mutated chains.  

Following Beltran et al. (2014), we examined the ratio of silent to replacement mutations of B3 IgM. 

The rationale is that antigen-driven mutation will favor amino acid-changing (replacement) mutations 

in the complementarity-determining regions (CDR) but will favor silent mutations in the framework 

regions (FR). This can be expressed as the ratio of replacement to silent mutations, whose average 

value in CSF IgM B cells Beltran et al. (Beltrán et al, 2014) reported as close to 2.9 in the FR and 6.6 
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in the CDR, the latter an unexpectedly high value, suggesting that the immunoglobulin mu genes of B 

cells in the CSF are subject to antigen-driven selection. The values we found for our most mutated 

antibody were strikingly similar, at 1.4 and 6.5 for the FR and CDR respectively. We conclude that 

this antibody is a representative of the class described by Beltran et al. (Beltrán et al, 2014) and that 

investigation of its specificity promises to give insight into this interesting population of cells. 

IgM are the most effective immunoglobulin class in activating complement (Coulie & van Snick, 1985) 

and complement deposition is found to be present in MS lesions. We therefor tested if CSF derived 

IgM can induce antigen-dependent complement activation. After incubating the target PNET cell line 

with each of the monoclonal antibodies plus serum as a source of complement we observed that B3 

was able to induce C3b deposition (Fig 3A).  

Since IgM are often described as polyreactive (Nakamura et al, 1988), i.e., they bind equally to antigen 

and non-antigen expressing cells, we tested whether the CSF derived monoclonal IgM are polyreactive, 

by assessing the binding of our five monoclonal antibodies on a panel of seven cell lines. All the 

germline antibodies and the moderately mutated IgM bound equally to multiple cell types, as well as 

to the target PNET (Figure 3B). The most highly mutated antibody B3 bound selectively to the PNET 

cell line, and therefore we decided to focus our investigations on this antibody, hypothesizing that it is 

part of a clone(s) that produce the PNET-binding antibodies in the CSF.  

 

Effect of Pronase and Deglycosylation on the binding of CSF and recombinant antibodies 

It has been proposed that intrathecal IgM are produced by CD5 positive B cells, responsible for the 

production of the so-called natural antibodies, which are usually IgM directed against nonprotein 

antigens (Villar et al, 2005b). To narrow down the molecular nature of the target of B3, we tested the 

binding of each antibody to the PNET cells by flow cytometry before and after treatment with either 

Pronase, a mixture of enzymes that cleave the surface cell proteins in a nonspecific way, or different 

combinations of deglycosilation enzymes, including neuraminidase to remove terminal N- or O-

acylneuraminic acids, PNG-ase to remove N-linked sugars, and a combination of Neuraminidase, 

Galactosidase, n-acetylglucosaminidase and endoglycosidases to remove the largest part of surface 

sugars. Deglycosilation did not affect the antibody binding (Figure 3C). Instead, we observed a 

reduction in the binding of all the produced antibodies after treatment with Pronase, compared with 

untreated condition (Fig 3D). These results led us to conclude that the molecular target of our CSF 

derived monoclonal antibodies is a surface protein rather than a glycan. 

 

Immunoprecipitation and membrane transcriptome analysis of bound cell lines identify 

SCARA5 as target antigen of CSF derived monoclonal IgM B3 

Immunoprecipitation method is well established; however, most protocols assume an IgG antibody, 

and the immunoglobulin binding proteins A and G that are well suited for this purpose do not bind to 

IgM. To identify the target antigen of B3 by immunoprecipitation, we first artificially class switched 

it from IgM to IgG, by fusing the variable region of the heavy chain with the constant region of an 

IgG1. When testing the binding of the B3 IgG1 to PNET cells by flow cytometry, the binding on the 

target cell line was almost completely abolished (Fig 4A). We therefore modified the standard protocol 

for immunoprecipitation, by replacing the use protein G or protein A with magnetic beads coated with 

anti-human IgM. To avoid unspecific binding to intracellular proteins, live PNET cells were first 

incubated with B3, then washed and lysed; the lysate was next incubated with anti-IgM coated 

Dynabeads, washed and magnetically retrieved. By this method we were able to immunoprecipitated 

hemagglutinin (HA) from cells stably transfected with HA using a monoclonal anti-HA IgM. We next 

applied this method to immunoprecipitate the target of B3 from PNET cells. Mass spectrometry 

analysis of three independent experiments each including two to three technical replicates allowed to 

identify SCARA5 as a candidate target. Analysis of the membrane transcriptome from a panel of cell 
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lines either bound or not by confirmed SCARA5 as a membrane protein whose mRNA is enriched in 

PNET cells compared to unbound cells. SCARA5 is a type II membrane protein that forms an 

homotrimer on the cell surface and that exists in four known isoforms. We verified expression of 

SCARA5 in PNET cells by PCR amplification. We were able to confirm the expression of isoform 1 

and 3 by PNET cells, 495 and 400 amino acid long respectively, (is it correct?) and we identified a 

novel 176 aa long isoform. We confirmed that B3 binds to SCARA5 isoform 1 and 3 and does not bind 

to isoform 6, by expressing each transiently in HeLa cells and assessing correct expression and binding 

by B3 by flow cytometry (Fig 4B). 

 

Antigen validation and cohort screening 

To test if the newly identified antigen explains the PNET IgM reactivity we observe in the CSF of 

MS patients, we screened a cohort of 307 CSF samples (87 from RRMS, 116 from CIS, 23 from 

SPMS, 14 from PPMS, 27 from inflammatory controls, 40 from non-inflammatory controls) for the 

presence of antibodies of any class binding to PNET cells, SCARA5 isoform 1 or SCARA5 isoform 

6. We confirmed the binding of CSF IgM to PNET cells in 11 % of CIS, 10 % of RRMS patients and 

3% of control patients. We identified RRMS case with IgM binding to PNET cells and to SCARA5 

isoform 1 (Fig 5A). None of the PPMS, SPMS or non-inflammatory controls showed reactivity 

against PNET cells or cells expressing SCARA5 isoform 1. These results confirm that SCARA5 is a 

target highly specific for CSF IgM in MS donors but does not fully explain the observed IgM 

reactivity against PNET. 

 

Brain pathology  

Transcripts of molecules involved in cellular iron import like SCARA5 have been shown to be 

elevated in the periplaque white matter, suggesting an upregulation of cellular defense against iron 

toxicity in active MS lesions, and upregulation of glial iron shuttling in the periplaque white matter, 

around active lesions. To verify the protein expression of our newly identified SCARA5 target in MS 

lesions, we immunolabeled formalin-fixed, paraffin-embedded autoptic brain lesions from MS 

donors with a mouse polyclonal anti-SCARA5. We observed labeling of neurons, foamy 

macrophages and astrocytes around chronic MS lesions (Fig 5B). This result confirms that our target 

is expressed in pathological MS lesions in human brain tissue. 

 

Discussion 

Antibodies are produced intrathecally in several CNS disorders, and OCBs are found in the 

cerebrospinal fluid (CSF) of 98% of patients subsequently diagnosed with multiple sclerosis (Petzold, 

2013). The most obvious outstanding question about CSF antibodies in MS concerns their target 

antigen(s). 

In this paper, we aimed to identify the target of intrathecally produced IgM. During the screening of 

two blind cohorts of CSF samples, we have identified cell-binding IgM in the 10-15% of MS patients 

and in less than 1% of controls. These antibodies are not associated with a similar binding reactivity 

in serum, are restricted to the IgM class and recognize a cell surface antigen of a peripheral 

neuroectodermal tumour cell line. To identify their molecular target, we have applied recombinant 

antibody technologies to produce five monoclonal IgM from the CSF of one MS patient and used one 

of them, B3, to immunoprecipitate the target and validate it by confirming the binding of B3 on 

transiently transfected cells and by screening a cohort of MS derived CSF samples. 

CSF B cells have been shown to be the source of CSF OCBs in MS patients through comparison of 

the CSF B cells transcriptome and the proteome of the CSF (Obermeier et al, 2008), thus providing a 

firm basis for the use of CSF B cells for our investigations about intrathecally produced antibodies. 

Moreover, CSF B cells from MS samples are clonally expanded, and their derived immunoglobulins 
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contain abundant somatic hypermutations (Qin et al, 1998, Beltran et al, 2014), thus suggesting an 

antigen-driven immune response. In fact, OCBs are not unique to MS and among other CNS diseases 

with intrathecal Ig synthesis and OCBs, all are inflammatory, and most are infectious, where they are 

directed against the causative agent of the disease, thus providing a rationale for the hypothesis that 

MS OCBs are directed against disease-relevant antigen(s) (Gilden 2016). 

Despite this evidence, results regarding the identification of immunoglobulins’ target antigen(s) in MS 

have not accumulated fast and the only autoantibodies that have been convincingly associated with 

MS-like diseases are Myelin Oligodendrocyte Glycoprotein (MOG) and Aquaporin-4 (Majed et al, 

2016, Jarius et al, 2016), which however appear to be mainly produced peripherally and not 

intrathecally.  

Most investigations on CSF OCBs in MS have focused on IgG, however, the presence of IgM OCB 

has been reported to be associated with a more active inflammatory disease phenotype, both in 

relapsing and in primary progressive multiple sclerosis (Villar et al, 2002, 2003, 2005a, 2014), a higher 

likelihood of conversion from CIS to clinically definite MS (Huss et al, 2018; Pfuhl et al, 2019; 

Ozakbas et al, 2017; Perini et al, 2006) and with spinal manifestation and independent more 

pronounced neuroaxonal injury in early MS, suggesting a distinct clinical phenotype and 

pathophysiology (Oechtering et al, 2022). Intriguingly, Beltran and colleagues (Beltrán et al, 2014) 

report that IgM genes from B cells in the CSF of MS patients are somatically hypermutated, counter 

the general assumption that IgM antibodies are usually naïve, germline-encoded Ig produced by B cells 

that have not yet encountered antigens, and consistent with intrathecal, antigen-driven B cell activation. 

In our case, the binding specificity of CSF derived monoclonal anitbodies correlated with the somatic 

hypermutations observed in the variable regions of HC and LC and the highest binding specificity was 

observed for an antibody (B3) which had the highest absolute number of mutations. The ratio of 

replacement to silent mutation at FR and CDR for this antibody, together with the evidence of reduced 

binding after reversion of HC and LC mutations to germline sequences, allowed us to hypnotize that 

this antibody is part of the clone(s) that produce PNET-binding IgM in the CSF that has undergone 

antigen-driven affinity maturation.  

Antibodies recognizing intracellular proteins are abundant in human serum (Pröbstel et al, 2016) and 

ubiquitous intracellular proteins have been identified as the target of recombinant antibodies produced 

from OCBs of MS patients (Brändle et al, 2016), suggesting emergence of novel epitopes during tissue 

destruction followed by humoral response to cell death. To avoid the identification of antibodies 

produced against intracellular epitopes, released during tissue destruction, we have decided to screen 

the CSF antibody response for cell surface antigens. In fact, a large proportion of directly pathogenic 

autoantibodies in neurological diseases in which the pathogenic antigen is already known, target cell 

surface proteins, such as ionotropic glutamate receptors or ion channels and neurotransmitter receptors 

(Karim & Jacob, 2018) and their described pathomechanisms include direct interference with the 

surface protein function, complement activation and other immune effector mechanisms. Moreover, 

screening for antibodies recognizing antigens expressed on the surface of live cells guarantees that the 

antigens are in the physiological conformation (identified as an important methodological parameter 

by Hohlfeld et al. (Hohlfeld et al, 2016), and greatly reduces the background, because B cells are 

constantly exposed to cell surface proteins, and in general tolerized to them. Transcriptomic screening 

of membrane proteins from cells bound by B3 compared to the unbound cells, together with 

immunoprecipitation of B3 target from live PFSK1 cells enabled us to identify SCARA5 as the target 

of this monoclonal antibody.  

SCARA5 is a scavenger receptor, a superfamily of membrane-bound receptors that recognize self and 

non-self targets. It is a type II transmembrane protein that forms homotrimers on the cell surface and 

functions as a transferrin independent ferritin receptor for both iron delivery and ferritin removal (Li 

et al, 2009; Yu et al, 2020). Dysregulation of iron metabolism and the resultant cytotoxicity is 
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increasingly being implicated in MS. Physiologically, in an adult brain iron is mainly found in 

oligodendrocytes and myelin, while in MS patients accumulation occurs, mainly in microglia and other 

macrophages, suggesting an occurring pathogenic process (Bagnato et al, 2011). Iron within the 

catalytic center of various enzymes is essential for normal brain metabolism (Todorich et al, 2009), 

however free ferrous iron ions, released in case of tissue injury, are a source of toxic reactive oxygen 

species (ROS) (Kell, 2009), which can lead to lipid oxidation amplification of oligodendrocytes 

damage (Baldacchino et al, 2022). In active MS lesions, iron accumulates mainly extracellularly, 

presumably because of destruction of iron containing oligodendrocytes and myelin, while inactive 

demyelinating lesions show lower iron load compared to the surrounding NAWM, suggesting a 

clearing process (Hametner et al, 2013). Elevated transcripts of SCARA5 as well as of other iron 

import related molecules were described in MS lesions, more pronounced in the periplaque white 

matter, suggesting a cellular defense response against iron toxicity in active MS lesions (Hametner et 

al, 2013). The exact mechanism by which SCARA5 binding antibodies may contribute to the disease 

is still the objective of experimental work. However, antibody response against SCARA5 may be the 

result of overexpression of a tissue specific isoform following myelin damage and iron accumulation 

in MS lesion; moreover, antibody mediated blockage of SCARA5 could potentially exacerbate iron 

mediated cytotoxicity and lead to impaired remyelination.  

In addition to SCARA5, ferritin binding capacity has also been described for SCARA1 (Yu et al, 

2020), whose mRNA expression has been found to be upregulated in the rims of chronic active MS 

lesions and which is expressed by foamy macrophages in the rim and by ramified microglia around 

chronic active MS lesions and astrocytes (Hendrickx et al, 2013), similarly to what we observe for 

SCARA5. Scavenger receptors were originally identified by their ability to bind modified LDL 

(Husemann et al, 2002; Plüddemann et al, 2007) but they are now known to bind multiple ligands. 

SCARA1 is constitutively expressed by mononuclear phagocytes, such as macrophages, dendritic cells 

(DCs), and Kupffer cells in peripheral tissues, and by microglia in the CNS (Yamada et al, 1998; Platt 

et al, 2002) and has been shown to be involved in the uptake of myelin phagocytosis in vitro by 

microglia (Gitik et al, 2010; Reichert & Rotshenker, 2003; Smith, 2001), suggesting that this process 

could result in beneficial remyelination, leading to regeneration of axons in the CNS. However, 

SCARA1 deficient mice showed less severe EAE disease course and diminished demyelination (Levy-

Barazany & Frenkel, 2012), by reducing activation and proliferation of CD4+ T cells and suggesting 

different roles of SCARA1 played by tissue specific expression of scavenger receptors. Intriguingly, 

SCARA5-null mice seem normal at birth and are fertile; however, elderly mice exhibit symptoms of 

autoimmune disease with lymphoid cell accumulation in the interstitial connective tissue of many 

organs and about one third of the null mice develop antinuclear antibodies (Ojala et al, 2013). 

We cannot exclude that the identified SCARA5 IgM reactivity may be the result of an immune 

response during tissue inflammation and destruction process and may represent an immunological 

epiphenomenon. Also, we cannot exclude that the observed IgM response targets a complex of which 

SCARA5 may be one of the components. 

Taken together, our results indicate SCARA5 as a target of autoantibodies in a small subset of MS 

patients. More precise data regarding the time point at which anti-SCARA5 reactivity is induced and 

the relation with the associated phenotype and prevalence must be assembled in large cohorts of 

patients with inflammatory demyelinating CNS disorders. Moreover, the pathological relevance of 

anti-SCARA5 antibodies will have to be assessed in vivo. 
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Table 1 

 

 MS 

 Anti-PNET IgM positive Anti-PNET IgM negative 

Age at sampling (y, median, st 

error) 

47  6 47  2 

Gender, f (%) 57% 65% 

Phenotype 

CIS/RRMS 

PPMS 

SPMS 

NMOSD 

 

7 

0 

1 

0 

 

55 

2 

3 

2 

EDSS at sampling (median, st error) 3  0.59 2.75  0.22 

Tested under immune treatment 42% 20% 

Table 1. Clinical features of multiple sclerosis patients positive for CSF PNET-binding IgM 
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Figure Legend 

 

Figure 1 

A Comparison of IgM binding on PNET cells between MS patients and controls from two 

independent cohorts pooled. Each dot represents a single donor. The vertical axis is ratio of GMFI 

of cells incubated with the sample to cells incubated only with secondary antibody. P value is 

derived from a two-tailed, Wilcoxon matched pairs signed rank test.  

B IgM binding is plotted against CSF IgM quotient. The results shown are from the Graz cohort 

only. Each dot represents a single donor. Blue dots correspond to MS donors. Yellow dots 

correspond to non-MS controls. 

 

Figure 2 

A Gating strategy for B cell sorting from D2358. Cells are first selected based on forward and 

side scatter, then CD19 positive, CD3/CD4/CD14/CD56-negative are selected and sorted.  

B After sorting, B cells are expanded 1 cell/well in a total volume of 75 uL. After 10 days of 

culture, 15 uL are tested by flow cytometry to verify the production of antibodies binding to 

PNET cells. The top row shows the binding on PNET cells of IgM contained in 5 supernatants 

after B cell expansion. After testing, B cells from positive wells are lysed and the RNA retrieved 

and cDNA sequenced. The heavy and light chain sequences are used for production of 

monoclonal antibodies. The lower row shows the binding to PNET cells of 5 monoclonal IgM 

obtained from the wells shown above. The vertical axis is ratio of GMFI of cells incubated with 

the sample to cells incubated only with secondary antibody. 

C V and J genes usage and amount of hypermutations from all the cloned antibodies. 

D Binding of B3 and M16 on PNET cells after reversion of their somatic hypermutations to the 

germline sequence.   

 

Figure 3 

A Flow cytometric determination of antibody-dependent complement deposition on cells. PNET 

cells were incubated with each antibody in the presence of fresh human serum as source of 

complement. Activation of the complement cascade was measured by flow cytometric assessment 

of complement component C3b deposition on the surface of the cells. Results for B3, M16 and 

serum control are shown. P values were calculated by two-way analysis of variance.  

B Binding of CSF derived monoclonal IgM or D2358 CSF on a panel of cell lines.  

C Binding of CSF derived monoclonal IgM on PNET cells, treated or not with different 

combinations of glycosylation enzymes, to remove surface glycans. The vertical axis is ratio of 

GMFI of cells incubated with the sample to cells incubated only with secondary antibody. 

D Binding of CSF derived monoclonal IgM or D2358 to PNET cells, treated or not with Pronase, 

to cleave surface proteins.  

 

Figure 4 

A Binding of CSF derived monoclonal antibodies expressed as IgM, as they were first isolated 

and cloned, or as artificially class switched IgG1. The vertical axis is ratio of GMFI of cells 

incubated with the sample to cells incubated only with secondary antibody. 

B Binding of MAB4900 anti-SCARA5 or B3 on HEK293 transiently transfected with SCARA5 

isoform 1, SCARA5 isoform 3 and a newly cloned SCARA5 which is 176 amino acids long.  

 

 

Figure 5 
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A Results from the screening of a cohort of 307 CSF samples from MS patients and controls 

(either inflammatory or not inflammatory syndromes). Each dot represents one donor. The 

binding from each disease subgroup on two different SCARA5 isoforms or PNET cells is plotted 

independently. The vertical axis is ratio of GMFI of cells incubated with the sample to cells 

incubated only with secondary antibody. 

B SCARA5 staining in neurons, foamy macrophages and astrocytes on a chronic active lesion.  
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Abstract  

Background  

Natalizumab is a highly effective monoclonal antibody for the treatment of multiple sclerosis (MS) 

which can diffuse in different anatomical compartments, including cerebrospinal fluid (CSF) and 

milk.  

Objectives & Methods  

Starting from incidental detection of natalizumab in the CSF of MS patients, we developed a flow-

cytometry based assay and applied it to quantify natalizumab in body fluids, including milk collected 

from a nursing patient over 125 days. 

Results  

Our assay was sensitive enough to detect natalizumab in CSF, with a lower detection limit of 2 ng/ml. 

In breastmilk, the peak concentration was observed during the first two weeks after infusion and the 

average concentration over the observation time was 173.3 ng/ml, with a trend towards increased 

average milk concentration over subsequent administrations. 

Conclusion 

Routine use of such an assay would enable a better understanding of the safety of therapeutic antibody 

administration during pregnancy and lactation. 

 

 

Introduction 

Natalizumab is a recombinant humanized antibody approved for the treatment of MS that binds to the 

alpha4beta1-integrin, thus preventing the adhesion and migration of lymphocytes across the blood–

brain barrier (BBB). As a monoclonal antibody of the IgG4 class, its molecular weight is thought to 

limit crossing of the BBB or diffusion into other anatomical compartments, such as breastmilk. 

However, in diseases characterized by BBB disruption, large pharmacological molecules may diffuse 

into the CSF in a less predictable way (Lampson, 2011), and depending on the concentration gradient, 

monoclonal antibodies as well as other therapeutic molecules can passively diffuse into milk 

(Anderson & Sauberan, 2016). In this study, we initially detected natalizumab in the CSF of treated 

patients while looking for antibodies binding to a peripheral neuroendocrine tumor cell line PFSK1 

that expresses the alpha4beta1-integrin. Starting from this finding, we developed a flow cytometry 

based assay and used it to determine natalizumab concentration in CSF, serum and breastmilk of 

patients with MS. 

 

Methods 



 54 

Sample collection 

CSF samples were collected from diagnostic lumbar punctures form 250 patients from two 

independent cohorts (N=150 for cohort 1, N=100 for cohort 2). All procedures were approved by the 

Ethical Committee of Northwest Switzerland. Milk samples were collected from a 35-year-old 

woman, affected by relapsing remitting multiple sclerosis (RRMS), under natalizumab treatment for 

the past 14 years. Informed consent for publication was provided by the patient. Natalizumab 

administration was stopped 6 weeks before delivery and resumed 4 weeks post-partum, with an 

infusion every 6 weeks after conception. Eighteen milk samples were collected before the first post-

partum infusion (T0), and on a weekly basis for the following 125 days (average of interval between 

samples 8 days  1). Matching serum samples were collected after 112, 122 and 143 days from the 

first infusion (9, 19 and 40 days from the previous infusion). Seventeen other serum samples from 

untreated donors were tested as controls. Serum, CSF and milk samples were aliquoted and kept at -

20 °C until analysis. 

 

Flow cytometry 

Before measurement, milk samples were thawed and centrifuged at 2000g for 10 minutes for lipid 

separation. For the assay, 50,000 PFSK1 cells were distributed into each well of 96-well plates. For 

the first experiment a serial two-fold dilution of milk was done, from undiluted until 1:512 dilution. A 

1:4 dilution of milk was chosen for the following three independent replicates. CSF was tested at 1:4 

dilution. Serum was tested using a serial 2-fold titration starting from 1:20. A standard curve was 

prepared by incubating the same cells with T0 milk, spiked with natalizumab starting from 10 µg/ml 

and serially diluted to 0.15 ng/ml. Cells were incubated on ice for 30 minutes, washed twice in PBS 

and labeled with 1:200 dilution of Alexafluor-488-conjugated anti-human IgG (JIR 109-096-098) or 

anti-IgG4 (Southern Biotech, 9200-30) for 30 minutes on ice. After 2 washes in PBS, cells were 

resuspended in 4% paraformaldehyde and acquired using a Beckman Coulter CytoFLEX flow 

cytometer equipped with a 96-well plate reader. 

 

Statistical analysis 

Concentrations were calculated using the quadrantic interpolator from dcr package in R and by 

noncompartmental pharmacokinetic methods, provided by GraphPad Prism (GraphPad Software, La 

Jolla, California), subtracting the geometric mean of the fluorescent intensity (GMFI) of cells 

incubated with a titration of T0 milk to the GMFI of the standard curve. Average milk concentration 

over a 6-week period was calculated excluding the concentration obtained during the first two weeks 

after infusion to eliminate the peak effect. 

 

Results 

Free natalizumab is detected in CSF, serum and milk of treated patients 

While screening a cohort of 150 CSF samples for antibodies binding to a panel of neural derived cell 

lines, we identified a subset of MS patients (n=3 out of 63 MS patients) with CSF IgG binding to 

PFSK1 cells. None of the non-inflammatory controls (n= 87) showed IgG reactivity against this cell 

line (Fig 1A). The test of an independent CSF cohort (n= 100) (Neurologie, Medizinische Universität 

Graz) and analysis of the clinical features of positive patients, revealed that all PFSK1-binding IgG 

positive patients (n= 5 from the two cohorts) were under natalizumab treatment (Fig 1B). We 

confirmed that the identified PFSK1 reactivity was due to the detection of free natalizumab by using 

an anti-IgG4 secondary antibody and by testing binding of natalizumab on the same cell line. We 

tested 22 CSF and 20 serum samples in a blind fashion: all 3 patients under natalizumab showed IgG4 

binding to PFSK1 in both CSF and serum while none of the untreated patients showed this reactivity 

(Fig 1C-D). Average CSF natalizumab concentration was 63.6  32.1 ng/ml (mean  SE). CSF 
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natalizumab content correlated with the time from previous infusion but did not correlate with 

treatment duration. 

Having demonstrated the feasibility of measuring natalizumab concentration with a lower detection 

limit of 2 ng/ml, we applied the technique to measuring free natalizumab in breastmilk. IgG4 binding 

from the milk at T0, obtained after 70 days from the last pre-delivery administration, was comparable 

with the one obtained incubating the cells only with the secondary antibody. Free natalizumab was 

detectable in all the milk samples after the first drug exposure, with a concentration of 173.3  52.7 

ng/ml (mean  SE) overall. Peak natalizumab concentration was reached after one week from each 

infusion, with a maximum concentration of 878 ng/ml after the first infusion. Parallel serum samples 

were available at 2 timepoints, after 9 and 19 days from the third infusion, with an average 

concentration of 4639 ng/ml and a breastmilk to serum ratio of 5.38 % and 1.7 % respectively. When 

comparing natalizumab concentration over each dose interval, we observed a tendency towards 

reduction of the peak effect and a progressive increase of the average concentration over the time, 

although this did not reach statistical significance (Fig 2A-B). 

 

Discussion 

During an unbiased screening of CSF samples looking for autoantibodies binding to novel antigenic 

targets in MS patients, we encountered a subset of MS samples with IgG reactivity against PFSK1 

cells which could have been misinterpreted as MS specific antibodies but were actually due to a 

confounding variable (natalizumab treatment). We decided to apply this result to develop a flow 

cytometric assay to measure natalizumab in different biological samples, including serum, CSF and 

milk. Diffusion of natalizumab in CSF and milk has been reported (Table 1) (Baker et al, 2015; 

Proschmann et al, 2018; Matro et al, 2018; Ciplea et al, 2020; Proschmann et al, 2021; Sehr et al, 

2016; Harrer et al, 2015). Our newly developed assay for detection of natalizumab is easy to establish, 

reproducible and sensitive enough to enable measurement in two biological compartments where 

diffusion of monoclonal antibodies is considered low or negligible (Lampson, 2011). The measured 

concentrations are comparable to those reported by others (Table 1). 

Currently natalizumab administration is contraindicated during pregnancy and lactation, as are most 

of the disease-modifying treatments approved for MS, due to lack of safety information (Callegari et 

al, 2021). On the other hand, natalizumab discontinuation has been associated with MS reactivation 

and MS rebound activity (Hellwig et al, 2022) that requires close monitoring after withdrawal. 

While the limited number of samples tested does not allow to make a generalized statement about 

natalizumab kinetics and safety, the incorporation of our assay into routine patient monitoring would 

provide further guidance for the management of therapeutic antibody administration during pregnancy 

and lactation. 
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Figure Legend 

 

Figure 1 

A IgG binding on PFSK1 cells from CSF of MS donors compared to non-inflammatory controls (p = 

0.008, Mann-Whitney test) using an anti-IgG antibody. Each dot corresponds to the binding of IgG on 

PFSK1 (ratio of geometric mean of the florescence intensity – GMFI – of cells incubated with the 

sample to cells incubated only with secondary antibody) from each CSF sample.  

B IgG binding on PFSK1 cells in natalizumab treated compared to untreated patients; results from two 

independently tested cohorts are pooled and expressed as the number of standard deviations by which 

each sample is above or below the mean value of the control samples (p<0.0001, Mann-Whitney test). 

Each dot corresponds to one sample.  

C Natalizumab detection in CSF from treated patients compared to untreated patients (p < 0.0015, 

Mann-Whitney test) using an anti-IgG4 antibody. Each dot corresponds to the binding of IgG4 on 

PFSK1 (ratio of geometric mean of the florescence intensity – GMFI – of cells incubated with the 

sample to cells incubated only with secondary antibody) from each serum sample.  

D Natalizumab detection in serum from treated patients compared to untreated patients (p < 0.0018, 

Mann-Whitney test) using an anti-IgG4 antibody. Each dot corresponds to the binding of IgG4 on 

PFSK1 (ratio of GMFI of cells incubated with the sample to cells incubated only with secondary 

antibody) from each serum sample 

 

Figure 2 

A Natalizumab concentration in breastmilk and paired serum samples. The horizontal axis shows the 

number of days from the first infusion. The vertical axis shows natalizumab concentration in ng/ml. 

Each dot corresponds to the mean of three replicates. Error bars are standard error. Arrows indicate 

single infusions. 

B Comparison of milk average concentration during three subsequent infusion intervals. Natalizumab 

concentration from each inter-dose timeframe is plotted, excluding the first two-week timepoints, and 

compared by Mann-Whitney test, showing non-significant progressive accumulation of the drug in 

milk. Error bars show standard error. 

 

Table 1 

Summary of studies reporting measurement of Natalizumab in breastmilk in women with MS or IBD 

treated during pregnancy and breastfeeding and in CSF of treated MS patients. Cmax is maximum 

measured concentration. 

 

Table 2 

Demographic features of the two independent CSF cohorts. 
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Table 1 

 

 

 

Publication 
Type of study Material 

NTZ 

Dose Interval Analytical method 

N of 

Patients Cmax Peak 

Baker et al., 2015 Case report Milk 300 mg 4 w ELISA at Biogen 1 2.83 µg/ml 50 d 
 

Ciplea et al., 2020 Prospective Milk 300 mg 4-6 w ELISA with anti-idiotipe antibody 2 140 ng/ml 2-5 d  

Matro et al., 2018 Prospective Milk 300 mg 4 w Homogenous mobility shift assay 2 460 ng/ml 24 h  

Porschmann et al., 2018 Cohort study Milk 300 mg 4 w Flow cytometry 4 412 ng/ml 1-8 d  

Porschmann et al., 2021 Prospective Milk 300 mg 4 w Flow cytometry 11 306 ng/ml 1-8 d  

Sehr et al., 2016 Prospective CSF 300 mg 4-8 w Flow cytometry 27 44.8 ng/ml   

Harrer et al., 2015 Prospective CSF 300 mg 3.9  1.5 w ELISA 15 111 ng/ml   



 59 

Table 2 

 

 Basel Cohort Graz Cohort 

N samples 150 100 

CIS 1 1 

CDMS 62 32 

Non-MS 87 67 

Age at sampling 

(average  SD) 
49  16 35  11 

Sex (female %) 63% 60% 

Under therapy at 

LP 
15 4 

Natalizumab 3 2 
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DISCUSSION AND CONCLUSIONS 

In this work we first focused on dissecting the class specific properties of antibodies raised against a 

viral infection, by isolating potently neutralizing IgM, whose neutralizing ability was dramatically 

impaired by the artificial class switch to IgG1.  

IgM are poorly characterized antibodies, perhaps because of the common confusion between natural 

unspecific antibodies that are present normally in the serum independently from antigen exposure and 

the antigen-specific antibodies that rise after acute immunization. In our study, in contrast to total serum 

IgM, SARS-CoV-2 spike-specific IgM antibodies did not show increased auto-reactivity and SARS-

CoV-2 spike-binding IgM antibodies were exquisitely specific as their IgG counterparts. Feldman et al 

(Feldman et al, 2021) also reported that spike-specific antibodies cloned from naïve donors exhibited 

no polyreactivity. One possible reason why we did not observe unspecific binding by the anti-spike IgM 

antibodies lies in the method used for isolating the B cells: membrane antigen capture requires a higher 

affinity than is needed simply to bind the antigen (Natkanski et al, 2013). 

Early studies of recombinantly produced human monoclonal antibodies (Tiller et al, 2008) often 

involved switching of IgM antibodies to IgG for recombinant production and testing, and this approach 

has been employed by the few workers to study the properties of IgM antibodies against SARS-CoV-2 

(Wang et al, 2021; Feldman et al, 2021). Our results make clear that this exchange is likely to have a 

dramatic effect on their functional properties. Wang et al (Wang et al, 2021) successfully isolated a large 

number of RBD-binding monoclonal antibodies of IgM, IgG, and IgA classes; the IgG and IgA included 

several highly potent neutralizing antibodies, but the IgM, which were expressed as IgG1 after artificial 

class switch were fewer and less potent. Thouvenel et al (Thouvenel et al, 2021) also observed that IgM 

antibodies against Plasmodium parasites lost their potency if converted to monomeric IgG. An obvious 

question is what the mechanistic basis for this IgM class- dependent potency might be. The effect could 

be ascribed to the reduction in avidity (Rodda et al, 2021) but also to other factors like enhanced steric 

blockade or epitope accessibility.  

Thus IgM antibodies may have potential in a therapeutic context (Keyt et al, 2020). The same technical 

problems that have retarded their study are also relevant for the commercial development, but if these 

can be overcome, their potency, their ability to activate complement, and their transport over mucosa 

by the polymeric immunoglobulin receptor (Turula & Wobus, 2018) could all be exploited for 

therapeutic applications.  

The powerful influence of class on neutralization we observed here was unexpected, and the influence 

of isotype must be considered when investigating the properties of naturally produced antibodies. Other 

important functions of antibodies are known to be class- and subclass-dependent. The influence of 

antibody class on complement activation, for example, is well established (Lu et al, 2018). Antibodies 

of different classes also affect the immune system via class- specific Fc receptors in different ways 

(Boudreau & Alter, 2019; Zohar et al, 2020). Using membrane antigen capture to identify high affinity 

antigen-specific B cells reveals properties of IgM in acute infection that may previously have been 
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obscured by abundant polyreactive B cells and antibodies. The next challenge will be to develop assays 

that visualize the complex, class- and specificity- dependent interactions of antibodies with the rest of 

the immune system, that are nonetheless simple enough to be used at revealingly high throughput.  

 

Next, we used the optimized methods for monoclonal antibody production to produce monoclonal 

antibodies targeting an unknown surface protein target and used them for antigen identification.  

For the identification of the target of CSF IgM, we initially screened patients CSF samples for antibodies 

of any class binding to the cell surface of neural or glial derived cell lines. We focused on membrane 

antigens because we believe that antigen conformation and expression in the context of a cell membrane 

is relevant for a proper antibody binding and that membrane antigens are continually accessible to the 

immune system, therefor autoantibodies directed against them are likely to be pathogenic.  

Previous reports of specific autoantibodies in multiple sclerosis have often been dismissed as 

epiphenomena (Ruutiainen et al, 1981). One reason for this is the inflammatory nature of multiple 

sclerosis, which could increase levels of non-specific «natural» antibodies, as is the case in other 

inflammatory autoimmune conditions (Jasani et al, 1999).  

Our identification of IgM targeting a PNET cell line, present only in MS donors, supports the possibility 

that autoantibody-mediated processes are important at least in a subgroup of multiple sclerosis patients.  

Using monoclonal antibodies cloned from the CSF of a MS patient we identified SCARA5 as a target 

for B3, whose expression is altered in MS lesions, in line with altered iron extracellular accumulation 

in chronic active lesion. We could not demonstrate SCARA5 specific IgM response in a large subset of 

MS patients. Also, we cannot exclude that the identified target is part of a membrane complex against 

which CSF B cells are reactive. We will perform a series of experiment to better understand the role of 

SCARA5 IgM in the pathogenesis of MS. To confirm the involvement of SCARA5 in B3 binding, it 

will be necessary further validate the immunoprecipitation results by western blot, by probing the lysate 

of transfected cells with B3. Binding pattern on human fetal brain by our recombinant monoclonal 

antibodies will be evaluated, to assess binding on proteins appearing early in brain development. 

SCARA5 protein expression in different brain areas will be evaluated as well. The pathogenic role of 

anti-SCARA5 IgM will be assessed in vivo.  

 

Finally, we applied the incidental finding of natalizumab in the CSF of treated multiple sclerosis patients 

to develop a flow-cytometry based assay enabling to quantify natalizumab concentration in CSF, serum 

and breastmilk of multiple sclerosis patients. 

Data regarding Natalizumab diffusion into milk are not abundant in literature. The assay we developed 

is highly sensitive, with a lower detection limit of 2 ng/ml, enabling the measurement of natalizumab 

concentration in both milk and CSF, where its diffusion of monoclonal antibodies is considered low or 

negligible (Lampson, 2011)(Lampson, 2011). The concentration we detected in the different type of 

samples is comparable with that already reported in literature. The inter-individual variability in terms 
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of milk absolute amount and tendency to accumulate observed in different studies could be explained 

by the different natalizumab concentration in the maternal serum or by the different intervals between 

administration and milk collection. Other influencing factors include differences milk pH, protein and 

lipid content. 

The detection of Natalizumab in breast milk raises the question of safety. While the benefits of 

breastfeeding on infant health are well known, there is limited information available on the safety of 

disease modifying treatments use during lactation. Currently Natalizumab administration is 

contraindicated during pregnancy and lactation, as most of the approved DMT, due to lack of safety 

statements (Callegari et al, 2021). However, Natalizumab discontinuation has been associated with MS 

reactivation and MS rebound activity (Hellwig et al, 2022) that requires close monitoring after 

withdrawal. Data on other therapeutic monoclonal antibodies show low breastmilk transfer of rituximab 

(Bragnes et al, 2017; Krysko et al, 2020) with median RID 0.08% (range 0.06–0.10%), and normal B-

cell counts in infants receiving breastmilk during rituximab or ocrelizumab treatment (Ciplea et al, 

2020), suggesting that the transfer of these drugs is compatible with breastfeeding and that the amount 

of monoclonal antibodies that enter the circulation after oral intake with breastmilk is biologically 

negligible. Nevertheless, the neonatal Fc receptor may allow transport of some IgG molecules into 

circulation and further studies are needed to better understand the transfer of monoclonal antibodies 

compound across the infant’s gut. 

Our case expands the current literature about Natalizumab treatment during lactation and highlights the 

problem safe DMT administration during postpartum. While the limited number of samples tested does 

not allow to make a generalized statement, the incorporation of our assay into routinary analysis could 

provide further guidance for the management of monoclonal antibodies administration during pregnancy 

and lactation.  
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