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Cell-binding IgM in CSF is distinctive
of multiple sclerosis and targets the iron
transporter SCARA5S
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Intrathecal IgM production in multiple sclerosis is associated with a worse disease course. To investigate pathogenic
relevance of autoreactive IgM in multiple sclerosis, CSF from two independent cohorts, including multiple sclerosis
patients and controls, were screened for antibody binding to induced pluripotent stem cell-derived neurons and as-
trocytes, and a panel of CNS-related cell lines. IgM binding to a primitive neuro-ectodermal tumour cell line discrimi-
nated 10% of multiple sclerosis donors from controls. Transcriptomes of single IgM producing CSF B cells from
patients with cell-binding IgM were sequenced and used to produce recombinant monoclonal antibodies for
characterization and antigen identification. We produced five cell-binding recombinant IgM antibodies, of
which one, cloned from an HLA-DR +plasma-like B cell, mediated antigen-dependent complement activation.
Immunoprecipitation and mass spectrometry, and biochemical and transcriptome analysis of the target cells iden-
tified the iron transport scavenger protein SCARAS as the antigen target of this antibody. Intrathecal injection of a
SCARAS antibody led to an increased T cell infiltration in an experimental autoimmune encephalomyelitis (EAE)
model. CSF IgM might contribute to CNS inflammation in multiple sclerosis by binding to cell surface antigens like
SCARAS and activating complement, or by facilitating immune cell migration into the brain.
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Introduction

One of the diagnostic hallmarks of multiple sclerosis (MS) is intra-
thecal immunoglobulin production, identifiable at CSF examin-
ation as oligoclonal IgG bands (OCB). Other than in MS, OCB are
found in CNS inflammatory conditions and when the cause is infec-
tious, antibodies that are specific for the causal pathogen can be
identified amongst those constituting the OCB.*?

The prevalent class of intrathecally produced antibodies is IgG,*
but intrathecally produced IgM is also present in 20-25% of pa-
tients,* and their presence has been associated with more active
and severe disease®®. IgM sequences from the CSF of patients
with MS or neuroborreliosis show a high degree of somatic hyper-
mutation, suggesting an antigen-driven IgM response,® rather
than a bystander response. In MS, comparison of the immuno-
globulin transcriptomes of B cells in CSF and in lesions with peptide
sequences of soluble CSF antibodies suggests that all three are clon-
ally related.'®* Known mechanisms by which IgM might damage
brain tissue are dependent on antigen recognition and binding, im-
plying that if IgM is causally involved in pathogenesis, it must bind
antigens in the CNS. By analogy with established pathogenic auto-
antibodies, we expect such antibodies to bind conformational epi-
topes on the surface of live cells.’> A result consistent with this
prediction was indeed observed by Lily et al.,*® who saw that anti-
bodies from serum or CSF from patients with MS had a stronger
propensity to bind to human oligodendrocyte and neuronal cell
types than samples from healthy patients.

We therefore screened CSF from patients with MS and controls
for antibodies of different classes that bind to live, CNS-related cell
types. Having discovered an MS-restricted IgM binding pattern, we
then set about identifying the target and characterizing the patho-
genic B cell phenotype.

Materials and methods

Methods are described in detail in the Supplementary material.

CSF samples from patients undergoing diagnostic lumbar puncture
at the University Hospital Basel and from University Hospital
of Graz were collected and immediately processed. All proce-
dures were approved by the Ethical Committee of Northwest
Switzerland (study protocol 2021-00908) and by the Ethical
Committee of the Medical University of Graz, Austria (study proto-
col 17-046 ex 05/06 and 31-432 ex 18/19). Each sample was collected
using a 15 ml falcon tube, centrifuged at 400g at room temperature
for 10 min; the CSF supernatant was then aliquoted and frozen at
—80°C. For the prospective part of the study, the CSF samples
were analysed for cell line-binding IgM by flow cytometry, immedi-
ately after collection, and the CSF cell pellet was resuspended in
RPMI supplemented with 40% fetal calf serum (FCS) (R40) and
kept on ice for further processing or stored within 2 h in liquid
nitrogen.

Cell lines used are described in Supplementary Table 1.

Differences between conditions were tested for deviation from nor-
mality, when normal were subjected to analysis of variance, and
when significantly deviated from normal to appropriate non-
parametric tests, as specified in the figure legends.

Results

First we screened CSF samples from 128 patients with MS and 142
controls for IgM binding to neurons and astrocytes derived from hu-
man induced pluripotent stem cells (iPSCs) by flow cytometry,
blinded to the diagnosis. Overall IgM binding was not obviously dif-
ferent between patients and controls (Fig. 1A), but some samples
showed an MS-specific pattern of antibody binding to a subset of
cells (Supplementary Fig. 1A and B). This subset was too small to
be easily used for downstream studies and we therefore screened
the same cohort of CSF, plus an additional 44 MS samples and 50
control samples (Supplementary Table 2) against a panel of
CNS-related tumour cell lines (Supplementary Table 1).

IgM binding varied both by disease status and by cell line
(Fig. 1B-D). In particular, cells from the PNET and STTG1 lines
were bound by IgM from CSF of patients with either clinically iso-
lated syndrome (CIS) or MS, but not by IgM from control CSF
(Fig. 1B-D). The PNET cell line was recognized by IgM from CSF
from ~10% of MS patients and <1% of control samples, and this sig-
nal was not correlated with intrathecal IgM concentration—even
among controls with relatively high levels of intrathecal IgM pro-
duction, with one exception, no PNET-binding IgM was detected
(Fig. 1C). CSF from six donors with MS contained cell-binding IgG,
but this was discovered to result from therapeutically administered
natalizumab, as recently described,’* and these samples were
therefore excluded from further analysis. Otherwise, CSF IgG was
not different between patients with MS and controls (Fig. 1D).

For a subset of cell lines, including PNET, we examined binding
of IgM and IgG from sera from the same donors. Both were similar
across cell lines and between patients with MS and controls
(Supplementary Fig. 1C).

To confirm the MS-specific IgM binding pattern observed in CSF
from the Basel cohort, we repeated the study using CSF samples
from a cohort from an independent centre (University Hospital of
Graz, Austria). Samples (MS/CIS = 100, control = 100) were shipped
coded and analysed by investigators unaware of diagnoses.
Results replicated those from the Basel cohort (Supplementary
Fig. 1D and E). IgM binding to the PNET cell line was more commonly
observed in patients with MS/CIS diagnosis, (CIS> control, P <
0.0001, one-way, ANOVA) and after exclusion of two donors with
therapeutic natalizumab detected, no disease-specific pattern
was seen for IgG.
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Figure 1 Binding of antibodies from CSF to live cells. (A) Binding of antibodies from CSF to astrocytes or neurons derived from human induced pluri-
potent stem cells (iPSCs). Each column scatter plot shows results for CSF samples from donors with a diagnosis of clinically isolated syndrome (CIS),
clinically definite multiple sclerosis (MS), or controls. Upper row of plots shows binding to neurons and lower plots binding to astrocytes. Plots on left
show IgM, plots in middle show IgG and plots on right show IgA. Each dot represents one sample. Vertical axis shows geometric mean fluorescence in-
tensity. Results from CSF samples from donors with CIS are shown in black, MS in red, and controls in blue. (B) Exemplary flow cytometry dot plot com-
paring IgM binding from CSF against the indicated cell lines. The vertical axis shows the fluorescence intensity of the secondary antibody used to detect
the bound antibody, and the horizontal axis shows the intensity of the fluorescent vital dye Cell Trace Violet used to label the various cell lines before
mixing, to enable their subsequent separation. Red dot plot shows IgM binding from CSF donated by a patient with CIS. Blue dot plot shows results with
secondary antibody only. (C) Relationship between PNET-binding IgM signal (vertical axis, GMFI ratio) and CSF/serum IgM quotient (horizontal axis)
(Pearson r =0.096, P =0.176). (D) Binding of antibodies from CSF to various cell lines. Vertical axis shows GMFI ratio (antibody + secondary-labelled cells
divided by cells labelled with secondary antibody only). The 18 columns represent binding of IgM (upper row) or IgG (lower row) from CSF samples from
donors in Basel with CIS (black), MS (red) and controls (blue) to each of six cell lines whose names are shown inside each plot. One-way ANOVA

*P = 0.049, *™*P < 0.0001. ns = not significant.



842 | BRAIN 2024: 147; 839-848 I. Callegari et al.

A Expanded B cell supernatant IgM binding to PNET cells
1B3 3D20 1G8 1M16
= 4
E’J -
c |3 -
@
E
2|4 4
z
< |1 ] 3 |
3
<
FSC-A
B Monoclonal IgM binding to PNET cells
- B3 D20 G8 M16 G12
= : 1
5 ? 1
E |1 1 ]
=1 i 1
z| 1
E ——g i —= ]
% i 3
< 8 : !
FSC-A
C D Eff i
— P . ect of hypermutations on
Binding specificity of CSF derived yperm
B3 binding
monoclonal IgM
50 1 |:| mutated HC
B3 . | mutated LC
40 |
d 30 mutated HC
D20+ 20 1 reverted LC
M16 i .
- reverted H
G124 = mutated LC
T (IL /(\ I\ Jb r!{/ T é T JT\ T T :\
. . A, (8) 1
o4 @b g @ P Q,\y;g\o & ,\Qg ?'.\'\ el ,(ﬂo reverted HC
& AN K\ e A
S Ty i reverted LC
E B3 binding to PNET cells
3.0+ cora
= B3 dependent complement
T 254 activation
o G o
; JCHAIN « i 2.0 |—*
=~ BMS1P20 ns
g’ * nest —
= 5 1 8 -
g 2.04 ol CD?&APTP%C‘W — g . ™
ﬁ ‘ HSH2D " g ——
E mm‘f\‘ﬁ-p 1GLLS % 1.6
% xcm%?‘@‘!mam‘ E @
D 454 naEOURAR , *BIRGS & 0 1.4 ° °
™ BHLHATS .‘aﬁNASEZ i) O
0 U < : .e
T 1.2
Krrmpm-yggglﬁfs't' °
1.0 Be8tast .55,

T T T T T T 1 0 T T T
0.0 0.5 1.0 15 2.0 25 B3 M16 serum
average expression (log1p reads)

Figure 2 Properties of monoclonal IgM isolated from single CSF B cells. (A) Contour plots showing the PNET binding of IgM from the single cell culture
supernatants from the wells highlighted in Supplementary Fig. 2C. Names above each plot are the identities of the five wells, derived from their loca-
tions in the culture plates, and are used hereafter as identifiers for the monoclonal antibodies derived from these B cells. In each plot, the vertical axis
shows IgM binding (fluorescence intensity of anti-human IgM) and the horizontal axis shows the forward scatter. Contours in blue are derived from
cells labelled with anti-human IgM only, and contours in red from cells labelled with the single cell supernatants and then with anti-human IgM.
(B) Contour plots like those shown in A representing binding of the five monoclonal antibodies cloned from the B cells in each of the five wells.
(C) Heat map showing binding of each of the five monoclonal antibodies (rows) to each of the 13 cell lines (columns). Blue intensity shown on bar at right
corresponds to the GMFI ratio. (D) Effect of mutational reversion on PNET binding. Binding of the recombinant antibody B3 with the observed mutations
as originally cloned, in comparison with partially or fully germline-reverted versions of the same antibody. The red histogram shows binding of the
original hypermutated antibody. The orange histogram shows binding of an artificial antibody with the native mutated heavy chain (HC) combined
with a germline-reverted light chain (LC). Blue histogram shows binding of antibody with reverted heavy and original mutated light chain. Green shows

(Continued)
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Looking at clinical characteristics, those donors with anti-PNET
IgM in their CSF were—on average—younger than negative donors,
had more cells in CSF, and were more likely to have oligoclonal
bands (Supplementary Table 3).

We prospectively screened CSF from a total of 212 patients for PNET
binding. From one donor whose CSF contained PNET-binding IgM
(Supplementary Fig. 2A), 1678 CD19+ B cells were sorted and cul-
tured (Supplementary Fig. 2B). Five single B cell supernatants con-
tained PNET-binding IgM (Fig. 2A and Supplementary Fig. 2C).
Transcriptomes of these B cells were surveyed by RNA sequencing
and immunoglobulin gene sequences were cloned (Supplementary
Table 4). One antibody (B3) showed the PNET-specific binding pat-
tern of the original CSF (Fig. 2B and C).

The five antibodies had various levels of somatic hypermutation
(Supplementary Table 4). Following Beltran et al.,’ we examined the
ratio of silent to replacement mutations of the immunoglobulin
gene. We found an increased rate of replacement mutations in
the complementarity-determining region (CDR) of B3 (6.5) com-
pared to the FR (1.4) indicating an antigen-driven mutation of this
B cell clone.

To further examine this inference, we tested the binding of a de-
mutated version of the antibody, in which one or both of the chains
were generated in their inferred germline sequences. Reversion of
only the light chain partially reduced PNET binding, while reversion
of the heavy chain completely eliminated it (Fig. 2D).

To gain some insight into the phenotype of the B cell that pro-
duced the B3 antibody, we compared its transcriptome with that
of the other B cells that had undergone the same single cell tran-
scriptomics protocol. B3 is characterized by an unusual combin-
ation of plasma cell markers such as PRMD1, IRF4, MZB1, GPR183
and JCHAIN, with genes related to antigen presentation, such as
HLA molecules, CD74 and CD53 (Fig. 2E and Supplementary
Table 5).

We also exploited complement activation as a measure of
antigen-specificity. We observed that B3 was able to induce C3b de-
position on the PNET cell surface (Fig. 2F) but the PNET-non-specific
and less mutated M16, was not.

B3 binding geometric mean fluorescence index (GMFI) was reduced
by roughly 10-fold following protease treatment (Fig. 3A), suggesting
specific recognition of a cell surface protein. On the other hand, degly-
cosylation with various endoglycosylases did not affect the binding
(Fig. 3A and Supplementary Fig. 3). To directly investigate the antigen-
ic target of B3, we used immunoprecipitation followed by mass spec-
trometry. This method has mostly been used with IgG, but artificially
class-switching B3 to IgG compromised binding to PNET cells
(Supplementary Fig. 4A). We therefore adapted the technique for

Figure 2 Continued
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IgM using magnetic beads coated with anti-human IgM. We con-
firmed immunoprecipitation of haemagglutinin from transfected
cells using a monoclonal anti-HA IgM (Supplementary Fig. 4B) and
then applied the method to immunoprecipitate the target of B3
from PNET cells. Three independent experiments, with a total of se-
ven replicates, identified several differentially retrieved proteins,
and when these results were restricted to only those with the gene
ontology (GO) term ‘plasma membrane’, the most obvious candidate
was SCARAS (Fig. 3B and Supplementary Fig. 4C). In addition to the
immunoprecipitation approach, we also reasoned that the specificity
of the B3 antibody for the PNET cell line ought to be reflected in
PNET-specific expression of the antigen, and we accordingly exam-
ined the whole transcriptome of each of the 13 cell lines, including
PNET cell and the 12 non-bound cell lines (Fig. 3C). Several dozen
genes were almost exclusively expressed in PNET cells and narrowing
the search to plasma membrane proteins significantly more highly
expressed in PNET than other cell lines yielded 30 candidates, includ-
ing SCARAS (Fig. 3C).

From these results, two genes appeared as plausible candidates,
the iron transport scavenger protein SCARAS and the protocadher-
in PCDH18. Flow cytometry with transiently transfected cells
showed no specific binding of B3 to PCDH18-transfected cells, but
clear binding to the SCARAS transfected cells (Fig. 3D). PNET cells
express three isoforms of SCARAS, with 495, 400 and 176 amino
acids, and we repeated the flow cytometry screen with each. The
two longer isoforms were clearly bound, while isoform 176 had
binding no higher than untransfected cells (Fig. 3E). We confirmed
the antigenicity of the transfected SCARAS with commercially
available antibodies and tested whether the epitope bound by B3
overlapped with these antibodies (Supplementary Table 6). The
commercial monoclonal and polyclonal antibodies, and B3, all
had individual, non-overlapping epitopes.

To test whether the newly identified antigen explains the PNET
IgM reactivity we observed in the CSF of MS patients, we
screened a cohort of 307 CSF samples [87 with relapsing remit-
ting MS (RRMS), 116 with CIS, 23 with secondary progressive
MS (SPMS), 14 with primary progressive MS (PPMS), 27 from in-
flammatory controls and 40 from non-inflammatory controls]
for the presence of antibodies binding to PNET cells, or to HEK
cells transfected with 495 or 176 amino acid isoforms of
SCARAS. We confirmed the binding of CSF IgM to PNET cells in
11% of CIS patients, 10% of RRMS patients and 3% of control sub-
jects. In one RRMS case, IgM binding to PNET cells also bound to
SCARAS isoform 495. None of the PPMS, SPMS or non-
inflammatory controls showed reactivity against PNET cells or
cells expressing SCARAS isoform 495 (Fig. 3F). We also tested
the serum reactivity against SCARAS-transfected HEK cells for
a subset of donors and found only one donor (distinct from the
donor with anti-SCARA5 IgM in CSF) with detectable
anti-SCARAS IgM in serum (Fig. 3G).

fully germline reverted version. (E) Transcriptional characteristics of B cell B3. cDNA from each of five singly cultured B cells was subjected to Illumina
sequencing and for each gene observed, the logl0 number of reads found in B3 was plotted against the log1l0 mean number of reads found in the other B
cells (blue dots). Genes whose expression is >5-fold higher in B3 are marked with red circles and for a subset, their gene symbols printed beside the
plotted dots. This information for all the B3 overabundant genes is collated in Supplementary Table 5. Genes regarded as plasma cell markers have
their symbols in black, genes associated with antigen presentation in dark blue. (F) Antibody-dependent complement activation mediated by B3.
PNET cells were incubated with monoclonal IgM B3, or with M16, in the presence of human serum from a healthy donor as a source of complement.
Serum only without additional antibody was used as a control. Antibody-dependent complement activation was detected by bound C3 immunolabel-
ling flow cytometry. Vertical axis shows GMFI ratio. *P = 0.0385, one-way ANOVA. ns = not significant.
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Figure 3 Target antigen of IgM B3. (A) Effects of protease treatment or deglycosylation on B3 binding. Histogram on left shows binding to untreated
PNET cells in dark blue and binding to cells treated with the non-specific protease mixture Pronase to cleave exposed cell surface proteins in light
blue. Histogram on right shows the effect of deglycosylation treatment on B3 binding. Binding to untreated PNET cells is shown in dark blue, binding
to cells treated with various deglycosylating enzymes to specifically cleave terminal sugar moieties from cell surface carbohydrates is shown with
other coloured histograms, as specified on right of plot. Specificity controls for deglycosylation treatments are shown in Supplementary Fig. 3.
(B) Immunoprecipitation and mass spectrometry to identify the unknown protein target of the PNET-binding IgM B3. Live PNET cells were first incu-
bated with B3, then washed and lysed; the lysate was next incubated with anti-IgM coated Dynabeads, washed and magnetically retrieved. Proteins
were eluted from the beads, digested with trypsin, and peptides detected by mass spectrometry. Data are pooled from three independent experiments.
Vertical axis shows log2 number of peptides precipitated by B3. Horizontal axis shows same parameter from control preparation in which the B3 was
omitted. Each dot is one protein. Red dots are proteins whose retrieval was significantly more likely in the B3 samples (two-tailed unpaired t-test, P <
0.1), filtered for only those genes whose gene ontology (GO) terms include ‘plasma membrane’. These proteins are labelled with their gene symbol and
the P-value is shown below each symbol. (C) Transcriptional characteristics of the PNET cell line bound by B3. cDNA from each of 13 cell lines was sub-
jected to Illumina sequencing and for each gene observed, the logl0 number of reads found in the PNET cell lines was plotted against

(Continued)
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Cell-binding IgM in multiple sclerosis

For a subset of donors, we compared the anti-PNET IgM
signal with the abundance of paramagnetic rim lesions, as as-
sessed by MRI, but there was no significant difference in this par-
ameter between positive and negative donors (Supplementary
Table 3).

To investigate possible mechanisms by which antibodies against
SCARAS might influence the autoreactive immune response, we
examined the expression of SCARAS5 in autoptic brain lesions
from MS donors by immunolabelling with a rabbit polyclonal
anti-SCARAS antibody. Most intense labelling was observed on
foamy macrophages adjacent to active lesions, but weaker label-
ling was also found associated with neurons and astrocytes
around chronic MS lesions (Supplementary Figs 5 and 6A).
Occasionally, SCARAS labelling overlapped with IgM deposition
in MS lesions (Supplementary Fig. 6B). To corroborate these re-
sults, we interrogated publicly available databases of single cell
RNA expression data bioinformatically. This approach showed ex-
pression of SCARA5 RNA in GABAergic interneurons, mesenchy-
mal cells of the choroid plexus, and endothelial -cells
(Supplementary Fig. 6C). Immunolabelling of mouse brains
showed strongest expression in the periventricular and subdural
blood vessels, and in the choroid plexus (Fig. 4A). In view of the
importance of blood vessels and the choroid plexus in immune
cell trafficking into the CNS,™ we hypothesized that
anti-SCARAS antibodies might exert their pathogenic effect by
perturbing migration. We confirmed that
anti-SCARAS antibodies injected directly into the lateral ventricle
bind to periventricular blood vessels in vivo (Fig. 4B) and then ex-
amined the effect of this manipulation on immune cell trafficking
(Fig. 4C). We transferred activated 2D2 T cells, specific for the mye-
lin protein myelin oligodendrocyte glycoprotein (MOG) into mice,
and as the first animal manifested motor signs, we injected half
of the animals with polyclonal sheep anti-SCARAS5 IgG (the
patient-derived antibody B3 is human-specific), or control anti-
body (polyclonal sheep anti-influenza neuraminidase IgG) into
the lateral ventricle. We tracked the motor behaviour and weights
of the animals (Fig. 4D and E), and 1 week later we sacrificed the
animals and quantified T cells in the brain by immunofluores-
cence microscopy. T cell infiltration in the perivascular areas ad-
jacent to the injection site was significantly augmented by
anti-SCARAS antibodies (Fig. 4F and G).

immune cell

Figure 3 Continued
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Discussion

Antibodies are produced intrathecally in several CNS disorders and
OCB are found in the CSF of more than 90% of patients with MS.>#
The most obvious outstanding question about CSF antibodies in
MS concerns their target antigen(s).

In this study, we aimed to identify the target of intrathecally
produced immunoglobulins by screening them against multiple
neuronal cell lines and human iPSC-derived neurons and astro-
cytes. At the population level, we identified an IgM signal in CSF
that discriminated MS patients from controls. From a single B cell
of a patient whose CSF showed this signal, we isolated a monoclo-
nal antibody and identified its molecular target as the iron trans-
porting scavenger protein SCARAS.

Most investigations of intrathecally produced antibodies in MS
have focussed on IgG, however, intrathecal IgM synthesis is asso-
ciated with a more active inflammatory disease phenotype,®** a
higher likelihood of conversion from CIS to clinically definite
MS,”"*¢*® and spinal manifestation, suggesting a distinct clinical
phenotype and pathophysiology.®® Intrathecal IgM is also asso-
ciated with increased complement activation in the CSF, especially
of the early classical and alternative pathways (Oechtering et al,,
under revision). This observation implies that the IgM must find
antigen in the CNS because complement activation by IgM in the
classical pathway requires a multimeric cognate interaction be-
tween multiple Fab domains and their targets.”®

Additional evidence for an antigen-driven intrathecal origin of
the anti-PNET IgM includes the fact that B3, like the IgM antibodies
described by Beltran et al.,° shows CDR-enriched somatic hyper-
mutation, and that antigen-binding is dependent on this mutation.

The transcriptional profile of the B cell giving rise to B3 was par-
tially typical of a plasma cell. The high expression of HLA genes
seen in this B cell is also consistent with a plasma cell phenotype
and has been associated with freshly generated, antigen-specific
plasma cells thought to be pathogenic in systemic lupus erythema-
todes.? High expression of GPR183 by B3 was unexpected. GPR183
is thought to be involved in directing B cell migration within lymph
nodes®? and has more recently been shown to contribute to tissue
homing and antibody secretion by plasma cells in the gut.??

SCARAS functions as a transferrin-independent ferritin receptor
for both iron delivery and ferritin removal.***® Dysregulation of
iron metabolism and the resultant cytotoxicity is increasingly im-
plicated in MS.?® Elevated transcripts of SCARAS, as well as of other
iron import-related molecules, were described in MS lesions, espe-
cially in the peri-plaque white matter, suggesting a cellular defence

the logl0 maximum number of reads found in the other B cell lines (light blue dots). Genes whose expression is significantly higher in PNET (two-tailed,
unpaired t-test, P < 1 x 1078), and whose GO terms include ‘plasma membrane’ are marked with red circles and their gene symbols printed adjacent to
the plotted. (D) Binding of B3 to cells transfected with either PCDH18 or SCARAS measured by flow cytometry. B3 non-binding HEK cells were trans-
fected with plasmids mediating expression of either PCDH18 (left) or SCARAS (right) and co-transfected with fluorescent protein transfection markers
(mCherry for PCDH18 and GFP for SCARAS). Vertical axis of each contour plot shows B3 binding and horizontal axis shows transfection marker.
(E) Impact of isoform. Analogous experiments to D were conducted using HEK cells transfected with each of the 176-, 400- and 495 amino acid isoforms
of SCARAS. Vertical axis shows binding of a commercial mouse anti-human SCARAS antibody (left plots) or B3 (right plots). Horizontal axis shows for-
ward scatter (no transfection marker used in this experiment). Blue contours are results with the commercial or B3 antibody, red contours are results
from cells incubated with the appropriate secondary antibody only. (F) Prevalence of IgM antibodies against PNET cells and against SCARAS in a cohort
of donors with various diagnoses. Vertical axis shows IgM binding. Six sections left to right show results from CSF from donors with different diagnoses
(left to right: CIS, PPMS, RRMS, SPMS, healthy controls, inflammatory non-MS, as specified within each plot). Within each of the six plots, the left-most
column shows binding to HEK cells transfected with the 495-amino acid isoform, the middle column binding to the 176-amino acid isoform, and the right
column binding to PNET cells. (G) Binding of antibodies from serum to SCARA5-expressing cells. Vertical axis shows GMFI ratio (antibody + secondary-
labelled cells divided by cells labelled with secondary antibody only obtained from SCARAS-HEK cells, again divided by the same value obtained from
untransfected HEK cells). Each separate plot represents binding IgG (on the left), IgA (in the middle) or IgM (on the right) from serum samples from donors
with CIS (black), MS (red) and controls (blue). Comparison of antibody binding between different diagnosis was performed by one-way ANOVA. CIS =
clinically isolated syndrome; infl. CTRL = inflammatory control; ns = not significant; PPMS = primary progressive multiple sclerosis; RRMS =relapsing
remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.
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Figure 4 Impact of anti-SCARAS antibodies on immune cell trafficking into brain. (A) Immunofluorescent labelling of SCARAS expression in mouse
brain. Vibratome sections from perfusion-fixed brains of unmanipulated mice were immunolabelled with sheep anti-SCARAS antibodies and visua-
lized by confocal microscopy. Two upper images show surface (subdural) and penetrating blood vessels of the superficial cortex. The upper left image
shows nuclei labelled with DAPI in blue and immunolabelling for SCARAS in red. The upper right image shows a similar location from a control section,
from which the primary antibody was omitted, imaged with the same parameters. In the lower two images, labelling of periventricular blood vessels is
shown. The left image is labelled with sheep anti-SCARAS (green) and the right is a no-primary control. (B) Anti-SCARAS binding to live blood vessels. A
polyclonal sheep anti-SCARA antibody was injected into the lateral ventricle of a mouse and the next day the mouse was sacrificed by perfusion fix-
ation, and the brain labelled with DAPI (blue) and anti-sheep secondary antibody (red). The upper panel is a composite image made by stitching together
images captured with a 10 x objective, to show both the ventricles—the ventricle highlighted with a box on the left received the injection. The panel
below is a maximum intensity projection of a confocal stack of the area shown in the box, captured with the 40 x objective showing the blood vessels in
the wall of the ventricle labelled by the in vivo antibody injection. (C-G) Impact of intraventricular anti-SCARAS antibodies on encephalitic T cell infil-
tration. All figures show results pooled from three experiments, each with 3-6 animals per group. (C) Schematic diagram of experimental design

(Continued)
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Figure 4 Continued

(created with BioRender.com). In vitro activated, MOG-specific 2D2 T cells were transferred to recipient animals by intraperitoneal injection, followed by
pertussis toxin, and animals were tracked until the first animals showed motor signs, at which point, the remaining asymptomatic animals were ran-
domized into two groups to receive anti-SCARAS antibody or control. (D) Motor impairment of animals over time. Motor function was subjectively as-
sessed according to a system used for scoring experimental autoimmune encephalomyelitis (EAE), in which 0 is unimpaired, and 4 is severe
impairment. Points show the means within the conditions and the bars the standard error of the mean (SEM). Red squares indicate the animals injected
with anti-SCARA5 antibody and blue circles control animals injected with PBS or control antibody. P =0.0936 calculated by two-tailed unpaired t-test
between the areas under the curves for each condition. (E) Weights of animals over time of experiment. Weights are expressed as the weight at each
time point divided by the weight at the start of the experiment for each animal. Points show the means within the conditions and the bars the SEM.
Purple circles represent control animals and blue squares the animals injected with anti-SCARAS. (F) T cell infiltration. Vibratome section of brain from
animals sacrificed at 1 week after intraventricular antibody injection in the experiment described above were immunolabelled for laminin (blood ves-
sel walls, red) and CD3-epsilon (T cells, green). (G) Quantification of infiltrating T cells. Images like the ones shown in F were captured for 5-6 sections
per mouse by an automated fluorescent microscope and the numbers of T cells per section extracted by an automated script in Image]J. Points show the
median number of T cells per section for each mouse and the whiskers show the interquartile range. **P =0.0012, two-tailed unpaired t-test. ns =not

significant.

response against iron toxicity.?” Soluble SCARAS was also signifi-
cantly reduced in the CSF of patients with MS compared to con-
trols.?® Considering the expression of SCARAS in brain endothelial
cells and choroid plexus, we hypothesized that anti-SCARAS anti-
bodies could exert their pathogenic effect by influencing immune
cell trafficking into the brain. Intrathecal application of a SCARAS
antibody indeed had an influence on T cell infiltration in an experi-
mental autoimmune encephalomyelitis (EAE) model using
MOG-specific T cells. The identified target SCARAS suggests that
the pathogenetic role of these antibodies could rely on the initiation
of blood-brain barrier breakdown and in the facilitation of CNS im-
mune cell infiltration, pointing to a direct involvement in causing
the disease, rather than to an epiphenomenon associated with
cell death.

PNET IgM is more frequently seen in younger patients. This sug-
gests an association with the inflammatory phase of MS and might
represent the signature of an antibody response happening early in
the disease course, potentially present even before clinical onset of
the disease, as has been reported for other autoantibodies such as
AQP4 and GAD in neuromyelitis optica (NMO) and type 1 diabetes,
respectively.?*3°

As the proportion of patients with anti-PNET IgM in CSF is much
larger than the population with anti-SCARAS reactivity, there must
be a large population of patients with antibodies binding
some other epitope on the PNET cells. One possibility is that
SCARAS is one protein in a complex that is the target of the
MS-specific antibody response. However, SCARAS is not an intensely
studied protein and its binding partners have yet to be characterized,
so additional studies will be required to investigate this possibility.

Data availability

All data produced in this study will be made publicly available by
the time of publication, with the exception of human sequence
data with the potential to infringe donors’ rights to withdraw con-
sent for their data to be made public. In particular, the complete
coding sequences of heavy and light chains of the antibodies de-
scribed can be found at ncbi (accession number 0Q744174.1 to
0Q744183.1).
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