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Abstract

Changes in gut microbiota composition and a diverse role of B cells have recently been implicated 

in multiple sclerosis (MS), a central nervous system (CNS) autoimmune disease. Immunoglobulin 

A (IgA) is a key regulator at the mucosal interface. However, whether gut microbiota shape IgA 

responses and what role IgA cells have in neuroinflammation are unknown. Here, we identify IgA-

bound taxa in MS and show that IgA-producing cells specific for MS-associated taxa traffic to the 

inflamed CNS resulting in a strong, compartmentalized IgA enrichment in active MS and other 

neuroinflammatory diseases. Unlike previously characterized polyreactive anti-commensal IgA 

responses, CNS IgA cross-reacts with surface structures on specific bacterial strains but not with 

brain tissue. These findings establish gut-microbiota-specific IgA cells as a systemic mediator in 

MS and suggest a critical role of mucosal B cells during active neuroinflammation with broad 

implications for IgA as a novel biomarker and IgA-producing cells as an immune subset to harness 

for therapeutic interventions.

One Sentence Summary:

IgA cells act as a systemic mediator between the gut and the central nervous system during active 

multiple sclerosis.

Introduction

MS is the most common chronic autoimmune disease of the CNS in adults affecting over 2.3 

million people world-wide (1). Recently, gut microbiota composition has been implicated as 

a contributing factor to MS pathogenesis (2–11). However, the specific bacterial taxa that 

drive or exacerbate MS and the mechanisms by which those bacteria influence host 

immunity remain unclear. IgA, produced mostly at mucosal surfaces, is the predominant 

antibody isotype in humans and functions as a critical mediator of intestinal homeostasis 

(12–15). Mounting evidence suggests a major effect of mucosal microbiota in shaping the 

IgA B cell repertoire (16). In inflammatory bowel disease, IgA-coated microbiota have been 

shown to exhibit pathogenic activity (17–20). Although IgG is the main isotype in serum, a 

significant number of IgA-secreting cells circulate in peripheral blood (21), and recent 

evidence suggests that gut microbiota-reactive IgA plasma cells can also traffic to peripheral 

organs (22) and may play a role in other extra-intestinal autoimmune diseases (23). Notably, 

B cell depletion – a therapeutic strategy that spares plasma cells – leads to a dramatic 
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reduction of inflammatory activity in MS (24, 25). In contrast, TACI-IgG, an agent that has a 

major depleting effect on the plasma cell compartment, resulted in disease exacerbations in 

MS (26). This highlights the complex and important role of the B cell lineage in the 

pathogenesis of MS and suggests that at least some plasma cells may play a potentially 

regulatory role during chronic neuroinflammation. Because TACI-APRIL interactions are 

important for IgA class switch, in this study, we sought to understand the role of IgA-

producing cells in MS.

Results

IgA-SEQ identifies intestinal microbiota relevant to MS pathogenesis

To measure taxa-specific IgA coating in an unbiased and comprehensive manner, we applied 

IgA-SEQ (17), a technique that combines flow cytometry-based cell sorting with 16S 

ribosomal RNA (rRNA) gene sequencing (Fig. 1A and B) (27), using fecal specimens 

derived from MS patients in either remission (n=25) or relapse disease states (n=11) and 

healthy controls (n=31) (Data S1 and S2). Although, as previously reported, differences in 

the abundance of specific taxa between MS patients and controls were evident (4), and 

absolute IgA levels in the gut were different between relapse and remission (28), no 

significant differences between disease states of MS with respect to IgA-bound microbial 

taxa were identified (Fig. S1A and B; Data S2). Therefore, samples from MS relapse and 

remission cohorts were pooled for subsequent IgA-SEQ analyses. The proportion of 

differential IgA-bound operational taxonomic units (OTUs) was significantly higher in MS 

compared to controls (Fig. 1C). To quantify the enrichment, we calculated a global 

microbiota coating index (GMCI) (Fig. 1C). In assessing which specific taxa were 

preferentially IgA-coated, we found differentially abundant OTUs in the IgA+ and IgA− 

fractions of MS versus controls (Fig. 1D and E, Fig. S1C, Data S2). Akkermansia 
muciniphila, Eggerthella lenta, and Bifidobacterium adolescentis, which have been reported 

to be increased in MS and exert pro-inflammatory effects on T cells (3, 4, 29), were among 

the most prominent OTUs bound by IgA in MS patient samples in addition to Ruminococcus 
OTUs, which could not be further classified on species level. We next compared relative 

levels of IgA-coating between individual taxa and observed that these taxa had an elevated 

IgA coating index (ICI) in MS patient samples compared to controls (Fig. 1F). In contrast, 

specific Bacteroides OTUs, which are known inducers of T regulatory (Treg) responses (4, 

30), were among the most frequent in the IgA+ fraction of controls (Fig. 1F, Fig. S1C, Data 

S2). Interestingly, we found that IgA-binding was linked to specific OTUs that did not 

necessarily reflect the most abundant taxa in the samples (Fig. 1F, Data S2). Also, we noted 

that the MS-associated IgA+ fraction showed enrichment for regulatory elements and 

metabolic enzymes (Fig. S1D, Data S2). These results suggest that IgA preferentially binds 

MS-associated bacteria highlighting their immune-stimulatory capacity.

CSF IgA is elevated during active inflammation in MS

While interactions between the intestinal microbiota and the immune system are thought to 

play a critical role in MS (11), the relevance of IgA immune responses to organ-specific 

autoimmune diseases such as MS is not well understood (31–37). To determine how IgA 

immune responses impact MS disease activity, we classified patients into MSinactive 
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(remission) versus MSactive (relapse) using clinical and radiological metadata, and measured 

IgA and IgG levels in both blood and cerebrospinal fluid (CSF) (Figs. 2A and S2A, Data 

S1). We found a differential elevation of CSF IgA levels during active MS corresponding to 

clinical relapses (Fig. 2A) and MRI activity as measured by active lesion volume (Fig. S2A). 

In contrast, IgG levels were similarly elevated in the CSF of MS patients during relapse and 

remission (as known (34, 38)) (Fig. 2A). We next assessed blood-brain barrier IgA leakage 

by calculating the CSF:serum IgA ratio corrected for albumin (i.e., IgA index) and identified 

a significant increase in the IgA index during MS relapses, which indicates an intrathecal 

IgA production (Fig. 2A) in relation to IgG, which was already elevated at disease onset as 

expected (38). Further, we found CSF IgA levels to be significantly higher in active MS in 

comparison to neurodegenerative and healthy controls (Fig. 2A, Data S1), which was also 

the case in active neurosarcoidosis, another autoimmune neuroinflammatory disease, 

compared to the respective inactive disease state and controls (Fig. 2A). As expected, IgA 

levels were not elevated in the CSF of healthy controls and neurodegenerative disease (Fig. 

2A). These findings suggest that IgA-producing B cells either traffic to the CNS or 

preferentially augment local IgA production during active neuroinflammation.

IgA B cells co-localize with inflammatory lesions in MS

To validate and further assess presence of IgA+ (CD19+) B cells in the inflamed CNS, we 

studied the localization and phenotype in post-mortem brain samples from MS patients and 

controls by protein and transcript analysis for IGHA and IGHG – encoding IgA and IgG 

proteins – in acute and chronic active MS lesions (39) in comparison to brain tissue from 

other neuroinflammatory and neurodegenerative diseases and healthy control brain tissue 

(Data S1). Utilizing immunohistochemistry (IHC) and in situ hybridization (ISH), we 

observed IgG+ and to a lesser degree IgA+ B cells within inflammatory meningeal 

aggregates adjacent to cortical demyelination (Fig. 2B to D, Data S1). A similar pattern was 

found in perivascular niches and parenchymal infiltrates of subcortical MS lesions (Fig. 2B 

to D). B cell subtype analysis demonstrated that most IgA+ cells were CD138+ and CD19+ 

(but not CD20+) suggesting a plasma cell phenotype (Fig. 2B). Large-area in situ 
hybridization confirmed that the majority of cells expressing IGHA (encoding the Ig heavy 

constant alpha segment) co-expressed PRDM1 encoding the plasma cell transcription factor 

Blimp-1 and localized to inflamed tissue areas in leukocortical MS lesions (Fig. 2B to D). 

Although, the major B/plasma cell subset in MS brains were IGHG-expressing cells, we 

observed a relative enrichment of IGHA-expressing B cells in parenchymal and perivascular 

spaces of the inflamed subcortical white matter (Fig. 2C to D). Further, we noticed a trend 

that the number of perivascular IGHA-expressing cells was associated with the level of 

inflammatory lesion activity as measured by the density of CD68+ macrophages (Fig. S2B). 

Next, based on our recent report that gut-derived plasma cells regulate neuroinflammation 

via IL-10 (15), we sought to assess IL10 expression in the MS CNS. We regularly IL10 
transcripts in a subset of IgA B cells – as compared to T and myeloid cells – in inflamed MS 

lesion areas (Fig. 2D). In addition to MS, we found similar numbers of IgG+ and IgA+ B 

cells in inflamed leukocortical tissues from patients infected with Borna disease virus 

(BoDV-1), a single stranded neurotropic RNA virus, leading to encephalitis, which in most 

cases is fatal (40) (Fig. 2E to F). Conversely, we did not observe IgG+ and IgA+ B cells in 

post-mortem brain tissue from patients with hereditary or sporadic amyotrophic lateral 
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sclerosis (a fatal neurodegenerative condition) and healthy controls (Fig. S2C). Taken 

together, strong enrichment of IgA B cell subsets was a common pathological feature in 

compartmentalized active MS lesions as well as in other active neuroinflammatory 

conditions.

IgA+ cells are a major component of the inflamed CSF plasma cell compartment with 
clonal connections to the periphery

To further understand the origin of CNS IgA B cells, we performed massively parallel RNA 

sequencing of the heavy chain B cell receptor (BCR) repertoires from blood and CSF of 

three active MS patients obtained during a relapse (Fig. 3, Fig. S3, Data S1 and S3). 

Specifically, we used bulk-sorted plasma cell subsets from blood and CSF (Fig. 3A, Fig. S3) 

from two patients (bBCR1 and bBCR2) and performed single-cell repertoire sequencing in 

the third patient (scBCR) (Fig. 3B, Data S3). Analysis of the full repertoire of bBCR1 from 

sorted B cell subsets (Fig. S3) revealed that a significant proportion of CSF B and plasma 

cell clusters were of the IgA isotype, and of those, all belonged to the IgA1 subclass. Indeed, 

we found that 33–100% of clonally related blood to CSF plasma cells/plasma cell clusters 

were IgA-producing cells in all three patients (Fig. 3A to D, Fig. S3). Related IgG2 plasma 

cells between blood and CSF were only found in one patient (bBCR2) (Fig. 3A), and no 

CSF plasma cell-blood clones were detected for any other Ig isotypes (Fig. 3A to C, Fig. S3, 

Data S3). CSF IgA-producing cells exhibited preferential usage of the large Ig heavy chain 

(IgH) subgroups distinguishable by expression of IGHV3 and IGHJ4 with an average CDR3 

length of 15 amino acids (Fig. 3E, Data S3). This data suggests that clonally related IgA B 

cells traffic across the BBB during MS relapses corresponding to active inflammation.

CNS-Infiltrating IgA B cells recognize gut microbiota but not brain antigens

Building on our previous finding that global IgA-coating in the gut was decreased during 

MS relapses (28), we hypothesized that CNS infiltrating IgA-producing cells originate from 

the gut and thus would express gut homing markers (Fig. S4A) and display gut microbiota 

reactivity (Fig. 4A). To that end, we assessed expression of mucosal homing markers ITGB7 
encoding alpha 4 beta 7 integrin and CCR10 in IgA+ cells in MS brains in comparison to 

healthy colon tissue and found expression in the majority of IgA-producing cells in the MS 

brain tissue suggesting their gut origin (Fig. S4A). We next exposed CSF from MS patients 

during remission and relapse to autologous gut bacteria and quantified their IgA binding 

levels (Fig. 4A to B, Fig. S4B) in comparison to other neuroinflammatory and 

neurodegenerative diseases and healthy control (Fig. S4C). Notably, the frequency of 

patients with gut microbiota-reactive IgA in the CSF was elevated during relapsing MS 

(MSactive, 8/10, 80%) compared to remission (MSinactive, 0/7, 0%) (Fig. 4B) as well as in 

patients with active neurosarcoidosis but not in neurodegenerative disease or healthy 

controls (Fig. S4C). To determine if these CSF IgA antibodies originated from local IgA-

producing B cells in MS, we synthesized 5 recombinant monoclonal antibodies derived from 

single IgA B cells obtained from the CSF of one patient (scBCR) during acute inflammation 

(Fig. 3B, Fig. 4A, Fig. S5). We then performed BUGFlow (Fig. S4D) and measured binding 

of the recombinant antibodies to autologous fecal bacteria (Fig. 4B to C). Remarkably, all 5 

antibodies showed dose-dependent binding to autologous gut commensals (Fig. 4C) 

specifically reacting against representative isolates from bacterial species that are 
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overabundant in MS patient stool including A. muciniphilia, E. lenta, and F. prausnitzii (Fig. 

4D, Fig. S4E and F). Surprisingly, all antibodies showed specificities to distinct bacterial 

surface antigens including cross-reactivity of antibodies to surface antigens of bacterial 

strains from multiple phyla (Fig. 4D, Fig. S4E and F) but no reactivity to intracellular 

antigens as tested with bacterial lysates (Fig. S4G). In contrast, no reactivity against foreign 

and self-antigens was observed, including myelin peptide or proteins (myelin 

oligodendrocyte glycoprotein, MOG) (Fig. 4D, Fig. S4H) or against human brain tissue (Fig. 

4D, Fig. S5). One antibody (mAb-5) showed low level cross-reactivity to influenza A and 

MOG1–125 by ELISA (Fig. 4D, Fig. S4H) without being broadly polyreactive or recognizing 

native conformational myelin protein (Fig. S4H) or human brain tissue (Fig. S5). Using a 

LPS assay (Fig. 4E) and a glycan array (Fig. S6A, Data S4), we fine-mapped the epitope of 

mAb1 to a microbial N-acetyl mannosamine (Fig. 4E, Fig. S6A and B). Regardless of 

reactivity, all recombinant antibodies showed evidence of affinity maturation (i.e., were 

somatically mutated) (Data S3) with signs of CDR3 convergence between clones in the CNS 

demonstrated in 2/5 (40%) of the tested antibodies (Data S3). Notably, the two antibodies 

that showed CDR3 convergence (mAb-2 and −3) exhibited highly similar microbiota-

specificity. To further confirm trafficking of IgA plasma cells with distinct microbial 

specificities to the CNS during active disease, we quantified microbiota-reactive IgA plasma 

cells in the blood of an age-matched cohort of active MS patients and healthy controls using 

a commensal ELISPOT (Fig. S7A to B), and found a significant increase of commensal 

specific IgA-producing cells in active MS (Fig. S7A to B) which showed specificity for MS-

associated strains (Fig. S7C to D). These results suggest that at least some IgA plasma cell 

clones originate from antigen-specific B cell responses to intestinal bacterial surface 

antigens in the gut that then migrate through the blood to preferentially traffic to the 

inflamed CNS during active/relapsing MS (Fig. 4F).

Discussion

Here, we characterized IgA and IgA-producing B cells in the gut, blood, CSF and brain 

tissue of MS patients and other neuroinflammatory diseases. We found differential IgA-

coating of gut bacteria in MS raising the possibility that MS-associated taxa contain 

immunoreactive motifs that are potent IgA inducers. These findings not only expand 

previous observations about IgA-bound bacterial-taxa in inflammatory bowel diseases (17, 

19, 20) and bacterial metabolic enzymes triggering IgA responses (41) but provide novel 

insights into taxa-specific IgA responses in the gut in MS and suggest an enrichment of IgA-

bound taxa as a marker for pro-inflammatory gut microbiota composition.

While plasma cells have been implicated in MS pathogenesis (42), previous studies have 

focused on the role of IgG-producing cells as the source of oligoclonal bands – one of the 

diagnostic hallmarks of MS (43). Although some studies have reported the presence of IgA 

in the CSF or CNS tissue of MS patients (31–37), the role of IgA and IgA-producing cells in 

MS is not well understood. Here, we observed a high frequency of CSF IgA B cells (as 

compared to IgG) in relapsing patients with active disease as compared to clinical remission. 

In contrast to elevated CSF IgG responses, which are present at disease diagnosis and might 

be a biomarker for diagnosis and clinical progression (43), we show that CSF IgA is elevated 

in MS relapses and correlates with acute inflammation in MS and other neuroinflammatory 
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conditions, similar to ankylosing spondylitis, another autoimmune disease affecting the 

joints (44). Further, recent data from B cell repertoire analysis in other non-MS autoimmune 

diseases indicates increased clonality dominated by the IgA isotype in the blood of patients 

with systemic lupus erythematosus and Crohn’s disease suggesting microbial contributions 

also to other autoimmune diseases (23). Our observations therefore provide the rationale for 

further evaluating CSF IgA as a marker for acute inflammation in MS and other 

inflammatory diseases and future studies will have to clarify the role of IgA as a predictor 

for MS disease course (23, 33).

We noted a concomitant enrichment of IgA1 and IgG2-expressing plasma cell clones in the 

CSF during relapses in MS. Notably, IgG2 antibodies are typically induced by bacterial 

polysaccharides pointing to a mucosal-originating immune response during acute 

neuroinflammation. IgA responses can be mounted in the gut in an antigen-specific manner 

through high affinity T cell-dependent, or low affinity T-cell independent mechanisms, or in 

an antigen-nonspecific manner through glycan-dependent binding to certain bacteria (12, 14, 

15). Interestingly, a recent study identified cross-specific antibody responses to minimal 

glycan epitopes abundantly expressed on microbial surfaces (45). Here, we link the increase 

of both IgA1- and IgG2-producing B cells to a specific microbial immune response, and 

identified IgA B cells as major constituent of the CSF during active inflammation in MS. 

Unlike previous studies, our findings suggest that gut commensals can elicit high-affinity, T 

cell-dependent responses with confined cross-reactivities across several taxa raising 

fundamental questions about the triggers and role of commensal-specific IgA cells in 

systemic disease.

Emerging studies point towards the existence of dynamic migration patterns of lymphocytes 

between the gut and distant tissues (22). Our work now adds to this accumulating evidence 

by demonstrating that commensal-reactive IgA B cells traffic to the inflamed CNS in MS. 

We propose that their commensal reactivity, the lack of evidence for self- and foreign 

antigen cross-reactivity and evidence for local IL-10 production suggest that these mucosal-

originating IgA-producing B cells represent a population of potentially regulatory cells that 

are actively recruited to inflamed tissues, expanding on previous observations in mice (28).

The fact that IgA-producing cells with specificity to MS-associated immune-stimulatory 

bacterial strains were found in the CNS, raises fundamental questions about the underlying 

mechanisms of IgA-cell migration and function during active inflammation. It is conceivable 

that immune-stimulatory bacteria in the gut lead to an expansion of regulatory IgA-

producing plasma cells that are recruited to the site of inflammation (CNS in this case) 

through inflammation-dependent but microbiota-independent triggers. Although no major 

differences in the overall composition of gut microbiota between relapse and remission were 

observed that would explain a composition-related shift in IgA-binding, we cannot exclude 

that strain specific differences are the drivers of that response. Alternatively, gut leakiness 

during acute neuroinflammation as recently suggested (46) and possible CNS penetration of 

gut microbiota may necessitate microbial containment by cross-species reactive IgA-

producing cells in the acutely inflamed CNS. Further studies are needed to assess gut 

leakiness and potential CNS penetration of gut microbiota and to elucidate the mechanisms 

that facilitate IgA B cell recruitment to the CNS.
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We propose that our study establishes gut microbiota-specific IgA-producing cells as a 

major constituent of the active immune response in MS with broad implications for the role 

of antigen-specific IgA responses in (neuro)inflammatory diseases and for the development 

of novel therapeutic strategies that potentially harness this anti-inflammatory gut-brain 

immune axis.

Materials and Methods:

Human study participants

Human participants for MS microbiome, blood and CSF studies.—Patients with 

clinically isolated syndrome (CIS) (n=4) or relapsing-remitting multiple sclerosis (RRMS) 

(n=39) (remission n=31, relapse n=12) and healthy controls (n=31) were recruited at the 

University of California, San Francisco (UCSF) MS and Neuroinflammation Center as part 

of the ORIGINS (an incident MS cohort) and EPIC (a longitudinal MS natural history 

cohort (47)) study. All individuals signed a written informed consent in accordance with the 

UCSF Institutional Review Board approved protocol. Diagnosis of CIS or RRMS was made 

based on the 2017 McDonald criteria (48). All patients were treatment-naïve (n=39) or off 

immunomodulatory treatment for more than 6 months (n=4) prior to fecal, blood and/or CSF 

sampling and did not receive steroids within at least 30 days prior to sampling. MS relapse 

was defined as the presence of new/exacerbated symptoms and gadolinium enhancement on 

brain or spinal cord magnetic resonance imaging. Clinical disease severity was assessed 

using the Expanded Disability Status Scale (EDSS) (Neurostatus) (49, 50). Age-matched 

controls sharing the same household were used where available for the microbiome study. 

The inclusion criteria specified no use of antibiotics or cancer therapeutics 3 months prior to 

the study and excluded a history of autoimmune disorders in healthy controls. Detailed 

clinical and epidemiological information on patients and controls is available (Data S1).

Fecal samples were collected, shipped within 24 hours at 4°C and stored at −80°C prior to 

bacterial isolation. For blood and CSF, patients either consented to donating excess CSF and 

blood during routine lumbar puncture (LP) at UCSF; if an LP was not ordered by the 

treating physician, participants consented to undergo LP and blood draw for research 

purposes. 7–30 mL of fresh CSF was centrifuged at 400 × g for 15 minutes at 4°C to 

separate the cell pellet from supernatant. Peripheral blood mononuclear cells (PBMCs) were 

isolated from whole blood via Ficoll gradient followed by red blood cell lysis and washing 

with phosphate buffered saline with 1% bovine serum albumin.

Human participants for neuroinflammatory, neurodegenerative and healthy 
control CSF studies.—CSF from neurosarcoidosis patients with diagnosis based on 2018 

consensus criteria (51) and analysis restricted to biopsy-confirmed probably and definite 

cases, was collected as part of a larger UCSF Institutional Review Board approved cohort 

study applying metagenomic next generation sequencing to biological samples from patients 

(52). CSF from neurodegenerative (motor neuron diseases, MND) patients and healthy 

controls was collected at the University Hospital of Basel as part of the local prospective 

CSF biobank (53).

Pröbstel et al. Page 8

Sci Immunol. Author manuscript; available in PMC 2021 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Human participants for autopsy brain tissue and biopsy study.—All MS and 

control tissue included in this study was provided by the UK MS Tissue Bank at Imperial 

College, London, UK (Data S1). Human MS and control tissue samples were obtained 

through a prospective donor scheme following ethical approval by the National Research 

Ethics Committee (08/MRE09/31). We selected leukocortical MS lesion tissue from cortical 

and subcortical areas harbouring acute (active-demyelinating) and chronic-active (active-

demyelinating lesion rims) lesion areas with a similar degree of meningeal inflammation 

underlying cortical demyelination (39, 54). We examined a total of 12 snap-frozen brain 

tissue blocks obtained at autopsies from secondary progressive MS (female n=7, male n=5) 

(39) and control subjects (female n=1, male n=4). The age of the MS patients ranged from 

34 to 65 (median 50) and of the controls from 35 to 82 years (median 64). The disease 

duration of the MS patients ranged from 11 to 40 years (median 23 years). Autopsy tissue 

from three patients with confirmed Borna disease virus 1 (BoDV-1) encephalitis (40) was 

examined following approval by the local ethical committee of the Technical University of 

Munich (577/19-S). Age of the BoDV-1 patients ranged from 13 to 74 (median 50) (Data 

S1). Autopsy tissue from patients with amyotrophic lateral sclerosis (ALS) was obtained 

from Umeå University Hospital, Sweden, through a prospective donor scheme following 

approval by the Ethical Review Boards for Medical Research (55). The age of the patients 

(i.e., sporadic ALS and familial-C9orf72HRE mutant ALS) ranged from 67 to 76 (median 

70) (Data S1). Colon tissues were obtained from hemicolectomy preparation of four patients 

(female n=3, male n=1). For all patients, surgery was performed due to an adenocarcinoma 

of the colon and the aboral resection margin as was chosen for each preparation. The age of 

the patients ranged from 52 to 84 (median 76).

Bacterial Flow Cytometry (BUGFlow)

Bacterial flow cytometry (BUGFlow) was performed as previously described (17). In brief, 

1 million isolated fecal bacteria or bacterial strains were stained in staining buffer (PBS 

containing 1% (w/v) bovine serum albumin (BSA, Sigma). For sorting of IgA-bound 

bacteria, autologous gut bacteria were blocked for 20 min with subsequent incubation of 30 

min with PE-conjugated anti-human IgA (1:10, Miltenyi Biotec, clone IS11–8E10) or the 

respective isotype control (1:10, Miltenyi Biotec, mouse IgG1). For binding assays with CSF 

or recombinant antibodies, samples were incubated for 1 hour on ice with CSF supernatant 

(1:5), patient-derived recombinant antibodies (dilution series) or rabbit anti-E. coli 
(polyclonal, 1:100, Abcam) (positive control) followed by washing, and staining with buffer 

containing PE-conjugated anti-human IgG (clone HP6017, 1:20, BioLegend), PE-conjugated 

anti-rabbit IgG (polyclonal, 1:1000, Abcam) or respective isotype control for 30 min on ice. 

Samples were then washed three times before flow cytometric sorting on a FACSAria II 

(Beckton Dickinson) or fixed with 2% paraformaldehyde before flow cytometric analysis on 

an LSRFortessa (Beckton Dickinson). Bacteria were gated based on forward and side scatter, 

and the gating strategy was verified by SYTOBC (Invitrogen). An isotype control was used 

to identify the stained population. For CSF binding, samples that showed reactivity in 2 

independent experiments were considered positive.

In case of subsequent sorting, we collected 1 million events from the IgA+ population and at 

least 100,000 commensal microbial cells from the IgA- input into sterile sorting buffer. Each 
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fraction was stored at –80°C before amplification and sequencing of bacterial 16S rRNA 

genes. Analysis of IgA binding was done using FlowJo software (v10.1). Multiple 

precautions were taken to minimize potential contamination of sorted fractions as previously 

reported (19): (i) freshly autoclaved PBS was used for sheath fluid; (ii) the flow cytometer 

was sterilized according to the manufacturer’s recommended protocol; (iii) the sheath fluid 

filter was replaced routinely; and (iv) 16S rRNA analysis was performed on samples 

collected from the flow cytometer droplet stream before and after every sort as well as from 

the reagents used (mock sample without bacteria), thus permitting identification of any 

sequences that did not originate from the sorted sample.

16S rRNA gene analysis

DNA was prepared from fecal samples using the PowerFecal DNA Isolation Kit (Qiagen). 

The V4 region of the 16S rRNA gene was amplified in triplicate as previously described 

(56). Triplicate reactions were combined and purified using the SequalPrep Normalization 

Plate Kit (Invitrogen) according to the manufacturer’s specifications. Purified amplicons 

were quantitated using the Qubit dsDNA HS Assay Kit and pooled at equimolar 

concentrations. The amplicon library was concentrated using the Agencourt AMPure XP 

system (Beckman-Coulter) quantitated using the KAPA Library Quantification Kit (KAPA 

Biosystems) and diluted to 2nM. Equimolar PhiX was added at 40% final volume to the 

amplicon library and sequenced in a paired-end 153bp × 153bp format on an Illumina 

NextSeq500 machine. In total, 142 samples were sequenced (Data S1 and S2).

Raw sequence data was converted from bcl to fastq format using bcl2fastq v2.16.0.10. 

R1/R2 fastq data were merged using the program FLASh (Fast Length Adjustment of SHort 

reads) (57) with a minimum overlap of 25bp. Merged pairs were then demultiplexed using 

“split_libraries_fastq.py” in QIIME (58) and passed through USEARCH (59) fastq_filter to 

remove any sequences that contain more than two expected errors.

Amplicon reads were assigned to OTUs using a closed-reference OTU picking protocol 

against Greengenes database (v13.8) at 97% identity by using QIIME (58). Taxonomy was 

assigned to each read by accepting the Greengenes taxonomy string of the best matching 

Greengenes sequence. The sequences were rarified to 70,000 reads per sample, and 134 

samples were kept for downstream analyses. OTUs were filtered to retain the ones present in 

at least 5% of samples, covering at least 100 total reads. Alpha- and Beta-diversity were 

measured by Shannon index and weighted UniFrac distance, respectively. Paired and non-

paired differential analyses between IgA+ and IgA-, MS (relapse and remission patient 

subsets) and healthy controls were performed using DESeq2 R package (60) with 

Benjamini-Hochberg correction for multiple comparisons. OTU representative sequences 

were picked and aligned against Greengenes. The aligned sequences were then used to build 

the phylogenetic tree by the fasttree method in QIIME. An IgA coating index (ICI) for each 

differential OTU (adjusted P-value < 0.05) was calculated as follows: ICI = relative 

abundance (IgA+)/relative abundance (IgA-). PICRUSt1.0.0 (Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States) (61) was applied to predict 

metagenome content of the microbiota samples from the 16S rRNA profiles, and KEGG 

orthologies (KOs) were categorized. Differential analysis of KOs between MS patients and 
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healthy controls was performed using the DESeq2 R package with Benjamini-Hochberg 

correction for multiple comparisons.

To identify enriched OTUs bound by each mAb, we divided the relative abundance of each 

OTU within the sample by the relative abundance within the whole microbiota bound by all 

antibodies. OTUs were kept only if the relative abundance was larger than 0.05% and 

enrichment score lager than 0.5 in any of the five mAb-bound samples. Phylogenetic tree of 

enriched OTUs were built based on the phylogenetic distance of the representative 

sequences of all OTUs.

Ig quantification in serum and CSF

IgA in serum and CSF was quantified using a commercially available quantitative ELISA 

assay (Human IgA ELISA Kit, Abcam). IgG was measured as part of routine clinical testing 

with a nephelometric assay. Intrathecal immunoglobulin synthesis (Ig index) was calculated 

by correcting for albumin.

Immunohistochemistry

16 μm-cryosections were collected on superfrost slides (VWR) using a CM3050S cryostat 

(Leica Microsystems) and fixed in either 4% PFA at room temperature (RT), ice-cold 

methanol or ice-cold acetone. Next, sections were blocked in 0.01M (= 1X) PBS/0.01% 

Triton X-100/ 10% goat sera for 1 hour at RT. Primary antibody incubations were carried out 

overnight at 4°C. The following antibodies were used for immunohistochemistry: goat 

biotinylated anti-human IgA (polyclonal, 1:100, Southern Biotech), mouse anti-human 

CD138 (clone DL-101, 1:100, BioLegend), mouse anti-human CD19 (clone HIB19, 1:20, 

BioLegend), rabbit anti-human CD20 (clone SP32, 1:300, Thermo Fisher), mouse anti-

human CD68 (514H12, 1:200, Millipore Sigma), mouse anti-human MOG (818C5, 1:1000, 

Bio-Rad), humanized anti-MOG (h818C5, 1 μg/ml) rabbit anti-E.coli (polyclonal, 1:500, 

Abcam). After three-step washing in 0.1M PBS, cryosections were incubated with 

secondary antibodies diluted in 1X PBS/ 0.01% Triton X-100 for 2 hours at room 

temperature. For chromogenic assays, sections were incubated with biotinylated secondary 

IgG antibodies (1:500, Thermo Fisher) followed by avidin-biotin complex for a 1-hour 

incubation (1:500, Vector) and subsequent colour revelation using diaminobenzidine 

according to the manufacturer’s recommendations (DAB, Dako). For immunofluorescence, 

Alexa fluorochrome-tagged secondary IgG antibodies (1:500, Thermo Fisher) or 

biotinylated secondary-fluorochrome-tagged streptavidin complexes (for additional signal 

amplification) were used for primary antibody detection. Slides with fluorescent antibodies 

were mounted with DAPI Fluoromount-G (SouthernBiotech). Negative control sections 

without primary antibodies were processed in parallel. For diagnostic purposes, hematoxylin 

and eosin (HE) and Luxol fast blue (LFB) staining was carried out.

Chromogenic and fluorescent single/duplex/multiplex in situ RNA hybridization

Single molecule in situ hybridization (ISH) was performed according to previous published 

protocols (39) and manufacturer’s recommendations (RNAscope 2.5 red kit, duplex 

chromogenic manual assay kit and multiplex fluorescent v2 assay kit) to overcome technical 

difficulties such as high levels of background auto-fluorescence in inflamed white matter 
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and lipofuscin in neurons of archival human brain samples (39). Sequences of target probes, 

preamplifier, amplifier, and label probes are proprietary and commercially available 

(Biotecne, Advanced Cell Diagnostics). Typically, target probes contain 20 ZZ probe pairs 

(approx. 50 bp/pair) covering 1000 bp. The following human manual RNAscope assay 

probes were used: IGHA1, IGHG1, IL10, IGHG1-C2, PRDM1-C2, IL10-C2, CCR10-C2, 
CD3E-C3, CD163-C3, IL10-C3, ITGB7-C3. After duplex single molecule in situ 

hybridization, we performed hematoxylin staining of nuclei. For multiplex fluorescent v2 

assays, slides were stained with TSA Plus Fluorophores (Fluorescein, Cyanine3, Cyanine5) 

and DAPI. As quality control, channel-specific negative and positive ISH probes for each 

were run in parallel.

MRI acquisition and analysis

MRI images were acquired on the same 3T Skyra scanner (Siemens) following a 

standardized protocol that included: isotropic 3D T1-weighted magnetization-prepared 

gradient echo images (MPRAGE), isotropic 3D T2-weighted fluid-attenuated inversion 

recovery (FLAIR), and axial T2/PD-weighted dual echo spin echo images of the brain; 

sagittal whole spine T2-weighted and short tau inversion recovery (STIR) images. In 

addition, brain 3D T1-weighted MPRAGE and sagittal whole spine T1-weighted images 

were acquired after administration of gadobutrol. Brain T2 lesion masks were created from 

T2-FLAIR images using a semi-automatic lesion segmentation algorithm (62) as 

implemented in the Lesion Segmentation Toolbox (LST) version 3.0.0 (www.statistical-

modelling.de/lst.html) for SPM. Lesion masks of gadolinium enhancing lesions were created 

from the T2 lesion masks by manually erasing the non-enhancing portion of the lesion and 

adjusting the T2 lesion boundary to that of the T1 lesion. MRI scans were done at the time 

of sample collection and all MRI analyses were performed blinded to the clinical and 

immunological data.

Bulk BCR sequencing

CSF and PBMCs were treated as stated above. For BCR repertoire analysis, CSF and PBMC 

samples were immediately blocked with FcR Block (Miltenyi Biotec) and stained with 

fluorescent antibodies to the cell surface markers CD19, CD27, CD38, CD138, IgD and 

sorted as previously described (63) on a MoFlo Astrios EQ (Beckman Coulter): naïve B 

cells (N: CD19+IgD+CD27−), unswitched memory B cells (USM: CD19+IgD+CD27+), 

switched memory B cells (SM: CD19+IgD-CD27+), double negative B cells (DN: 

CD19+IgD−CD27−), and PB plasma cells (PC: CD19+IgD−CD27+CD38+), and CSF 

plasmablast/plasma cells (PC: CD19+IgD−CD27high). B cells were sorted directly into lysis 

buffer suitable for later RNA extraction (Qiagen, buffer RLT+ 1% β-mercaptoethanol) and 

stored at −80°C.

We performed immunoglobulin profiling following the protocol from Turchaninova et al 
(64). In brief, we synthesized cDNA with heavy or light chain Ig targeted primers and 

template switch adaptor. cDNA was amplified by first semi-nested and second nested PCR 

amplification. We used each PCR product to prepare a sequencing library using the 

NEBNext Ultra II FS DNA library prep kit for Illumina (New England Biolabs). Each 

sample was barcoded at the library preparation step and libraries were pooled. Sequencing 
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was performed using a paired-end 400bp × 200bp asymmetric format on an Illumina MiSeq 

platform.

Bulk immune repertoire analysis

A custom bioinformatics pipeline incorporating MiXCRv2.1.9 (65) was used to identify IgH 

germline genes and the H-CDR3 from raw paired-end sequencing reads. BCR sequences 

with a count greater than five and minimum quality H-CDR3>30 (Phred score) were 

included. In a B cell subset from one patient, bBCR1 CSF USM, the total number of BCR 

sequences was greater than the cell count (as determined by flow cytometry). In this case, 

the final set of BCR sequences was restricted by cell count, using the most highly abundant 

sequences. BCR using identical IGHV (Immunoglobulin heavy chain Variable region gene) 

and IGHJ (Immunoglobulin heavy chain Joining region gene) germline segments and 

identical or near-identical H-CDR3 regions (minimum 8 amino acid length, maximum 

Hamming distance of 2 at the amino acid level) were considered members of a clonally-

related Ig-VH cluster (63). Network diagrams were generated to visualize relationships 

between the Ig-VH clusters in the blood and CSF within patients using Cytoscape (66). 

Heavy chain BCR sequences were analysed in IgBLAST (67). Mutations from germline 

were identified using IgBLAST and displayed using Geneious (v10.0).

Single-cell BCR sequencing

CSF supernatant was removed, the cell pellet was gently resuspended, and lymphocytes 

were counted via hemocytometer. An aliquot of PBMCs was enriched for B cells, and a 

second aliquot was enriched for memory B cells via bead-based selections (EasySep Human 

Pan-B cell enrichment kit, and EasySep Human Memory B Cell Isolation Kit, respectively, 

StemCell Technologies). Isolated peripheral blood B cells and unenriched PBMCs were 

resuspended in 2% serum. Single cells were isolated on a droplet-based single cell isolation 

platform (10X Genomics), and individual heavy and light chain Ig sequences were identified 

using the Chromium Single Cell V(D)J kit (10X Genomics) and paired-end 150bp × 150 bp 

sequencing on an Illumina NovaSeq platform. Two lanes of CSF cells were isolated as single 

cells on the same platform: 7,711 and 4,938 cell input, respectively, one lane of 17,400 

PBMCs, one lane of 18,125 peripheral blood B cells, and one lane of 18,565 peripheral 

blood memory B cells. Estimated cell count input was based on manual hemocytometer 

count.

Single-cell immune repertoire analysis

Collective clonotype results produced by Cell Ranger (v3.0.1) were analysed using custom 

scripts written in Perl and R. Ig-VH clonally related clusters were identified based on the 

same criteria as described above for the bulk immune repertoire sequencing analysis.

Recombinant IgA antibodies

Full-length variable BCR sequences (FR1 to FR4) obtained from 5 single CSF IgA B cells 

from one patient (scBCR, RRMS_Relapse_9) fused to the human IgG1 constant region were 

cloned into LakePharma’s (Belmont, CA) high expression mammalian vector system, 
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transiently expressed in human embryonic kidney (HEK)-293 cells and purified via Protein 

A using standard methodology.

Bacterial strains

Bacterial type strains were purchased from the American Type Culture Collection (ATCC) 

(Acinetobacter calcoaceticus, Akkermansia muciniphilia, Bacteroides adolescentis, 

Bacteroides fragilis, Clostridium perfringens, E. coli strains, Eggerthella lenta type strain, 

Enterococcus faecalis) and Deutsche Sammlung von Mikroorganismen und Zellkulturen 

GmbH (DSMZ) (Prevotella copri). E. coli MP1 strain was obtained from Mark Goulian 

(University of Pennsylvania, USA). The collection of Eggerthellaceae strains has been 

previously described (68).

Bacterial (lysate) ELISA

1 million intact autologous gut bacteria or heat-inactivated (65°C, 30 min) and sonicated (10 

min) autologous gut bacteria were coated on a maxisorb ELISA plate (Nunc) in PBS in 

triplicates and incubated over night at 4°C. Plates were then washed and blocked with 3% 

BSA in PBS for 2 hours at room temperature before incubating 1 hour with the recombinant 

antibodies followed by anti-human IgG HRP (Jackson) for one hour at room temperature. 

After washing, the assay was developed with TMB (Abcam).

Polyreactivity assays

Antibody responses against self and foreign antigens were performed in quadruplicate 

reactions using commercially available assays according to manufacturer’s instructions 

(dsDNA, LSBio; hMOG, Anaspec; Influenza A, Abcam; LPS, alpha Diagnostic 

international). Antibodies against conformational MOG were measured using a cell based-

assay as previously described (69, 70).

Glycan array

Glycan Array Printing.—Glycan microarray slides were prepared by robotically spotting 

solutions on NHS activated glass slides (71). In detail, synthetic glycans were dissolved in 

printing buffer (50 mM sodium phosphate, pH 8.5) at a concentration of 100μM. Solutions 

were transferred to a 384 well V bottom plate (Genetix) and robotically printed onto NHS 

activated glass slides (CodeLink slides, Surmodics) using an S3 non-contact microarray 

spotter (Scienion) equipped with a Type 4 coated nozzle (PDC80). The printing pattern is 

shown in Fig. S6. Humidity in the printing chamber was kept constant at 39% during the 

entire print run. Following printing, slides were incubated overnight at room temperature in 

a humidity-saturated chamber. Remaining reactive groups were quenched by incubating the 

slides in quenching solution (50 mM sodium phosphate, 100 mM ethanolamine, pH 9) at 

room temperature for one hour. Slides were washed twice with water, dried by centrifugation 

at 300 × g for three minutes (Eppendorf CombiSlide system) and stored dry at 4 °C until 

use.

Glycan Array Screening.—Directly before the assay, the slides were blocked with a 

solution of 3% (w/v) BSA in PBS (BSA-PBS) for 60 min at room temperature, washed 
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twice with PBS and once with double deionized water, afterwards dried by centrifugation. A 

16 well and 64 well incubation gasket (FlexWell™ Incubation Chambers, Grace BioLabs) 

was attached to the slide and primary antibody dilutions (in BSA-PBS) in different 

concentrations (10μg/mL and 20μg/mL) were added in duplicate to the glycan arrays. After 

incubation for 1h at room temp, slides were washed three times with PBS containing 0.1% 

(v/v) Tween-20 (PBST) by adding 120 μL (16 well) and 50μl (64 well) to each well. The 

secondary antibody (goat anti-human IgG-H+L AlexaFluor® 647, 1:400, A21445, 

Invitrogen), diluted in 3% (w/v) BSA-PBS, was directly added to the wells of the gaskets 

and incubated for 1h at room temperature in the dark. After incubation, slides were washed 

twice with PBS-T, twice with PBS, rinsed with deionized water and dried by centrifugation 

(300 × g, 3 min) prior to scanning with a GenePix 4300A microarray scanner (Molecular 

Devices). Intensities were evaluated as mean fluorescence intensity of circles of identical 

diameter for all glycans with local background subtraction using GenePix 7 (Molecular 

Devices).

Commensal-specific ELISPOT

Membrane plates (High Protein Binding Immobilon-P membrane, Millipore) were coated 

with 1mg/ml of heat-killed inactivated (60min at 65°C) defined human microbiome 

ecosystem (RePOOPulate) (72)or with 1ug/ml of heat killed inactivated MS-associated 

(Akkermansia muciniphilia, Facelibacterium prausnitzii, Eggerthella lenta) or non-MS 

associated (Parabacteroides distasonis, Bacteroides fragilis, Eubacterium rectale) bacteria 

strains, plates were kept at 4°C overnight. Plates were blocked the next morning with 10% 

FBS/RPMI (Sigma) for 2 hours at 37°C. PBMC were thawed and incubated for two hours 

with 50ng/ml of Fc-BAFF, and, after checking viability, a B/PC cell enrichment was 

performed using an EasySep Pan B cell enrichment kit (Stemcell) following manufacturer’s 

instructions. Single B/PC cell suspensions were loaded onto the plate at serial 2-fold 

dilutions in 10%FBS/RPMI/50ng/ml of Fc-BAFF and left overnight at 37°C. Cells were 

removed the next morning and plates were washed with 0.1% TWEEN-20/PBS 3x, leaving 

the third wash in the plate while rotating on an orbital shaker for 15 min and washed twice 

more. AP-conjugated IgA detection antibody was subsequently added for 2 hours. Plates 

were washed again as before and developed while covered with aluminium foil for at least 9 

minutes or until spots were visible using Vector Blue (Vector Laboratories) substrates. Plates 

were dried overnight and spots were counted based on the original cell dilution.

Image acquisition and analysis

For analysis of in situ hybridization data (number of IGHA1- and IGHG1-expressing cells), 

we quantified cells on average in 4–11 representative regions of interest (ROIs) per tissue 

block and took the average per tissue block for statistical analysis. For meningeal and 

perivascular spaces, ROIs were defined by measuring the area of meningeal/vascular tissue 

subtracting any empty spaces related to meningeal/vascular lumen or tissue artefacts. For 

parenchymal cell densities, we quantified cells in 4–11 circular areas (= parenchymal ROIs) 

within a radius of 300 μm surrounding a central blood vessel; note that the (peri)vascular 

space was not included in the quantification of parenchymal cell densities. Bright field 

images were acquired on Zeiss Axio Imager 2 and Leica DMi8 microscopes equipped with 

Zeiss Axiocam 512 color and Leica DMC5400 cameras. Fluorescent images were taken with 
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Leica TCS SP8 laser confocal (405/488/552/638 nm) and DMi8 widefield (equipped with 

Leica DFC7000 GT camera) microscopes with 10x, 20x, 40x or 63x objectives; fluorescent 

confocal pictures are Z-stack images, unless stated otherwise. Images were processed using 

Fiji ImageJ (v2.0) and exported to vector-based software (Adobe Illustrator and Affinity 

Designer) for figure generation.

Statistical analysis

Data are presented as mean ± standard error of mean (SEM). Analyses were performed 

using parametric (Student’s t-test: normally distributed data with equal variances; Welch’s t-
test: normally distributed data with unequal variances; One-way ANOVA with Tukey’s 

multiple comparison test: normally distributed data with equal variances) or non-parametric 

(Mann-Whitney U, Wilcoxon paired test, Friedman and Kruskal-Wallis tests: non-Gaussian 

distribution data) tests. Fisher’s exact test was used to determine nonrandom associations 

between two categorical variables. A least squares regression model was used to analyze 

associations of IgA CSF levels with the average volume of gadolinium enhancing brain 

lesions, adjusted for age, sex and disease duration. All tests were performed using 2-tailed 

analysis. Significance cut-off was set at p<0.05. P values were designated as follows: *P ≤ 

0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Statistical analyses were performed using 

GraphPad Prism software version 7.0 or JMP Statistics software version 14.3.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of IgA-coated bacteria enriched in multiple sclerosis patients.
A, Overview of IgA-based cell sorting of fecal bacteria combined with 16S rRNA gene 

sequencing (IgA-SEQ) in multiple sclerosis (MS) (n=36) and healthy controls (HC) (n=31). 

B, Gating strategy for flow-cytometry based sorting of IgA-bound (IgA+) and -unbound 

(IgA-) bacteria. C, Relative counts of significant operational taxonomic units (OTUs) 

specific to the IgA+ and IgA- fractions, non-differential OTUs and global OTUs. Note 

significant differential enrichment of IgA-bound OTUs in MS compared to controls as 

shown by an elevated global microbiota coating index (GMCI). Fisher’s exact test. D, 

Phylogenetic tree based on IgA-SEQ of significantly different OTUs between IgA+ and IgA- 

in MS or HC. Circles represent OTUs overabundant in the respective IgA status. E, Volcano 

plots of significantly differential OTUs between IgA+ and IgA- in MS. Note enrichment of 

pro-inflammatory taxa in the IgA-bound fraction. F, Heatmap of average relative abundance 

(log base 10) of total, IgA+ and IgA- fractions of fecal bacteria and IgA coating index (ICI) 

scores from HC and MS for differential OTUs between IgA+ and IgA- in HC and MS, 

respectively. DESeq2, Benjamini-Hochberg correction for multiple comparisons.
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Fig. 2. Enrichment of IgA-producing cells during active CNS inflammation in MS and viral 
encephalitis.
A, Serum and CSF IgA and IgG levels during MS relapse (serum: n=13, CSF: n=11) and 

remission (serum: n=11, CSF: n=9); unpaired Student’s t-test. IgA and IgG index during 

relapse (n=6) compared to remission (n=11); unpaired Student’s t-test with Welch’s 

correction. CSF IgA in active and inactive MS in comparison to another neuroinflammatory 

condition (neurosarcoidosis: n=12), neurodegeneration (motor neuron diseases, MND: 

n=10) and healthy controls (HC: n=10); One-way ANOVA with Tukey’s multiple 

comparison test; Indicated are mean ± SEM. B, Spatial distribution and lineage of IgA+ B 

cells in active MS lesions. CD20 (cyan arrowheads), IgA (yellow arrowheads). C, Spatial 

transcriptomics of IGHA- to IGHG-expressing cells in subcortical perivascular versus 

meningeal and parenchymal infiltrates in active MS; two-tailed Mann-Whitney test. D, 
IGHA- and IGHG-expressing cells in inflamed meningeal aggregates (left), the majority of 

which co-express the plasma cell marker PRDM1 (yellow arrowheads). Presence of IGHG- 

and IGHA-expressing cells (co-expressed with PRDM1) in inflamed perivascular infiltrates 

(right). Note differential IL10 expression in immune cell subsets with increased expression 

in IGHA-expressing B cells (yellow arrowheads; orange arrowheads marks IL10-/IGHA+ 
cells), and lower/absent expression in T cells (CD3E) and macrophages (CD163) (blue 

arrowheads). E, F, Qualitative (E) and quantitative (F) assessment of IGHA- and IGHG-

expressing B cells in inflamed viral encephalitis tissue (Borna disease virus 1, BoDV-1); 

note recruitment of IGHA- and IGHG-expressing B cells in perivascular spaces with relative 

enrichment of IGHA- over IGHG-expressing cells in parenchymal infiltrates. For IHC (B) 
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and ISH (C-F) experiments, representative images from individual tissue sections are shown 

(ctrl, n = 5; MS, n = 12; BoDV-1, n= 5), meninges and perivascular white matter lesions are 

from the same tissue sections. Inflammatory lesion staging was carried out by MOG and 

CD68 IHC.
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Figure 3. IgA-producing cells traffic across the blood-brain barrier in active MS.
A-B, B cell receptor repertoire analysis from sorted plasma cell subsets (A) or single cells 

(B) from peripheral blood (PB, red) and cerebrospinal fluid (CSF, blue) (n=3). PC=plasma 

cells. Edges (lines): clonal connections between B cell subsets. PB-CSF connections: 

blue=clonal connections between IgA subsets, red=all other clonal connections. Node size 

and edge thickness are relative to the number of Ig-VH clusters and connections, 

respectively. C, Phylogenetic tree of CDR3 sequences from an IgA cluster shared between 

CSF and blood (patient bBCR2, (A)). Dots indicate amino acids identical to germline 

segments; color-shaded amino acids indicate differences from germline. D, CSF IgA B cell 

(clonal) frequencies. Shown are % CSF IgA of all CSF Ig clusters (left), % CSF-PB clonal 

connections of all CSF IgA (middle), % CSF-PB clonal connections of all CSF-PC Ig clonal 

connections. E, CSF IgA B cell receptor gene usage.
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Figure 4. Microbial specificity of cerebrospinal fluid IgA B cells.
A, Strategy to characterize gut bacteria-reactivity of cerebrospinal fluid (CSF) IgA and 

recombinant monoclonal antibodies (mAbs) derived from single CSF IgA B cells from MS 

patients. B, CSF IgA-reactivity against autologous gut microbiota (remission, n=7; relapse, 

n=10). Fisher’s exact test. C, CSF mAb-reactivity against autologous gut microbiota (n=5) 

during acute inflammation. D, CSF mAb binding profile. Strains used are type-strains 

derived from ATCC or from an Eggerthellaceae collection. MOG=myelin oligodendrocyte 

glycoprotein, dsDNA=double stranded deoxyribonucleic acid. Dark blue=gram- strains, 

light blue=gram+ strains. E, Epitope mapping of mAb-1. Antibody reactivity against E. coli 
K235-derived lipopolysaccharide (LPS) and epitope identification using a glycan array. 

Shown are the repeating units of the capsular polysaccharides from Streptococcus 
pneumonia serotypes 4 and 9 with the common 2-N-acetyl mannosamine highlighted in red. 

F, Schematic illustrates working model of IL10-producing gut microbiota-specific IgA B 

cell trafficking during acute neuroinflammation in active MS.
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