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Current multiple sclerosis (MS) treatments reduce relapse activity but have
limited impact on disease progression. Clinical trials targeting progression
often fail because of insufficient understanding of its underlying mechanismes.
This study analyzed a clinically well-characterized MS autopsy cohort from
the Netherland Brain Bank (186 individuals) from which we selected donors
exhibiting opposite disease trajectories of slow versus rapid progression.
We performed extensive unbiased histology and spatial transcriptomics,
which unveiled a distinct MS lesion type marked by an extensive myeloid
cell rimwith cellular and transcriptional signatures of innate immune
activation, inflammatory cytokine production, unfolded protein response
and apoptosis. Presence of this particular lesion type was linked to rapid
disease progression. Anindependent translocator protein 18-kDa positron
emission tomography study (114 individuals) validates the association
between lesions with abroad myeloid cell rim and disease progression in
individuals with MS. Our findings offer crucial insights into the mechanisms
behind MS progression, identifying broad rim lesions as abiomarker for
rapid disease progression and potentially guiding patient selection for future
therapeutic trials targeting central nervous system intrinsic inflammation.

Multiple sclerosis (MS) is the most prevalent inflammatory demy-
elinating disease of the central nervous system (CNS), affecting
2.8 million people worldwide'. The disease course varies, with dis-
ability accumulation driven by both relapse-related activity and
relapse-independent progression”. Traditionally, MS has been classified
into relapsing-remitting MS, secondary progressive MS and primary
progressive MS. However, this concept has been challenged by evi-
dence of relapses during progressive phases and the early occurrence
of progressionindependent of relapses in relapsing MS®. These findings
support a continuum of MS driven by distinct pathophysiologies®™.
Relapse activity is linked to peripheral immune cell activation and

CNSinfiltration, leading to focal inflammation and lesion formation,
as evidenced by the efficacy of immunomodulating drugs primarily
targeting lymphocyte activation, proliferation or transmigration®’.
However, these treatments have limited effects on relapse-independent
progression, suggesting that distinct CNS mechanisms, including per-
sistent focal and non-focalinflammation and failure of compensatory
processes like plasticity and remyelination, contribute to progression
independent of relapses®.

We clinically characterized alarge cohort of donors with MS from
the Netherlands Brain Bank (NBB), stringently selecting patients with
either very rapid disease progression resulting in substantial disability
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Fig.1|Schematic illustration of the study design. Left, the brain donor
cohort fromthe NBBincluded 186 donors. We selected 44 patients with two
extreme phenotypes, 26 patients with a very slow disease progression (MSwSP)
and 18 patients with a very rapid disease progression (MSwRP), to perform
comprehensive histological analyses of a total of 705 MS lesions. BRLs were
further characterized using in-depth histological and spatial transcriptomics.

lesion

Progression
(EDSS)

Right, the TSPO PET imaging cohortincluded n =114 patients with MS with 1,326
lesions in total. Among the 114 patients, 39 patients displayed radiological BRLs
(rBRLs). Presence of rBRL was correlated with additional imaging findings and
disease progression. ROI, region of interest. DEG, differentially expressed gene.
GSEA, gene set enrichment analysis.

accumulation already a few years after disease onset (MSwWRP), or
very slow disease progression where relevant disability milestones
were reached after decades (MSwWSP). These two extremes of the MS
continuum were analyzed for lesion pathology using histology and
spatial transcriptomics; findings were correlated with imaging studies.

Results

Clinical characteristics of histology cohort

We evaluated the disease course of 186 donor files from the NBB with
autopsy material by two independent experts (Methods and Fig. 1).
Patients at the extremes of the disease spectrum were identified, show-
ingeither veryrapid (MSWRP, n=29) or very slow progression (MSwSP,
n=33) (Fig. 2a). Both groups had comparable ages at onset, but the
MSWwWRP group reached clinical milestones significantly earlier and
after ashorter disease duration than the MSwSP group (Fig. 2b,c). All
the MSWRP group and most of the MSwWSP group reached an Expanded
Disability Status Scale (EDSS) score of 8 (Fig. 2d). Comparing disabil-
ity, the MSWRP group had significantly higher age-adjusted multiple
sclerosis severity scores (ARMSS) than the MSwWSP group (Fig. 2e)°. The
year of the autopsy did not differ significantly, excluding temporal
changes in disease course (Fig. 2f). Both patient groups had similar
sex distributions (68% versus 67% females) and a similar proportion of

relapsing disease courses (71% versus 78%) (Fig. 2g,h), but more patients
inthe MSWRP group received immunotherapy (35% versus 6%) (Fig. 2i).

Histological features of MSWRP

Toidentify the histopathological characteristics linked to rapid disease
progression, we compared the two patient cohorts in detail. Histologi-
calanalysis was conducted onstained sections or scanned images from
18 0f 29 MSWRP and 26 of 33 MSwSP brain donors (Fig. 1; clinical details
are shown in Supplementary Table 3). The MSwWRP group exhibited a
higher number of lesions per patient (Fig. 2j) and a higher lesion load
inthe brain stem, cervical and lumbar spinal cord, with similar trends
inthe thoracicandsacral spinal cord (Fig. 2k-0). Lesion composition
was classified as active, mixed active and inactive (mixed) or inactive
based on myeloid cell density and location'®. The MSWRP group showed
higher proportions of active and mixed lesions and fewer inactive
lesions (Fig.2p-s). Remyelination was assessed with a semiquantitative
score from O (no remyelination) to 3 (complete remyelination of the
lesion area)"; the MSwSP group had more lesions with marked remy-
elination (score of 2 or 3) (Fig. 2t,u). Additionally, the MSWRP group
displayed a higher cortical lesion rate (that is, the average number of
corticallesions pertissue block per patient) compared to the MSwSP
group (Fig. 2v).
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A subset of lesions displayed a remarkably broad rim of mac-
rophages and microglia at least 1-mm wide, which we termed broad
rimlesions (BRLs) (Fig. 3aand Extended Data Figs.1and 2a,b). The aver-
age BRL rimsize (quantified in a subset of n = 54 lesions) was 1,761 pm
and the average mixed-lesion rim size (quantifiedinasubset of n =158
lesions) was 344 um (Extended Data Fig. 1c). BRLs were identified in
11 of 17 MSwWRP patients, but only 1 of 26 MSWSP patients (Fig. 2w).
BRLs accounted for 8-68% (median 27.0%) of total lesions in patients
with BRLs (Fig. 2x). Patients in the MSWRP group with or without BRLs
showed no significant differences in the proportions of active orinac-
tive lesions, remyelination or cortical lesion rates (Extended Data
Fig.3a-d).

Perilesional rims of myeloid cells and disease progression
We next conducted a detailed characterization. First, we compared
the histopathological features of BRLs (n = 17) with classical mixed
lesions (n=20) and active lesions (n =11) (Fig. 3a-c). We quantified
myeloid cells, T cells, B cells, astrocytes and oligodendrocytes in the
normal-appearing white matter (NAWM), and rim and lesion centers
(Fig. 3 and Extended Data Figs. 1and 4). Active lesion centers had the
highest densities of CD68", HLA-DR"and IBA1" myeloid cells (Fig.3d-f).
BRL rims had higher densities of CD68" and HLA-DR®, but not IBAT",
myeloid cells compared to mixed-lesion rims (Fig. 3d-f). Translocator
protein18 kDa (TSPO) is expressed in myeloid cells and astrocytes and
TSPO positron emission tomography (PET) is used to detect inflam-
matory activity in the brain'>">. TSPO* cells were abundantin all lesion
types, highest in active lesions, but similar in BRL and mixed-lesion
rims (Fig. 3g). BRL rims had significantly higher densities of iNOS*
and CD163" cells than mixed-lesion rims (Fig. 3h,i). Few myeloid cells
expressed the anti-inflammatory marker CD206 (Fig. 3j), with no differ-
ence between lesion types. TMEM119" microglia were lowest in active
lesion centers, with no differences in BRL and mixed rims (Fig. 3k).
Active lesions had more CD3" T cells and fewer TPPP/p25* oligoden-
drocytes compared to BRL and mixed rims, but T cell, B cell, astrocyte
and oligodendrocyte counts were comparable between BRL and mixed
lesions (Fig. 31-0). No differences were noted between the lesion cent-
ers and NAWM of mixed and BRL lesions (Extended Data Fig. 4a-1).
Iron deposition at lesion borders in imaging is linked to disease
progression'*", Using Turnbull staining, we characterized iron status
in the rim of BRLs and mixed-lesion rims (Fig. 3 and Extended Data
Figs. 2 and 4). Iron rims covering more than 50% of the lesion circum-
ference were present in 11 of 17 BRL and 3 of 19 mixed lesions (Fig. 3p
and Extended Data Figs. 2 and 4). Iron* BRL rims had higher densities
of CD68", HLA-DR", IBA1", TSPO*,iNOS" and CD163" cells compared to
iron” mixed lesions (Fig.3q-v).Iron" BRLs also had higher densities of
HLA-DR*, IBA1*, TSPO*and TMEM19" cells thaniron™ BRLs (Fig. 3r-t,x).
No differences were observed for CD206* myeloid cells, CD3" T cells
and CD79a" B cells between lesions (Fig. 3w,y,z). TPPP/p25* oligo-
dendrocytes were higher in iron” BRL rims, suggesting that iron may
mark earlier lesion stages with preserved oligodendrocytes (Fig. 3aa).

The data for mixed lesions withironrims (n = 3) are shownin Extended
Data Fig. 4m-w; statistical analyses were not performed because
of low numbers.

In the unselected NBB MS autopsy cohort (n=198), 45 patients
(22.7%) had at least one BRL. These patients reached EDSS 6 and 8
faster and had shorter disease durations (Extended Data Fig. 5a-c),
supporting the association between BRLs and rapid progression.
Patients with BRLs also had significantly higher ARMSS (Extended
DataFig.5d). Genetic analysis revealed no difference in the susceptibil-
ity single-nucleotide polymorphism (SNP) with the largest effect size
rs3135388 (HLA-DRBI1*1501), but a higher frequency of homozygous
carriers of the only known severity SNP rs10191329 (DYSF-ZNF638) in
patients with BRLs (Extended Data Fig. 5e,f)**".

Transcriptomic signatures

We analyzed the transcriptomic profiles of CD68* myeloid cells (mac-
rophages and microglia) in BRL rims compared to mixed-lesion rims
and active lesion centers using spatial transcriptomics (Fig. 4 and
Extended Data Fig. 6a). This analysis included 35 MS lesions from 17
donors, including 13 BRLs, 11 mixed lesions and 11 active lesions, and
the corresponding NAWM. Myeloid cell signatures exhibited distinct
transcriptional profiles across lesion types, as shown by principal
component analysis (PCA) (Fig. 4a). While the lesion types shared the
expression of several genes, each also displayed unique signatures
(Fig. 4b,c, Extended Data Fig. 6b and Supplementary Table 4). Spear-
man correlation of differentially expressed genes (DEGs) showed
greater similarity between BRLs and active lesions than between BRLs
and mixed lesions (Extended Data Fig. 6c). Gene Ontology (GO) term
analysis of the myeloid cell core signature shared by all lesion types
revealed upregulation of adaptive immune functions, including antigen
presentationand T and B cell activation (Fig. 4d,fand Supplementary
Table 5).In contrast, BRL-specific myeloid cell gene signatures indicated
enhanced protein turnover, proinflammatory cytokine production,
apoptosis and myeloid cell migration (Fig. 4e,g and Extended Data
Fig. 6d). These findings suggest elevated innateimmune activity linked
toendoplasmicreticulum (ER) stress and the unfolded proteinresponse
(UPR), already implicated in different neuroinflammatory diseases,
including MS™", Volcano plots highlight BRL-enriched genes com-
pared to NAWM, including iNOS, heat shock protein family members,
UPR-related genes (for example, STIP1 and PDCL3), necroptosis-related
genes (for example, CASP1, PDCDS, SERPINEI and TLR2) and migratory
genes (forexample, CCL24 and SLAMFS) (Fig. 4c). Mixed lesions lacked
distinct transcriptional signatures despite similar DEG counts rela-
tive to NAWM (Fig. 4b and Supplementary Tables 4 and 5). Heatmap
visualization of gene set enrichment analysis (GSEA) using published
myeloid and microglial signatures showed enrichment of inflammatory
microglial subsets (for example, iron-associated microglia inflamed
in MS, microglia inflamed in MS (MIMS)-iron and disease-associated
microglia) inactivelesion centers and, to alesser extent, mixed-lesion
rims. In contrast, BRL myeloid cells were enriched for macrophage

Fig.2|Patients in the MSWRP group have similar EDSS scores at death
compared to patients in the MSwWSP group but display more severe
histopathological characteristics. a, Stratification of the patient cohort.

b,c, Individuals in the MSWRP group reached equivalents of clinical milestones at
an earlier age (b) and after a shorter disease duration (c) compared to individuals
inthe MSwSP group. In the violin plots, Pvalues were determined using Welch’s
analysis of variance (ANOVA), Bonferroni-corrected for multiple testing.

d, Ahigher proportion of individuals in the MSWRP group reached an EDSS of

8 compared to individuals in the MSwWSP group; Pvalues were determined using
aFisher’s exacttest. e, Individuals in the MSWRP group reached significantly
higher scores using ARMSS; the two-tailed Pvalue was determined using a
Mann-Whitney U-test. f-h, There was no difference between the MSwSP and
MSWRP groups regarding the year of autopsy (f), the sex ratio (g) and the
proportion of patients with relapses (h). f, Two-tailed Pvalues were determined

using aMann-Whitney U-test. g, h, Pvalues were determined using a Fisher’s
exact test. i, A higher proportion of patients with rapid disease progression
received immunotherapy; Pvalues were determined using a Fisher’s exact test.
Jj-v, The MSWRP group had a higher number of lesions (j), a higher proportion
of demyelinated brain stem area (k), a higher cervical lesion load (I), no increase
inthoraciclesion load (m), a higher lumbar lesion load (n), noincrease in sacral
lesion load (0), a higher proportion of active (p,s) and mixed (q,s) lesions, alower
proportion of inactive lesions (r,s), a higher proportion of lesions with limited
remyelination (t), alower proportion of lesions with marked remyelination (u)
and a higher cortical lesion rate (v). In the violin plots, two-tailed Pvalues were
determined using a Mann-Whitney U-test. w, Individuals in the MSWRP group
had asignificantly higher proportion of BRLs; the P value was determined using
aFisher’s exact test. X, BRLs consisted of 8-68% of total lesions in the MSWRP
group.*P<0.05;*P<0.01;**P<0.001; ***P < 0.0001; NS, not significant.
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and dendritic cell signatures, suggesting similarities with peripheral
myeloid cells (Extended Data Fig. 6e and Supplementary Table 6)*°*.

Our findingsindicate that CD68* myeloid cells in BRL rims exhibit
a highly active proinflammatory phenotype linked to ER stress and
the UPR, driving stronginnate inflammatory and destructive activity.
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(aa).d-o0,q,aa, Intheviolin plots, Pvalues were determined, depending on
normality, using a Brown-Forsythe or a one-way Welch’s ANOVA and Dunnett’s
test for multiple comparisons (d,f k,0,r-u,aa) or Kruskal-Wallis test (one-way
ANOVA) and Dunn’s multiple comparison test (e,g-j,1-n,q,v-z). p, The Pvalue
was determined using a Fisher’s exact test. *P < 0.05; **P < 0.01; **P < 0.001;
P <0.0001.

sclerosis (SPMS) and 83 (73%) RRMS patients; Fig. 1). Lesions with a
broad perilesional rim of macrophages/microglia were classified as
radiological BRLs (rBRLs) based on distribution volume ratio (DVR)
patterns in the concentric rims 2-mm wide up to 4 mm around the
lesion (this wider width was chosen to account for the known more
diffuse PET signal compared to histology). Lesions exhibiting a

HIGH-HIGH pattern within each concentric 2-mm segment were classi-
fied as rBRLs (Fig. 5a). Among 1,326 white matter (WM) lesions greater
than 50 mm?,137 (10.3%) were rBRLs. rBRLs were seen in 39 patients
(34.2%); 15 patients had one rBRL and 24 more than one (Fig. 5b).
Postmortem analysis confirmed the presence of histological BRLs
in one patient (Extended Data Fig. 7).

Nature Medicine | Volume 31| June 2025 | 2016-2026

2020


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03625-7

The proportion of rBRLs of all lesions ranged between 4% and 100%
(Fig. 5c). Patients with at least one rBRL had higher lesion counts; higher
rBRL proportion correlated with higher TSPO PET rim-active and lower
TSPOPET inactive lesion proportions (Fig. 5d-f).Imaging findings are
summarized in Supplementary Table 7.

Astrong correlationbetween the proportion of rBRLs and NAWM
PET ["'C]PK11195 DVR, T1and T2 lesion volume was observed, indicat-
ingthat rBRLs are associated with diffuse microglial activationand an
increased magnetic resonance imaging (MRI) lesion load (Fig. 5g-i).
As asign of diffuse WM damage, an increase in mean diffusivity and
decrease in fractional anisotropy in diffusion tensor imaging (DTI)
MRI was found (Fig. 5j-m). From 41 patients (13 with and 28 without
rBRLs), data on paramagnetic rim lesions were available. No signifi-
cant difference in paramagnetic rim lesions was observed between
rBRL and non-rBRL patients (P = 0.087) (Fig. 5n and Extended Data
Fig.8a). Clinically, rBRL patients showed longer disease duration, but
no differences in age at onset, disease-modifying therapy (DMT) use,
annualized relapse rate or SPMS proportion (Fig. 50-s).

Atalesional level, rBRL and non-rBRL rim-active lesions showed
nodifferencesinlesion volume, lesional DTI measures or iron content
(Extended Data Fig. 8b-g). Patients who progressed from PET imag-
ing onwards showed a trend toward more rBRLs (P=0.066; Extended
Data Fig. 8h,i). Furthermore, in a subset of untreated patients, there
was a significant association between the presence of rBRL but not
non-rBRL rim-active lesions with disease progression from PET imag-
ingonwards (Extended Data Fig. 8j,k). To further evaluate the potential
prognostic value of rBRLs, we differentiated between individuals with
atleastonerBRL, atleast one non-BRL rim-active lesion or those lack-
ingboth types. Notably, patients reaching EDSS milestones (EDSS > 4,
EDSS > 6) within 12 years from disease onset were more likely to have
rBRLs compared to non-BRL rim-active lesions or neither (EDSS > 4:
rBRL56%, rim-active 22%, neither 22%; EDSS > 6: rBRL 78%, rim-active
11%, neither 11%; Fig. 5t-v).

Finally, in alongitudinal cohort (n = 9) treated with natalizumab,
five patients showed reduced numbers of rBRLs after 1 year, while in
untreated controls (n =9) four patients showed increased numbers
(Fig. 5w~y and Extended Data Fig. 8l). Taken together, our data sug-
gestthatinvivo detection of BRLsis feasible using TSPO PET imaging.
The presence of rBRLs correlates with several knownimaging features
associated with disease severity and progression, supporting TSPO PET
imaging as a tool for in vivo monitoring of the pathology associated
with disease progression.

Discussion

Weidentified MS lesions with a broad rim of myeloid cells as a hallmark
ofrapid disease progressioninasubset of patients. These myeloid cells
exhibited a distinctinflammatory phenotype at the histopathological
and transcriptional levels. Furthermore, our data suggest that TSPO

PET imaging enables in vivo detection of BRLs; rRBLs are a potential
biomarker for inflammation-driven progression and aid in targeting
myeloid cell-driven inflammationin the CNS.

Analysis of awell-characterized MS autopsy cohort with extensive
clinical data allowed for donor stratification according to progression
dynamics. Consistent withearlier findings, rapidly progressing patients
showed more active and mixed lesions, less remyelination and a higher
prevalence of brainstem and spinal cord lesions, confirming previous
associations with severe disability accumulation® %, A recent study
identified the first genetic association with disease severity in MS (SNP
rs10191329)". Notably, this SNP has not only been found atanincreased
frequency in NBB donors exhibiting BRLs but has also been linked to
an elevated burden of brain stem and cortical lesions, suggesting a
genetic influence on lesion development in MS with contribution to
disease progression.

Consistent stratification based on progression dynamics facili-
tated the discovery of an enrichment of MS lesions characterized by
a particularly broad myeloid cell rim observed almost exclusively in
patients with rapid progression. Compared to classical mixed lesions,
BRLs displayed higher densities of CD68*, HLA-DR", CD163"and iNOS*
cells, alongside a higher proportion of iron rims. Transcriptomic
analysis of myeloid cells across all lesion types revealed a signature
characterized by enrichment in adaptive immune responses, such as
antigen processing and presentation, and support of and response to
Tand B cells. This supports theideathat MS lesion-associated myeloid
cells areintricately involved in the reciprocal interaction with Tand B
cells and this may contribute to lesion propagation or prevention of
resolution of inflammation. This strongly supports the relevance of
drug interventions targeting myeloid cell-lymphocyte interactions
at the lesional level. One example could be the therapeutic inhibition
of CD40L signaling, such as with the antibody frexalimab, although
its CNS penetrance is uncertain. Nonetheless, frexalimab has shown
promising first results in a phase Il trial for MS and is undergoing
phase Ill trials for relapsing and non-relapsing progressive forms of
MS”. However, myeloid cells from BRLs displayed unique signatures
pointing toward enhanced protein synthesis and turnover, leading
to ER stress, upregulated UPR, proinflammatory cytokines, includ-
ing interleukin-8, and receptor-interacting serine/threonine-protein
kinase 1 (RIPK1)-associated pathways, such as apoptosis and necrop-
tosis. These pathways are not only implicated in MS progression but
alsoinneurodegenerative diseases like Parkinson’s and Alzheimer’s and
warrant further investigation as potential therapeutic targets'®*°3%,
Ofnote, Bruton’styrosine kinase (BTK) inhibitors have been shown to
affect UPR signaling, Toll-like receptor 2 and RIPK1-related pathways
while mitigatinginterleukin-8 productionindifferent conditions, but
this has notbeen addressed inMS so far** >, Recent results on the BTK
inhibitor tolebrutinib demonstrated efficacy on clinical measures of
disability progression in relapsing MS and non-relapsing secondary

Fig. 4 | Spatial transcriptomic analysis of CD68" myeloid cellsin BRL lesion
rims, mixed-lesion rims and active lesion centers compared to NAWM. a, PCA
ofthe normalized expression data for the three lesion types (active center, BRL
rim, mixed rim). b, Venn diagram of DEGs (each lesion type compared to the
respective NAWM) of all three lesion types. ¢, Volcano plot of DEGs (BRL rim over
NAWM) that are exclusively upregulated in BRLs but not in other lesion types.
Theblue dots indicate genes with significant differential enrichment between
conditions (P, < 0.05). Relevant genes of interest are annotated. All comparisons
used moderated two-sided ¢-statistics with Benjamini-Hochberg adjustments
for multiple comparisons; non-exclusive, overlapping DEGs were removed.

d, GSEA based on DEGs (lesional CD68" cells over corresponding NAWM) that are
shared between all three lesion types, with GO Biological Processes (BP) gene sets
as signatures; clusterProfiler’simplementation of a one-sided Fisher’s exact test
was used for the enrichment analysis, with Benjamini-Hochberg correction for
multiple comparisons. Only significantly enriched terms of biological interest
were selected for dot plot visualization. The full set of significant GO terms is

displayed in Supplementary Table 5. The colors indicate P, values; the dot size
depicts the geneRatio (the percentage of genes with core enrichment relative
to the size of the full gene set). e, GSEA based on DEGs (lesional CD68" cells over
corresponding NAWM) uniquely overexpressed in BRLs, with GO BP gene sets
as signatures; clusterProfiler’simplementation of a one-sided Fisher’s exact test
was used for the enrichment analysis, with Benjamini-Hochberg correction for
multiple comparisons. Only significantly enriched terms of biological interest
were selected for dot plot visualization; the full set of significant GO terms is
displayed in our Supplementary Table 5. The colors indicate P,g; values; the dot
size depicts the geneRatio. f,g, GSEA plots based on the GSEA GO term analysis
depictedind,e, respectively; the relevant gene sets were grouped according to
relevant functions and genes with core enrichment were combined to form the
representative signatures. All Pvalues were calculated with the clusterProfiler
GSEA permutation test and adjusted for multiple hypothesis testing with the
Benjamini-Hochberg method. MHC, major histocompatibility complex.
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progressive MS*®. Similarly, a RIPK1 inhibitor was tested in a phase Il
trial of MS, although the trial was terminated because it failed to meet
its primary endpoint, that is, neurofilament light chain levels®. We
identified the genes of the mentioned molecular targets CD40L, BTK
and RIPK1 using spatial transcriptomics in all MS lesion types investi-
gated (Extended Data Fig. 6f).

Earlier studies aimed to identify the molecular characteristics of
several lesion types and compared them to NAWM and control tissue
using different techniques®**°*, These studies identified MS-specific
astrocytic, microglial and oligodendroglial subpopulations****** and
distinct cellular signatures associated with mixed and inactive lesions.
A recent study identified lesion-specific microglial signatures and
confirmed the presence of transcriptomic signatures of MIMS-iron and
MIMS-foamy in mixed lesions, but did not investigate BRLs or stratify
donorsaccording to clinical trajectories*®. Heterogeneity and limited
sample size, combined with lack of spatial resolution and stratification
accordingtoclinical parameters, have hindered detection of signatures
linked to disease evolution at the patient level.

Strong TSPO expression in BRL-associated macrophages and
microglia prompted the use of TSPO PET imaging for the evaluation
ofaninvivo correlate of BRL.Indeed, TSPO PET imaging has identified
innateimmune cell activationin MSlesions and correlated TSPO signals
inMS lesions with disease progression*.Imaging revealed asignificant
correlationbetween perilesional macrophage and microgliarim width
and disease progression speed, supporting the concept of myeloid cell
rimwidth asabiomarker of progression. Notably, treatment strategies
preventing immune cell migrationinto the CNS, such as natalizumab,
can significantly influence the persistence of rBRLs, as several rBRLs
were absent after 1year of treatment, thus highlighting the peripheral
immune system’s relevance in MS lesions linked to disease progression.

Over half of the BRLs examined contained iron rims, which are
associated with higher myeloid cell densities and increased innate
inflammation compared to BRLs without iron rims, suggesting
alink between iron deposition and the degree of innate inflamma-
tion. In contrast, iron deposition was rare in classical mixed lesions.
Iron-containing phase-rim MRl lesions have been identified as sig-
nificant predictors of disability progression*®*’; it is plausible that
these overlap with iron-containing BRLs, representing a particularly
detrimental myeloid cell-driven inflammatory lesion type linked to
MS progression. However, at the lesion level, only a minority of rBRL
and non-rBRL rim-active lesions wereiron*based on magnetic suscep-
tibility imaging. Two factors may account for this observation. First,
MRI may be less sensitive in detecting iron deposition compared to
histological methods. Second, there may be limited overlap between
iron-depositing lesions and those with a broad myeloid cell rim, a
phenomenon also noted with the poor overlap of phase-rim and slowly
expanding lesions, both associated with disease progression®*. It is
conceivable that BRLs constitute a subset of slowly expanding lesions,
as suggested by findings from our autopsy case. Further research is

necessary to better correlate histological iron-containing lesions with
MRI-defined phase-rim lesions, slowly expanding lesionsand TSPO PET
imagingto deepenour understanding of their rolesin disease progres-
sionand contributions to disease heterogeneity.

We identified BRLs in 11 of 17 patients with rapid progression,
indicating that other mechanisms might drive progression in a size-
able portion of cases. The concept of distinct pathologies underlying
MS subtypes as a driver of disease heterogeneity has been proposed
before, including a recent MRI study using unsupervised machine
learning to identify different MS subtypes and another study using
factor analysis-determined dimensions in a postmortem pathology
cohort®>*, We have also contributed to this concept by characterizing
distinct peripheral blood immune signatures in early relapsing MS,
which are associated with specific disease trajectories and potential
treatment responses™.

In the future, it will be critical to prospectively determine these
distinct pathomechanismsinindividual patients using advanced imag-
ingtechnologiesin combination with other biomarkers. This approach
will enable optimal patient stratificationin clinical trials investigating
new anti-inflammatory or neuroprotective treatments, enriching for
potential responders and thereby reducing the risk of negative out-
comes for promising therapeutic approaches.

While we focused on extreme clinical phenotypes of disease pro-
gression in our well-characterized cohort, we acknowledge that the
granularity of the clinical data cannot fully exclude an additional focal
inflammatory component contributing to disability accumulation
in our rapidly progressing group. Nevertheless, clinical summaries
recorded deterioration in functioning in the absence of recorded
attacks. Accordingly, no difference in relapsing onset was noted
between the two groups.

We also acknowledge the absence of longitudinal data in our
autopsy cohort, which limits our ability to determine the origin and fate
of BRLs. One possible explanationis that BRLs represent a post-acute
stage of lesion evolution, arising from WM lesions in younger indi-
viduals withagenetic or other predisposition to anexaggerated innate
immuneresponse. These lesions may then follow diverse trajectories,
including iron depletion, as suggested by the observed variability
in BRL iron content. Additionally, it is possible that BRLs may either
originate fromor transitioninto mixed lesions. In our imaging cohort,
longitudinal analysis of untreated patients suggests that rBRLs can
occur denovo, and arise from previously existing lesions, in particular
overall active lesions (Extended Data Fig. 8). However, while we were
able to correlate PET and histology findings in a single patient, addi-
tional studies are warranted to further confirm that rBRLs accurately
represent histological BRLs.

Insummary, we have demonstrated thatin asubset of patients with
MS, rapid disease progression is associated with pronounced activation
of myeloid cells located in abroad perilesional rim. These findings sug-
gest that such patients could benefit from pharmacological treatments

Fig. 5| Detection of rBRLs using TSPO PET. a, Detection of rBRLs versus
non-BRLs using TSPO PET. Examples of rBRL, non-rBRL rim-active and inactive
lesions are shown (labeled as HH, HL and LL, respectively). The color bar shows
the dynamic range of DVR in the images. b, Patients with no, one or more than
onerBRL.c, Violin plot of the proportion of rBRLs in patients with at least one
rBRL. d, Total lesion numbers were higher in patients with at least one rBRL
(P=1.1x10"%; Mann-Whitney U-test). e,f, Proportion of rBRLs correlated with the
proportion of TSPO PET rim-active lesions (e) (P= 0.0005) and inversely with the
proportion of TSPO PET inactive lesions (f) (P=1.1x10"®) (Spearman correlation).
g-i, Proportions of rBRL correlated with T1(g) (P=4.5x107) and T2 (h) lesion
loads (P=4.9 x107%) in MRl and with NAWM DVR (i) (P=4.5x107) in TSPO PET
(Spearman correlation).j-m, FAin NAWM (j k) correlated negatively and MD in
NAWM (I) correlated positively with rBRL proportions (Spearman correlation);
rBRL patients had lower FA (k) P= 0.006) and higher MD values (m) (P=0.039)
inNAWM (Welch’s t-test). n, Patients (n = 41) with at least one rBRL had slightly

higher numbers of QSM"* rim lesions (P = 0.087; Mann-Whitney U-test). 0, Violin
plot of age at disease onset in patients with and without rBRLs. An unpaired ¢-test
was used. p,q, Proportions of patients treated with DMTs (Fisher’s exact test) (p)
and annual relapse rate (q) in patients with and without rBRLs (Mann-Whitney
U-test). r, Proportion of SPMS in patients with and without rBRL (P = 0.075;
Fisher’s exact test). s, Disease duration in patients with and without rBRL
(P=0.044; Mann-Whitney U-test). t,u, EDSS milestones (EDSS 4 or 6 within

12 years) in patients with rBRL, non-rBRL rim-active lesion or neither (t, P= 0.028;
u, P=0.006). AFisher’s exact test was used. v, Higher EDSS in patients with rBRL
(P=0.005; Dunn’s test) but not non-rBRL rim-active lesions compared to those
without these lesion types (Kruskal-Wallis test, P= 0.006). w,x, Changes in rBRL
numbersin natalizumab-treated (w) (n =9) and untreated (x) MS patients (n=9).
y, Natalizumab and untreated cohorts in w,x had a significant difference in the
change in rBRL numbers (P=0.021; Mann-Whitney U-test). All tests used in this
figure are two-tailed. *P < 0.05; **P < 0.01; ***P < 0.0001.
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targeting the innate immune response in myeloid cells, a therapeutic
target thatis notadequately addressed by current treatment options.
Our findings further highlight the importance of developing advanced
imaging tools and biomarkers to identify the dominant pathological
mechanisms driving disease progression in individual patients with
MS. This, we predict, will be critical for identifying new therapeutic
targets and for developing new personalized treatment strategies
tackling disease progressionin MS.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41591-025-03625-7.

References

1.

10.

mn

12.

13.

14.

15.

16.

17.

Stampanoni Bassi, M., lezzi, E. & Centonze, D. Multiple sclerosis:
inflammation, autoimmunity and plasticity. Handb. Clin. Neurol.
184, 457-470 (2022).

Lublin, F. D. et al. Defining the clinical course of multiple sclerosis:
the 2013 revisions. Neurology 83, 278-286 (2014).

Tur, C. et al. Association of early progression independent

of relapse activity with long-term disability after a first
demyelinating event in multiple sclerosis. JAMA Neurol. 80,
151-160 (2023).

Kappos, L. et al. Contribution of relapse-independent progression
vs relapse-associated worsening to overall confirmed disability
accumulation in typical relapsing multiple sclerosis in a pooled
analysis of 2 randomized clinical trials. JAMA Neurol. 77, 1132-1140
(2020).

Cree, B. A. C. et al. Silent progression in disease activity-free
relapsing multiple sclerosis. Ann. Neurol. 85, 653-666 (2019).
Ontaneda, D., Tallantyre, E., Kalincik, T., Planchon, S. M. &
Evangelou, N. Early highly effective versus escalation treatment
approaches in relapsing multiple sclerosis. Lancet Neurol. 18,
973-980 (2019).

He, A. et al. Timing of high-efficacy therapy for multiple sclerosis:
a retrospective observational cohort study. Lancet Neurol. 19,
307-316 (2020).

Kuhlmann, T. et al. Multiple sclerosis progression: time for a new
mechanism-driven framework. Lancet Neurol. 22, 78-88 (2023).
Manouchehrinia, A. et al. Age Related Multiple Sclerosis Severity
Score: disability ranked by age. Mult. Scler. 23, 1938-1946 (2017).
Kuhlmann, T. et al. An updated histological classification system
for multiple sclerosis lesions. Acta Neuropathol. 133, 13-24 (2017).
Goldschmidt, T., Antel, J., Konig, F. B., Briick, W. & Kuhlmann, T.
Remyelination capacity of the MS brain decreases with disease
chronicity. Neurology 72, 1914-1921 (2009).

Firth, W. et al. Regulation of astrocyte metabolism by
mitochondrial translocator protein 18 kDa. J. Neurochem. 168,
1374-1401(2024).

Nutma, E. et al. Activated microglia do not increase 18kDa
translocator protein (TSPO) expression in the multiple sclerosis
brain. Glia 69, 2447-2458 (2021).

Altokhis, A. I. et al. Longitudinal clinical study of patients with iron
rim lesions in multiple sclerosis. Mult. Scler. 28, 2202-2211 (2022).
Galbusera, R. et al. Characteristics, prevalence, and clinical
relevance of juxtacortical paramagnetic rims in patients with
multiple sclerosis. Neurology 102, e207966 (2024).

Sawcer, S. et al. Genetic risk and a primary role for cell-mediated
immune mechanisms in multiple sclerosis. Nature 476, 214-219
(201M).

Harroud, A. et al. Locus for severity implicates CNS resilience in
progression of multiple sclerosis. Nature 619, 323-331(2023).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stone, S. & Lin, W. The unfolded protein response in multiple
sclerosis. Front. Neurosci. 9, 264 (2015).

Fernandez, D., Geisse, A., Bernales, J. |., Lira, A. & Osorio, F. The
unfolded protein response in immune cells as an emerging regulator
of neuroinflammation. Front. Aging Neurosci. 13, 682633 (2021).
Absinta, M. et al. A lymphocyte-microglia—-astrocyte axis in
chronic active multiple sclerosis. Nature 597, 709-714 (2021).
Keren-Shaul, H. et al. A unigue microglia type associated with
restricting development of Alzheimer’s disease. Cell 169,
1276-1290 (2017).

Schirmer, L. et al. Neuronal vulnerability and multilineage
diversity in multiple sclerosis. Nature 573, 75-82 (2019).
Sankowski, R. et al. Mapping microglia states in the human

brain through the integration of high-dimensional techniques.
Nat. Neurosci. 22, 2098-2110 (2019).

Luchetti, S. et al. Progressive multiple sclerosis patients show
substantial lesion activity that correlates with clinical disease
severity and sex: a retrospective autopsy cohort analysis.

Acta Neuropathol. 135, 511-528 (2018).

Rotstein, D. & Montalban, X. Reaching an evidence-based
prognosis for personalized treatment of multiple sclerosis.

Nat. Rev. Neurol. 15, 287-300 (2019).

Ciccarelli, O. et al. Spinal cord involvement in multiple sclerosis
and neuromyelitis optica spectrum disorders. Lancet Neurol. 18,
185-197 (2019).

Kearney, H., Miller, D. H. & Ciccarelli, O. Spinal cord MRl in
multiple sclerosis—diagnostic, prognostic and clinical value.

Nat. Rev. Neurol. 11, 327-338 (2015).

Eden, D. et al. Spatial distribution of multiple sclerosis lesions in
the cervical spinal cord. Brain 142, 633-646 (2019).

Vermersch, P. et al. Inhibition of CD40L with frexalimab in
multiple sclerosis. N. Engl. J. Med. 390, 589-600 (2024).

Yuan, J., Amin, P. & Ofengeim, D. Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nat. Rev. Neurosci. 20, 19-33
(2019).

Uddin, M. S., Yu, W. S. & Lim, L. W. Exploring ER stress response

in cellular aging and neuroinflammation in Alzheimer’s disease.
Ageing Res. Rev. 70, 101417 (2021).

Magliozzi, R. et al. Inflammatory intrathecal profiles and cortical
damage in multiple sclerosis. Ann. Neurol. 83, 739-755 (2018).
Estornes, Y. et al. RIPK1 promotes death receptor-independent
caspase-8-mediated apoptosis under unresolved ER stress
conditions. Cell Death Dis. 5, €1555 (2014).

Xu, Y. et al. Ripks and neuroinflammation. Mol. Neurobiol. 61,
6771-6787 (2024).

Willy, J. A. et al. Function of inhibitor of Bruton'’s tyrosine kinase
isoform o (IBTKa) in nonalcoholic steatohepatitis links autophagy
and the unfolded protein response. J. Biol. Chem. 292, 14050-
14065 (2017).

Hartkamp, L. M. et al. Btk inhibition suppresses agonist-induced
human macrophage activation and inflammatory gene
expression in RA synovial tissue explants. Ann. Rheum. Dis. 74,
1603-1611 (2015).

Neys, S. F. H., Hendriks, R. W. & Corneth, O. B. J. Targeting Bruton'’s
tyrosine kinase in inflammatory and autoimmune pathologies.
Front. Cell Dev. Biol. 9, 668131 (2021).

ECTRIMS 2024 - Late breaking oral presentations. Oral
presentations 0135 and 0136. Mult. Scler. J. 30, 1138-1147 (2024).
Phase 2 trial on potential new drug for MS pulled. MS-UK
https://ms-uk.org/news/phase-2-trial-on-potential-new-drug-for-
ms-pulled/#:~:text=Pharmaceutical%20company%20Sanofi%20
has%20decided,not%20meet%20its%20intended%20goals (2024).
Hendrickx, D. A. E. et al. Gene expression profiling of multiple
sclerosis pathology identifies early patterns of demyelination
surrounding chronic active lesions. Front. Immunol. 8, 1810 (2017).

Nature Medicine | Volume 31| June 2025 | 2016-2026

2025


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-025-03625-7
https://ms-uk.org/news/phase-2-trial-on-potential-new-drug-for-ms-pulled/#:~:text=Pharmaceutical%20company%20Sanofi%20has%20decided,not%20meet%20its%20intended%20goals
https://ms-uk.org/news/phase-2-trial-on-potential-new-drug-for-ms-pulled/#:~:text=Pharmaceutical%20company%20Sanofi%20has%20decided,not%20meet%20its%20intended%20goals
https://ms-uk.org/news/phase-2-trial-on-potential-new-drug-for-ms-pulled/#:~:text=Pharmaceutical%20company%20Sanofi%20has%20decided,not%20meet%20its%20intended%20goals
https://ms-uk.org/news/phase-2-trial-on-potential-new-drug-for-ms-pulled/#:~:text=Pharmaceutical%20company%20Sanofi%20has%20decided,not%20meet%20its%20intended%20goals

Article

https://doi.org/10.1038/s41591-025-03625-7

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Elkjaer, M. L. et al. Molecular signature of different lesion types

in the brain white matter of patients with progressive multiple
sclerosis. Acta Neuropathol. Commun. 7, 205 (2019).

Jackle, K. et al. Molecular signature of slowly expanding lesions in
progressive multiple sclerosis. Brain 143, 2073-2088 (2020).
Jakel, S. et al. Altered human oligodendrocyte heterogeneity in
multiple sclerosis. Nature 566, 543-547 (2019).

Trobisch, T. et al. Cross-regional homeostatic and reactive

glial signatures in multiple sclerosis. Acta Neuropathol. 144,
987-1003 (2022).

Masuda, T. et al. Spatial and temporal heterogeneity of mouse
and human microglia at single-cell resolution. Nature 566,
388-392 (2019).

Alsema, A. M. et al. Spatially resolved gene signatures of white
matter lesion progression in multiple sclerosis. Nat. Neurosci. 27,
2341-2353 (2024).

Polvinen, E., Matilainen, M., Nylund, M., Sucksdorff, M. & Airas, L. M.
TSPO-detectable chronic active lesions predict disease
progression in multiple sclerosis. Neurol. Neuroimmunol.
Neuroinflamm. 10, e200133 (2023).

Absinta, M. et al. Association of chronic active multiple sclerosis
lesions with disability in vivo. JAMA Neurol. 76, 1474-1483 (2019).
Treaba, C. A. et al. Cortical and phase rim lesions on 7 T MRl as

markers of multiple sclerosis disease progression. Brain Commun.

3, fcab134 (2021).

Elliott, C. et al. Lesion-level correspondence and longitudinal
properties of paramagnetic rim and slowly expanding lesions in
multiple sclerosis. Mult. Scler. 29, 680-690 (2023).

Calvi, A. et al. Relationship between paramagnetic rim lesions

and slowly expanding lesions in multiple sclerosis. Mult. Scler. 29,

352-362 (2023).

52. de Boer, A. et al. Disentangling the heterogeneity of
multiple sclerosis through identification of independent
neuropathological dimensions. Acta Neuropathol. 147, 90
(2024).

53. Eshaghi, A. et al. Identifying multiple sclerosis subtypes using
unsupervised machine learning and MRI data. Nat. Commun. 12,
2078 (2021).

54. Gross, C. C. et al. Multiple sclerosis endophenotypes identified
by high-dimensional blood signatures are associated with
distinct disease trajectories. Sci. Transl. Med. 16, eade8560
(2024).

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

'Department of Neurology, University Hospital Miinster, Miinster, Germany. 2Neuroimmunology Research Group, Netherlands Institute for Neuroscience,
Amsterdam, the Netherlands. ®MS Center ErasMS, Departments of Neurology and Immunology, Erasmus MC, University Medical Center Rotterdam,
Rotterdam, the Netherlands. *Turku PET Centre, Turku University Hospital, Turku, Finland. *Neurocenter, Turku University Hospital, Turku, Finland.
5InFLAMES Research Flagship, University of Turku, Turku, Finland. Faculty of Science and Engineering, Abo Akademi University, Turku, Finland.

8Clinical Neurosciences, University of Turku, Turku, Finland. ®Institute of Neuropathology, University Hospital Miinster, Miinster, Germany. ©Institute of
Medical Informatics, University Hospital Miinster, Miinster, Germany. "Department of Neurology and Neurophysiology, Medical Center, University of
Freiburg, Freiburg, Germany. ?Department of Pathology, Turku University Hospital and Institute of Biomedicine, University of Turku, Turku, Finland.
Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, the Netherlands. “These authors contributed equally: Luisa Klotz,

Joost Smolders, Laura Airas, Inge Huitinga, Tanja Kuhlmann.

e-mail: Tanja.Kuhlmann@ukmuenster.de

Nature Medicine | Volume 31| June 2025 | 2016-2026

2026


http://www.nature.com/naturemedicine
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:Tanja.Kuhlmann@ukmuenster.de

Article

https://doi.org/10.1038/s41591-025-03625-7

Methods

Ethics oversight

We used archival samples. The research on anonymization was in
accordance with local ethical standards and regulations by the Ethics
Committee of the Vrije Universiteit Amsterdam Medical Center, the
Ethics Committee of the Hospital District of Southwest Finland and
the Ethics Committee of the University Miinster.

PET data

All data from study participants included in the PET analyses were
acquired according to study protocols previously approved by the
Ethics Committee of the Hospital District of Southwest Finland. All
study participants provided written informed consent according to
the principles of the Declaration of Helsinki (2008).

Identification of patients with MS with a very slow or very rapid
disease progression

The narratives of the NBB summaries of medical dossiers (n =186)
were screened by two experienced MS neurologists (L.K. and J.S.).
Documented MS severity was estimated based on patient narratives,
along with the dates and ages of registration of functional equivalents
of the EDSS, such as appearance of walking difficulties (EDSS 3), use
of a unilateral walking aid (EDSS 6), restriction to a wheelchair (EDSS
8-9) and death. As a guideline for the definition of severe MS, cases
had a progressive course, resulting in death before 50 years of age or
an EDSS of 8-9 or death within 15 years of disease onset. Mild cases
had a progressive course resulting in death when older than 70 years
oranEDSS of 8-9 or death not earlier than 40 years after disease onset.
The sex of the participants was determined using the autopsy record.

Histopathological characterization of MSWSP and MSwWRP

Tissue blocks from the MSWSP (n =26) or MSWRP (n =18) wereincluded.
Lesion type and extent of remyelination was determined on tissue
blocks from the brain, cerebellum and brain stem based on sections
stained usingimmunohistochemistry (IHC) for PLP and HLA-DR-DQ-DP
(subsequently termed HLA-DR) in the MSWRP (n =18) and MSwSP
(n=21) groups, with on average 18 + 12 lesions per donor (Fig. 2j)'°.
Active lesions were hypercellular and characterized by adiffuse infiltra-
tion of the complete lesion area with numerous HLA-DR* myeloid cells
without myelin basic protein (MBP)" myelin degradation productsin
their cytoplasm (active and post-demyelinating lesions). Mixed active
and inactive lesions (also called chronic active lesions) were charac-
terized by a hypocellular lesion center and a rim of activated myeloid
cellsatthe border of the lesion. Inactive lesions were hypocellular with
few myeloid cells present in the lesion center’®. NAWM was defined
as non-demyelinated WM with maximal distance to the lesion on the
individual tissue block. The extent of remyelination was determined
in sections stained for PLP or Luxol fast blue by a semiquantitative
score: 0 = no or minimal remyelination at the lesion border of less than
10% of the whole lesion area; 1 =remyelination in more than 10%, but
less than 50% of the whole lesion area, 2 = more than 50% of the lesion
remyelinated; and 3 = completely remyelinated lesion". To determine
thebrainstemlesionload, the whole and lesion areas were determined
insections stained for PLP or Luxol fast blue-periodic acid-Schiff using
ImageJ. If more than one brain stem tissue block per patient was avail-
able, the average brain stem lesion area per patient was determined.
Spinal cord demyelination was estimated in PLP-stained sections using
a semiquantitative score: O = no demyelination; 1= demyelination of
up to 20%; 2 = demyelination of 21-40%; 3 = demyelination of 41-60%;
4 = demyelination of 61-80%; and 5 = demyelination of 81-100% of the
cervical, thoracic, lumbar and sacral spinal cord. Tissue sections from
allspinal cord levels were not available for all patients. If more than one
tissue block per spinal cord level per patient was available, the average
demyelination score was determined. Cortical gray matter lesions were
identified in PLP-stained sections. To account for a variable number of

supratentorial blocks sampled between individuals, cortical lesions
were considered as a rate by adding the number of tissue blocks with
visible cortex as an offset". Genotyping for rs10191329 was performed
using the Kompetitive Allele Specific PCR genotyping platform (LGC
Genomics); the tagging SNP rs3135388 for HLA-DRB1*1501 was geno-
typed using the Infinium Global Screening Array (Illumina, v.3) by the
Human Genomics Facility at the Erasmus University Medical Center.
The NBB donor program and all procedures of the NBB have been
approved by the Ethics Committee of the Vrije Universiteit Amsterdam
Medical Center (2009/148).

Histopathological comparison of BRLs, classical mixed lesions
and active lesions

We defined BRLs as mixed active and inactive lesions with a myeloid
rim with a rim size of at least 1 mm. For detailed histopathological
characterization, we selected 41 formalin-fixed, paraffin-embedded
tissue blocks from 29 patients containingin 17 BRLs, 20 mixed lesions
and 11 active lesions (Supplementary Table 1). Tissues were cut into
4-pm-thick sections. IHC was performed using the DetectionLine Sys-
tem (cat.no. PDOOORP, DCS) and an automated immunostainer (Auto-
stainer Link 48, Dako). IHC was performed using a biotin-streptavidin
technique. Primary antibodies were applied as listed in Supplementary
Table 2. IHC was completed using biotinylated secondary anti-mouse,
rat or rabbit antibodies followed by incubation with streptavidin-
peroxidase complex; the reaction product was developed with
3,3’-diaminobenzidine (DAB).

For the detection of total (ferric and ferrous) non-heme iron,
DAB-enhanced Turnbull staining was used™.

For quantification, sections were analyzed at x40 or x100 magni-
fication using a morphometric grid. At least ten visual fields per ROI
(lesion center, lesion rim, NAWM) were analyzed. For each ROI, the
average counts per square millimeter were calculated and compared
using statistical analysis. For the rim size measurements, archive sec-
tions of MSWSP and MSwWRP donors from the NBB, stained using IHC
for PLP, HLA-DR or both, containing subcortical classical mixed or
BRLs were scanned using the Axioscope microscope Z1 (ZEISS) with a
%20 objective and 0.8 numerical aperture plan-apochromat and bright
field camera (HV-F203SCL, Hitachi). The lesion rims were outlined
using QuPath v.0.5.1based on the outer edge HLA-DR" cells that were
distinguishable from perilesional NAWM and the PLP edge. Borders that
could not be assigned unequivocally to one hypocellular lesion core,
were adjacent to cortical gray matter or without perilesional NAWM
were excluded from the measurement. The Interedge Distance 2.0
macro for Image) was used to determine the shortest distance between
the two edges every 100 pm along the outer edge.

Transcriptomic analyses

For the transcriptomic analyses, 30 tissue blocks from 17 patients
were included containing 13 BRLs, 11 mixed and 11 active lesions and
NAWM (n =29) (Supplementary Table 1). Work was performed under
RNase-free conditions; 5-um-thick tissue sections were placed on
SuperFrost Plusslides (cat.no. 631-0108, VWR). After deparaffinization,
antigenretrieval was performedinasteam cooker using target retrieval
solution (10x EDTA pH 9.0, cat. no. 00-4956-58, Invitrogen). Samples
were treated with 0.1 pg ml™ Proteinase K (cat. no. 25530-049, Invitro-
gen) for 15 min at 37 °C and post-fixated with10% neutral buffered for-
malin (NBF) (cat. no. F5554, VWR) followed by neutral buffered formalin
stop buffer twice (0.1 M glycine, 0.1 M Tris) and phosphate/stop buffer
twice (0.1 M glycine, 0.1 M Tris) and PBS, 5 min each. Human Whole
Transcriptome Atlas probe reagent (cat. no. 121401102, NanoString)
was diluted in buffer R (cat. no. 121300313, NanoString). Slides were
covered with HybriSlip covers (Grace Bio-Labs) and incubated for
15-20 hat37 °CinaThermoBrite Hybridization oven, humidified with
diethylpyrocarbonate-treated water. Coverslips were detached by
washing two times with SSC (cat. no. S6639, Sigma-Aldrich), followed

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03625-7

by four times with SSC and formamide (cat. no. A2156.1000, VWR) at
37°Cfor 25 min.Slides were washed two times in SSC and blocked with
200 pl buffer W (cat. no. 121300313, NanoString) for 30 min followed
byincubationwith anti-CD68 (1:100 dilution, cat.no.sc-20060AF594,
Santa Cruz Biotechnology) and a nuclear stain (SYTO83, 1:10,000
dilution, cat. no. S11364, Thermo Fisher Scientific) diluted in buffer
W.Sections were washed two times with SSC buffer for 5 min each. For
GeoMx ROl selection, segmentationand collection slides were covered
with buffer S (cat.no.100474, NanoString) and loaded into the GeoMx
DSP. For each sample, four ROIs (660 x 785 pum) per region (rims of
BRLs and mixed lesions, active lesion center, NAWM) were selected and
segmented into areas of interest using the morphology marker CD68.
After ultraviolet light exposure, cleaved tags were aspirated, collected
andstoredat-20 °C or directly dried overnight using asemipermeable
AeraSeal film (cat.no. 903172, NanoString). While this approach allows
forastrongenrichmentof genesin CD68 cells, we cannot fully exclude
that some genes from other cell types may have also been analyzed.

Library preparation and sequencing

PCR amplification was performed according to the manufacturer’s
instructions with 4 plresuspended oligonucleotide tags, 4 pl of unique
primers and 2 pl of the GeoMx Seq Code PCR Master Mix (cat. no.
121400205, NanoString). Samples were pooled per plate and puri-
fied using two rounds of AMPure XP bead cleanup (cat. no. A63880,
Beckman Coulter). Afterwards, sequencing was performed using the
Illumina platform. For the next-generation sequencing (NGS) readout,
the photocleaved oligonucleotides of the GeoMx collection plate
were pooled and used for PCR amplification to add llluminaindexing
sequences and create an NGS library. In addition, one non-template
control per plate was processed. After library preparation, quality
control and quantification was performed using a High Sensitivity DNA
1000 kit on a 4200 TapeStation instrument (Agilent Technologies).
Equimolar pooled libraries were used for the sequencing reaction in
paired-end mode running 27 cycles of standard sequencing by synthe-
sis chemistry on a NextSeq 2000 instrument (Illumina).

All raw FASTQ files were processed with the NanoString GeoMx
NGS Pipelinev.2.3.3.10 on a Linux-based server; counts per gene were
exported as NanoString DCC files per sample. The count files were
imported into R v.4.2.1using the Bioconductor package GeomxTools
v.3.0.1 (R package v.3.0.1) and the Probe Kit Configuration file Hs_R_
NGS_WTA v.1.0. For the initial quality control, the minimum nega-
tive control count threshold was set to 1, while all other parameters
were kept at their default values. Only samples with a gene detection
rate greater than 0.03 were selected for further analysis. For the inte-
grated analysis of the two NanoString runs, the Bioconductor pack-
age standR (v.1.6.0)°° was used to assess the performance of different
batch effect removal strategies. Batch effects were corrected with the
standR geomxBatchCorrection function, using the RUV4 algorithm
with k=5and negative control genes based on the GeoMx data slides.
Normalization of data was performed using the standR geomxNorm
normalization function with the trimmed mean of M-values method;
dimensionality reduction was performed using PCA. The Bioconduc-
tor pipeline limma v.3.52.4 was used to identify the DEGs between
the lesion rims and NAWM samples (false discovery rate < 0.05), and
between lesion types®. DEGs were visualized with a ggplot2-based
volcano plot (v.3.4.4); additional genes of interest with afalse discovery
rate lower than 0.001 were marked in the volcano plot according to
their level of significance.

GSEAs were calculated with the Bioconductor package clusterPro-
filer v.4.7.112 and the GO BP database. Only gene sets with a minimum
size of ten, amaximum size of 500 genes and a P,4; < 0.05 were consid-
ered further. GO terms with significant enrichment were depicted as
dot plots to show normalized enrichment scores, P,q values and gene
ratiosindicating the percentage of genes with core enrichment for the
respective gene sets.

Based onthe DEG results between lesions and the NAWM, com-
mon lesion-related genes were defined as genes that were signifi-
cantly upregulated for each of the three lesion types compared to
the NAWM. Genes with a significant enrichment for only one lesion
type were defined as lesion-specific genes for the respective lesion
type. Any overlap of DEGs between lesion types was visualized as
a Venn diagram with the R package VennDiagram v.1.7.3 (ref. 58).
Furthermore, violin plots for the chosen genes of interest were cre-
ated with ggplot2. A PCA based on the normalized expression data
for each sample was visualized with the same package. Based on the
combined lists of DEGs between lesions, afiltered expression matrix
was created and pairwise Spearman correlation coefficients were
calculated with the basic R cor function. The correlation matrix was
visualized as aheatmap with pheatmap v.1.0.12 (https://github.com/
raivokolde/pheatmap) using unsupervised clustering for rows and
columns based onthe pheatmap default Euclidean distance and the
complete clustering method. GO and GSEA analyses were performed
for the full dataset, and further GSEA enrichments were calculated for
myeloid cell-related signatures fromrefs. 20-23 for each lesion type.
Normalized GSEA enrichment scores for signatures with atleast one
significant enrichmentin any lesion type were plotted as aheatmap
with pheatmap. Based on the GO BP analysis for BRL-specific genes
and commonly expressed genes in all lesion types, genes with core
enrichment for significant GO terms were combined to create signa-
tures related to apoptosis regulation, cytokine pathways, immune
activation, myeloid cell activation and migration, protein folding,
transport and metabolism for the BRL-specific analysis, as well as
adaptive immune function, antigen processing and presentation,
B cells, innate immune function and T cells for the common gene
analysis, respectively. GSEA plots were created for these GO-based
group signatures with the Bioconductor package clusterProfiler; a
ranked gene list based on the fold changes between BRL and NAWM
expression was used as basis.

PET studies

The PET studies were performed at Turku PET Centre between 2009
and 2022. All patients gave written informed consent, after which they
underwent the MRl and TSPO PET scans, and neurological examina-
tions. The Finnish MS registry® and relevant patient records were
used to obtainretrospective timelines for each patient’s EDSS progres-
sion. Patients were defined as progressed if the EDSS had increased
by more than 1.5 if the EDSS at the time of imaging was O; if the EDSS
hadincreased by more than 1.0 if the imaging EDSS was 1-5.5; or if the
EDSS has increased by more than 0.5 if the imaging EDSS was more
than 6. Progression had to be confirmed after 6 months (observation
periods asindicated). All reported data on all study participants were
acquired according to study protocols previously approved by the
Ethics Committee of the Hospital District of Southwest Finland. All
study participants provided written informed consent according to
the principles of the Declaration of Helsinki. Participants received no
compensation. The sex of the participants was determined based on
self-report.

MRI and image processing

Most (n=99) of the PET cohort underwent 3T MRI (Philips Ingenia/
Philips Ingenuity) with the following sequences: fluid-attenuated inver-
sionrecovery, T2, three-dimensional (3D) T1, 3D gradient recalled echo
(GRE) and DTI. Fifteen participants were imaged with 1.5T MRI (Philips
Gyroscan Intera Nova Dual) with fluid-attenuated inversion recovery,
T2 and 3D T1sequences. T1lesion masks were drawn and determined
using manually checking and editing the lesion masks created with
the Lesion Segmentation Toolbox in statistical parametric mapping
(SPM12 software)™°. The Lesion Segmentation Toolbox lesion filling
tool was then used similarly as described in ref. 61 to create masks for
the NAWM. FreeSurfer (v.7.3.0; surfer.nmr.mgh.harvard.edu/) was used
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to segment brain volumes, gray matter and thalamic volumes for the
PET analyses and volumetric comparisons between groups. ExploreDTI
v.4.8.6 running in SPM was used for DTI coregistration. DTl data were
corrected for subject motion and geometric distortions, and tensor
estimation was performed according to a method described previ-
ously®>. The QSM images (n = 41) based on the 3D GRE sequence were
processed as described previously*’. QSMimages were acquired using a
3D flow-compensated GRE sequence with 60 slices, 2-mmthickness, an
acquisition matrix 240 x 187 mm (Ingenia) or 240 x 183 mm (Ingenuity),
field of view =240 x 184.8 mm (Ingenia) or 240 x 184 mm (Ingenuity),
reconstructed voxels of 0.6 x 0.6 x 2 mm, FA =15, echo time/repeti-
tion =5.7/55 msand AT = 3:49 (Ingenia) or 5:10 (Ingenuity) mm:ss. If the
QSM signal was morphologically consistent with a lesion-associated
ring, thislesion was determined asa QSMiron-rim lesion according to
visualinspection by two experienced raters.

["C]PK11195 radioligand production and PET analysis

The [C] radioisotope production and the ['C]PK11195 radiosyn-
thesis followed a procedure described previously*. For each indi-
vidual, 60 min of dynamic list mode PET data were acquired with a
high-resolution research tomograph (Siemens Medical Solutions)
with 1.22-mm slice thickness, and transaxial and axial spatial reso-
lution of 2.5-mm full width at half maximum. Image reconstruction
and post-processing followed previously described procedures to
acquire realigned and resliced PET images to match the 1-mm voxel
size of the MRIimages®'. Specific binding of ["C]PK11195 in the NAWM,
measured as DVR, was quantified with the Logan method® and time
activity curves representing a cluster of voxels without specific bind-
ing, which were acquired with the MATLAB (MathWorks) software
Super-PK*’. Furthermore, parametric DVR maps were calculated from
parametric binding potential maps (DVR = BPy, +1)°°. Parametric DVR
maps of eachindividual’s PET lesion masks were dilated in2-mm steps
and up to4 mmin each direction; they were then subtracted from the
previousiteration to obtain 0-2 mm and 2-4 mm perilesional masks.
To determine a voxel-level threshold for an aberrantly high PET DVR,
the mean DVR in the WM from 34 healthy controls (29% males, mean
age =46.7 years, thatis, nosignificant difference with regard to age and
sex compared tothe MS cohort) was first calculated; +1s.d. of thismean
(DVR =1.3624) was used to signify aberrantly HIGH activity, while areas
with average values below this level were classified as LOW activity.
Both 2-mm rims were then categorized as HIGH or LOW based on the
average DVR within the rim. Lesions exhibiting a HIGH-HIGH pattern
withinboth 2-mm segments were classified as BRLs. Additionally, each
lesionwas phenotyped asinactive, rim-active or overall active using the
0-2 mm perilesional areaaccording to previously described methods:
inactive lesions were defined as lesions with 0% active voxels at the core
and rim; rim-active lesions were defined either if 5-20% active voxels
were present in the core (rim must have at least twice the percentage
of active voxels compared to the core) or if less than 5% active voxels
were present in the core (rim must have at least 5% more active voxels
thanthe core). Overall active lesions were those not fitting into either
of the aforementioned categories®.

Correlation of rBRLs with pathology

One case fromthe TSPO PET cohort, amale with progressive MS (aged
44.5years with a disease duration of 15 years, with an EDSS of 7 at the
time of PET imaging and treated with natalizumab between the ages
of 33 and 35) came to autopsy after serial MRIs obtained 7.5, 6 and 2
years earlier. TSPO PET was performed 6 years before his death. His
brain was attained at autopsy with informed consent provided by the
next of kin (in accordance with Finnish legislation). MRI and gross
pathology were matched. Two tissue blocks from one lesion with suf-
ficient periplaque WM were available to determine the broadness of
the microglial rim. Tissue sections were stained for HLA-DR and MBP
(Extended DataFig. 7).

Statistical analysis and reproducibility

All'staining was performed using an automated immunostainer (Auto-
stainer Link 48). All staining conditions were tested using positive
and negative controls. All tissue sections were stained once with the
corresponding antibody. If the results of the staining were unsatisfac-
tory (insufficient staining intensity or floating of tissue areas), the
staining was repeated. If the staining results remained unsatisfactory,
theindividual section was excluded from the analysis. Tocompare the
histological cohorts, all statistics were calculated using Prism v.10.2.1
(GraphPad Software). To compare two groups, an unpaired ¢-test or
Mann-Whitney U-test was performed (depending on the normality of
thevariable checked with the Shapiro-Wilk test). To compare propor-
tions, a Fisher’s exact test or chi-squared test was used. To compare
three or more groups, the Brown-Forsythe test or Welch’s ANOVA for
multiple comparisons, or the Kruskal-Wallis test with Dunn’s correc-
tion for multiple comparisons, was used.

Statistical analysis of theimaging data was performed using Prism
(v.10.2.1). Groups were compared with an unpaired ¢-test or Mann-Whit-
ney U-test (depending on the normality of the variable checked with the
Shapiro-Wilk test); proportions were compared with a Fisher’s exact
test. To compare three groups, a Kruskal-Wallis test with Bonferroni
correctionwas used. Spearmanrank correlation coefficients were used
to evaluate the associations between continuous and ordinal variables.

Patients who reached an EDSS of 4 (n=18) or 6 (n=9) within 12
years from disease onset were categorized as ‘fast progressors’, while
patients with an EDSS of less than 2 (n=19) after 12 years were cat-
egorized as ‘slow progressors’. A subcohort was evaluated for clinical
progression from PET imaging onwards according to EDSS change
as published elsewhere®*. All tests were two-tailed and P values were
classified as significant if P< 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The spatial transcriptomics data files have been deposited at the
Gene Expression Omnibus under the accession no. GSE281807. The
data regarding the PET analysis are not publicly accessible due to
the protection of patients’ privacy. Anonymized raw PET data are
available over the next 3 years upon reasonable request from a quali-
fied investigator, via the corresponding author. Requests will be
addressed within1 month from the request. Source data are provided
with this paper.

Code availability
The code used to analyze the study’s spatial transcriptomics data is
available on GitHub (https://github.com/walter-ca/MS-lesions_code).
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Extended Data Fig. 1| Histological characteristics of broad rim lesions (BRL). wellas TSPO+myeloid cells and astrocytes (g). h tom, Depiction of iNOS+ (h) and

Large demyelinated lesion with a sharp border (immunohistochemistry for TMEMI119+ cells (i), CD3 + T cells (j), CD79a positive B cells (k), GFAP+ astrocytes
MBP). b, the lesion is surrounded by a broad rim of HLA-DR positive myeloid (I) and TPPP/p25+oligodendrocytes (m). Scale barsinaand b: 2.5 mm, scale bars
cells. ¢, quantification of myeloid rim size in a subset of MSWRP and MSwSP. d to ind tog100 um, scale barsinhtom50 pm.

g, Immunohistochemistry for CD68+ (d), HLA-DR+ (e), IBA1+ (f) myeloid cells as
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Extended DataFig. 2 | Broad rim lesions (BRL) with and without iron rims. eandf, Turnbull staining reveals a high number of iron containing myeloid cells
The left panel displays a BRL lesion without an iron rim, whereas the right panel attheborder of thelesioninf, butnotine.Scalebarsina2,5 mm,inb5mm, and

displays a BRL lesion with aniron rim.aandb, Two broad rim lesions stained for inctof250 um.
HLA-DR.candd, Insertsinaand b are shown in higher magnificationincandd.
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and inactive lesions. ¢, only a small subset of lesions in MSWRP display signs of
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4| Comparison of BRL and mixed lesions. a to

a, Comparison of densities of CD68" (a), HLA-DR" (b), IBA1" (c), TSPO* (d), iNOS*
(e) 163" () CD206" (g) and TMEM119" (h) cells in NAWM, rims and lesion centers
of BRL and mixed lesions. i to k, No differencesin the densities of CD79a* B cells
(i), CD3" T cells (§), GFAP* astrocytes (k) and TPPP/p25*oligodendrocytes (I) in the
rims of BRL. mto w, Stratification of BRL and mixed lesions with respect to the
presence or absence of iron depositions in the rims of these lesions. Densities of

CD68* (m), HLADR' (n), IBAT" (0), TSPO* (p), iNOS* (q), CD163" (r), CD206" (s),
TMEM119* (t), CD3" (u), CD79a’ (v) and TPPP/p25" (w) cells a to w: violin plots,

p values were determined depending on normality by Kruskal-Wallis (one-way
ANOVA) and Dunn’s multiple comparison test (a, ctoj, i,r to v) or Brown-Forsythe
and Welch ANOVA test (one-way ANOVA) and Dunnett’s correction for

multiple comparisons (b,c, k, mtooandw).*p <0.05,*p <0.01,**p <0.001,
****p<0.0001.
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associated SNP rs10191329 in MS donors of the NBB with at least 1 BRL or without
BRL. The Y-axis displays the relative number of donors carrying the respective
genotype and the number in the bar graph represents the absolute number of
donors. A significant difference in distribution of genotypes was found between
the two groups using Fisher’s exact test (p = 0.015). f, Same as e, but for MS
susceptibility SNP rs3135388. No significant difference could be detected in the
genotype distribution between the two groups (p = 0.60).*p < 0.05,* p < 0.01,
**p<0.001,***p<0.0001.

Nature Medicine


http://www.nature.com/naturemedicine
https://www.ncbi.nlm.nih.gov/snp/?term=rs10191329
https://www.ncbi.nlm.nih.gov/snp/?term=rs3135388

Article https://doi.org/10.1038/s41591-025-03625-7

a - b

mixed rim

BRLrim

active center

NgPF1S

0. patient
= Ms1
MS2

071 s
MS4

I 0.6 1 MS5 T
ms8 i

MS9 2 1 [ T

MS13 enriched in mixed rim < log2(FC) -> enriched in BRL rim
.MS16 significance NSorFC<05 adj.P<0.05 @ adj. P <0001

o ms17
MS19 nost

Ms21 Y7 oy
Ms24
MS25 )

MS26

Ms27
Ms28

c s

= Prat
active_center ? npcos

0.9 BRLRIM T AR o 25Ps7

mixed_RIM 82 TED! % NOSZ

§

]

&

€

k=4

3

reszs e dwe
s
fren e rocds

Stoontt FPSIE-RPL7 cotas,

LA o
iTRess INF23 028
"

Toix IFIT>

significance, ~log10(P)
N
2
S
2
4
H

2 . 3 7
enriched in active center <~ log2(FC) -> enriched in BRL rim
significance © NSorFC<05 © adiP<0.05 ® adj.P<0001

e cbe8 | iesion
actve carer
shLim
mngim
A
<
study 'ﬁ
homeostatic microglia 2 4 Absinta et al. 2
| Keren-Shaul et al. 3 il
. . . i =
proinflammatory microglia 1 Sa"_'<°WSK' etal. @
2 Schirmer et al. 101
proinflammatory microglia 2 condition e SR e A
0 AD-transgenic mouse model lesion
. . N human epilepsy control CD68
proinflammatory microglia 3 human MS lesion
-2
MIMS-iron s
.g »]
DAM-microglia 2
2
S
MIMS-foamy 8
homeostatic microglia 1 L |
vt BRU e AW
lesion
myelin—phagocytosing microglia —coes |
Mono_moDC c
ﬁ 2
macrophages 5
o
»o o] m c
28 3 g E £
ga = 3 8
= 3 =
g § 3 IR
7 e carer BRUn  msdrm  NAW
= lesion

Extended Data Fig. 6 | See next page for caption.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03625-7

Extended Data Fig. 6 | Spatial transcriptomic analysis of CD68 pos myeloid
cellsin BRL lesion rims, mixed lesion rims and active lesion centers as
compared to normal appearing white matter (NAWM). a, Example of aBRL
lesions stained for CD68 (yellow) and the oligodendroglial marker TPPP/p25
(red) and nuclear staining (SYTO83, blue) in the left panel. In the right panel,
demonstration of selection masks (green, arrows) used to identify CD68*
myeloid cells for spatial transcriptomic analysis. b, VENN diagram of GO terms
(each lesion type compared to respective NAWM) of all three lesion types.

¢, Spearman correlation of DEG between all lesion types and NAWM. d, Volcano
plots of DEGs in BRL CD68" myeloid cells versus mixed lesion CD68" myeloid cells

(upper panel) as well as of DEG in BRL CD68" cells versus active lesion

CD68" myeloid cells (lower panel), and respective NAWM. Blue dots indicate
genes with significant differential enrichment between conditions (adjusted

p value < 0.05); relevant genes of interest are annotated. e, Heatmap visualization
of gene set enrichment analysis (GSEA) of the three lesion types with published
transcriptomic signatures, with Gene Ontology (GO) Biological Processes (BP)
gene sets as signatures. Only signatures with significance in comparison to at
least one lesion type are depicted. f, Expression of three genes of interest in all
three lesion types and in NAWM, depicted are Bruton tyrosine kinase (BTK),
CD40L, and RIPK1.
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Extended Data Fig. 7 | Correlation between imaging findings and atrophy. The arrows and their colors refer tod and g. d and g, Gross anatomy.
histopathology. An autopsy case: amale subject with progressive MS, aged The boxed areas were analyzed by histology. e and f, The lesion area indicated by
44.5yearswithadisease duration of 15 years at death. a, FLAIR image 7.5 years the orange rectangle ind stained for the myelin marker MBP (e) and the myeloid
before death showinglarge lesions. b, T1image 6 years before death overlaid cellmarker HLA-DR (f). hand I, The lesion area indicated by the blue rectangle
with PET showing high PK11195 signal at the edge of the lesions. ¢, FLAIR image ingstained for MBP (h) and HLA-DR (i). Dashed lines in e,f, and h,iindicate the
2years before death showing further enlargement of the lesions with prominent lesion border or the rimborder, respectively. Scale bar for e,f,h,i: 3 mm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Imaging findings. a Examples of T1and QSM images.
Arrows indicate T1lesions (upper row) and the corresponding sites after QSM
analyses (lower row). b-f, There was no difference in lesion volumes, 2-4 mm T1
lesion rim FA values, or core and rim susceptibility values between the individual
rBRL lesions and non-rBRL rim-active lesions, but rBRL had significantly lower
2-4 mm T1lesion rim MD values (Mann-Whitney U-test). g, There was no
difference in the presence of iron rims found inindividual rBRL and non-rBRL
rim-active lesions (Fisher’s exact test). h, Patients with non-rBRL rim-active
lesions and progression data from PET imaging onwards available (n = 72):

no difference was found in the number of non-rBRL rim-active lesions

(Mann-Whitney U-test). i, Patients with rBRL and progression data from PET
imaging onwards available (n = 36): there was a trend towards the progressed
patients having more rBRL (p = 0.066; Mann-Whitney U-test). Mean follow-up
time from PET imaging to follow-up EDSS measurement was 5.5 years (SD 2.3).
j-k, Proportion of non-rBRL rim-active lesions (j) and rBRL (k) in an untreated MS
cohort (n=18) followed up clinically for an average of 6.5 (SD 2.4) years from
PET imaging (n=11with progression, n =7 remaining stable). I, In reference to
Fig. 5x-y, this table shows the baseline lesion phenotype status of the rBRLs
detected at follow-up PET imaging at one year time point for the untreated
cohort(n=9).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Transcriptomic analyses: Raw fastq files were processed with the NanoString GeoMxNGSPipeline v2.3.3.10 on a Linux-based server system,
and counts per gene were exported as NanoString DCC files per sample. The count files were imported into R v4.2.1 using the R/Bioconductor
package GeomxTools v3,0.1 (GeomxTools: NanoString GeoMx Tools. R package version 3.0.1) and the Probe Kit Configuration (PKC) file
Hs_R_NGS_WTAv1.0.

PET analysis: PET data was acquired with a high-resolution research tomograph (HRRT; Siemens Medical Solutions) PET scanner and MRI data
with 3T MRI (Philips Ingenia/Philips Ingenuity) or 1.5 T MRI (Philips Gyroscan Intera Nova Dual) scanners. Raw MRI and PET data was exported
from the data repository in dicom format and SPM12 running in Matlab R2017a was used to convert them to NIfTI. DTI data was acquired
from the raw images with ExploreDTI v4.8.6 and the QSM data with Morphology Enabled Dipole Inversion (MEDI) toolbox with automatic
uniform cerebrospinal fluid zero reference (MEDI+O0).

Data analysis Transcriptomic analyses: For the initial quality control, the minimum negative control counts were set to 1, while all other parameters were
kept at their default values. Only samples with a gene detection rate > 0.03 were selected for further analyses. For the integrated analysis of
the two NanoString runs, the R/Bioconductor package standR (v1.6.0) was employed to assess the performance of different batch effect
removal strategies. Batch effects were corrected with standR's geomxBatchCorrection function, using RUV4 with k=5 and negative control
genes based on the GeoMx data's slides. Normalization of data was performed using standR's gecomxNorm normalization function with TMM
as method, and dimensionality reduction was performed using principal component analysis (PCA). The R/Bioconductor pipeline limma
v3.52.4 was employed to identify differentially expressed genes (DEGs) between the lesion rims and NAWM samples (FDR < 0.05), and
between lesion types. DEGs were visualized with a ggplot2-based volcano plot (v3.4.4), and additional genes of interest with an FDR < 0.001
were marked in the volcano plot according to their level of significance. Gene set enrichment analyses (GSEA) were calculated with the R/
Bioconductor package clusterProfiler v4.7.112 and the Gene Ontology (GO) Biological Processes (BP) database (R/Bioconductor package
org.Hs.eg.db, v3.15.0). Only gene sets with a minimum size of 10, a maximum size of 500 genes, and an adjusted p-value < 0.05 were
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considered further. GO terms with significant enrichment were depicted as dotplots to show normalized enrichment scores (NES), adjusted p-
values, and gene ratios indicating the percentage of genes with core enrichment for the respective gene sets.

Based on the DEG results between lesions and control, common lesion-related genes were defined as genes that were significantly
upregulated for each of the three lesion types when compared to NAWM. Similarly, genes with a significant enrichment for only one lesion
type were defined as lesion-specific genes for the respective lesion type. Overlaps of DEGs between lesion types were visualized as a Venn
diagram with the R package VennDiagram v1.7.3. Furthermore, violin plots for chosen genes of interest were created with ggplot2, and a
principal component analysis based on the normalized expression data for each sample was visualized with the same package. Based on the
combined lists of DEGs between lesions, a filtered expression matrix was created, and pairwise Spearman correlation coefficients were
calculated with the basic R cor function. The correlation matrix was visualized as a heatmap with pheatmap v1.0.12, using unsupervised
clusterings for rows and columns based on pheatmap's default euclidean distance and the complete clustering method.

PET data analysis: GraphPadPrism 10.2.1 was used to analyze all PET data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Spatial transcriptomics data files are deposited at NCBI GEO under the accession number GSE281807 which was made public. The R/Bioconductor package
org.Hs.eg.db, v3.15.0 was used as database for Gene Ontology (GO) Biological Process (BP) information.

The data regarding PET analysis are not publicly accessible due to the protection of patients’ privacy. Anonymized raw PET data is available over the next 3 years on
a request from a qualified investigator, via the corresponding author. Requests will be addressed within one month from the request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The histology cohort consisted of 30% males and 70% females.
The TSPO-PET cohort consisted of 28 % males and 72 % females.

Population characteristics The autopsy cohort consisted of cases with a clinical and pathologically-confirmed diagnosis of multiple sclerosis, with a
mean age of 62 years (range 32-95) at autopsy. In the severe sub-group, 35% wash an immune-therapy in the course of
disease, in the benign group this was 6%).

Recruitment Participants are included in the Netherlands Brainbank donor-program, which provides a sub-selection for participants
according to the Dutch demographic buildup with willingness to donate brain material postmortem. This may limit the
applicability of our findings on the general MS population.

TSPO-PET patients were recruited by the treating neurologists from the Turku University Hospital neurology clinic between
2009-2022. All patients with confirmed MS disease (aged 20 -70) with willingness to participate in a PET imaging study were
considered eligible for inclusion. All patients with simultaneous PET and MRI were included in this study, regardless of
treatment, clinical status or sex/gender.

Ethics oversight We used archival samples. The research upon anonymization was in accordance with local ethical standards and regulations
by the Ethics Committee of VU University Medical Center, Amsterdam, The Netherlands, the Ethics Committee of the
Hospital District of Southwest Finland and the Ethics Committee of the University Minster.
PET data: All study subjects in PET analyses were acquired according to study protocols previously approved by the Ethics
Committee of the Hospital District of Southwest Finland. All study participants provided written informed consent according
to the principles of the Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Patient samples were stratified based patient narratives, along with dates and ages of registration of functional equivalents of EDSS score. All
available tissue blocks per selected patient were screened for lesions.
PET-data: all available subjects with successful PET and MRI imaging in the Airas Group study cohorts imaged at Turku PET Centre were
included.

Data exclusions  For the transcriptomic analysis, areas of illumation (AQls) with a gene detection rate of less than 3% were excluded from the analysis. AOls
with a gene detection rate of 3% or higher showed expected marker expressions and a consistent clustering with clear separation from
another cohort of AOIs, while AOIs with a gene detection rate of less than 3% were excluded for low gene expression signal and unspecific
signal patterns. This threshold was not pre-established.

For histology and PET studies, no data were excluded.

Replication For histological quantification at least ten visual fields per region of interest were analysedand all were successfully included in the analysis.
Transcriptomics: A total of 269 areas of illumination were measured, originating from 28 different patients (list of replicate numbers and

lesion types is included as Supplementary Table 1). After filtering, 212 areas of illumination were used for further analyses.

Randomization  For histology and transcriptomic analysis, the samples were allocated in random experimental groups. For PET study, no groups were
allocated.

Blinding Samples were selected according to the patients disease course.
For histological analysis the subtypes are directly detectable and blinding is therefore not possible. For PET study, no groups were allocated.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| |Z Antibodies |:| ChlP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

g |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|Z |:| Animals and other organisms

|Z |:| Clinical data

|Z |:| Dual use research of concern

Antibodies

Antibodies used CD163 (Leica NCL-L-CD163 Lot.:6063445)
CD206 (Sigma HPAO04114 Lot.: 46663)
CD3 (Dako M7254 Lot.: 4141595)
CD68 (Dako M0814 Lot.: 20040389)
CD74 (Sigma HPA010592, Lot.: C113825)
CD79a (Dako M7050 Lot.: 20043883)
CHIT1 (Sigma HPAO10575, Lot.: 27635)
GFAP (Dako Z0334 Lot.: 20035994)
HLA-Dr (Dako M077501-2 Lot.: 41337748)
Iba | (Wako 019-19741 Lot.: SKN4887)
iNos (Sigma ABN26 Lot.: 3928023)
MBP (Abcam ab7349 Lot.: 1015269-34)
PLP (Invitrogen, #PA5-102820, Lot.: ZG4381884A)
TEMEM 119 (Sigma HPA0O51870 Lot.: 41615)
TPPP (Abcam ab92305 Lot.: GR3330149-4)
TSPO (Invitrogen MA5-33203 Lot.: ZI4454572)
CD68 (Santa Cruz sc-20060AF594 Lot.: #H1522)
OLIG2 (Abcam ab225100)
SYTO83 (Thermo Fisher S11364 Lot.: 2541524)
TPPP (Abcam ab204011 Lot.: 10362775)

Validation Nonspecific background signals were assessed for all antibodies by omitting the secondary antibody. Additionally, the staining
patterns for all antibodies were evaluated by appropriate cell-type-specific negative controls, such as neurons being negative for

>
Q
]
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




astrocytic markers.

Magnetic resonance imaging

Experimental design

Design type N/A, instructions of these questions were fMRI related. In this study fMRI was not used.

Design specifications N/A, instructions of these questions were fMRI related. In this study fMRI was not used.
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Behavioral performance measures N/A, instructions of these questions were fMRI related. In this study fMRI was not used.

Acquisition
Imaging type(s) Structural (volumetric), quantitative susceptibility mapping (QSM; qualitative analysis), diffusion tensor (quantitative)
Field strength 3Torl5T

Sequence & imaging parameters FLAIR, T2, 3DT1, 3D GRE and DTI

Area of acquisition Whole brain
Diffusion MRI X Used [ ] Not used

Parameters 33 (n=17), 64 (n=48), or 67 gradient directions (n=17) with b value = 1,000 s/mm?"2

Preprocessing

Preprocessing software SPMS8 or SPM12 running in MATLAB used for co-registration. Lesion Segmentation Toolbox (LST) in SPM12 used for
preliminary lesion mask and for lesion filling. FreeSurfer 7.3.0 used to segment brain. ExploreDTI v4.8.6 running in MATLAB
used for DTI data and MEDI toolbox for QSM data.

Normalization T1 was co-registered to MNI space and then all other images were coregistered to T1 space.
Normalization template MNI152 ICBM 2009a Nonlinear Symmetric (T1w)
Noise and artifact removal Raw DTI data was corrected for subject motion, EPI/susceptibility and eddy current induced geometric distortions according

to instructions using RESTORE tensor estimation method

Volume censoring N/A, instructions of these questions were fMRI related. In this study fMRI was not used.

Statistical modeling & inference

Model type and settings Volumetric, diffusion tensor and QSM data: T-tests or Mann-Whitney’s U-tests, Fisher’s exact tests and Kruskal-Wallis tests
(with Bonfferoni correction) as well as Spearman rank correlation coefficients were used.

Effect(s) tested N/A, instructions of these questions were fMRI related. In this study fMRI was not used.
Specify type of analysis: [ | Whole brain [ | ROI-based Both

Lesion masks were drawn by manually checking and editing the masks created with the Lesion

Anatomical location(s) Segmentation Toolbox (LST) in SPM12. Freesurfer 7.3.0 was used for brain segmentation.

Statistic type for inference N/A, instructions of these questions were fMRI related. In this study fMRI was not used.
(See Eklund et al. 2016)

Correction N/A, no MRl analyses needed multiple comparison corrections.




Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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