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Abstract

Background

Chronic active lesions (CAL) in multiple sclerosis (MS) have been observed even in patients taking
high-efficacy disease-modifying therapy, including B-cell depletion. Given that CAL are a major
determinant of clinical progression, including progression independent of relapse activity (PIRA),
understanding the predicted activity and real-world effects of targeting specific lymphocyte
populations is critical for designing next-generation treatments to mitigate chronic inflammation in
MS.

Methods

We analyzed published lymphocyte single-cell transcriptomes from MS lesions and bioinformatically
predicted the effects of depleting lymphocyte subpopulations (including CD20 B-cells) from CAL via
gene-regulatory-network machine-learning analysis. Motivated by the results, we performed in vivo
MRI assessment of PRL changes in 72 adults with MS, 46 treated with anti-CD20 antibodies and 26
untreated, over ~2 years.

Findings

Although only 4.3% of lymphocytes in CAL were CD20 B-cells, their depletion is predicted to affect
microglial genes involved in iron/heme metabolism, hypoxia, and antigen presentation. In vivo,
tracking 202 PRL (150 treated) and 175 non-PRL (124 treated), none of the treated paramagnetic rims
disappeared at follow-up, nor was there a treatment effect on PRL for lesion volume, magnetic
susceptibility, or T1 time. PIRA occurred in 20% of treated patients, more frequently in those with >4
PRL (p=0.027).

Interpretation

Despite predicted effects on microglia-mediated inflammatory networks in CAL and iron metabolism,
anti-CD20 therapies do not fully resolve PRL after 2-year MRI follow up. Limited tissue turnover of B-
cells, inefficient passage of anti-CD20 antibodies across the blood-brain-barrier, and a paucity of B-

cells in CAL could explain our findings.

Funding. Intramural Research Program of NINDS, NIH; NINDS grants ROTNS082347and
ROTNS082347; Dr. Miriam and Sheldon G. Adelson Medical Research Foundation; Cariplo Foundation
(grant #1677), FRRB Early Career Award (grant #1750327); Fund for Scientific Research (FNRS).
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Introduction

MS is a chronic immune-mediated disease in which central nervous system (CNS)-reactive T- and B-
lymphocytes play a critical pathogenic role. Unlike the relatively stereotyped processes that lead to
multifocal inflammatory demyelinating lesions and clinical relapse in so-called “active” MS, the
pathogenesis of progressive MS (and of PIRA in particular) is likely pleotropic.” Among the relevant
processes, chronic compartmentalized tissue inflammation, which is most prominent in chronic
active/smoldering white matter (WM) lesions and in the leptomeninges, is recognized to play a critical

role.?

The surprising efficacy of B-cell depletion treatment in MS with anti-CD20 antibodies has led to
reconsideration of the B-cell lineage contribution in MS pathogenesis. A variety of mechanisms have
been considered, including immunoglobulin production, antigen presentation, secretion of cytokines
and other inflammatory molecules;® B cells also harbor certain viral pathogens.* Anti-CD20 antibodies
deplete various stages of maturing B-cells, thereby affecting B-cell-T-cell interactions and pro-
inflammatory myeloid cell responses.® Randomized clinical trials have consistently shown dramatic
reduction of new lesion formation and annualized relapse rate in relapsing-remitting MS.*’
Ocrelizumab, a humanized anti-CD20 antibody, is also licensed for primary progressive MS, and both
ocrelizumab and ofatumumab are licensed for secondary progressive MS with active MRI.87
Nonetheless, clinical progression independent of relapse activity (termed “PIRA”) has been identified

in MS patients treated with highly effective treatments, including ocrelizumab.™

To understand the potential impact of lymphocyte depletion or manipulation in the CNS, we analyzed
in detail the distribution of lymphocyte subpopulations in MS tissue according to different
pathological stages by reanalyzing published single-nucleus transcriptome profiles from 3 studies.”"
Using computational and machine learning techniques on the immune gene regulatory network at

the CAL edge, we predicted the effects of specific lymphocyte subpopulation depletion strategies,

including of CD20 B-cells, on arresting chronic inflammation in MS lesions.

As our in silico analysis suggested that CD20 B-cell depletion would have profound effects on such
lesions, we analyzed data from clinical cohorts followed at 4 academic medical centers to investigate
in vivo the effect of anti-CD20 antibody therapy on paramagnetic rim lesions (PRL), also known as iron
rim lesions (IRL),™ a subset of CAL that can be detected in vivo using susceptibility-sensitive MRI. It is

now well established that the burden of CAL strongly correlates with disease severity and



progression.’' Since recent longitudinal MRI studies have reported that the paramagnetic rim is a
dynamic biomarker of perilesional chronic inflammation and tends to fade on MRI over a median of 7
years,""" we specifically evaluated whether the paramagnetic rim of PRL disappeared in anti-CD20
treated patients over the follow up, and we quantified longitudinal PRL evolution using quantitative
susceptibility mapping (QSM) for estimating lesion magnetic susceptibility (paramagnetic rim and
myelination status), T1 mapping for estimating lesion microstructural damage (both myelination status

and axonal loss), and lesion volume for estimating lesion expansion or shrinkage over time.

Methods

Single-cell lymphocyte phenotyping in MS brain tissue

We downloaded the raw snRNA-seq data or the gene expression matrix available from 3 snRNAseq
studies,” "3 in which nuclei were extracted from MS autopsy snap-frozen brain tissue classified
according to the presence of lesions at different pathological stages, such as active, chronic active,
chronic inactive, lesion core, and periplague WM, and from non-neurological control brain tissue. To
have a representative but non-comprehensive comparison between brain vs blood/CSF lymphocyte
distribution, a fourth available scRNA-seq dataset was also downloaded and re-analyzed.” The
datasets were initially analyzed individually using a bioinformatic pipeline (Seurat v4 R-based

package) previously described in detail.”

For each dataset, UMAP plots were generated, and cell-type identification was performed using
known lineage markers. A subset of the nuclei belonging to the immune cell clusters was performed
using the “subset” function in Seurat. To refine annotation of the different lymphocyte
subpopulations, the newly obtained Seurat object (one for each dataset) was used as input into the

Azimuth computational platform (https://azimuth.hubmapconsortium.org) and mapped onto the

provided multimodal single cell reference atlas (RNA and protein) of circulating immune mononuclear
cells (n=161,764)." Only those lymphocytes with high mapping score >0.7 (reflecting the confidence
associated with a specific annotation) and/or prediction score >0.7 (reflecting how well represented
the cell is by the reference atlas) were retained for further analysis. The mapping and prediction
scores provided by Azimuth range from 0 to 1, and a threshold of 0.7 was chosen based on the fact

that we are mapping nuclei transcriptomes onto an atlas derived from whole cells.

In silico depletion of selected lymphocyte subpopulations and virtual knockout of the BTK gene at

the chronic active lesion edge



The immune gene regulatory network (GRN) was generated starting from the immune cell snRNAseq
dataset from chronic active lesion edge samples,' and included 6,266 genes. The simulated effect of
depleting sparse lymphocyte subpopulations (MS4A1 (CD20)-expressing B-cells, plasmablasts, and T-
cell subtypes, separately), on the original GRN, was gauged using scTenifoldNet, a machine learning

tool for comparative single-cell network analysis implemented in an R package

(https://github.com/cailab-tamu/scTenifoldNet).? Briefly, the scTenifoldNet workflow takes two

snRNA-seq expression matrices as inputs. The analysis aims to identify genes whose transcriptional
regulation is shifted between the two conditions. The whole workflow consists of five steps: cell
subsampling, network construction, network denoising, manifold alignment, and module detection.
The final output is a table of genes with associated Euclidean distance computed between the
coordinates of the same gene in both datasets. To help contextualize the results, we also simulated
the analysis by comparing the original dataset against itself. As expected, no significant distance was
produced. Using the same dataset," we also simulated the knockout of the BTK gene, known to be
expressed by both microglia and B-cell lineage cells,? and a similar workflow was implemented using

scTenifoldKnk (https://github.com/cailab-tamu/scTenifoldKnk).?°

A principal components analysis of the simulated distances from comparing the original immune GRN
and the same network after removing specific cell populations or genes was computed. The
Euclidean distance between the different comparisons was plotted as a color-coded heatmap.
Functional enrichment analysis of gene sets was performed on the subset of simulated significant
perturbed genes (p<0.05) using Enrichr (KEGG Human and MsigDB Hallmarks annotations),?% and

the top 20 terms were evaluated for biological interpretation.

Longitudinal clinical-MRI study

Study participants. Imaging, laboratory, and clinical data were prospectively collected under

institutional review board-approved protocols in adults with MS from 4 academic research hospitals:
the NIH Clinical Center (Bethesda, MD, USA), the Johns Hopkins University Hospital (Baltimore, MD,
USA), and the Erasme and Saint Luc University Hospitals (Brussels, Belgium). These protocols allow
exploratory analysis and pooling of collected data. Clinical data were obtained from experienced MS
clinicians at baseline and at each MRI follow-up. Inclusion criteria for the current retrospective analysis
were the following: age>18, diagnosis of MS based on the 2017 McDonald criteria, and availability of
a high-resolution susceptibility-based MRI scans acquired longitudinally either before and after anti-

CD20 treatment or in the absence of disease-modifying treatment (DMT). Since previous studies have



shown that PRL are present in patients receiving DMTs, ™' washout of a prior DMT was not required
here as an inclusion criteria. For the untreated cohort, the baseline MRI scan was the first scan with
available high-resolution susceptibility-based MRI, whereas in the anti-CD20 cohort the baseline scan

was the latest MRI before treatment administration.

Progression independent of relapse activity (PIRA) was defined as an increase in the EDSS score
confirmed at least after six months and occurring in the absence of clinical relapses, of =1.5 points if
baseline EDSS was 0, =1.0 point if baseline EDSS was 1.0-5.5, or =0.5 points if baseline EDSS was
>6.0.»

MRI acquisition and analysis. MRI studies were performed on 5 MRI 3-tesla scanners: 3 Philips Intera
or Ingenia scanners (Philips Medical Systems, The Netherlands), 1 Siemens Skyra scanner (Siemens

AG, Germany) and 1 General Electric Signa Premier (GE Healthcare, Waukesha, Wisconsin, USA).

e On all scanners, submillimeter isotropic 3D T2*-weighted segmented echo-planar-imaging
(EPI),2%2 providing magnitude and phase images (from which quantitative susceptibility maps
(QSM) were derived), was acquired before or during intravenous injection of a single dose (0.1
mmol/kg) of gadobutrol (Gadavist; Bayer Healthcare, Leverkusen, Germany). The same 3D T2*-
EPI sequence’? was adapted and optimized to the different MRI scanners with minimal
parameter modification (sequence parameters are listed in Supplementary Table 1).

e Additional routine MRI images acquired for clinical use, including 3D T2-FLAIR images and
postcontrast T1-weighted sequences, were not standardized across the scanners.

e On the 3T Siemens Skyra and GE Premier (NIH and CUSL, respectively), a 3D MP2RAGE providing
T1w images and estimated T1 maps, was acquired (sequence parameters are listed in

Supplementary Table 2).

PRL assessment. In each individual and for each MRI timepoint, the number of supratentorial chronic
non-enhancing PRL on unwrapped filtered phase images was determined by consensus of 2 raters
(PM and MA) blinded to all patient information, including treatment status. A chronic non-enhancing
MS lesion was defined as a PRL if it demonstrated a paramagnetic rim on unwrapped filtered phase
images,? and an isointense/slightly paramagnetic core when compared to the extralesional WM.
Specific rim features include: (1) colocalization with the edge of an MS lesion on T2-FLAIR or T1-
weighted images; (2) visibility on at least two planes for 3D images; and (3) coverage of at least 2/3 of
the lesion WM edge on the slice of maximum visibility. 3D T2-FLAIR images were rigidly coregistered

to the high-resolution 3D EPI scan. PRL and comparable non-PRL were manually segmented on



coregistered T2-FLAIR images. Whenever possible, at least 1 PRL and 1 non-PRL (the latter selected in

the contralateral WM) were segmented for each participant.

Longitudinal lesion volume, susceptibility, and T1 times. All included patients underwent longitudinal

3T MRI scans. QSM images were reconstructed from the 3D EPI magnitude and phase images using a
MATLAB toolbox (JHU/KKI_QSM_Toolbox_v3.0).2 After selecting the magnitude and raw phase
images as input, the following parameters available in the toolbox menu were implemented: phase
unwrapping method: Laplacian; threshold for the brain mask=0.5; background removal: V-

SHARP, and iTKD to calculate susceptibility. T1 maps were estimated from the 3D MP2RAGE
sequence. For each segmented PRL and non-PRL, longitudinal volume, susceptibility, and, when
MP2RAGE was available, T1 times, were determined. 3D T2-FLAIR and 3D MP2RAGE images were
rigidly coregistered to the high-resolution 3D EPI scan for lesion volume and T1 time assessment.
QSM images were reconstructed from the 3D EPI magnitude and phase images and, thus, naturally
coregistered to the 3D EPI scan. Similarly to previous studies,?*° by segmenting the whole lesion area
(vs only the lesion edge), we expected to capture on QSM and T1 maps not only the paramagnetic
changes at the edge of PRL, but also the overall tissue microstructural damage, including

demyelination and axon loss, occurring within the lesion core.

Statistics

Demographic, clinical, and MRI differences were assessed with ANOVA and Tukey's post-hoc
multiple-comparison test, or with Fisher's exact or chi-squared test, as appropriate. Differential
abundance analysis of lymphocyte subpopulations in different pathological conditions was performed
using propeller,®" a statistical tool designed to take into account the sample variability in single cell
genomics data. The association between treatment status and log-lesion volume, susceptibility, and
T1 time changes (dependent variables) over time was tested in 3 distinct multivariable linear mixed
models with random lesion and participant effect. Lesion category (PRL vs. non-PRL), treatment status
(treated vs. untreated with anti-CD20 therapy), and time (time post baseline MRI acquisition) were
considered as fixed effect variables, with interaction between lesion category and time and between
lesion category and treatment status. The mixed-model analysis was restricted to a maximum of 4
years MRI follow up (excluded 24/1885 datapoints) to avoid results driven by few datapoints with
longer follow up. As a sensitivity analysis, (1) the 3 models were re-run including the clinical-MRI
center as fixed effect, and (2) the 3 models were also re-run separately for PRL only and non-PRL only,
with and without clinical-MRI center as fixed effect. Statistical power considerations were based on

previous calculations on a 7T longitudinal dataset suggesting that in a 1-year trial, 16 patients per arm



(treated vs untreated, with a total of 112 PRLs) would be sufficient to detect a 10% treatment effect

(fading or disappeared paramagnetic rim) with 80% power."!

Ethics. Study procedures received approval from an ethical standards committee on human
experimentation in each of the four academic research hospitals (NIH IRB 89N0045; Johns Hopkins
IRB CIR0O0086166; Brussels Saint-Luc IRB B4032020000104; Brussels Erasme IRB 8406201628764), and

written informed consent was obtained from all participants prior to participation.

Role of Funders. This work was supported by the Intramural Program of NINDS of National Institutes
of Health, by the National Institutes of Health (ROTNS082347 and ROTNS082347), by the Fund for
Scientific Research (FRS, FNRS; grant #40008331), by the Cariplo Foundation (grant #1677) and by the
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interpretation, or writing of report.

Results

Few CD20 B-cells are seen at the chronic active lesion edge

To assess B-cell subtype presence and overall lymphocyte distribution in MS lesions at different
histopathological stages (active, chronic active, chronic inactive, lesion core, and periplaque WM), we

re-analyzed 3 available snRNAseq brain datasets'"

encompassing a total of 123,193 nuclei from 21
progressive MS cases (10 women, mean age 46.7 years, age range 34-58) and 17 non-neurological

controls (6 women, mean age 55 years, age range 34-82).

We identified a total of 776 lymphocytes from 10,913 immune cells (7.1%), of which 391 were from
chronic active lesions (391 of 5,743 immune cells, 6.8%). As expected, the highest frequency of
lymphocytes was identified in active lesions (173 of 599 immune cells, 28.9%), while the fewest were in
control brain tissue (16 of 921 immune cells, 1.7%). Since the low number of lymphocytes in MS tissue
prevented any reliable unsupervised subclustering analysis, lymphocyte identity was refined by
implementing a multimodal reference atlas derived from >160,000 circulating mononuclear immune
cells.” Figure 1 shows the refined annotation of the immune cell subsets from the MS brain, CSF, and
blood onto the reference atlas (Figure 1a) as well as lineage marker genes of the different brain

population subtypes (Figure 1b).



In chronic active lesions, B-cells expressing CD20 (MS4A1 gene) accounted for only 4.3% of all
lymphocytes (a total of 17 intermediate B-cells), while a relatively high proportion of terminally
differentiated B-cells were seen as antibody-producing plasmablasts (20.5% of lymphocytes). The
remaining 74.2% of lymphocytes at this site were activated T cells (CD3+CD4-CD8- double negative T
cells [dnT], 33.8%; CD4 T memory cells, 23.5%; CD8 T effector, 10.2%; CD8 T memory cells, 4.9%;

mucosal-associated invariant T cell [MAIT], 1.8%) and natural killer (NK) cells (1%).

Overall, except for active lesions, which had additional populations (such as CD4 T effector
lymphocytes and proliferating NK cells), differences between pathologically defined chronic active
and chronic inactive lesion stages related to the total number of lymphocytes (mean
lymphocytes/sample 32 and 10, respectively, t-test p=0.03) rather than to the different proportions of
lymphoid subtypes (ANOVA false discovery rate [FDR] >0.05 for all the lymphocyte subsets, Figure 1c,
Supplementary Table 3a). Scarce MAIT cells (<10 cells) were seen only in chronic active lesions and
periplaque, although this result did not reach statistical significance (Supplementary Table 3). No
innate lymphoid cells (ILC) or naive lymphocytes were identified in the brain tissue, and plasmablasts
were seen exclusively in the MS brain (vs control brain). Statistically significant expansion of
intermediate B cells, plasmablasts and NK cells was seen in the CSF from MS vs control samples
(Supplementary Table 3b); while no significant differences were seen in the blood for all lymphocyte

subtypes (Supplementary Table 3c).

We then looked specifically for genes known to be expressed in tissue resident memory T-cells, a
category of long-lived, non-circulating lymphocytes not depicted by the implemented immune cell
reference atlas but recognized as relevant in autoimmune diseases.®* Of interest, among those
genes, ITGAT (CD4%a binding type IV collagen) was expressed by 28.5% of T-cells within the brain but
was not expressed in the T-cells from CSF or blood (Figure 1d). In line with a recent study,® within the
MS lesions (regardless of the pathological stage) and MS CSF, we found a higher proportion of T-cells
expressing markers of tissue resident memory cells than in the MS blood, such as CXCRé, ZFP36L2
and DUSP1 (Figure 1d), or markers of interaction with the extracellular matrix, such as CD44 (receptor
for hyaluronan; 51.2% of tissue T cells), and ITGAE (or CD103 binding E-cadherin; 16.4% of tissue T-

cells, ~2-time more frequent than in the MS blood).

Predicted effect of in silico depletion of lymphocyte subpopulations on immune gene regulatory

networks in chronic active MS lesions



We then assessed whether an efficient CD20 B-cell depletion within the brain tissue could, at least in
principle, affect communication within the complex network of immune cells at the chronic active
lesion edge." To this end, from the immune cell snRNAseq dataset of the chronic active lesion edge
samples,”” we generated multiple immune gene regulatory network (GRN) datasets by in silico
removal of specific subsets of lymphocytes (CD20 B-cells, plasmablasts, and T-cell subtypes,
separately), or by performing virtual knockout of the Bruton tyrosine kinase (BTK) gene, expressed by
both microglia and B-cell lineage. Figure 2a shows the in silico analysis overview that is fully detailed

in the Methods.

In all virtual lymphocyte-depleting conditions, most of the significantly affected genes were markers
of microglia and dendritic cells (common genes across depletion strategies: RAPGEF1, SLC25A37,
DOCK4, ABR, ACSL1, DOCKS, REL), supporting the critical role of lymphocytes in amplifying the
inflammatory response of microglia/dendritic cells in tissue (Figure 2b for overlapping genes). CD20
B-cell depletion was predicted to specifically perturb genes involved in iron/heme metabolism
(BNIP3L, SLC25A37, CCND3, CTSB), mitotic spindle (ABR, FGD4, DOCK4), hypoxia (BNIP3L, PAHAT,
PGK1), and antigen presentation (HSP90AA1, CTSB).

Additional enriched terms were identified when plasmablasts or T-cell subtypes were selectively
depleted, including fatty acid biosynthesis and degradation, ferroptosis, TNF via NFKB signaling,
PPAR pathway, and RAP1 pathway. Interestingly, BTK virtual knockout had the highest number of
perturbed genes (n=125) and was associated with enriched terms including angiogenesis, mTORC1
signaling (relevant for microglia priming),* complement (C1QB, C1QC, C3) and coagulation cascade,
fatty acid metabolism, and hypoxia. Supplementary Figure 1 shows the pathway analysis for all the

perturbed conditions.

When all the virtual conditions were directly compared to one another and to the basal condition, T-
cell depletion (followed by CD4 T-cell depletion only) most strongly affected the immune GRN at the

chronic active edge, explaining more than 37% of the total variance (Figure 2¢).

No PRL changes, but PIRA events in anti-CD20 antibody treated patients

In the multicenter clinical/MRI study, from March 2012 to September 2022, we retrospectively
analyzed 3T MRI scans that included high-resolution susceptibility sensitive images in 72 adults with
MS (30 with relapsing-remitting and 42 with primary or secondary progressive MS) who were followed

at 4 academic centers. Of these, 46 were studied before and after anti-CD20 monoclonal antibody
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treatment (45 treated with ocrelizumab and one with rituximab), while 26 were untreated for the
duration of follow-up (Figure 3). Demographic and clinical data are provided in Table 1 and

Supplementary Table 4.

The median time between baseline and treatment start was 3 months (range, -27-0 months). The
average post-treatment follow-up time was 22 months (range, 7-40 months). The average number of
treatment infusions was 4 (range, 2-6) at last MRI follow-up; the first two infusions (normally 15 days

apart) were counted as one. The median number of MRI timepoints per patient was 2 (range, 2-5).

PRL assessment

A total of 377 lesions were analyzed: 202 PRL (150 treated and 52 untreated) and 175 non-PRL (124
treated and 51 untreated). Of the 150 treated PRL, 72 (48%) and 36 (24%) were, respectively, followed-
up for more than 24 and 36 months after treatment administration. Figure 4 shows examples of the

evolution of treated PRL over 39 and 40 months.

Of the 202 segmented PRL, in only one PRL did the paramagnetic rim disappear during the
longitudinal MRI follow-up. This PRL, which was untreated, was already barely visible on the 14-month
follow-up scan and was not visible on the 38, 51, and 63 month-follow-up scans (Supplementary

Figure 2).

Thirteen gadolinium-enhancing lesions were observed on the baseline MRl scan (12 belonging to
later-treated and 1 to untreated individuals). None of these 13 gadolinium-enhancing lesions at
baseline corresponded to a persistent PRL on the follow-up MRIs. No additional gadolinium-

enhancing lesions were detected at follow-up.

Nine of 46 (20%) treated individuals experienced PIRA, compared to 2 of 26 (7.7%) untreated (Table
1).2 When applying a clinically meaningful PRL count threshold,' >3 PIRA occurred more frequently
in individuals with = 4 PRL on the baseline brain MRI scan than in those with fewer or no PRL (7 of 11

PIRA patients had > 4 PRL vs 15 of 61 non-PIRA had > 4 PRL; Fisher exact test, p=0.027).
Longitudinal lesion volume

A longitudinal multivariable linear mixed model with random lesion and participant effect of the

average log-lesion volume showed that PRL were bigger (estimate 0.85 mm?, p<0.0001;
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Supplementary Figure 3a) than non-PRL. However, the model did not find a significant treatment

effect on either PRL or non-PRL average log-lesion volume (p=0.68) [Figure 5al.

Longitudinal magnetic susceptibility

The multivariable linear mixed model with random lesion and participant effect found that lesion
quantitative susceptibility was higher in PRL when compared with non-PRL (estimate 0.03 ppm;
p<0.0001; Supplementary Figure 3b). A significant decrease in magnetic susceptibility over time was
not found in treated PRL (estimate +0.005 ppm), however it was found in untreated PRL (estimate -
0.005 ppm), and in treated/untreated non-PRL (estimate -0.02 and -0.01 ppm, respectively; p=0.0002)

[Figure 5b]. These results are consistent with the persistency of treated PRL at follow up.

Longitudinal T1 times

For a subset of 20 individuals (14 treated and 6 untreated), T1 lesion values were obtained from the
3D MP2RAGE T1 maps. The same model found higher average T1 times in PRL when compared to
non-PRL (estimate 191.56 ms; p<0.0001; Supplementary Figure 3c). A minimal decrease of T1 values
over time was found independently of lesion type (estimate -0.12 ms/months; p=0.001). However, no

treatment effect was found for either PRL or non-PRL (p=0.39; Supplementary Figure 4).

Sensitivity analysis

No significant center-specific effect affected the results of these 3 independent multivariate analyses
(Supplementary Table 5). When the 3 models were run separately for PRL and non-PRL, the results did
not change significantly, except for a treatment effect on PRL volume that did not survive to the

correction for MRI-clinical center fixed effect (Supplementary Table 5).

Discussion

Halting chronic inflammation is expected to have prognostic relevance in MS, as patients featuring
chronic active MS lesions on brain MRI have higher motor/cognitive disability and poor long-term
prognosis.’> 13842 |n this context, it is critical to identify strategies to modulate chronic inflammation
that can be directly tested using longitudinal imaging biomarkers, such as the resolution of

paramagnetic rims.

In a previous snRNAseq study,"" the reconstructed glial interactome highlighted the importance of a

lymphocyte-microglia-astrocyte axis in sustaining chronic inflammation at the lesion edge."" To
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disrupt the vicious circle of chronic inflammation, one possible option is to target reactive glial cells
(specifically microglia or astrocytes) or their crosstalk, while another option is to target infiltrated
lymphocytes that are still present, albeit sparsely, at the chronic active lesion edge. While there is
growing interest in targeting glial activity, this work focused on the latter strategy, in particular on
testing the potential ability of B-cell depleting therapy to reduce the compartmentalized chronic

inflammation that characterizes chronic active MS lesions.

First, we analyzed whether CD20 B-cells are present in chronic active lesions and their potential role in
sustaining chronic inflammation at the lesion edge. Leveraging data from 3 published snRNAseq

=13 we delineated different lymphoid subpopulations, annotating them using a multimodal

datasets,
atlas (transcriptome and proteome) of circulating mononuclear immune cells. We found that in
chronic active lesions, plasmablasts outnumber CD20 B-cells, the latter accounting for only the 4.3%
of all lymphocytes. Activated T cells (CD4 TCM, CD8 TEM and dnT) were more frequent, accounting
for 74.2% of all lymphocytes. Among them, few MAIT was seen in chronic active lesions, their
periplague and in CSF from MS samples only; although their role is still elusive, MAIT
compartmentalization within the inflamed organ target is seen in other chronic inflammatory diseases,
including MS.#* Interestingly, differences between different lesion chronic stages (i.e., chronic active
vs chronic inactive lesions) were mainly related to the total number of lymphocytes in tissue rather

than to different proportions of their lymphoid subtypes, suggesting that these pathological stages

are part of a spectrum rather than fully separate pathological outcomes.

In this context, we interrogated the potential role of lymphocyte subsets, including CD20 B-cells, in
sustaining the microglia/dendritic cell-mediated inflammatory network at the chronic active lesion
edge. We implemented machine-learning techniques applied to the snRNAseq data to first
reconstruct the immune gene regulatory network and compare it with simulated versions depleted of
specific lymphocyte subsets or with in silico of the BTK gene knockout (simulating the effect of BTK-
inhibitors). Our analysis predicts that depletion of CD20 B-cells in chronic active lesions would affect
genes highly expressed in microglia and dendritic cells as well as signaling pathways involved in
iron/heme metabolism, mitotic spindle, hypoxia, and antigen presentation. All these processes are
known to be highly relevant to MS pathophysiology, especially at the chronic active lesion edge."
Interestingly, when in silico depletion CD20 B-cells, plasmablasts, and T-cell subtypes were
compared,?' T-cell depletion, followed by CD4 T cell depletion only, had the most impact on the
immune gene regulatory network at the chronic active edge. This analysis suggests the potential

effects of targeted lymphocyte depletion strategies at the chronic edge and helps to rank hypotheses

13



to be further tested, including in in vivo MRI-based clinical trials that use the resolving paramagnetic

rim lesion biomarker.

Based on this premise, we tested in vivo the longitudinal effect on PRL of treatment with anti-CD20
monoclonal antibodies, compared to no treatment, over a mean follow-up of two years (range, 8-40
months). Importantly, the same 3T MRI susceptibility sequence was implemented in all centers from
which images were aggregated, and MRI data analysis was centralized and blinded to treatment. We
found that the paramagnetic rim did not disappear in any of the PRL studied during follow-up in
individuals treated with anti-CD20 therapy. Importantly, although the average post-treatment follow-
up was about 2 years (a timeframe typical of phase 3 MS clinical trials), ~50% of the PRL were
followed-up for more than 2 years, providing additional time for potential PRL resolution. However,
the only PRL in which the paramagnetic rim resolved belonged to an untreated individual

(Supplementary Figure 2).

While these results suggest, in agreement with previous studies,”" that chronic WM inflammation is
a longstanding process lasting many years, it also answers the question of whether anti-CD20
antibodies can promptly and efficiently resolve the chronic inflammatory process ongoing at the edge
of PRL. Considering that PRL tend to remain stable or expand over time, unlike the typical shrinkage

174747 we analyzed

seen in non-PRL,'*'%% and that PRL are associated with more severe tissue damage,
the longitudinal lesion volume, susceptibility, and T1 time in PRL vs non-PRL. Consistent with previous
data, 1517449 we found that PRL were bigger and featured higher susceptibility and T1 times when
compared to non-PRL, confirming their destructive phenotype. However, we did not observe a
significant treatment effect on any of these measures. We also confirmed that no significant center-
specific effect affected the results of the multivariate analysis. Despite the lack of modulation of the
paramagnetic rim, in agreement with previous studies,®® we confirmed that the anti-CD20 antibody

treatment is a successful treatment strategy to suppress active inflammation (no additional

gadolinium-enhancing lesions were detected during the follow-up).

A previous study analyzed the effect of ocrelizumab on slowly expanding lesions (SEL), which identify
a subset of chronic lesions with radial expansion on longitudinal T2 and T1-weighted MRI scans and
correlate with MS disease severity.® That study found a significant, albeit modest, treatment effect
on SEL in terms of T1-lesion volume decrease and normalized T1-weighted intensity increase over the
2.5 years post-treatment follow-up. However, regardless of the treatment, normalized T1-weighted

intensity was found to decrease, and T1-lesion volume to increase, in both SEL and non-SEL during
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follow-up. We did not analyze SEL in the current dataset, in part to avoid potential complications
related to protocol variation over time and center. Thus, interpreting the results of Elliott et al.* with
respect to those of our study must be approached cautiously. Nonetheless, one should consider that
PRL and SEL only show partial correspondence, and that, distinct from lesion volume changes, the
paramagnetic rim is a direct marker of the presence of iron-containing inflammatory cells at the lesion
edge > Interestingly, there is some evidence that SEL with paramagnetic rims are the most severe
subset of chronic lesions in terms of tissue damage,> and it is possible that these lesions are less

likely to be altered by B-cell depletion.

In agreement with a recent re-analysis of ocrelizumab phase 3 clinical trials,’® we found that ~20% of
the anti-CD20 treated MS cases experienced disability worsening independent of relapse activity by
the end of the study. Of relevance, in our study, PIRA was more common in individuals with > 4 brain
PRL, supporting the critical contribution of chronic inflammation to MS disease progression, a process
that we show does not fully resolve with administration of anti-CD20 monoclonal antibody therapies.
Taken together, our MRI data suggest that peripheral B-cell depletion, although efficient in
preventing new lesion formation, does not sufficiently impact the tissue inflammatory milieu to the
point of reducing the activity of iron-laden microglia at the edge of chronic active lesions over a
median follow-up of 2 years. In these lesions, the smoldering inflammatory demyelination and axonal
injury is compartmentalized behind a virtually closed blood-brain barrier. Although we cannot directly
estimate the rate of ongoing lymphocyte infiltration into tissue, using snRNAseq data, we recognized
upregulation of markers of tissue-resident memory T-cells (CD69, CD44, ITGA1, and ITGAE), which
are long-lived, non-recirculating lymphocytes that can respond quickly to the presence of their

cognate antigen and, potentially, sustain tissue damage in autoimmune diseases.32%

This study has some limitations. Although no significant treatment effect was found on persistence of
the PRL rim, volume, susceptibility, or T1 times, larger cohorts and longer post-treatment follow-up
are required to further elucidate the effect of anti-CD20 antibody therapy in chronic active lesions, as
paramagnetic rims has been shown to fade or to disappear over almost a decade (median of 7
years).""17455 Moreover, although large-scale longitudinal studies investigating the impact of DMTs
on chronic active lesions are still lacking, preliminary evidence from the literature suggest some
potential effect of DMTs on evolving tissue damage within PRL.*>* Recognizing that dissecting the
relative contribution of myelin and iron to the average magnetic susceptibility within MS lesions using
longitudinal QSM can be challenging, we additionally measured quantitative longitudinal T1 times

within lesions, a strategy which could more reliably depict myelin status.?” Additionally, although

15



lesion volumes were carefully delineated manually during the longitudinal follow-up, we did not
perform a comprehensive SEL analysis. Finally, our in silico analysis should be considered to be

hypothesis-generating rather than replacing mechanistic studies.

In conclusion, although CD20 B-cells are likely involved in sustaining the microglia/dendritic cell-
mediated inflammatory network at the chronic active MS lesion edge, anti-CD20 antibody therapies
do not resolve PRL over an average of 2 years of MRI follow up. The limited turnover/tissue infiltration
of circulating anti-CD20 B-cells (which are the main target of anti-CD20 treatments),* the inefficient
passage of anti-CD20 antibodies across the blood-brain barrier,® and the paucity of CD20 B-cells in
chronic active lesions could help to explain our results. Future prospective multicenter trials that
marshal optimized susceptibility-MRI sequences for PRL detection should further investigate the
longer-term effect of anti-CD20 treatments on chronic inflammatory MS lesions. Finally, budding from
our in silico analysis, future therapeutic strategies could focus on depleting or modulating specific

subsets of lymphocytes in the MS brain.
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Figure legends

Figure 1. Single-cell transcriptome lymphocyte phenotyping reveals few CD20 B-cells in MS brain
tissue

(a) Refined annotation of lymphocyte subsets (color-coded) in the brain, CSF, and blood from the re-
analysis of available single nucleus or single cell transcriptomic datasets'"3'® using the Azimuth
reference atlas (gray dots)."”

(b) Dot plot depicting selected lineage genes for each brain lymphocyte subpopulation. Dot size
corresponds to the percentage of nuclei expressing the gene in each cluster, and color represents the
average expression level as shown in the legend.

(c) Dot plot depicting the percentage of lymphocyte subsets in brain tissue, CSF, and blood from MS
cases vs non-neurological controls. Dot size corresponds to the percentage of lymphocytes as shown
in the legend. Data were filtered to show only lymphoid populations with prevalence of >0.1% to
preserve readability. The total number of lymphocytes and their percentage relative to mononuclear
immune cells (in brackets) are reported for each location/tissue. Activated T-cells (CD4 TCM, CD8
TEM, and dnT) and plasmablasts are preferentially represented in MS brain tissue. The lymphoid
profile in CSF and blood is enriched by additional lymphoid populations, including naive and memory
B-cells as well as naive T-cells. Circulating plasmablasts are seen almost exclusively in CSF and blood
from MS, but not non-neurological controls.

(d) Bar graph showing the percentages of T-cells expressing gene markers of resident memory T-cells
in the 3 compartments (brain vs CSF vs blood) in MS vs non-neurological controls.

Abbreviations: MS: multiple sclerosis; CSF: cerebrospinal fluid; WM: white matter; CTL: Cytotoxic T
cells; TCM: Central memory T cells; TEM: effector memory T cells; dnT: CD4- CD8- double negative T
cells; gdT: gamma delta T cells; ILC: innate lymphoid cells; MAIT: mucosal-associated invariant T cells;

T cell NK: natural killer; Treg: regulatory T cells.
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Figure 2. Prediction of the effects of depleting lymphocyte subpopulations in chronic active lesions
(a) Schematic workflow: starting from a snRNAseq dataset of the chronic active MS lesion edge,
immune GRNs were computed and compared with GRN versions depleted of specific cell
populations or of a gene of interest, using a machine learning tool for comparative single-cell network
analysis (scTenifoldNet?® for comparing the effect of cell removal and scTenifoldKnk?! for the virtual
knockout). The simulated significantly differentially perturbed features (genes) in the GRN comparison
were analyzed for functional enrichment analysis.

(b) Venn diagrams showing overlaps of significantly affected genes by in silico lymphocyte or BTK
depletion. Most of these genes are known to regulate microglia or dendritic cell activities.

(c) PCA plot and heatmap of the simulated distances from comparing the GRN of the original immune
dataset vs the same dataset after removing specific cell populations. Wild type is the product of
comparing the original dataset with itself using scTenifoldNet. This comparison serves as a reference
for a null difference. The result suggests that the removal of T cells (followed by CD4 T-cells) should
have a larger impact on the immune GRN at the chronic active lesion edge than removing other
lymphocytes subpopulations or inhibiting BTK. The value in the tile of the heatmap is the Euclidean
distance among the different comparisons; all distances are relative to the wild type comparison. The
result supports the one presented in the PCA.

Abbreviations: GRN: gene regulatory network; BTK: Bruton's tyrosine kinase; dnT: CD4- CD8- double

negative T cells; PCA: principal component analysis;

Figure 3. Flow chart summarizing patients’ progress through the study

Abbreviations: MS: multiple sclerosis; high-resolution T2*-EPI: submillimeter isotropic 3D T2*-

weighted segmented echo-planar-imaging; MRI: magnetic resonance imaging; DMT: disease

modifying treatment; Anti-CD20 treated/Untreated: patients treated/untreated with anti-CD20

antibody therapy.

Figure 4. Lack of evolution of paramagnetic rim lesions after anti-CD20 treatment

Representative 3D T2*-weighted magnitude and unwrapped phase MRl images showing
paramagnetic rim lesions (PRL) with persistent paramagnetic rims in (a) a 31-year-old with PPMS
followed for 39 months, and (b) a 32-year-old with PPMS followed for 40 months, after treatment
initiation. In (b), red and yellow arrows delineate two distinct PRL. Abbreviations: MRI, magnetic
resonance imaging; PPMS, primary progressive MS; PRL, paramagnetic rim lesions; QSM, quantitative

susceptibility mapping; anti-CD20, anti-CD20 treatment.
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Figure 5. Lack of change in lesion volume and susceptibility in paramagnetic vs non-paramagnetic rim
lesions

Paramagnetic rim lesions (PRL) and non-PRL average adjusted log-lesion volume over time (a) and
magnetic susceptibility, derived from quantitative susceptibility mapping (QSM) (b) in treated and
untreated cases. The average log-lesion volume and susceptibility were higher in PRL when
compared with non-PRL (multivariable linear mixed model, p<0.0001). There was no significant
treatment effect for PRL or non-PRL average adjusted log-lesion volume (multivariable linear mixed
model, p=0.68). Average susceptibility slightly decreased over time in both treated and untreated
non-PRL (multivariable linear mixed model, p<0.0001 and p=0.006, respectively) but not in treated
and untreated PRL (multivariable linear mixed model, p=0.18).

Abbreviations: PRL, paramagnetic rim lesions; treated/untreated, treated/untreated with anti-CD20

antibody therapy; ppm, parts per million.
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Supplementary Figure 1. Selective lymphocyte-depletion affects genes involved in
microglia/dendritic cell activity
Functional enrichment analysis of gene sets performed on the subset of simulated significant

perturbed genes (p<0.05) using Enrichr (KEGG Human and MsigDB Hallmarks annotations).

Supplementary Figure 2. A disappearing paramagnetic rim during longitudinal MRI follow-up in an
untreated individual.

The rim of this paramagnetic rim lesion (PRL), which belonged to an untreated 62-year-old with RRMS,
was already barely visible on the 14-month follow-up scan and clearly not visible on the 38-, 51-, and
63-month follow-up scans.

Abbreviations: MRI, magnetic resonance imaging; RRMS, relapsing remitting MS; PRL, paramagnetic

rim lesion.

Supplementary Figure 3. Overall lesion volume, susceptibility and T1 relaxation changes differences
in paramagnetic vs non-paramagnetic rim lesions across all time points.

The mean [SD] (a) log-lesion volume (294 [418]; 104 [111]), (b) susceptibility (0,004 [0,028]; -0,019
[0,0277) and (c) T1 times (1456 [268]; 1198 [240]) across all time points were higher in PRL when
compared with non-PRL. In (d-f), log-lesion volume (435 [719]; 94 [90] and 249 [240]; 118 [63]),
susceptibility (-0,002 [0,032]; -0,013 [0,033] and 0,006 [0,026]; -0,021 [0,025]) and T1 times (1161 [107];
1119 [107] and 1472 [265]; 1220 [262]) across all time points are shown in untreated and treated
patients, respectively. Please refer to multivariable linear mixed model in the manuscript Results for
estimates and statistical significance.

Abbreviations: PRL, paramagnetic rim lesions; ppm, parts per million; ms, milliseconds.

Supplementary Figure 4. No treatment effect in PRL vs non-PRL by assessing T1 relaxation changes
The average T1 times were higher in PRL when compared with non-PRL (multivariable linear mixed
model, p<0.0001), and average T1 time decreased over time in all lesion types (p=0.001). However,
there was no significant treatment effect for either PRL or non-PRL average T1 time evolution
(multivariable linear mixed model, p=0.39).

Abbreviations: treated/untreated with anti-CD20 antibody therapy; PRL, paramagnetic rim lesions;

ms, milliseconds.
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Table 1. MS cohort characteristics by treatment category

Treatment category Treated with anti-CD20 Untreated Statistical
monoclonal antibody analysis

# 46 (64%) 26 (36%) -

Demographic and clinical characteristics

Clinical phenotype RRMS 17 (37%) RRMS 13 (50%) p=0.32** n.s.
PMS 29 (63%) PMS 13 (50%)

Sex (female, %) 23/46 (50%) 21/26 (81%) p=0.01**

Mean age, years (SD) 42 (+£11) 55 (+10) p<0.0001*

Mean disease duration, years (SD) 10 (£9) 15 (£11) p=0.03*

# patients with previous DMT* 33/46 (72%) 9/26 (35%) p=0.002**

Median EDSS at baseline (range) RRMS 1.5 (0-5.5) RRMS 1.5 (0-6.5) p=0.18* n.s.
PMS 5.5 (2-8) PMS 4.5 (2.5-7) p=0.76* n.s.

Median EDSS last-MRI fu. (range) RRMS 1.5 (1-5.5) RRMS 1.5 (0-6.5) p=0.23* n.s.
PMS 5.5 (2-8) PMS 4 (1.5-6.5) p=0.72* n.s.

# patients with PIRA 9/46 (20%) 2/26 (8%)

Mean follow-up time, months (range)S 23 (8-40) 31 (6-83) p=0.9* n.s.

Mean number of treatment infusions 4 (+1) -

(SD)“*

# patients with =1 PRL (%) 34/46 (74%) 11/26 (42%) p=0.01**

** Fisher exact test
* Mann Whitney test

“Mean number of treatment infusions: the first 2 infusion (normally 15 days apart) were counted as 1.

*Average post-treatment (for anti-CD20 treated patients) or post baseline MRI acquisition (for

untreated patients) follow-up time.

&Number of patients having received another DMT before inclusion in the study (e.g. before the

baseline MRI acquisition).

Abbreviations: RRMS: relapsing-remitting MS; PMS: progressive MS (including primary and secondary
progressive MS patients); DMT: disease modifying treatment; EDSS: Expanded Disability Status Scale;

MRI: magnetic resonance imaging; PIRA: progression independent of relapse activity; PRL:

paramagnetic rim lesion; QSM: quantitative susceptibility mapping; n.s.: not significant; SD: standard

deviation.
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