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Abstract

T cells provide critical immune surveillance to the central nervous system (CNS), and the
cerebrospinal fluid (CSF) is thought to be a main route for their entry. Further characterization of
the state of T cells in the CSF in healthy individuals is important for understanding how T cells
provide protective immune surveillance without damaging the delicate environment of the CNS
and providing tissue-specific context for understanding immune dysfunction in neuroinflammatory
disease. Here, we have profiled T cells in the CSF of healthy human donors and have identified
signatures related to cytotoxic capacity and tissue adaptation that are further exemplified in
clonally expanded CSF T cells. By comparing profiles of clonally expanded T cells obtained
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from the CSF of patients with multiple sclerosis (MS) and healthy donors, we report that clonally
expanded T cells from the CSF of patients with MS have heightened expression of genes related to
T cell activation and cytotoxicity.

INTRODUCTION

The central nervous system (CNS) contains a unique immunological state, as the blood-
brain and blood-cerebrospinal fluid (CSF) barriers exclude most peripheral cells to prevent
damaging inflammation (1). However, pathogens are able to enter and damage the CNS,
necessitating persistent immune surveillance. A major route for this surveillance is the CSF,
which is predominantly composed of T cells whose trafficking involves the a4 integrin (1)
and the T helper 1 (Ty1)—associated chemokine receptor CXCR3 (2). T cells in the CNS are
critical for the control of a range of pathogens in the CNS (3, 4). Disrupting T cell entry

to the CNS can predispose individuals to the development of lethal infections, for example,
by the JC polyomavirus after treatment with the a4 integrin binding antibody natalizumab
(5). T cells have been shown to persist in the brain of mice after viral infection and adopt
characteristics of tissue-resident memory T (Trm) cells, which may provide a way for T
cells to be poised to respond to reinfection at the tissue site (6).

However, in addition to their critical role in protecting the CNS from pathogens, peripheral
immune cells that enter the CNS can also drive neuroinflammation (7). The CSF provides
insight into the state of the human CNS, as cellular, metabolic, and protein content can be
reflective of a range of neurological diseases (8-11). In multiple sclerosis (MS), evidence of
immune activation in the CSF, including antibodies made from clonally expanded B cells,

is common metrics for diagnosis (12), and there is sharing of T and B cell populations
between the brain parenchyma and CSF in MS (13, 14). These characteristics make the CSF
a valuable way to assess immune function in the CNS in health and disease. Because strict
trafficking requirements to the CNS paired with transcriptional changes T cells undergo
within tissues (15) may result in distinct T cell profiles in the CSF, it is important to
characterize CSF T cells in healthy individuals to provide tissue-specific context to T cell
profiles in neuroinflammation.

Here, we used paired single-cell RNA sequencing (SCRNA-seq) and T cell receptor (TCR)
sequencing to characterize the continuum of transcriptional profiles of T cells from the
blood and CSF of healthy individuals, including clonally expanded T cells that have been
found in the CSF (16, 17). We then compared T cells from patients with MS to healthy
individuals to define cluster-specific differences present in neuroinflammation, some of
which we found were exemplified in clonally expanded T cells in the CSF from patients
with MS. Last, we characterized T cells within the noninflamed brain parenchyma to
identify potential ways that brain parenchymal cells and T cells may communicate.
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Phenotypic continuum of T cell states between the blood and CSF

To define the composition and phenotypic states of cells within the CNS at steady state,
we profiled the peripheral blood and CSF of healthy individuals (aged 27 to 38 years old),
with no history of neurologic or immunologic disease and without symptoms of infection,
using 5” V(D)J 10x Genomics (7= 6 healthy donors, 50,483 cells after quality control)
for scRNA-seq (fig. S1 and table S1). Single-cell characterization of total peripheral blood
mononuclear cells (PBMCs) and CSF allowed for overall profiling of the composition of
cell types involved in immune surveillance and more detailed characterization of how cell
states are distinct between physiological compartments. We found as previously reported
(18-20) that the CSF is dominated by T cells with a smaller number of monocytes (21) and
dendritic cells, including recently described CSF-specific monocytes (22, 23), whereas B
cells, classical monocytes, and natural killer (NK) cells are largely excluded (fig. S1).

T cells have previously been shown to have distinct characteristics within tissues due

to the recruitment of specific cell types, development of tissue-resident phenotypes, and

the influence of tissue-specific factors (24, 25). Visualization of conventional naive and
memory CD4 and CD8 T cells (excluding y& T cells, mucosal-associated invariant T

cells, NK-like/effector CD8 T cells, and FOXP3-expressing regulatory T cells; fig. S1)
from the blood and CSF of healthy donors (7= 6, 30,795 T cells; fig. S2) with the
progression-preserving visualization tool potential of heat diffusion for affinity-based
transition embedding (PHATE) (26) showed a phenotypic continuum of T cells between
the blood and CSF (Fig. 1B). Clustering of these cells resulted in largely distinct clusters
between the blood and CSF. Two clusters predominantly present in the blood were naive
CD4 (CD4 naive blood) and naive CD8 (CD8 naive blood) that were defined by expression
of genes including CCR7, SELL, and LEF1. The blood also contained a cluster of CD4

T cells (CD4 memory blood) marked by expression of molecules associated with memory
T cells (5100A4) and markers of various T cell subsets including the T2 transcription
factor GATA3and the Ty17 marker KLRBI1 (CD161) (27, 28). This cluster likely represents
the heterogeneous population of memory T cells comprising multiple T cell subsets that is
present in the peripheral blood (29). The last cluster predominantly found in the blood was
a cluster of CD8 T cells (CD8 memory blood) that expressed markers of memory (SZ00A4)
along with molecules of CD8 function including CCL5, GZMK, and NKG?.

The CSF was largely composed of three clusters of memory CD4 T cells and one memory
CD8 cluster, in line with previous findings that naive T cells are largely excluded from the
CSF (30). The CD4 memory CSF.1 cluster was marked by expression of the subunits of

the alpha 4 (/TGA4) beta 1 (/TGBI) integrin, which has been shown to be important for T
cell entry into the CNS (1), KLRB1, and S1PR1 that promotes T cell egress from tissues
(31). The other two CD4 clusters in the CSF (CD4 memory CSF.2 and CD4 memory CSF.3)
have phenotypes similar to each other characterized by the chemokine receptor CXCR3
associated with Tyl cells and CSF T cell trafficking (2, 32) and markers that have been
found in tissue-resident T cells and T cells residing within nonlymphoid tissues, including
CCL5(24, 33, 34), LGALSI1 (24, 25, 34), PTGERZ2 (35), and CD69 (36). However, CD4
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memory CSF.3 was also defined by the cytotoxicity-related genes GZMA, GZMK, GZMM,
and CS77(37), whereas CD4 memory CSF.2 was not. Because these clusters were marked
by CXCRS3, which is associated with Tyl cells, and KLRBI1 that is related to Ty17 and
nonclassic Tyl cells, it is possible that these cells are nonclassic Tyl cells (38). Staining

for the chemokine receptors CXCR3 that marks Tyl cells and CCR6 that marks TH17 cells,
we find that CXCR3"CCR6™~ and CXCR3*CCR6™* populations are the predominant memory
CD4 T cell populations in the CSF, as the CSF contains significantly lower fractions of
CXCR3™CCR6™ and CXCR3~CCR6~ cells than the blood (fig. S3). This could support

that nonclassic Tyl cells are present in the healthy CSF, because they have been show to
coexpress CXCR3 and CCR6 (39) and previously IFNy*CCR6* T cells have been found in
the CSF of patients with MS and donors with noninflammatory neurological diseases (40).
In addition, KLRBI may be associated with tissue-resident T cells (35). To further define
and summarize the cell states of CD4 T cell clusters in the CSF, we examined the mean
expression of genes known to be related to Tl function, tissue residence, and cytotoxicity
(Fig. 1E). We find that overall in CD4 CSF clusters, CD4 memory CSF.3 has the highest
expression of genes related to all three signatures, followed by CD4 memory CSF.2, which
had higher expression of all three signatures compared with CD4 clusters in the blood and
CD4 memory CSF.1. This supports that, compared with the peripheral blood, the healthy
CSF is enriched for CD4 T cells with Tyl function, including a CD4 subtype with cytotoxic
capacity, and that these cells may adapt to the tissue environment in ways similar to what has
been described in other tissues (24, 25, 34).

Last, the CSF contained a cluster of memory CD8 T cells (CD8 memory CSF) that was
marked by cytotoxic genes (CCL5, NKG7, GZMK, GZMA, GZMM, and CCL4) and genes
related to tissue residence [CD69, LGALSI, LGALS3 (24, 34, 36), PDCD1, PRDM1 (41,
42), and CXCR6 (43)]. CD8 memory CSF also expressed KLRG1 and EOMES, which
suggests that these may represent a less differentiated tissue T cell population than canonical
tissue-resident CD8 T cells, for example, similar to recently described tissue-resident
effector cells (44). Cells in the CD8 memory CSF cluster were found to have increased
mean expression of tissue residence and cytotoxicity-related genes compared with cells from
CD8 clusters in the blood (Fig. 1F).

Together, these results suggest that CSF T cells are largely distinct from the blood, and three
of the four clusters predominantly found in the CSF (CD4 memory CSF.2, CD4 memory
CSF.3, CD8 memory CSF) share characteristics described in other nonlymphoid tissues,
including previous descriptions of Trp cells in the brain (17, 45-47). Along with this
profile, CD4 memory CSF.2 and CD4 memory CSF.3 T cells in the CSF express genes
related to Tyl and nonclassic Tyl cells, whereas CD4 memory CSF.3 and CD8 memory
CSF also express cytotoxicity-related genes. The final CSF cluster, CD4 memory CSF.1,
expressed high levels of the integrin subunits necessary for CSF trafficking but did not
share components of the transcriptional signature of nonlymphoid tissue T cells or tissue
residence.
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Gene expression dynamics across the blood-CSF T cell axis

To further characterize the phenotypic continuum of T cell states, we identified trends of
gene expression as cells progress from a blood-like to CSF-like phenotype. To characterize
the progression of naive T cells through T cell differentiation in the periphery and tissue
adaptation in the CSF, we used manifold enhancement of latent dimensions (MELD) to
generate a continuous tissue score (see Materials and Methods) (48). Each cell therefore
has a value reflecting how blood-like or CSF-like it is, providing an axis from the most
prototypical blood to CSF T cell state (Fig. 2A). As expected, we saw that tissue score
distributions of clusters demonstrate a progression from naive to memory T cells clusters in
the periphery, followed by clusters that predominate in the CSF (Fig. 2B). To further validate
that this score is capturing known biology, we confirmed that when cells were ordered by
tissue score, they mirrored trends of trafficking markers with established patterns between
the blood and CSF (Fig. 2C) (49, 50).

We then characterized gene expression dynamics by clustering genes based on their pattern
in relation to the tissue score, or shape-based gene clustering, that resulted in clusters

of genes with similar shapes or trends across the blood-CSF continuum (see Fig. 2D

and Materials and Methods). To summarize genes present in these clusters, we used
canonical pathway analysis that showed gene clusters decreasing in relation to the CSF
state, as measured by tissue score, include pathways related to Ty cell differentiation and
interleukin-7 (IL-7) signaling, whereas gene clusters that increased with CSF tissue state
include pathways related to T cell exhaustion and Tyl function (Fig. 2D and table S3).

In addition, a cluster with genes related to cholesterol biosynthesis increased in relation to
the tissue score, which may reflect TCR engagement driving a lipid biosynthesis program
that includes genes found in this cluster, including HMGCR, HMGCS1, and SQLE (51).
Although T2 pathways were present in pathway analysis of genes increasing in CSF, we
found that these pathways reflect more general T cell activation as GATAS3, the master
transcription factor driving T2 responses, decreased in the CSF. Gene clusters that show
an increase in expression in cells with high CSF-like tissue scores could be of particular
interest because they may be candidates for pathways induced within the CSF by the tissue
environment.

Because Ty1- and exhaustion-related genes had similar patterns of gene expression in
relation to the tissue score, for example, /FNG clustering with PDCDI1 and 7TBX21
clustering with LAGS3, as well as CD4 memory CSF.2 and CD4 memory CSF.3 having
characteristics of Tyl T cells, we examined molecules representative of these functions by
flow cytometry on the blood and CSF from a different cohort of healthy individuals (7=

3 healthy donors). We found that in the unstimulated state, because almost all stimulated
T cells up-regulated CD69, there was a higher frequency of CD69*PD-1* total (CD3™)

T cells in the CSF, which are markers of activation and tissue residence, compared with
the blood (Fig. 3A). Upon stimulation with phorbol 12-myristate 13-acetate (PMA) and
ionomycin, the CSF had a higher frequency of total T cells expressing both interferon-y
(IFN+y) and programmed cell death protein-1 (PD-1) compared with T cells in the blood
(Fig. 3B and fig. S4). This suggests that in healthy individuals, T cells in the CSF, including
those expressing the coinhibitory receptor PD-1, retain their ability to mount effector Tl
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responses. This aligns with previous literature finding that Trp cells express coinhibitory
molecules but are able to produce robust cytokine responses (52, 53) and the ability

of PD-1* effector T cells in the peripheral blood producing heightened levels of IFNy
compared with PD-1"CD4™ T effector T cells (54).

Characterization of clonally expanded T cells in healthy CSF

We were next interested in integrating clonal information into our transcriptional analysis

of conventional T cells using paired single-cell TCR sequencing using the 5" V(D)J 10x
Genomics platform (23,210 healthy blood and CSF T cells with TCRs). Clonally expanded
T cells, or T cells with the same TCR, are evidence that a T cell has encountered and
expanded in response to recognizing its cognate antigen and can have distinct signatures
(55). All six donors had clonal groups, defined as groups of cells with the same CDR3a

and CDR3p amino acid sequences, with cells shared between the blood and CSF, and five
of six healthy controls had sufficient cell numbers to detect clonally expanded T cells within
the CSF. We did not identify any shared CDR3s from conventional T cells between healthy
donors. We leveraged clonal groups where we detected the same CDR3a/CDR3p in both the
blood and CSF (7= 6 donors, 1010 cells, 284 groups of cells; fig. S5) to resolve whether

T cells sharing a TCR but existing in different tissues have more divergent phenotypes than
clonal groups detected only within the blood or CSF. We found that cells from the same
clonal group but present in different tissues had greater average distances between principal
components (PCs) as compared with clonal groups from the same compartment (Fig. 4, A
and B), suggesting that cell states may diverge on the basis of their tissue environment.
Differential expression analysis between the CSF and blood cells with clonal groups present
in both tissues (7=5 donors, 1008 cells) revealed that CSF cells within these clonal groups
had increased expression of genes related to CNS trafficking (/7GBJ), tissue residence
(LGALSIand CD69), and cholesterol homeostasis (LDLR, INSIG1, and SQLE) compared
with the blood (fig. S5D and table S4).

We then examined the nature of clonally expanded CSF T cells by calculating an expansion
score, which we define as the log, of the number of clones in the clonal group within the
CSF. This score estimates the number of cell divisions each clonal group has undergone
(Fig. 4C). The distribution of clones across previously defined clusters showed that
compared with unexpanded cells [CDR3a/CDR3p recovered but did not match other

TCRs (see Materials and Methods), 7199 CSF T cells from five healthy donors], both
duplicated (two cells per clonal group detected, 792 cells from five healthy donors) and
highly expanded (>2 cells per clonal group detected, 708 cells from five healthy donors)
cells had a higher proportion of CD8 memory CSF T cells. In addition, highly expanded

T cells had a lower proportion of CD4 memory CSF.2 cells. Both duplicated and highly
expanded cells had a lower frequency of CD4 memory CSF.1 than unexpanded cells. That is,
clonally expanded cells were largely distributed among the three clusters with characteristics
of nonlymphoid or tissue-resident T cells (CD4 memory CSF.2, CD4 memory CSF.3, and
CD8 memory CSF). The CD4 memory CSF.1 cluster also corresponds to the cluster with the
lowest tissue score, or most blood-like, of the four clusters that dominate the CSF (Fig. 4E),
supporting that this cluster may represent cells that recently entered the tissue and have not
undergone tissue-specific changes.
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Because clonally expanded T cells have been used as a readout of the relevance of T cells
in the immune response (17) and the presence of clonally expanded Trp in tissues (56),
we were interested in further interrogating the transcriptional state of expanded cells in
healthy CSF. First, we found that highly expanded T cells had more CSF-like tissue scores,
suggesting a more CSF-distinct state than duplicated T cells that also had more CSF-like
scores compared with unexpanded cells (Fig. 4F). We then compared highly expanded
CD8 (1= 4 healthy donors, 312 cells) and CD4 T cells (n = 3 healthy donors, 344 cells)
with unexpanded CD8 (7= 4 donors, 751 cells) and CD4 T cells (7= 3 donors, 4,883
cells). In CD8 T cells, similar to what has recently been described in clonally expanded
CD8 T cells in CSF from patients with Alzheimer’s disease (16), we found that clonally
expanded CD8 T cells expressed higher levels of CD8 effector function-related molecules
including NKG7, CCL5, and CCL4 and express lower levels of SELL or L-selectin that

is associated with a naive phenotype compared with unexpanded cells (Fig. 4, G and I,

and table S4). In addition to reduced expression of genes related to tissue egress including
S1PR1and CCRY7, clonally expanded CD4 T cells had increased expression of genes related
to cytotoxicity (GZMK, GZMA, GZMM, GZMH, CST7, PRF1, CCL4, and CCLY), tissue
residence [CXCR6, PRDM1, LGALSI, and PTGER4 (35, 57)], and Tyl/nonclassic T41 T
cells (TBX21, RORA, and KLRBI) (Fig. 4, H and I, and table S4). Together, these finding
suggest that clonally expanded T cells in healthy CSF represent a more extreme CSF-distinct
state that is transcriptionally poised for effector responses in both CD4 and CD8 T cells.

In CD4 T cells particularly, clonally expanded cells also express molecules associated with
tissue residence.

Examining T cells during neuroinflammation in MS

After identifying the overall and clonally expanded T cell profiles in healthy individuals,
we were interested in contrasting this cell state with T cells in the CSF during
neuroinflammation. Using 5" 10x Genomics with paired single-cell TCR information, we
profiled the blood and CSF of patients with newly diagnosed relapsing-remitting MS (n=5
patients, 54,676 total blood and CSF cells; table S1). As previously reported, patients with
MS had an increased proportion of B cells present in the CSF compared with healthy
controls and an increased proportion of a CD4 T cell cluster containing regulatory T

cells (fig. S1) (23). However, the distribution of conventional naive and memory T cell
clusters in either the blood or CSF from patients with MS did not notably differ from

that of healthy controls (34,734 T cells; Fig. 5A, fig. S2, and table S5). Whereas these

data suggested conventional T cell types between patients with MS and healthy controls

are similar, differentially expressed genes were present within clusters, which may reflect
potential functional changes present during neuroinflammation (Fig. 5B and table S6). Such
genes included PCPBI that has been shown to drive T cell pathogenicity in experimental
autoimmune encephalomyelitis (58), which was increased in cells from patients with MS

in all CSF but not in blood T cell clusters. Genes related to TCR engagementand T

cell activation were more highly expressed by cells from patients with MS compared with
healthy donors, including CD69 (59) that was up-regulated in all CSF clusters and /L 32 (60)
that was increased in all CSF clusters as well as naive T cells, which may suggest that some
of these T cells may have more recently encountered antigen.
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We were then interested in comparing the state of clonally expanded T cells in the CSF
between healthy controls and patients with MS, as MS is an organ-specific autoimmune
disease with autoreactive T cells thought to be key initiators of inflammation (61). Similar
to the overall T cell state, there was no significant difference in cluster distribution of
unexpanded (12,382 CSF T cells from five patients with MS), duplicated (1038 CSF T

cells from five patients with MS), or highly expanded T cells (1170 CSF T cells from five
patients with MS) between healthy controls and patients with MS. Similarly, the proportions
of unexpanded, duplicated, and highly expanded cells in the CSF were not significantly
different between patients and healthy controls (table S5). One explanation for why we did
not find an overall difference in clonally expanded conventional T cells in the CSF is that

T cells are known to infiltrate the brain parenchyma in MS and are present in demyelinated
lesions (14, 62), which may result in less overall clonal expansion in the CSF. We did not
identify shared CDR3s between patients with MS, although we did identify three CDR3s
that overlapped between healthy donors or patients with MS in either the blood or CSF
(table S5). We found that when we compared clonally expanded CSF T cells from patients
with MS (=5 patients with MS) to healthy donors (77 = 4 healthy donors) within the

three CSF clusters that contained the majority of clonally expanded CSF T cells, many

of the genes overlapped with differentially expressed genes resulting from the comparison
within the total cluster, which included all levels of expansion and cells with or without

a recovered TCR. However, we found that the magnitude of differences between MS and
healthy controls differed between the total cluster and solely expanded cells (Fig. 5D). From
genes that were increased in MS in both the total cluster and expanded cells, we examined
the top 20 genes with the largest increase in log2 fold change in expanded cells compared
with the total cluster. That is, we looked at genes with a larger difference between cells from
patients with MS and healthy controls in clonally expanded T cells compared with all T
cells. Overall, many of these genes were related to T cell activation [CD4 memory CSF.2:
CD69, RAC2(63), and /L32(64)], cytotoxicity (CSF memory CSF.3: GZMA, GZMK,

and SRGN.; CSF memory CD8: GZMK, CST7, PLEK, LITAF, and PFNI), and an effector
phenotype (CSF memory CD8: CD74, EOMES, and KLRGI).

To further resolve the gene expression trends that underscored the difference in log2 fold
change, we used the 20 genes from Fig. 5D as an MS gene signature for each cluster because
they overlapped in both total and clonally expanded comparisons to healthy individuals.
Examining the mean expression of those genes specifically in unexpanded and expanded
cells in healthy individuals and patients with MS, we see that unexpanded cells from
patients with MS have higher mean expression of these genes than unexpanded cells

from healthy controls (Fig. 5E). Expression of the MS gene signature was then higher in
clonally expanded cells compared with unexpanded cells from patients with MS, whereas
the expression was decreased or was unchanged in healthy individuals (Fig. 5E). Although
CDA T cells are thought to be critical in MS immunopathology, it is notable that cells from
the expanded CD8 memory CSF cluster showed a large increase in their MS gene score
signature that includes various molecules related to cytotoxicity (GZMK, CST7, GZMA,
and PFNI). Overall, this suggests that T cells in MS CSF broadly have signatures related to
increased activation and cytotoxicity, which are further exemplified in clonally expanded T
cells in MS but not healthy CSF.
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Potential interactions between T cells and glia and neurons

To determine whether the CSF itself, containing factors derived from parenchymal cells
(65), is able to affect T cell state, CXCR3*CD45RO™* T cells (fig. S7) were stimulated

with anti-CD3/28 for 48 hours with or without the presence of healthy CSF supernatant.
We found that the presence of CSF increased the expression of PRDM!I, related to tissue
residence, in CD4 and CD8 T cells and /FNG, related to Tyl function (Fig. 6A), in

CDA4 cells. This suggests that there may be factors within the CNS environment that can
affect T cell function. We were then interested in characterizing T cells within the brain
parenchyma that have been described in recent studies and identifying potential ways that
brain parenchymal cells and T cells may communicate (46, 66). Thus, we examined T

cells in the brain parenchyma from two different datasets. First, we generated a data-set

by performing single-nucleus RNA sequencing (snRNA-seq) on the brain parenchyma from
frozen post-mortem (/7= 2 donors) and normal-appearing tissue resected during epilepsy
surgery (n=1 donor; table S1 and figs. S8 and S9) due to the inability to dissociate frozen
brain samples into single cells. To increase T cell retrieval for each donor, we performed
both snRNA-seq of total isolated brain nuclei, which includes glia and neurons, and
selecting non-neuronal cells by sorting for NeuN™ cells. This process enriched the fraction
of recovered T cells (fig. S8). Combining these data provided a paired, high-resolution
characterization of neurons and glia from the total nuclei and T cells from the enriched
fraction. In addition, we identified T cells in an existing sScRNA-seq dataset (67) from
freshly processed normal-appearing brain tissue obtained during epilepsy surgery (7= 3
donors; table S1 and fig. S9). We found that in both snRNA-seq (n7= 3; 38, 41, and 60
years old, 233 T cells) and scRNA-seq datasets spanning a range of donor ages (7= 3;
2,2,and 62 years old, 319 T cells), T cells expressed genes related to tissue persistence,

in agreement with previous reports (46), and cytotoxic and effector function (Fig. 6B and
table S8). Although we could not directly compare brain parenchyma T cells with CSF and
blood T cells because these datasets did not contain paired donors and were performed with
different processing and technologies, this suggests that there may be overlap in these T cell
states.

Because the snRNA-seq data were more representative of the cell types in the parenchyma,
including astrocytes and neurons, we leveraged this dataset to identify candidate pathways
of communication between T cells and parenchymal cells within the brain. We identified
soluble and surface-surface receptor-ligand pairs between T cells and excitatory neurons,
GABAergic neurons, oligodendrocytes, oligodendrocyte precursors, astrocytes, microglia,
and endothelial cells (table S9). Soluble interactions may be specifically relevant for T

cells within the brain parenchyma and the CSF, as the CSF contains factors produced from
cells within the brain and could provide a pathway for T cell-derived factors to reach the
parenchyma. We observed that transforming growth factor B cytokines, which are important
factors in brain homeostasis (68) and can also drive features of Trp cells (69), provide

a potential avenue for T cell and glia/neuron communication (Fig. 6C). Moreover, brain
parenchymal cells expressed /.15, which can promote survival, homeostatic proliferation,
and cytotoxicity in T cells (70). T cells also expressed cytokines, including /FNG and tumor
necrosis factor ( 7VF), which may act on parenchymal cells (Fig. 6C). In addition to soluble
interactions, we identified potential surface-surface interactions that may be relevant for T
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cells residing within the brain. These interactions include the expression of a balance of
coinhibitory ligands by cells in the brain that may ligate receptors including PD-1 (PDCDI),
T cell immunoreceptor with Ig and ITIM domains (7/G/T), and T cell immunoglobulin and
mucin domain-containing protein 3 (TIM3, HAVCR2) on T cells (Fig. 6D), which could

be a mechanism of restraining T cell function at steady state and potentially stimulatory
interactions between parenchymal cells and T cells (Fig. 6D). Overall, these results generate
hypotheses regarding potential ways that the brain milieu may be able to affect T cell state.

DISCUSSION

T cells are increasingly appreciated for their plasticity in adapting to tissue environments,
allowing them to persist and orchestrate coordinated tissue-specific immune surveillance and
other homeostatic functions (15). Here, we use scRNA-seq, single-cell TCR sequencing,

and snRNA-seq to characterize T cell phenotypes across the healthy CSF, inflamed CSF,

and noninflamed brain. We find that in the absence of inflammation, the CSF is largely
characterized by T cells, including clonally expanded T cells, dominated by four T cell
subtypes. We find that three of the four subtypes of T cells in the CSF have features
described in T cells present in other nonlymphoid tissues and that clonally expanded T cells
were present in these three clusters. Tyl function is likely enriched in the CSF through the
importance of CXCR3 expression for T cell entry. Because cells are likely further shaped

by signals they receive within the tissue, the plasticity of CD4 T cells within the clusters we
found remains to be determined. For example, the cluster CD4 memory CSF.1 may reflect

a population that has more recently entered the CSF because it does not share genes related
to T cells in nonlymphoid sites, contains fewer clonally expanded T cells, and had the most
blood-like tissue score of the CSF clusters. It is possible that this subset could differentiate
into one of the other CSF CD4 phenotypes depending on the signals that the cells receive

in the tissue. The similar profiles of CD4 memory CSF.2 and CD4 memory CSF.3 could
also suggest that these may not represent completely distinct cell types but rather may reflect
differences in length of time spent or the signals that they received within the tissue.

Because the immune system is increasingly recognized as existing across a continuum of
phenotypic states, we translated the blood-CSF axis into a continuous tissue score. This
allowed us to understand cellular states, gene expression trends, and T cell expansion in
relation to a continuum capturing specific recruitment and adaptation of T cells in the CSF.
We found that gene expression trends of molecules related to Tyl function and T cell
exhaustion were similar, which we validated by showing that PD-1* T cells in the CSF retain
their ability to produce IFNvy. Integrating clonal information into our analysis, we found
clonally expanded CSF T cells in healthy individuals represented a more extreme CSF T cell
state compared with unexpanded CSF T cells, in line with transcriptional changes reflecting
that both expanded CD4 and CD8 T cells may be poised for effector function, whereas CD4
cells also showed transcriptional changes in line with further tissue adaptation.

Although the CSF of newly diagnosed patients with MS and healthy donors consisted of
similar conventional T cell types, we were able to define differences related to activation
and cytotoxic gene expression in T cells from patients with MS that were further embodied
by clonally expanded T cells. Although CD4 T cells are thought to be critical in MS
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immunopathology, CD8 T cells outnumber CD4 T cells in MS lesions and are able to
damage parenchymal cells in the CNS (62, 71). It is therefore of interest that the clonally
expanded T cells in the CD8 memory CSF cluster were enriched in a signature related to
cytotoxic and effector function compared with unexpanded cells and expanded cells from
healthy individuals. The specificity of clonally expanded cells in the CSF and the site and
context of their expansion during homeostatic immune surveillance compared with during
neuroinflammation remains of interest.

Although this study adds to the understanding of the T cell states involved in CNS immune
surveillance and neuroinflammation in MS, there are limitations to this work. First, we
characterize the T cell states in the CSF transcriptionally, which does not fully elucidate
the effector potential of different T cell subtypes in the CSF in healthy individuals and
patients with MS, especially upon antigen encounter and necessitates future validation at
the protein and functional levels. We also examine newly diagnosed relapsing-remitting
patients with MS, which does not necessarily represent the T cell state in progressive

MS or other long-term neuroinflammation that may, for example, be further influenced

by responses from parenchymal cells (72, 73). In line with this, although we cultured

T cells with total CSF supernatant from healthy individuals, further characterization of
components within the CSF that may influence T cell function in health and disease will
be important for elucidating drivers of CSF T cell phenotypes. In addition, although we
detect changes in clonally expanded T cells between patients with MS and healthy donors,
we cannot determine whether this is due to their role in the ongoing autoimmune process
or whether these cells may be influenced by a more inflammatory environment. Last, our
analysis of potential cellular interactions between T cells and cells in the brain parenchyma
is hypothesis-generating and does not preserve the spatial organization of the brain or the
cellular protein content needed to verify cell-cell interactions.

Overall, our work has generated a single-cell RNA and TCR data-set that has allowed the
integration of transcriptional and clonal information to further understand T cell surveillance
of the CNS in healthy individuals and patients with MS. Defining the T cell states in the
CNS, which has long been considered immune privileged, may shed further light on the
mechanisms that allow for necessary immune surveillance without damaging inflammation,
including the potential role of coinhibitory receptors on T cells in the CSF and parenchyma
(74). Because T cells and the Ty1 cytokine IFN+y have also been found to influence
neurological functions including social behavior (75, 76), defining the profiles of CNS

T cells may further elucidate their roles in homeostatic neurologic function in addition

to contextualizing autoimmune, neurodegenerative, antitumor, and antipathogen immune
responses within the immunologically unique CNS.

MATERIALS AND METHODS

Study design

The goal of this study was using scRNA-seq and single-cell TCR sequencing to define the
state of T cell surveillance in the healthy CSF and comparing this with the CSF T cell state
in neuroinflammation in newly diagnosed (diagnosis within 12 months of lumbar puncture)
relapsing-remitting patients with MS. Healthy donors for paired blood draw and lumbar
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puncture (LP) or blood draw alone for in vitro experiments were recruited by International
Review Board (IRB)-approved fliers or word of mouth. Patients with neuroinflammatory
disease who were receiving an LP for diagnostic purposes were recruited through Yale
New Haven Hospital and Yale Multiple Sclerosis Center. Patients and healthy controls were
recruited as part of an IRB-approved study, and written consent was obtained. LPs were
performed under sterile conditions. Post-mortem unfixed frozen human brain tissues were
obtained from the Department of Pathology, Yale School of Medicine. Flash-frozen human
brain tissue was obtained from epilepsy surgery of temporal lobectomy with written consent
in the Department of Neurosurgery, Yale School of Medicine. Clinical and demographic
characteristics of donors are shown in table S1. Sample sizes were determined on the basis
of comparable studies, and the number of donors and cells used in analysis is specified for
each figure. There was no randomization or blinding in our study.

Sample processing

PBMCs were isolated from fresh whole blood via density gradient by layering blood diluted
1:1 in phosphate-buffered saline (PBS) over Ficoll-Paque. Red blood cells were lysed using
ACK lysing buffer (Gibco) per the manufacturer’s protocol and filtered through a 40-pm
filter. Cells were resuspended in 1x Dulbecco’s PBS with 0.04% bovine serum albumin

for loading into 10x Genomics at suspensions ranging from 800 to 1300 cells/ul. CSF was
kept on ice until processing. Total CSF was spun for 10 min at 1500 rpm, and supernatant
was aspirated. The pellet was then transferred to a 1.5-ml tube, spun for 10 min at 1500
rpm with supernatant, and then aspirated to leave 30 to 50 ul for cell counting and loading
into 10x Genomics. If a small amount of red blood cell contamination was present in the
CSF, then red blood cells were lysed in parallel with blood using ACK lysing buffer that
was used as per the manufacturer’s protocol to lyse red blood cells immediately before
loading cells (table S1). CSF from traumatic LPs that contain substantial contamination of
peripheral blood cells was not included in this study. Blood and CSF samples were counted
using a hemocytometer. For sScRNA-seq, samples were run, and libraries were prepared
using the 10x Genomics Chromium Single Cell VV(D)J Reagent Kit v1 chemistry as per the
manufacturer’s protocol. A target cell number of 6000 was used for the blood, and on the
basis of cell number, CSF was loaded in total or was loaded for recovery of 6000 cells.
Samples were sequenced on Illumina HiSeq 4000 or NovaSeq S4.

Human brain nuclei isolation and snRNA-seq

Nuclei were isolated from post-mortem frozen or flash-frozen human brain tissue

as previously described (77) with modifications. Frozen tissue (50 to 100 mg) was
homogenized in 15 ml of ice-cold nuclei homogenization buffer [2 M sucrose, 10 mM Hepes
(pH 7.9), 25 mM KCI, 1 mM EDTA (pH 8.0), 10% glycerol, and ribonuclease (RNase)
inhibitors freshly added (80 U/ml)] with Dounce tissue grinder (10 strokes with loose pestle
and 10 strokes with tight pestle). The homogenate was transferred into an ultracentrifuge
tube on top of 10 ml of fresh nuclei homogenization buffer and centrifuged at 24,000 rpm
for 60 min at 4°C on high-speed centrifuge. The supernatant was removed, and the pellet
was resuspended in 1 ml of nuclei resuspension buffer [15 mM Hepes (pH 7.4), 15 mM
NaCl, 60 mM KCI, 2 mM MgCl,, 3 mM CaCl,, and RNase inhibitors freshly added (80
U/ml)] and counted on a hemocytometer. The nuclei were centrifuged at 5000 rpm for 10
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min at 4°C and resuspended at a concentration of 500 to 1000 nuclei/ul for 10x Genomics
Chromium loading. The snRNA-seq libraries were prepared by the Chromium Single Cell 3
Reagent Kit v3 chemistry according to the manufacturer’s instructions (10x Genomics) and
sequenced using Illumina HiSeq 4000. Methods and additional information for scRNA-seq
of the brain parenchyma can be found in (67).

’

Non-neuronal nuclei enrichment and sequencing

The isolated nuclei were resuspended in blocking buffer [2% fetal calf serum (FCS) and
nuclei resuspension buffer] and incubated at 4°C for 20 min, and NeuN antibody clone

A60 conjugated with Alexa Fluor 488 (Sigma-Aldrich, MAB377X) was added at 1:1000
dilution and incubated for 30 min at 4°C. After 1x washing with blocking buffer, the nuclei
were filtered through a 35-pm filter and subjected to sorting on a FACSAria for negative
selection of NeuN™ nuclei for 10x Genomics Chromium loading. The non-neuronal SnRNA-
seq libraries were prepared by the Chromium Single Cell 3" Reagent Kit v3 chemistry
according to the manufacturer’s instructions (10x Genomics) and sequenced using lllumina
HiSeq 4000.

scRNA-seq analysis

Data alignment—For scRNA-seq, samples run on 10x Genomics were aligned to the
human GRCh38 genome using CellRanger version 3.0.2. For TCR sequencing, reads from
the V(D)J libraries were mapped to the human reference of vdj_GRCh38_alts_ensemble
(available from 10x Genomics). For sSnRNA-seq of brain parenchyma, a custom pre-mRNA
human genome reference was generated with GRCh38 that included pre-mRNA sequences,
and snRNA-seq data were aligned to this GRCh38—pre-mRNA reference to map both
unspliced pre-mRNA and mature mRNA using CellRanger version 3.0.2.

In vitro experiments

Peripheral blood was obtained from healthy individuals. PBMCs were isolated as previously
described, and total T cells were magnetically enriched using the EasySep Human T

Cell Enrichment Kit (STEMCELL Technologies) as per the manufacturer’s protocol. T
cells were stained in PBS with 2% FCS for CD4 (1:45; allophycocyanin (APC)—-Cy?7,
BioLegend, clone RPA-T4), CD8 [1:45; phycoerythrin (PE)-Texas Red, Abcam, clone
RFT-8], CD45R0 (1:12; PE-Cy7, Thermo Fisher Scientific, clone UCHL1), and CXCR3
(1:45; BV421, BD Biosciences, clone 1C6) for 30 min at 4°C. CD4*CD45RO*CXCR3*
and CD8*CD45R0O*CXCR3™ cells were sorted into XVIVO15 + 5% FCS + penicillin (100
U/ml) and streptomycin (100 pg/ml). Round-bottom 96-well plates (Corning) were coated
with anti-CD3 (1 pg/ml; UCHT1, BD Biosciences) for 4 hours and washed with PBS.

CSF supernatant from healthy individuals was stored at the time of donation at —80°C and
thawed on ice for in vitro experiments. A total of 20,000 T cells were plated per well in
XVIVO15 (no added serum) with penicillin and streptomycin with soluble anti-CD28 (1
pg/ml; 28.2) (BD Biosciences) with or without 50 pl (25% total culture volume) or 100 pl
(50% total culture volume) of healthy CSF supernatant. CSF supernatant from nine healthy
controls was used, and in vitro T cell experiments were performed on three autologous and
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six nonautologous healthy blood donors. T cells were harvested and lysed for quantitative
polymerase chain reaction (qPCR) analysis after 48 hours in culture.

Quantitative polymerase chain reaction

Total RNA was extracted with a ZR-96 Quick-RNA kit (Zymo Research) according to the
manufacturer’s protocol. RNA was reverse-transcribed with TagMan reverse transcription
reagents (Applied Biosystems). Target genes were amplified using TagMan Gene Expression
Assay (B2M, HS00187842; /IFNG, HS00989291; PRDM1, HS00153357) with TagMan

Fast Advanced Master Mix and read on a StepOne Real-Time PCR System (Applied
Biosystems). Target gene relative expression was measured relative to B2M. Relative
expression to B2M for each sample was calculated by (272Ct) x 103,

Flow cytometry

For flow cytometry and intracellular staining of the healthy blood and CSF, PBMCs were
isolated as previously described, CSF was spun at 1500 rpm for 10 min, and supernatant
was aspirated. Cells (10 x 103 to 0.2 x 106) were incubated for 4 hours with or without
PMA (250 pg/ml) and ionomycin (50 pg/ml) in the presence of GolgiStop (BD Biosciences).
Cells were then incubated with Live/Dead Fixable Viability Dye (Invitrogen, L23102) for
15 min, washed with staining buffer (BD Biosciences, 554657), and fixed with fix/perm
buffer (eBioscience, 00-5523-00). Last, cells were washed twice with staining buffer and
resuspended in PBS. Blocking was performed with 5 pl of Fc Block (BioLegend, 422302)
before adding the antibody mixture. Cell surface and intracellular staining were performed
using CD4 (PerCP Cy5, BioLegend, clone SK3), CD69 (PE-Cy7, BioLegend, clone FN50),
CD3 (APC-H7, BD Biosciences, clone SKS7), CD8 (Alexa Fluor 700, BioLegend, clone
SK1), IFNG (Alexa Fluor 488, BD Biosciences, clone B27), CD45RA (Brilliant Violet 421,
BioLegend, clone HI100), and PD-1 (PE, BioLegend, clone FH12.2H7). Data were acquired
in a BD LSRII Fortessa flow cytometer and analyzed by FlowJo software v9.

For surface staining of the healthy blood and CSF, PBMCs were isolated as previously
described, and T cells were isolated using the EasySep Human T Cell Enrichment Kit
(STEMCELL Technologies) as per the manufacturer’s protocol. CSF was spun down at
1500 rpm for 5 min, and the supernatant was aspirated. For surface staining, cells were
stained for 30 min at 4°C in PBS with 2% FCS. Cells for chemokine receptor analysis were
stained with CD4 (1:40; APC-Cy7, BD Biosciences, clone RPA-T4), CD8 (1:40; PE-Texas
Red, Abcam, clone RFT-8), CD45R0 (1:10; fluorescein isothiocyanate, BD Biosciences,
clone UCHL1), and CXCR3 (1:40; BV-421, BD Biosciences, clone 1C6). After staining,
samples were washed and acquired on a BD FACSAria and analyzed by FlowJo software
v10. Representative staining for all flow cytometry and sorting are shown in supplementary
figures.

Statistical analysis

Statistical analyses were performed in GraphPad Prism 7 or R for differential expression,
which was calculated using MAST, and the p.adjust function was used for FDR correction.
For MAST results, an FDR of <0.05 was considered significant, and for CellPhoneDB, the
Pvalue cutoff was set to 0.01. For other statistics, a value of <0.05 for Pvalue or adjusted
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Pvalue was considered significant unless otherwise noted. Statistical analysis for cellular
interactions was performed within the CellPhoneDB software. Sample sizes, statistical tests,
and multiple comparison corrections are described in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phenotypic continuum of T cell states between the blood and CSF.
(A) Progression-preserving PHATE visualization of 16,752 T cells from the blood and

14,043 T cells from the CSF of healthy individuals (17 = 6 healthy donors) colored by the
tissue of origin. (B) PHATE visualization of healthy T cells colored by PhenoGraph clusters
with bar graphs showing the composition of T cell clusters in the blood and CSF. Clusters
are named if it contains CD4 or CD8 and naive or memory (antigen-experienced) cells and
the tissue where the cluster was predominantly present. (C) Heatmap of standard-scaled
expression of the top 10 differentially expressed genes in each cluster in 1000 randomly
sampled cells per cluster. Each column is a cell, and genes were hierarchically clustered.
(D) Violin plots of expression for select genes presented in (C). (E) Violin plots of mean
expression of genes related to Tl function, tissue residence, and cytotoxicity for each cell
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in CD4 T cell clusters. Heatmaps show z-scored mean for each gene included in the gene
module for each cluster, and genes were hierarchically clustered. CD4 memory CSF.2 and
CD4 memory CSF.3 were compared with each other and all other CD4 clusters using a
Kruskal-Wallis test with Dunn’s multiple comparisons correction. Full statistics are shown
in table S2. (F) Violin plots of mean expression of genes related to tissue residence and
cytotoxicity for each cell in CD8 T cell clusters. Heatmaps show z-scored mean expression
for each gene included in the gene module for each cluster, and genes were hierarchically
clustered. CD8 memory CSF was compared with both other CD8 clusters using a Kruskal-
Wallis test with Dunn’s multiple comparisons correction. Full statistics are shown in table
S2.
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Fig. 2. Gene expression dynamics across the blood-CSF T cell axis.
(A) PHATE visualization (Fig. 1) colored by the continuous tissue score representing

the most blood-like to CSF-like state (see Materials and Methods). (B) Joy plot of the
distribution of tissue scores for each T cell cluster. (C) Heatmap of chemokine receptors and
integrin subunits with reported expression patterns between the blood and CSF with cells
ordered by tissue score after gene imputation with MAGIC (see Materials and Methods).
Bars above the heatmap show the tissue score, tissue of origin, and donor for each cell.
Colored by standard-scaled imputed expression for each gene. (D) Heatmap of shape-based
gene clusters (see Materials and Methods) based on gene dynamics with relation to the
tissue score clustered by PhenoGraph after MAGIC (left). Bars above the heatmap show
the tissue score, tissue of origin, and donor for each cell. Colored by standard-scaled
imputed expression for each gene. Example plots depicting the gene shape in each cluster
are shown (center) with the top five canonical pathways by P value for each gene cluster
(right) (table S3). Genes within clusters were hierarchically clustered, and clusters were
manually ordered. JAK, Janus kinase; TNFR1, tumor necrosis factor receptor 1; PI3K,
phosphatidylinositol 3-kinase. TWEAK, TNF-related weak inducer of apoptosis; RIG1,
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retinoic acid-inducible gene I; RAR, retinoic acid receptor; VDR/RXR, vitamin D receptor/
retinoid X receptor; RA, Rheumatoid Arthritis.
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Fig. 3. CSF T cellsretain effector function capacity.
(A) Representative staining of total T cells (CD3") from one healthy donor PBMCs and CSF

after 4 hours in the presence of GolgiStop with or without stimulation (+PMA/ionomycin,

4 hours). Summary plots from the blood and CSF of three healthy individuals show the
percentage of the total CD3* fraction that is PD-1*CD69" without stimulation. The blood
and CSF were compared using a paired two-tailed ¢test, *~=0.0359 (fig. S4 and table S10).
(B) Representative staining of total T cells (CD3*) from one healthy donor PBMCs and CSF
after 4 hours in the presence of GolgiStop with or without stimulation (+PMA/ionomycin,

4 hours). Summary plots from the blood and CSF of three healthy individuals show the
percentage of the total CD3* fraction that is PD-1*IFNy* with stimulation (right). The blood
and CSF were compared using a paired two-tailed ¢test, **P = 0.0023 (fig. S4 and table
S10).
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(A) PHATE visualization with three representative groups from three different donors of
clonal groups with cells present in both the blood and CSF (fig. S5). (B) Joy plot showing
Euclidean distances between the first 20 PCs of cells in the same clonal group but present in
different tissues (purple; 284 clonal groups, 7= 6 donors) or cells from clonal groups only
in the blood (red; 129 clonal groups, 7= 6 donors) or CSF (blue; 448 clonal groups, n=5
donors). Distances compared by the Kruskal-Wallis test with Dunn’s multiple comparisons
correction. ****P < 0.0001. (C) PHATE visualization showing CSF T cells where a TCR
(CDR3a/CDR3p) was recovered, including unexpanded cells and expanded cells colored by
the expansion score or logo(number of clones) in each group (left). PHATE visualization
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showing CSF T cells where a TCR was recovered colored by cluster (right). (D) Cluster
distribution of unexpanded (7199 CSF T cells), duplicated (2 cells per clonal group, 792
CSF T cells), and highly expanded (>2 cells per clonal group, 708 CSF T cells) CSF T

cells in healthy individuals where clonally expanded cells were present (r7=5 donors; fig.
S5). Two-way analysis of variance (ANOVA) with Tukey’s multiple comparison correction
(adjusted Pvalues): CD4 memory CSF.1 (unexpanded > duplicated, 2= 0.0021; unexpanded
> highly expanded, = 0.0007), CD4 memoryCSF.2 (unexpanded > highly expanded, P

= 0.0021; duplicated > highly expanded, 2= 0.0028), CD8 memory CSF (unexpanded <
duplicated, £=0.0051; unexpanded < highly expanded, £ < 0.0001; duplicated < highly
expanded, A< 0.0001). (E) Subset of the joy plot shown in Fig. 2B of tissue scores

for T cell clusters predominantly in the CSF. Kruskal-Wallis test with Dunn’s multiple
comparisons correction between the tissue score for CD4 memory CSF.1 and three other
clusters predominantly in the CSF. £< 0.0001 for all comparisons. (F) Line plot of the

mean tissue score and SD for each expansion score (7= 5 healthy donors). Gray dashed line
shows the mean for unexpanded T cells. Tissue scores of unexpanded, duplicated, and highly
expanded cells were compared by the Kruskal-Wallis test with Dunn’s multiple comparisons
correction. Unexpanded versus duplicated and unexpanded versus highly expanded, ****P
< 0.0001; duplicated versus highly expanded, **P= 0.0014. (G) Heatmap of differentially
expressed genes in highly expanded (>2 clones per clonal group, 7= 4 donors, 312 cells)
compared with unexpanded (/7= 4 donors, 751 cells) CSF CD8 T cells in healthy individuals
with a MAST-estimated log fold change over log,(1.1) (10% change) and an FDR of

<0.05 (see Materials and Methods and table S4) excluding specific TCR genes. Colored by
z-scored values of mean expression for each gene. Pie charts below the graph reflect the
cluster and patient composition for each expansion group. (H) Heatmap of differentially
expressed genes in highly expanded (>2 clones per clonal group, 344 cells) compared with
unexpanded (4883 cells) CSF CD4 T cells in healthy individuals (7= 3 donors) with a
MAST-estimated log fold change over logy(1.1) (10% change) and an FDR of <0.05 (see
Materials and Methods and table S4) excluding specific TCR genes. Colored by zscored
values of mean expression for each gene. Pie charts below the graph reflect the cluster and
patient composition for each expansion group. (I) Line plots of the mean expression and

SD of GZMA in CD4 CSF T cells (7= 3 donors) and CCL5in CD8 CSF T cells (n=4
donors) in relation to the expansion score. Gray dashed line shows the mean expression for
unexpanded cells.
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Fig. 5. Examining T cellsduring neuroinflammation in M S.
(A) T cell composition in the blood (15,482 cells) and CSF (19,252 cells) of patients with

MS (n=donors) and healthy donors (Fig. 1). Composition in patients with MS and healthy

individuals was compared by multiple #tests with FDR correction (desired FDR =

1%):

no significant differences (table S5). (B) Dot plot of the top 10 differentially expressed
genes by MAST-estimated log fold change (FC) between cells from patients with MS (n

= 5) and healthy controls (7= 6) for each T cell cluster (table S6). Values are shown

for all clusters where the gene was significantly differentially expressed (FDR < 0.05).
Genes were hierarchically clustered. Dot size relates to —log,o(g value), and color relates
to MAST-estimated log fold change. (C) Cluster distribution of unexpanded (7= 5 patients
with MS, 12,382 CSF T cells), duplicated (n7 =5 patients with MS, 1,038 CSF T cells),
and highly expanded CSF T cells (=5 patients with MS, 1170 CSF T cells) in MS.
Compared with distribution in healthy individuals by multiple #tests with FDR correction
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(desired FDR = 1%): no significant differences (table S5). (D) Heat-maps of the top 20
genes differentially expressed genes between expanded cells in patients with MS (7= 5;
CD4 memory CSF.2, 505 cells; CD4 memory CSF.3, 358 cells; CD8 memory CSF, 1207
cells) compared with healthy controls (7= 4; CD4 memory CSF.2, 528 cells; CD4 memory
CSF.3, 363 cells; CD8 memory CSF, 496 cells) with the largest increase in MAST-estimated
log fold change in expanded cells compared with patients with MS compared with healthy
controls in the total cluster (7= 6 healthy donors; 7= 5 patients with MS). Genes are
ordered in descending order of difference in log fold change between MS versus healthy in
expanded cells compared with total cluster. MAST-estimated log2 fold changes for the MS
versus healthy donor comparison in expanded cells are all greater than a 15% [log,(1.15)]
change. Analysis was performed for the three clusters that contained the majority of clonally
expanded CSF T cells. Colored by zscored values of mean expression for each gene. Pie
charts below the graph reflect the patient composition for each expansion group. (E) Violin
plots of mean expression for genes in the MS gene signature for each cell in each cluster

for unexpanded and expanded CSF T cells in patients with MS (7= 5) and healthy donors
(n=4). Genes included in the gene score were the top 20 genes with the largest increase

in MAST-estimated log, fold change between patients with MS versus healthy individuals
in expanded CSF T cells compared with the total cluster shown in Fig. 6D (fig. S5).
Comparisons within each cluster were made by the Kruskal-Wallis test with Dunn’s multiple
comparisons correction. **P=0.0065, ****P < 0.0001, and NS = P> 0.9999.
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Fig. 6. Potential interactions between T cellsand glia and neurons.
(A) gPCR results of CD4 or CD8 CD45RO*CXCR3™ T cells from the peripheral blood after

they were stimulated with anti-CD3/anti-CD28 in XVIVO15 with or without the presence of
healthy CSF supernatant for 48 hours (7= 9 healthy donors). Paired one-way ANOVA with
Dunnett’s multiple comparisons test. PRDM1: *P=0.0128 (CD4 25% CSF), *P=0.0297
(CD4 50% CSF), *P=0.0151 (CD8 25% CSF), and *P=0.0351 (CD8 50% CSF); /FNG.:
**p=0.0090 (CD4 25% CSF), **P=0.0270 (CD4 50% CSF), P=0.1818 (CD8 25%
CSF), P=0.1917 (CD8 50% CSF). (B) Violin plots of selected genes related to lineage,
tissue residence, and functional gene expression in T cells within the brain parenchyma in
scCRNA-seq (top) (n7= 3 donors, 319 T cells) and snRNA-seq (bottom) (n7= 3 donors, 233

T cells) (table S8). (C) Dot plot of cell-cell interactions between T cells and glia/neurons
from snRNA-seq data (r7= 3, 233 T cells, 16,604 parenchymal cells) that involve cytokines
calculated by CellPhoneDB (table S9). (D) Dot plot of cell-cell interactions between T cells
and glia/neurons from snRNA-seq data (/7= 3 donors, 233 T cells, 16,604 parenchymal
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cells) that involve coinhibitory and costimulatory molecules calculated by CellPhoneDB
(table S9).
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