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Cluster annotations and pathway analyses 
 
CSF cells 
 
L1 annotations of the CSF cells involved manual and Azimuth-based annotations. Subclustering was performed on 
the myeloid, T-cell and NK-related, and B-cell lineages (enclosed by dashed green, pink and blue lines) to obtain 
L2 cluster populations (Extended Figure 1A, C and Figure S5A-D).  
 
T-cell and NK-related lineages:  Among the T-cells, CD4 subsets were annotated as CD4+ Naïve, CD4+ Central 
Memory T (CD4 TCM), CD4+ Effector Memory (CD4 TEM) and CD4+ T-cells with Cytotoxic activity (CD4 CTL). Cluster 
defining genes for CD4 Naïve cells included CCR7 (responsible for homing of T-cells to lymphoid organs), FHIT, and 
NOG1. CD4 TCM and CD4 TEM both expressed INPP4B, AQP3, FLT3LG, MAL, and CD40LG, with CD4 TEM addition-
ally expressing GZMK, IFNG-AS1, LYAR, and DPP4 as the cluster-defining genes. CD4 CTL expressed GZMH, NKG7, 
and LYAR2. CD8+ cells were marked by CD8A, CD8B which serve as co-receptors for the TCR3, and KLRK1, which 
encodes a cell-surface receptor expressed on activated CD8+ T cells4. GZMH, GZMK, NKG7, CTSW, and CST7 genes 
differentiated CD8 TEM from CD8 TCM, reflecting the cytotoxic effector profile of CD8 TEM cells5,6. NELL2, with its 
role in CD8+ T-cell differentiation, was a marker of CD8 Naïve and CD8 TCM cells7 but was also expressed by dnT 
cells. CD8+ proliferating cells, albeit a small cluster of cells, were marked by CDT1, CLSPN, GINS2, UHRF1, and DTL 
genes, which are involved in cell cycle regulation and epigenetic modifications8. Similarly, a CD4+ proliferating cell 
cluster comprised a small number of cells and was marked by TYMS, RRM2, TK1, PCLAF, and UBEC2, which are 
associated with cell proliferation and DNA synthesis and repair8.  
 
dnT cell markers included INPP4B, IFNG-AS1, GZMK, and TOX, suggestive of cytotoxic functions, consistent with 
prior reports9. Note, IFNG-AS1 is a long noncoding RNA (lncRNA) that acts as an enhancer for IFN-g transcription 
and regulates its production at both transcriptional and translational levels10–12 . gdT (gdT-cells) were characterized 
by TRDC, TRGV, and TRDV2 genes, which is expected since these are the TCR delta and gamma genes13. Mucosal-
associated invariant T (MAIT) cells were identifiable using canonical markers, including SLC4A10 (bicarbonate 
transporter with potential roles in maintaining pH and ion homeostasis for MAIT cells) and TRAV1-2, which is a 
TCR a-chain variable chain strongly associated with MAIT cells14,15.  
 
Top markers for innate lymphoid cells (ILC) included TRDC, SPINK2, KIT, XCL1, and XCL2 genes. XCL1 and XCL2 as 
chemotactic cytokines have been shown previously to be markers of ILC, including natural killer (NK) cells16. NK 
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and NK_CD56bright cells differentially expressed the canonical markers including KLRD1, KLRC1, KLRK1, GNLY, 
XCL1, XCL2, NKG7, TRDC, and CTSW, discriminating these cells from the rest17. Regulatory T cells (Treg) exhibited 
the characteristic markers FOXP3, TIGIT, IKZF2, RTKN218,19; interestingly, we had a non-coding RNA (ncRNA), 
AL136456.1, as a Treg discriminatory marker as well.  
 
Myeloid cells: L1 CSF myeloid cells were annotated as CD14 Mono, Mono1, Mono2, cDC2, cDC1, ASDC, and pDC. 
“CD14 Mono” cluster exhibited canonical markers such as LYZ, FCN1, S100A9, S100A8, and VCAN, suggestive of 
responses to Toll-like receptor (TLR) signaling, regulation of inflammatory processes, and cell adhesion/migration. 
Conventional dendritic cells type 2 (cDC2) showed expression of FCER1A (a-subunit of the high-affinity IgE recep-
tor - FceRI), HLA-DQA1, CST3, CD1C, and HLA-DQB1 genes, representing of major histocompatibility complex 
(MHC) class II molecules and lipid antigen presentation20,21. Previously defined markers, XCR1 and IRF8, involved 
in cross-presentation of antigens to CD8+ T cells, development of cDC1 (conventional dendritic cells type 1), and 
antiviral responses, including regulation of IFN-stimulated genes (ISG), were found as discriminatory markers of 
cDC1 from cDC2 in our dataset22,23 – although we had additional discriminatory markers (LGALS2, DNASE1L3, IDO1 
and TACSTD2) as well. TCF4 as one of the master regulator transcription factors (TF) for plasmacytoid dendritic 
cells (pDC) was found to be expressed in our dataset. In addition, RHEX, CLEC4C, and LILRA4 were also expressed 
by pDC21. Presence of SIGLEC6 and PPP1R14A differentiated AXL+SIGLEC6+ dendritic cells (ASDC) from pDC21 in our 
dataset.  
 
The cluster annotated as “Mono1” was marked by C1QC, C1QA, C1QB, TYROBP, HLA-DRA, AIF1, and FCER1G genes, 
while absent to decreased levels of expression of LYZ, HLA-DQA1, HLA-DQB1, and MEF2C in “Mono2” parsed the 
latter from the Mono1 cluster (Extended Figure 1C, Figure S5B). We performed unsupervised subclustering on all 
myeloid cell populations to obtain L2 clusters (Figure S6), with the overall interpretation of the subclusters and 
the pathway analyses provided below (see Methods — top 30 cluster defining genes were used):  
 

- CD14M cluster showed enrichment of genes like FCN1, VCAN, S100A8, S100A9, LGALS3, DYPD, and MT-
ND2. These genes represent terms like leukocyte aggregation, granulocyte chemotaxis, and positive reg-
ulation of inflammatory and defense responses (Figure S6B, C).  

- M1 cluster showed association with genes responsible for regulation of K+ ion transmembrane transport 
and monoatomic cationic homeostasis (HAMP, SEL1L2, SLC12A5, and AL031056.1). 

- M2 was characterized by TREM2, C3, A2M, SPP1, LIPA, and FOLR2 as the top marker genes, which repre-
sented terms such as regulation of receptor-mediated endocytosis (C3, APOC1, APOC2), synapse pruning 
(C3, TREM2), positive regulation of leukocyte chemotaxis (CSF1R, CXCL12, CALR), and regulation of lipid 
metabolic process (APOC2, APOC1, and TREM2). Notably, M3 expressed some of the same genes as M2, 
but the differentiating genes included RHOB, TNFRSF1B, C5AR1, KLF2, JUNB, CEBPD, and ZFP36. Pathway 
analyses for M3 showed response to lipopolysaccharide/LPS (ZFP36, SLC11A1, CD14, TNFRSF1B), phago-
cytosis and endocytosis (MSR1, SLC11A1, CD14, CXCL16) and inflammatory response (CSF1R, SLC11A1, 
C5AR1, CD14). The transcriptional profile of M3 bears some resemblance to previously described ‘micro-
glia-like’ cells in the CSF24 and to microglial phenotypes previously described in various neurodegenerative 
disorders25–27.  

- M4 cluster enriched for markers like IL32, CD3E, IL7R, CCL5, SKAP1, and CD247, responsible for antigen 
receptor-mediated signaling (ITK, LCK, CD247, SKAP1) and T-cell activation (CD2, ITK, LCK, CD247).  
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- Cluster M5 had PLXDC2, MT-ND1, NEAT1, LRMDA, SLC8A1, ARHGAP15, ZBTB20, FOXP2, SSH2, and ELMO1  
as the cluster-defining genes. The pathways enriched included sodium ion transport across plasma mem-
brane (SLC9A9, SLC8A1), myeloid leukocyte differentiation (GAB2, FOXP1), and regulation of small 
GTPase-mediated signal transduction (STARD13, ARHGAP15, ARHGAP26), among others. Note, compari-
son of cluster M5 to the immune cells from a previously published MRI-informed snRNAseq study showed 
that the clusters M3 and M5 were transcriptionally most like the microglia inflamed in MS (MIMS) pheno-
types (MIMS-iron and MIMS-foamy) found at the CAL edge (Figure 2C)28. In addition, M5 cluster transcrip-
tionally bore resemblance to the microglia isolated from human Alzheimer’s disease (AD) brains (Extended 
Figure 3C)29.  

- Cluster M6 likely represents “cycling myeloid cells,” enriched in terms like microtubule cytoskeleton or-
ganization involved in mitosis (STMN1, PLK1, NUSAP1, CDK1, BIRC5, AURKB, SPC25), mitotic cell cycle 
phase transition (CCNA2, CCNB2, UBEC2, PLK1, CDK1, PKMYT1, CDKN3), mitotic spindle organization 
(TPX2, STMN1, PLK1, BIRC5, AURKB, SPC25) and cell cycle G2/M phase transition (CCNA2, PLK1, CDK1, 
PKMYT1, AURKB), among others. The cluster-defining genes included STMN1, TYMS, PCLAF, UBEC2, CDK1, 
NUSAP1, TK1, RMM2, TOP2A, and CDKN3. 

- M7 was marked by ISG15, IFIT1, IFIT3, MX1, CXCL10, IFI4L, STAT1, GBP1, OAS3, and CMPK2 genes, and 
enriched in pathways including defense to virus/symbiont (IFITM1, STAT1, MX2, MX1, IFI6, ISG15, IFIT1, 
USP18, IFIT3, IFI44L, IFIT2, OASL, CXCL10, OAS2, OAS3), response to IFN-b (IFITM1, PLSCR1, STAT1, XAF1), 
and response to type-I IFN (MX1, ISG15, USP18).  

- Cluster M8 was defined by terms including regulation of TLR-9 signaling and negative regulation of viral-
induced cytoplasmic pattern recognition receptors (PTPRS, LILRA4), and differentiated from other clusters 
by RHEX, BCL11A, UGCG, LILRA4, PLAC8, JCHAIN, and CLEC4C. M9 was determined by presence of CCL3, 
CCL4L2, IL1B, CCL4, EGR1, CCL3L1, and EGR2. Pathway analyses showed enrichment for cellular response 
to interleukin-1/IL1 (EGR1, CCL8, CCL3L1, IL1B, CCL4, CCL3, CCL2), lymphocyte chemotaxis (CH25H, CCL8, 
CCL3L1, CCL4, CCL3, CCL2), regulation of ERK1 and ERK2 cascade/positive regulation of MAPK cascade 
(PDGFRA, CCL8, CCL3L1, IL1B, CCL4, CCL3, CCL2, FGF10), and response to IL1.  

- M10 was defined by tryptophan metabolism (IDO2, IDO1) and BMP signaling pathway (NOG, GDF7).  
- M11 was defined by CCR7, LAMP3, BIRC3, CLLU1, LAD1, NOS1, NCCRP, and TFP12, characterized by en-

richment of processes like negative regulation of dendritic cell apoptosis, response to prostaglandin E, 
and nitric oxide (CCR7, CCL19).  

- Cluster cDC2 enriched for regulation of leukocyte/T-cell mediated cytotoxicity (CD1E, CD1C), response to 
cytokines (CIITA, FLT3, AFF3), positive regulation of Ca2+ ion transmembrane transporter activity (P2RY6, 
AP1B1), C-type lectin receptors (CLEC10A), cytokine receptor activity (FLT3, IL1R2, IL2RG), and additional 
gene markers including FCER1A.  

- Amongst the top genes discriminating cDC1 from cDC2 cluster included XCR1, LGALS2, and IDO1. Cluster 
cDC1 enriched for genes involved in regulation of mitotic nuclear division (EPGN, RGCC), tertiary granule 
and clathrin-coated endocytotic vesicle (TCN1, EPGN).  

 
B-lymphoid lineage cells: Gene markers common to L1 annotations of B-naïve, Transitional-B and B-memory cells 
included MS4A1, BANK1, CD79A, and RALGPS230–32. Markers specific to B-naïve cells included TCL1A and IGHM, 
with BLK being discriminatory for B-memory cells versus other B-cell types. AFF3 was expressed to a lesser extent 
by B-memory versus other clusters. Plasmablasts were enriched in JCHAIN, MZB1, IGHA1, TXNDC5, and TNFRSF17 
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genes32. For detailed characterization, subclustering was performed with the following clusters and functions (Fig-
ure S7): 
 

- Cluster b1 is enriched in B-cell-receptor signaling and B-cell activation (BLK, CD79B, MS4A1, BANK1), re-
sponse to cytokines (SELL, CXCR4, AFF3), regulation of signal transduction (GNG7, CD24, CD55), and posi-
tive regulation of T-cell proliferation (TNFRSF13C, CD24). The cluster-defining genes included CXCR4, 
VPREB3, AFF3, TNFRSF13C, NIBAN3, TSC22D3, LINC00926, SNHG7, and SELL.  

- Cluster b2 was defined by expression of IGKV1D-8, CD3E, IL7R, IGHV4-59, IL32, IGKV3-15, CST3, FYB1, 
GIMAP7, CD3G, INPP4B, IGHV4-61, IGKV3-11, GIMAP4, LINC00861, CD3D, HIST1H1E, MS4AGA, and KIF5C. 
Pathways enriched for this cluster included T-cell activation, antigen-receptor mediated signaling path-
way, and positive regulation of IL4 and FceR-signaling pathway. Transcriptionally, cluster b2 most resem-
bles the cells labeled as Plasmablast in L1 annotation (Figure S9E). Note, cluster b2 is also marked by IL7R, 
which has been shown to be expressed in early stages of B-cell lineage development33,34. Interestingly, 
this cluster also showed expression of CD3-pertinent genes, which may be suggestive of a bi-phenotypic 
lymphocytic subset displaying both T- and B-cell functions35, considering prior reports of the presence of 
CD20+ T cells in the CSF and blood of MS patients36, and the aberrant presence of T-cell-associated anti-
gens in B-cell lymphomas35,37, or vice versa38. This cluster also showed expression of immunoglobulin 
genes (Figure S7B), suggestive of B-cell function. The presence of canonical T-cell transcripts in b2 cluster 
could also be a possible result of prolonged contact between T and b2 cells. A prior study also reported 
CD3-positive B cells being a consequence of ex vivo storage of PBMC samples39; however, it is pertinent 
to note that all the samples used (CSF and PBMC) were fresh in our study. 

- Cluster b3 enriched for markers like SOX5, ACP5, TNFRSF13B, ANXA4, CXCR3, FGR, ADGRG5, HMOX1, and 
RGCC (Figure S7B). The terms associated with b3 cluster included positive regulation of cytokine produc-
tion (CD86, PYCARD, FGR, RGCC, SYK, HMOX1, POU2F2), regulation of phagocytosis (PYCARD, FGR, HCK, 
SYK), Fcg-receptor signaling pathway (FGR, HCK, SYK), and B-cell homeostasis (TNFRSF13B, GAPT)40,41. 

- Cluster b4 was characterized by mediation of the endoplasmic reticulum (ER)-associated degradation 
(ERAD) pathway (XBP1, HSPA5, SELENOS, DERL3, MAN1A1), response to ER stress (XBP1, HSPA5, SELENOS, 
CREB3L2, PDIA4), ubiquitin-dependent ERAD pathway, and negative regulation of apoptotic process 
(MYDGF, XBP1, HSPA5, CD38, IGF1, TXNDC5)42–44. Since ERAD pathway is critical for transitioning of large 
pre-B cells to small pre-B cells, it could be possible that these cells represent a lineage transition toward 
small pre-B cells, subsequently into immature B and/or mature B cells.  

- Cluster b5 represented B-cell activation and differentiation (PRKCB, PTPRJ, PAX5, HDAC9), regulation of 
interleukin-2 (IL2) production (HDAC9, CARD11, RUNX1), regulation of B-cell receptor signaling (PRKCB, 
FCRL3), and negative regulation of Na+ transmembrane transporter activity (CAMK2D, PRKCE)45,46. Signifi-
cant cluster-defining markers included PRKCB, PTPRJ, PAX5, HDAC9, CAMK2D, PRKCE, FCRL3, EIF4G3, 
SLC9A7, and SIPA1L330,33.  

- Cluster b6 — a very small cluster — enriched for LAMP3, FSCN1, TPFPI2, and MGLL. It showed terms like 
monocyte chemotaxis and response to tumor necrosis factor/TNF (CCL22, TNFRSF11A, CCL19) and tryp-
tophan metabolic process (IL4I1, IDO1).               
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PBMC 
 
L1 annotations of the PBMC were performed using a reference dataset47. Subclustering was performed on the 
myeloid, T-cell and NK-related, and B-cell lineages to obtain L2 cluster populations (Extended Figure 1B, D and 
Figure S5E-H). Most of the L1 cluster-defining genes for the PBMC were the same as L1 CSF cluster-defining genes, 
particularly in the T-cell and NK-related lineages and B-lymphoid lineages, unless otherwise stated. 
 
T-cell and NK-related lineages: For PBMC in the periphery, cluster-defining genes for CD4 Naïve were the same as 
for CSF: CCR7 and FHIT1, but also LEF1 and TCF7 (encodes TCF1 – a key transcription factor in T-cell development 
and differentiation)48,49. For CD8 Naïve cells, the cluster-defining genes were similar with the addition of CD8A and 
CD8B. CD4 TCM and CD4 TEM were both defined by expression of the canonical marker IL7R34, but CD4 TEM 
expressed GZMK while CD4 TCM INPP4B and MAL. CD4 CTL expressed similar markers as CSF but had additionally 
the expression of CCL52. CD8 TEM was differentiated from CD8 TCM by expression of GZMH, NKG7, GNLY, GZMA, 
CCL5/RANTES in the effector memory phenotype, suggestive of a cytotoxic profile like that seen in the CSF5,6. dnT 
was characterized by expression of IFNG-AS1 and GZMK. gdT expressed TCR-delta and gamma genes, in addition 
to DUSP2. MAIT were identifiable by KLRB1, SLC4A10, and DUSP214,15,50. NK and NK_CD56bright expressed the 
same canonical genes (KLRD1, GZMH, GNLY, NKG7) as described above for CSF, with XCL1 and XCL2 discriminating 
latter from the prior in the blood49. Treg were identifiable using essentially the same markers in the periphery as 
the CSF.  
 
Myeloid lineage cells: L1 annotations of myeloid lineage cells in the blood included CD14 Mono, CD16 Mono, cDC1, 
cDC2, ASDC, and pDC. Note, we have been characterizing pDC as part of myeloid lineage cells despite there being 
evidence of pDC being derived from common lymphoid progenitors in addition to myeloid-based lineage, based 
on the clustering51–54. cDC2 and cDC1 were identifiable by the canonical expression of genes like HLA-DQA1, HLA-
DQB1, HLA-DRB5, and CPVL20,21,55, with FCER1A, S100A9, and VCAN expression in cDC2 parsing it from cDC1. cDC1 
cells were characterized by the expression of CLEC9A, IDO1, DNASE1L3 and XCR1. CD14 Mono was defined by 
S100A8, S100A9, VCAN, and FCN1 expression which is identical to CSF, while CD16 Mono cells were characterized 
by the expression of FCGR3A (CD16/FcgRIII; also expressed by NK), MS4A7, SMIM25, SERPINA1, and TCF7L221. 
ASDC in the periphery expressed the same markers as in the CSF (Figure S5B, F). pDC were identifiable using TCF4, 
PLD4, CCDC50, JCHAIN, LILRA4, IL3RA (CD123), CLEC4A, and SERPINF1 expression52–54.   

 
We subclustered the above-mentioned myeloid cells for better understanding of cell phenotypes (Figure S8A-C). 
The following are the subclusters defined:  
 

- CD14M_1 was characterized by negative regulation of peptidase/endopeptidase activity (SERPINB10, SER-
PINB2, SERPINI2, NRG1) and lipid oxidation (ALOX15B, PLA2G7) while CD14M_2 enriched for vitamin 
transport, water-soluble vitamin metabolic process (SLC2A3, FOLR3, VNN2), and organic anion transport 
(ABCC6, SLC2A3).  

- CD14M_2 was discriminated from CD14M_1 by expression of genes involved in detoxification processes, 
lipid hydrolysis, and citrullination for NETosis in neutrophils (MGST1, CES1, PADI4)56–58, clearance of apop-
totic cells (STAB1)59, and phospholipid metabolism (PLA2G7), among others.  
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- CD14M_3 showed gene expression significant for antigen presentation of peptide antigen via MHC class 
II (HLA-DMB, HLA-DOA, HLA-DQA2, HLA-DQA1) and positive regulation of leukocyte chemotaxis (CSF1R, 
CALR). The cluster defining genes included HLA-DQA1, CSF1R, MARCKS, CALR, and LIPA21,60.  

- CD14M_4 cluster enriched for defense responses against symbiont/virus or negative regulation of viral 
processes, IL-27 signaling, antiviral innate immune response, positive regulation of type-I IFN production, 
IFN-a/b signaling, ISG15 antiviral mechanism, and IFN-g signaling (STAT1, STAT2, MX1, MX2, IFI6, EIF2AK2, 
ISG15, IFIT1, IFI44L, IFIT3, IFIT2, OASL, OAS2, OAS3, IRF7, RSAD2, HERC, OASL)61,62.  

- CD14M_5 was defined by inflammatory response (CXCL8, CCL3L1, TNFAIP6, IRAK2, RIPK2, IL1B, CCL4, 
CCL3, NLRP3, CXCL2), cellular response to IL-1 (EGR1, CXCL8, CCL3L1, IRAK2, IL1B, CCL4, CCL3), cellular 
response to LPS, granulocyte migration, chemokine activity (CXCL8, CCL3L1, CCL4, CCL3, CXCL2), and NFkB 
signaling (CXCL8, CCL4L2, IL1B, CCL4, TNFAIP3, PTGS2, CXCL2, ICAM1).  

- CD14M_6 cluster was enriched in activation of GTPase activity (TBC1D5, TBC1D22A, ARHGAP24), positive 
regulation of protein tyrosine kinase activity (FBXW7, NEDD9), regulation of glycolytic process (PKRAG2), 
positive regulation of myeloid leukocyte differentiation and biosynthetic processes (NEDD9, RUNX1, 
ZBTB20). This is suggestive of cytoskeletal dynamics, cell differentiation and proliferation, and immune 
activation63.  

- CD14M_7 was defined by chemokine-mediated signaling (CCL5, PPBP, PF4V1, PF4), myeloid cell and 
megakaryocyte development (GP9, MPIG6B, GP1BB), and negative regulation of Ca2+ sequestering (CLU, 
GP1BB).  

- CD14M_8 enriched for a multitude of lncRNAs (Figure S8B), including VCAN-AS1, CPB2-AS1, and DPYD-
AS1, suggesting that this cluster may have regulatory roles in gene expression and additional processes.    

- CD16M_1 cluster was characterized by positive regulation of actin filament bundle assembly, cellular re-
sponse to fluid shear stress, cell-cell junction maintenance (EVL, RHOC, MTSS1, KLF2, CSF1R), negative 
regulation of cell population proliferation, and apoptosis (CDKN1C, IFITM1, HMOX1, MTSS1, TCF7L2).  

- CD16M_2 showed enrichment of similar terms, including positive regulation of intracellular transduction 
(CX3CR1, TCF7L2, PTP4A3, HMOX1, LTB, RHOC).  

- cDC represented similar MHC class-II protein class assembly and MHC-II restricted antigen presentation 
terms (HLA-DOA, HLA-DQA2, HLA-DQA1, FCER1A), progenitor cell differentiation (FLT3, PLD4), and anti-
gen (including lipid) presentation (CD1C, CD1E), as described above21.  

- pDC showed the same markers and functions as above.  
- The “Mono” cluster showed antigen receptor-mediated signaling and T-cell activation (ITK, TRBC2, CD247, 

CD3E, CD3D, SKAP1), which could be a result of the myeloid cell cluster being in contact with adaptive 
immune cells or a clustering artifact.  

 
B-lymphoid lineage cells: L1 annotations for B-lymphoid cells in the blood had the same markers as in CSF, includ-
ing MS4A1, BANK1, CD79A, RALGPS2, and BLK30–32. The following are the subclusters and pathway analyses per-
formed (Figure S9A-D): 
 

- Cluster b1 enriched in cellular response to cytokines (IL4R, CCR7, YBX3) and negative regulation of cyto-
kine production (APLP2, CD200). This cluster may represent IgMlow transitional B-cells33.  

- Cluster b2 was defined by B-cell receptor signaling pathway (IGHG1, IGHG2, IGHA1) and regulation of B 
cell proliferation and B-cell activation (TNFRSF13B, GPR183, CD27).  
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- Cluster b3 showed expression of genes involvement in negative regulation of inflammatory response 
(FGR, HCK, GRN, TNFRSF1B) and positive regulation of T-helper 1 type immune response (SLC11A1, 
TBX21).  

- Cluster b4 is defined by positive regulation of cell-substrate adhesion (CDK6, JUP, LIMS2), regulation of B-
cell proliferation, and B-cell-receptor signaling pathway (MZB1, CD38, IGLC1).  

- Cluster b5 enriched in regulation of Na+ ion transmembrane transporter activity (CAMK2D, PRKCE, UTRN), 
Fcg- and Fc-receptor signaling pathway in phagocytosis (VAV3, PRKCE), and actin cytoskeleton reorganiza-
tion (SIPA1L1, AUTS2) and phosphorylation (CAMK2D, PRKCE, SIK3, CDK14).  

- Cluster b6 represented terms including ab T-cell activation (NKG7, CD247, CD3E, CD3D), granulocyte 
chemotaxis (ANXA1, CCL5), and genes like IL32, TYROBP, and GNLY. This peripheral B-cell cluster was tran-
scriptionally most similar to the b2 cluster in the CSF (Figure S9D), therefore, more likely to resemble 
plasmablast (see above for CSF b2 cluster). Other cluster markers are shown in Figure S9B.  

 
Note that for both the CSF cells and PBMC, we projected the L2 annotations onto L1 space, supporting the sub-
clustering scheme (Figure S5C-D, G-H).  
 
Combined object and immune cells across CSF and blood compartments  
 
Integrating the CSF and PBMC samples, we created a combined object (Figure S8B), with level 2 (L2) cell annota-
tions mapped onto it (Figure S8C). In this combined object, the myeloid cells from CSF clustered separately from 
the myeloid cells of  PBMC origin (Figure S8C, D). This is consistent with the diversity of CSF macrophages and the 
unique niche they occupy64. Most of the overlap between CSF- and PBMC-derived myeloid cells occurred among 
dendritic cells across the two compartments.  
 
The adaptive immune cells from both CSF and blood, on the other hand, clustered together. However, in the non-
perturbed samples (untreated and radiologically inactive PRL-positive vs. PRL-negative) and across the compart-
ments, CD8-TEM and CD4-TCM cells upregulated genes associated with integrin signaling and migration (CXCR3, 
CXCR4, CXCR6, CCL5, ITGA4) and cytotoxicity (GZMK, GZMA) in CSF relative to blood (Figure S8E, F). This aligns 
with a recent report describing upregulation of genes associated with migration in CD8+ and CD4+ T cells in the 
CSF relative to PBMC65.  
 
The NK cells in the CSF were enriched in pathways pertinent to eukaryotic translation and lymphotoxin receptor 
signaling relative to blood (Figure S8F). Notably, GZMK was one of the most enriched genes in CD8-TEM cells from 
CSF relative to blood (Figure S8E). Since we find clonal expansion of CD8-TEM cells in PRL-positive vs. PRL-negative 
cases in both blood and CSF, this suggests that clonally expanded CD8-TEM cells may acquire an even more cyto-
toxic signature upon trafficking from the blood to the CSF, consistent with their relevance to mediation of chronic 
neuroinflammation in PRL-positive cases. 
  
IL15 regulates immune responses in chronic active MS 
 
To determine how the immune environment might be modulating the transcriptomic changes across cells from 
PRL-positive versus PRL-negative cases in both blood and CSF, we performed NicheNet analyses, which interrogate 
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predicted ligand-receptor interactions. We found IL15 and TNFSF12 (TWEAK) to be the predicted regulatory lig-
ands of the target genes for myeloid (Figure S9A) cells in blood. This is consistent with prior reports implicating 
IL15-induced pro-inflammatory responses in MS and experimental autoimmune encephalomyelitis (EAE)66,67. Pre-
viously, TWEAK+ cells were found to be frequent at the edges of chronic active lesion edges and in subpial cortical 
lesions, suggesting a potential role of TNFSF12-mediated signaling in such lesions68. We also found TNFSF10 
(TRAIL) to be modulating the transcriptional changes in blood myeloid cells in the PRL-positive state.  
 
Interestingly, CD40, expressed by B cells, was predicted to be a critical regulator of the transcriptional changes in 
CD4 T-cells in blood (Figure S9B), whereas CD40LG was a predicted regulatory ligand for myeloid cells. CD40-
CD40LG costimulatory signaling is critical in regulating the initiation of adaptive and innate immune cellular pro-
cesses, with recent approaches involving the therapeutic targeting of CD40LG with a monoclonal antibody in 
MS69,70. For NK cells, LTB, CD40LG, and APP were the among the top regulatory ligands driving the differentially 
expressed genes across PRL-positive versus PRL-negative cells (Figure S9C). In the case of LTB, its interaction with 
LTbR on NK-cell induces innate immune responses71. For CD8 T-cells, CD48, GRN, and SECTM1 were among the 
main predicted regulatory ligands, with the latter acting as a co-stimulatory ligand to stimulate CD8 T-cell prolif-
eration and cytokine production72 (Figure S9D). For B-cells, predicted regulatory ligands included LGALS3BP and 
HLA molecules (Figure S9E). 
 
In terms of the prioritized differential ligand-receptor interactions in blood, we found HLA-I molecules on NK cells 
to be interacting with various receptors, including LILRB1 and ITGB2, on myeloid cells; KLRK1, KLRC2 and KIR3DL1 
on NK cells; and CD8A and KLRK1 on CD8 T-cells (Figure S9F). These ligand-receptor interactions have an immuno-
regulatory potential, with interactions involving CD8A and KLRK1 receptors promoting T-cell activation and cyto-
toxicity, and LILRB1 acting as inhibitory receptors for MHC-I class molecules, thereby dampening myeloid-medi-
ated immune responses73. Similarly, galectins (LGALS1 and LGALS9) on myeloid cells interacted with PTPRC on NK 
cells, and they have been shown to modulate immune responses74. 
 
In the CSF, the top predicted molecules regulating the target genes in PRL-positive cases included TNF from CD4 
T-cells and TGFB1 from NK cells (Figure S9G). In the CD8+ T-cells, TNF from CD4 T-cells emerged as the predicted 
molecule driving the differentially expressed genes across PRL-positive vs. PRL-negative cells (Figure S10A). The 
central target gene modulated by the predicted regulators in both myeloid and CD8+ T-cells of the CSF was LTB, 
which plays a role in tertiary lymphoid organization in leptomeninges75. B2M and COL9A2 from CD8+ T-cells and 
cDC, respectively, were the main predicted ligands for NK cells, while TGFB1 and CD40LG were the predicted lig-
ands for CD4 T-cells (Figure S10B, C). The prioritized ligand-receptor interactions in CSF were significant for mye-
loid C3 and APOE as the ligands for ITGB2 and TREM2 receptors respectively on myeloid cells. APOE-TREM2 inter-
action has been implicated in switching of the microglia to a neurodegenerative phenotype76. Concordantly, our 
proteomic data showed abundance of TREM2 in the CSF of patients with a high burden of PRL (PRL ³ 4) vs. low 
burden (PRL 1-3; p = 0.08) and no-PRL (p = 0.1). In addition, we also found enrichment of IL15 in the CSF of cases 
with high PRL burden relative to low PRL (p = 0.003) and no PRL (p = 0.0007) (Figure S10E). 
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Figure S1: Quality control (QC) metrics for CSF and PBMC objects  
 
a) Pre-filtering density curve for nFeature_RNA (left panel) — unique features (genes) — identified and violin 

plot (right panel) showing nFeature_RNA per CSF sample.  
b) Pre-filtering density curve for nCount_RNA (left panel) — total number of genes detected — and violin 

plot (right panel) demonstrating counts per CSF sample. 
c) Post-filtering scatter plot showing high correlation between nCount_RNA and nFeature_RNA for the CSF 

object. 
d) Post-filtering cell counts per CSF sample. E79 was excluded from further analyses.  
e) UMAP illustrating doublets that were excluded from analyses.  
f) Pre-filtering density curve for nFeature_RNA (left panel) and violin plot (right panel) showing nFea-

ture_RNA per PBMC sample. 
g) Pre-filtering density curve for nCount_RNA (left panel) and violin plot (right panel) demonstrating counts 

per PBMC sample. 
h) Post-filtering scatter plot between nCount_RNA and nFeature_RNA for the PBMC object.  
i) Total cell counts per PBMC sample following filtering. 
j) Doublets identified shown in the UMAP for PBMC object. These were removed from further analyses.  

  



 15 

 
 
 
 



 16 

 
 
 



 17 

Figure S2: Erythrocyte and platelet removal (see Methods) does not impact cell proportions in the CSF and 
PBMC 
 

a) Overall CSF L1 UMAP representing cell populations, including erythrocytes and platelets. 
b) Overall PBMC L1 UMAP including erythrocytes and platelets.  
c) Stacked bar graph summarizing CSF L1 cell proportions prior to (left panel) and following (right panel) 

erythrocyte and platelet removal.  
d) Stacked bar graph summarizing PBMC L1 cell proportions prior to (left panel) and following (right panel) 

erythrocyte and platelet removal.  
e) CSF L1 cell proportions for the untreated and inactive MS vs. HV samples subsampled from the main CSF 

object, showing no to minimal change in proportions before and following erythrocyte and platelet re-
moval.  

f) PBMC L1 cell proportions for the untreated and inactive MS vs. HV samples before and following erythro-
cyte and platelet removal, showing no to minimal change in proportions before and following erythrocyte 
and platelet corrections.  

g) Stacked bar graph showing CSF L1 cell proportions without and with erythrocyte and platelet removal for 
the PRL-positive vs. PRL-negative samples.  

h) Stacked bar graph showing PBMC L1 cell proportions without and with erythrocyte and platelet removal 
for the PRL-positive vs. PRL-negative samples.  
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Figure S3: Top in-depth gene markers used for inferring cell populations in the CSF and PBMC  
 

a) CSF L1 UMAP with the cell populations shown. 
b) Dotplot representing top gene markers for the various L1 cell populations in the CSF.  
c) CSF UMAP with L2 cell annotations mapped onto L1 clusters. 
d) Dotplot summarizing the top gene markers for L2 annotated cell populations in the CSF.  
e) Scatterplot showing the L1 annotations for the PBMC.  
f) Dotplot representing the top gene markers for L1 cell annotated populations of the PBMC.  
g) PBMC UMAP with L2 cell annotations mapped onto L1 clusters.  
h) Dotplot summarizing the top gene markers for L2 annotated cell populations of the PBMC.  
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Figure S4: CSF myeloid subclusters demonstrate heterogeneity in function 
 

a) CSF L1 UMAP showing the different populations, with the myeloid cells (encircled by a green dashed line) 
subclustered into L2 populations as shown in the right panel.  

b) Dotplot representing the gene markers of the myeloid subclusters. Average gene expression and the per-
centage of cells expressing the genes are shown.  

c) GO analyses of the top gene markers for the subclusters (see Methods to find how the top markers were 
found using FindMarker() function). GO terms, including majorly Biological Processes (BP) were used for 
annotating the marker gene lists. When required, additional subontologies including Molecular Function 
(MF), Cellular Component (CC), KEGG, Wiki, BioCarta, and Panther were used. CD14M subcluster was as-
sociated with leukocyte aggregation, neutrophil and granulocyte chemotaxis and positive regulation of 
inflammatory response. M1 enriched in regulation of potassium ion (K+) transport, while M2 enriched in 
receptor-mediated endocytosis, synapse pruning, positive regulation of leukocyte chemotaxis and regu-
lation of lipid metabolic process. M3 subcluster was associated with response to lipopolysaccharide (LPS), 
phagocytosis, endocytosis and inflammatory response. Gene markers identifying M4 subcluster enriched 
in antigen receptor-mediated signaling, while M5 showed association with sodium (Na+) import, and reg-
ulation of small GTPase-mediated signaling. M6 was primarily associated with cell-cycle phases and mi-
totic spindle organization, while M7 was enriched for defense response to virus and regulation of viral 
genome replication. M8 enriched in Toll-like receptor (TLR) signaling, and M9 demonstrated enrichment 
for response to IL-1, ERK1/ERK2 cascade regulation, and chemotaxis of lymphocytes.  
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Figure S5: CSF B-lineage subclusters show transcriptional differences and varying functions 
 
a) CSF L1 UMAP and the B cell-lineage populations (encircled by a blue dashed line) subclustered into L2 

populations as shown in the right panel.  
b) Dotplot showing the major gene markers for the subclusters.  
c) GO analyses of the subcluster defining genes. Predominantly, BP subontology was used to determine bi-

ological relevance. Subcluster b1 showed enrichment of B-cell receptor (BCR) signaling and B-cell activa-
tion, while b2 enriched for antigen-receptor mediated signaling and T-cell activation. Subcluster b3 en-
riched for cytokine production and regulation of phagocytosis. ERAD (Endoplasmic-Reticulum-associated 
protein degradation) pathway and response to ER stress were the terms associated with b4 cells, and B-
cell activation and differentiation for b5 subcluster. Monocyte chemotaxis and tryptophan metabolism 
were the terms annotated for b6 population. 
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Figure S6: Peripheral myeloid cells subclusters and their ontologies  
 

a) PBMC L1 UMAP showing the myeloid cells and the subclusters in the right panel. The subclustering was 
performed on CD14 monocytes, CD16 monocytes, dendritic cells (cDC1, cDC2, ASDC, and pDCs).  

b) Dotplot illustrating the main cell markers for the peripheral myeloid subclusters.  
c) GO terms associated with CD14M_1 included negative regulation of peptidase activity and lipid oxidation. 

CD14M_2 monocytes enriched for vitamin-pertinent transport and metabolic processes. CD14M_3 mon-
ocytes had associations with peptide antigen assembly with MHC protein complex and MHC-II protein 
complex assembly. Notably, CD14M_4 monocytes enriched for terms including defense response to virus, 
antiviral immune response, positive regulation of type-I interferon production and type-II interferon sig-
naling. Reactome subontology for CD14M_4 monocytes illustrate its role in interferon a/b (IFN-a/b) sig-
naling, cytokine signaling, ISG15-antiviral mechanisms, and IFN-g signaling. CD14M_5 monocytes enrich 
for inflammatory responses relevant to IL1 and LPS, and various chemotactic responses involving CXCR 
and CCR chemokine receptor binding. This subcluster is also enriched in NF-kB, IL-17, NOD-like receptor 
and TLR signaling pathways. Note, additional subontologies mentioned above helped identify these anno-
tations. CD14M_6 subcluster is enriched for activation of GTPase activity, positive regulation of protein 
tyrosine kinase and positive regulation of myeloid leukocyte differentiation. CD16M subclusters associ-
ated with cellular response to fluid shear stress and intracellular signal transduction. cDC, as expected, 
enrich in peptide antigen assembly with MHC-II protein complex, trans-Golgi network and ER-related pro-
cesses.   
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Figure S7: Peripheral B-cell subclusters and congruence with CSF B-lineage cells  
 

a) PBMC L1 UMAP and representative B-cell populations with the subclusters shown in the right panel.  
b) Dotplot representing main markers for the subcluster populations of peripheral B-lineage cells. 
c) GO analyses of the individual peripheral B-lineage subclusters. The B-cell subcluster b1 enriched in regu-

lation of IL-1 production and response to cytokine stimulus, b2 in B-cell receptor signaling, antigen-recep-
tor mediated signaling and B-cell proliferation, b3 in negative regulation of inflammatory response and 
regulation of phagocytosis, b4 in positive regulation of cell-substrate adhesion, b5 in regulation of Na+ ion 
transmembrane transporter activity and FCg-receptor mediated pathway involved in phagocytosis, and b6 
in a/b T cell activation, granulocyte chemotaxis and T cell activation.  

d) Correlation heatmap showing transcriptional similarity between blood and CSF B-lineage clusters based 
on averaged transcriptional expression. Peripheral b6 B cell subcluster resembles the b2 subcluster in the 
CSF, which aligns with the matching ontologies of their respective gene markers.  

e) Correlation heatmap demonstrating transcriptional similarity between L2 CSF B-lymphoid clusters and 
main L1 CSF B-cell annotations.  
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Figure S8: CD8 and CD4 T-cells upregulate genes associated with trafficking in CSF relative to blood  
 

a) Elbow plots for the variance explained by the PCs for CSF and PBMC objects. 
b) Combined UMAP (CSF cells and PBMC). Note that each sample was randomly down-sampled to 1000 cells 

before combination (if the sample had less than 1000 cells, the original number of cells were kept). 
c) Scatter plot illustrating L2 annotations from CSF cells and PBMC mapped back onto the combined UMAP 

object. The prefix ‘p’ represents cells from blood, while the prefix ‘c’ shows cells from the CSF.  
d) Scatter plot showing the immune-cell populations, and the separate clustering of CSF- and blood-derived 

myeloid cells.  
e) Volcano plots contrasting DEG across CSF relative to blood for the CD4-TCM, CD8-TEM, and NK cells from 

untreated and inactive PRL-positive and PRL-negative cases.  
f) Heatmap showing the Z-scores for pathway enrichment across the CSF versus blood comparison for T-

lymphoid and NK cells.  
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Figure S9: Interaction analyses between prioritized ligands (senders) and differentially expressed target genes 
across PRL-positive versus PRL-negative (receivers) reveal a myriad of ligands in regulating PRL-relevant pathol-
ogy in the blood  
 
Circos plots summarizing the interactions between prioritized ligands and target genes of myeloid (a), CD4-T (b), 
NK (c), CD8-T (d), and B (e) cells for PRL-positive versus PRL-negative in the blood. Note the different prioritized 
ligands for each receiving cell type. These include HLA-E, HLA-C, IFITM1, LTB, and CD40LG for NK cells; CD48, 
LRPAP1, and SECTM1 for CD8 T-cells; CD40, CD48, APP, PTPRC, and TIMP1 for CD4 T-cells, and HLA-DRA, LGALS3, 
ITGB2, CTSD, and TGFB1 for B-cells.  
 
Prioritized LR-network for peripheral immune cells (f) representing differentially abundant interactions with send-
ers being primarily NK cells and receivers including CD8-T, CD4-T, Mono and NK cells. Note, the MHC-I related 
genes act as ligands in the peripheral network with receptors including CD8A, KLRK1, KLRKC, and LILRB1 to name 
a few. 
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Figure S10: Interaction analyses between prioritized ligands (senders) and differentially expressed genes across 
PRL-positive versus PRL-negative as the target genes in the CSF cells reveal the regulatory roles of TNF, TGFB1, 
and CD47 among many molecules. Regulatory potential of IL15.  
 
Circos plots summarize the interaction analyses between the prioritized ligands and target genes for myeloid cells 
(Figure S9G), CD8-T (a), NK (b), and CD4-T cells (c) for PRL-positive vs. PRL-negative in the CSF. These include TNF, 
TGFB1, and CD40LG for myeloid cells (labeled as Mono for these analyses – see Methods). For CD8 T-cells, the 
prioritized ligands regulating the PRL-positive state included TNF, TGFB1, CXCL16, SPP1, and C3, and for CD4 T-
cells, the prioritized ligands included TGFB1, IFITM1 and SIGLEC7. TGFB1, CD244, C3, ITGAL, and IL18 were the 
prioritized ligands for NK-cells. 
 
Prioritized LR-network for the CSF (d) demonstrating differentially abundant interactions contributing to PRL pa-
thology. There is relative predominance of myeloid (Mono) cells as the receivers in the prioritized networks for 
CSF. Significant interactions involving myeloid activation include C3, APOE, IFITM1, TNF, TGFB1, and RPS19 as lig-
ands for receptors mostly present on myeloid cells. Notable also are the CD4 T-cells acting as receivers, while B, 
NK and CD8 T-cells act as the senders. The annotations used for the NicheNet analyses are the simplest level 
annotations to improve the significance and strength of intercellular communication level analyses.  
 
IL15 abundance in the CSF across patients from different PRL-categories (e) (**p< 0.005, ***p < 0.001).  
 
 
 


