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contribution of clonally expanded T, -like CD8 cells.

Introduction

Multiple sclerosis (MS) is the most frequent inflammatory disease
of the central nervous system (CNS). A variety of lymphocyte sub-
types invade the brain parenchyma, where they sustain chronic
inflammation and contribute to characteristic lesion formation.
The current concepts of MS pathogenesis and treatment have
been mainly shaped by autoimmune animal models, with a strong
emphasis on autoreactive CD4" T effector lymphocytes (1-4). In
contrast to animal models, it has been difficult to investigate the
early phase of the disease process in humans, because the diagno-
sis of MS requires the occurrence of a first clinical episode, which
is known to be preceded by an undetermined period of subclinical
neuroinflammation. It has therefore been very difficult to distin-
guish between early, potentially primary, and later, potentially
secondary, immunological mechanisms.

Here we took a 2-pronged approach to investigate the earliest
identifiable stages of MS, which we refer to as subclinical neuroin-
flammation (SCNI), in familially predisposed subjects. First, we
identified a small cohort of monozygotic twins in whom one sib-
ling has clinically definite MS and the other is clinically “healthy”
but has MRI and /or immunological evidence for SCNI. Second, we
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Multiple sclerosis (MS) is a disabling disease of the CNS. Inflammatory features of MS include lymphocyte accumulations in
the CNS and cerebrospinal fluid (CSF). The preclinical events leading to established MS are still enigmatic. Here we compared
gene expression patterns of CSF cells from MS-discordant monozygotic twin pairs. Six “healthy” co-twins, who carry a
maximal familial risk for developing MS, showed subclinical neuroinflammation (SCNI) with small MRl lesions. Four of these
subjects had oligoclonal bands (OCBs). By single-cell RNA sequencing of 2752 CSF cells, we identified clonally expanded

CD8" T cells, plasmablasts, and, to a lesser extent, CD4* T cells not only from MS patients but also from subjects with SCNI.

In contrast to nonexpanded T cells, clonally expanded T cells showed characteristics of activated tissue-resident memory
T(T,,) cells. The T_ -like phenotype was detectable already in cells from SCNI subjects but more pronounced in cells from
patients with definite MS. Expanded plasmablast clones were detected only in MS and SCNI subjects with OCBs. Our data
provide evidence for very early concomitant activation of 3 components of the adaptive immune system in MS, with a notable

applied single-cell whole transcriptome sequencing (scRNA-Seq)
to analyze cerebrospinal fluid (CSF) samples from MS-discordant
twin pairs and controls. In contrast to traditional flow cytometry,
which is restricted to very limited panels of antibodies against pre-
selected markers, this technology gives an unbiased overview of
expression patterns of thousands of genes expressed in each single
cell at the time of lumbar puncture. This technology offers novel
insights into the complexities of the human immune system and
of disease-relevant cell populations (5, 6).

We found that clonal expansions of CD8* T cells, B cells, and
CD4" T cells are conspicuous even in the prodromal stage of MS in
familially predisposed subjects. Strikingly, the majority of clonal
expansions occur in the CD8* T cell compartment. In direct compar-
ison with nonexpanded CD8* T cells, the clonally expanded CD8* T
cells show distinct signs of acute activation, express an array of cyto-
toxic effector molecules, and phenotypically resemble tissue-resi-
dent memory T (T,,,) cells (7, 8). This pattern was most pronounced in
subjects with definite MS, less pronounced but detectable in subjects
with SCNI, and absent in healthy controls and nonexpanded cells
from all subjects. In the CD4* compartment, a few clonal expansions
are present, which also display an activated phenotype. Furthermore,
the presence of clonally expanded B cells in the plasmablast cluster is
strictly correlated with the presence of oligoclonal immunoglobulin
bands (OCBs). Viewed together, our findings demonstrate that even
the earliest experimentally approachable stage of MS is characterized
by a synergistic activation of the main components of the adaptive
immune system, with a striking contribution of recently activated,
clonally expanded CD8" T cells with a T, phenotype.
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Figure 1. Cellular composition of lymphocytes upon analysis by scRNA-Seq. (A) Flowchart of the analysis of human CSF by scRNA-Seq. Because CD4* cells
make up the majority of CSF cells, they were collected by magnetic beads and single CD4* cells were isolated by flow cytometry. The remaining non-CD4*
cells were separately isolated by single-cell index sorting using different markers. Thus, the ratio of CD4* and non-CD4" cell numbers does not reflect the
ratio of absolute cell numbers in the CSF samples. Nevertheless, ratios and cell numbers within the non-CD4* populations are comparable. Whole transcrip-
tomes of each single cell were determined by next-generation sequencing (NGS) with a read length of 2 x 150 bp that allows identification of the hypervari-
able regions of TCRs and BCRs together with their corresponding V families. Thus, not only transcriptome profiles of each single cell are determined, but
also matching «:p TCR and H:L BCR chains. This allows tracking of distinct clones. (B) t-SNE projection of transcriptome data from 2752 single CSF cells and
332 PBMCs from 16 patients, profiled in 9 main clusters. For better visualization, background areas were shaded manually to indicate major cell populations,
although some cells will appear in “foreign” areas. Each dot corresponds to one single cell, colored according to the respective cell cluster. DCs, pDCs, and
monocytes were not specifically labeled during flow cytometry analyses; therefore up to 6 transcripts were used as discriminators and are listed next to
each cluster. (C) Heatmap showing normalized mean expression levels of discriminative gene sets for T cell cluster | CD4* (lane 1) and CD8" cells (lane 2), and
cluster Il CD4+ (lane 3) and CD8* cells (lane 4). (D) t-SNE projection of all index-sorted CD8* T cells. (E) t-SNE projection of all index-sorted CD4* T cells.

Results

Landscape of lymphocytes analyzed by scRNA-Seq. To obtain an
overview of the different lymphocyte populations, we isolated
single lymphocytes by flow cytometry, determined their transcrip-
tomes by scRNA-Seq, and applied dimensional reduction analy-
sis (t-distributed stochastic neighbor embedding [t-SNE]) to the
gene expression data (see Figure 1A for workflow). Altogether,

we analyzed 3084 single lymphocyte cells from 16 subjects (Fig-
ure 1B and Table 1). We spiked 2752 CSF cells with 332 cells from
peripheral blood, since blood cells are well characterized; these
cells served as “guideposts” to initially match the unbiased clus-
tering to known immune cell types. In all subsequent analyses,
blood cells were excluded from the data set. Throughout, we used
conditions that allowed us to identify distinct T and B cell clones
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Table 1. Clinical characteristics of all subjects

Code  Diseasetype Age Sex

Twin pair AR-MS RRMS 40 F 4.0

AR-H SCNI 40 F 4.0
Twin pair AU-MS RRMS 21 F 15

AU-H SCNI 21 F 15
Twin pair AV-MS SPMS 50 F 170

AV-H Healthy 50 F 17.0
Twin pair BJ-MS RRMS 45 F 1.0

BJ-H Healthy 45 F 1.0
Co-twin BF-H SCNI 28 F 15
Co-twin V-H SCNI 38 M 70
Co-twin D-H SCNI 32 F 13.0
Co-twin W-H SCNI 69 F 28.0
Enc Enc-1 LGIH-E 62 M 03
Enc Enc-2 NMDA-R-E 20 F 04
NIC NIC-14 IIH 22 F 1.0
NIC NIC-15 [H 30 F 05

Time interval of disease discordance/
disease duration (yr)

Disease-modifying ~ MRIfindings  CSF results EDSS score
treatment

IFN-B >5 WMLs*® 0CB*, 2/pL 1.5
None >5 WMLs* 0CB*, 5/uL 0.0
Natalizumab >5 WMLs* 0CB*, 3/pL 2.0
None 2-5WMLs 0CB*, 13/pL 0.0
Intrathecal steroids >5 WMLs* 0CB, 1/pL 6.0
None No WMLs 0CB-, 3/uL 0.0
Teriflunomide >5 WMLs* 0CB*, 3/uL 4.0
None No WMLs 0CB, 1/pL 0.0
None 2-5 WMLs* 0CB, 3/pL 0.0
None TWML 0CB*, 9/ulL 0.0
None 2-5WMLs 0CB-, 2/puL 0.0
None 1WML 0CB-, 4/plL 0.0
Steroids, PLEX No WMLs 0CB", 3/uL NA
Steroids, PLEX, RX, IVIG 2-5WMLs 0CB, 1/pL NA
Acetazolamide No WMLs 0CB-, 3/uL NA
Acetazolamide No WMLs 0CB-, 3/uL NA

Columns 1and 2 list the subjects and their code numbers. Included are 4 clinically discordant monozygotic twin pairs, 4 co-twins with SCNI from whom
CSF of the corresponding MS twin was not available, 2 subjects with encephalitis (anti-leucine-rich glioma inactivated 1 encephalitis [LGI-1-E] and
anti-NMDA receptor encephalitis [NMDA-R-E]), and 2 NIC controls with intracranial idiopathic hypertension (IIH). The following columns list the type

of disease, age, sex, time interval of discordance for MS (for discordant MS twin pairs) or disease duration, disease-modifying treatment, MRI findings,
results of CSF diagnostics (OCBs and cell counts per microliter), and expanded disability status scale (EDSS) score. IVIG, intravenous immunoglobulins;
OCB, oligoclonal bands; PLEX, plasma exchange; RRMS, relapsing remitting MS; RX, rituximab; SPMS, secondary progressive MS; WML, white matter
lesion. “Dissemination in space with at least 2 lesions in 2 different regions according to the revised McDonald criteria (2017); 8dissemination in time with

detection of new lesions in a follow-up MRI scan.

according to their matching T and B cell antigen receptor (TCR,
BCR) chains (Figure 1A). After combining the gene markers for
each individual cluster identified through unbiased clustering
with the flow cytometry data, we grouped the cells into several
clusters designated T cell cluster I, T cell cluster II, plasmablasts,
B cells, plasmacytoid dendritic cells (pDCs), all other subfamilies
of dendritic cells (DCs), monocytes, and natural killer (NK) cells
(Figure 1B and Supplemental Table 1). Further, CD4* and CD8*
T cells were identified by the presence of at least one TCR chain
as identified by scRNA-Seq. It should be noted that the absolute
numbers of CD4" cells do not reflect the relative proportion of
sorted (analyzed) cells present in the original CSF samples (see
legend to Figure 1A).

We then compared the expression profiles of genes that dis-
criminate T cell clusters I and II (Figure 1C). The heatmap and
corresponding t-SNE projections (Figure 1, D and E) show that T
cell cluster I mainly (but not exclusively) contains CD4" T cells,
whereas T cell cluster II mainly contains CD8" T cells. In each
cluster, the dominant population expresses a characteristic panel
of lead transcripts (e.g., IL-7 receptor in CD4" T cells or cytotoxic
molecules [granzymes] in CD8* T cells). Further, each cluster con-
tains a subpopulation of the nondominant phenotype (CD8" cells
in cluster I, CD4" cells in cluster II). High levels of the chemok-
ine receptor CCR7 and the cell adhesion molecule SELL confirm
that cells profiled in T cell cluster I (mostly CD4*) have a central
memory (T,) phenotype (9). In contrast, the mRNA profiles of
discriminative genes of T cell cluster II (mostly CD8*) suggest an

jci.org

effector/cytotoxic phenotype. In Figure 1, D and E, TCR* cells are
displayed in accordance with their flow cytometry information as
CD8"or CD4" T cells.

Composition of CSF cell populations from SCNI, MS, and con-
trol subjects. Based on the overall cellular landscape determined
by scRNA-Seq (Figure 1B), we compared the cellular distribution
of CSF samples from 4 different groups of subjects: SCNI (n = 6),
clinically definite MS (MS; = 4), noninflammatory controls (NIC;
n = 4), and autoimmune encephalitis (Enc; n = 2) (Figure 2, A-D,
and Table 1). Our study cohort included 8 pairs of MS-discordant
monozygotic twins. We were able to obtain CSF samples from all
8 clinically “healthy” co-twins, and from 4 of the MS-affected
co-twins (Table 1). Among the 8 clinically healthy co-twins (who
have a maximally high familial risk of developing MS), 6 subjects
showed MRI evidence for SCNI. In addition, 4 of the 6 had OCBs
(Table 1). None of the healthy co-twins had ever been treated with
an immunosuppressive or immunomodulatory drug.

As seen in Figure 2, A-D, all groups show considerable simi-
larities in the overall cellular distribution. In all groups, T cells
contribute the majority of cells, and the distribution between T
cell clusters I and II is preserved. B cells were also detectable in
all groups, and plasmablasts were only missing in the NIC group.
Notably, plasmablasts were already present in SCNI. When ana-
lyzing individual SCNI patients (Table 1), we found that plasmab-
lasts were detected only in subjects who had OCBs. Further, we
found increased numbers of DCs and pDCs not only in MS but
also in SCNI. These results show that t-SNE projections do not
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distinguish different stages of disease, except for the presence
of plasmablasts, which are strictly correlated with OCBs and are
already a distinct feature of subjects with SCNI.

Clonal expansions of T cells and plasmablasts. In addition to
clustering CSF cells according to their genome-wide expres-
sion profiles, our approach provides information about the anti-
gen-specific, paired o:p TCR and H:L BCR chains expressed
by individual lymphocytes. This enabled us to detect clonal B
and T cell expansions in clusters containing B or T cells in the
t-SNE projections (Figure 3, A and B). Strong clonal expansions
were detectable in the plasmablast cluster of MS, where 90%
of all clones were expanded, but also in SCNI, where 20% were
expanded. Expanded CD4" and CD8* clones were found predom-
inantly in T cell cluster II. The numbers of identified nonexpand-
ed and expanded T cell clones are listed in Table 2. Strong clonal
expansions were also found in the CD8* T cell population of all
inflammatory cases (SCNI, MS, Enc), whereas lower percent-
ages of expansions were observed in the CD4" population. For
example, 29% of all CD8" but only 9% of all CD4* T cells from
MS patients belonged to expanded clones, and a similar prepon-
derance of expanded CD8* cells was seen in SCNI and Enc (Table
2). Note that the ratios of expanded versus nonexpanded cells are
given in percent independently for CD4* and CD8* cells. They are
therefore not related to the absolute cell numbers or to CD4/CD8
ratios. Regarding the distribution of expanded T cells between
clusters I and II, most CD8"* clones from SCNI subjects tended to
group in the upper right region of cluster II, whereas clones from

MS patients were found predominantly in the lower right and
central right region (Figure 4, A and B). A similarly uneven dis-
tribution is seen for CD4* clones. Comparison of TCR sequences
of CSF-resident CD8" T cells with sequences of corresponding
memory and naive CD8* T cells from peripheral blood revealed
clonal overlaps of expanded clones preferentially in SCNI and
healthy subjects, whereas fewer overlaps were observed in MS
patients (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI128475DS1).
Whether these differences represent statistical fluctuations
or systematic differences of phenotypic properties remains to
be determined in future investigations with larger numbers of
patients and cells. Taken together, clonal expansions occur in
all cellular compartments of adaptive immunity, namely B cells,
CD8" T cells, and, to a lesser extent, CD4* T cells. In particular,
such clonal expansions are a consistent and conspicuous feature
observed in subjects with SCNI.

Differentially regulated transcripts in expanded versus nonex-
panded T cell clones. Clonal expansion is usually interpreted as
evidence for pathogenic relevance of the expanded lymphocyte
clones. Therefore, we compared normalized expression levels
of differentially expressed genes related to T cell egress, tissue
retention, inhibition, transcription factors, cytokines, and migra-
tion and activation of expanded and nonexpanded CD8* T cell
clones (Figure 5). The top panel of this heatmap shows expres-
sion of homing receptors and molecules involved in T cell egress,
including CCR7, SELL (CD62L), TCF7 (TCF-1), and SIPR1. These
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Figure 3. Analysis of clonally expanded lymphocyte cells. t-SNE projection of all CSF cells where either CD4* (A) or CD8* (B) cells were removed. Cells of
the adaptive immune system with at least 1 detectable TCR or BCR chain are shown in light reddish color. Cells of the innate immune system are shown in
gray. Expanded clones, i.e., T and B cells that express identical a: TCR or H:L BCR chains, are highlighted in dark red for CD8* T cells, blue for CD4* T cells,
and green for B cells. Dot sizes correlate with clonal frequencies: normal-sized dots indicate that the clone was found 2 times; larger dots indicate that it

was found 3 or more times.

markers are gradually downregulated from NIC, via nonexpanded
cells from SCNI and MS subjects, to expanded clones from SCNI
and MS subjects. In the latter case, all markers are downregulated,
indicating a fully established T, phenotype (10-12).

In addition, CD69 (second panel), which has been postulat-
ed as a marker of T, as well as being an early activation marker
(13, 14), is upregulated in the MS expanded CD8* T cell clones but
not in SCNI. Consistently, other tissue retention molecules, i.e.,
ITGAE (CD103), ITGA1 (CD49a), and CRTAM, which play an
important role in T, development (14), are upregulated in MS
as compared with SCNI, but no significant differences are seen
between expanded and nonexpanded clones.

Typical T, gene signatures also include upregulation of inhib-
itors of T cell activation, including PDCD1 (PD-1), CD101, CTLA4
(third panel), and increased expression of CXCR6 (bottom panel),
a recently identified key marker of T, cells (14). Strikingly, our
data again show upregulation of these molecules in the expanded
CD8" T cell population in MS but not in SCNI subjects. Further,
this expression profile is consistent with upregulation of the key
regulator of the universal T, transcriptional program ZNF683
(Hobit), which causes downregulation of KLF2 (fourth panel) (15,
16), and finally downregulation of the egress-related transcripts.
Such a pattern is not seen explicitly in SCNI.

The cytokine expression panel (fifth panel) resembles T, char-
acteristics in expanded CD8* clones from MS patients and addition-
al signs of T cell activation as indicated by GZMH, high levels of
CXCR6 and CCRS5, and proinflammatory cytokines including IFNG
and IL-2 (10, 14, 17). Other activation and migration markers, such as
SLAMF7, FCRL6, ADGRES (CD97) (bottom panel), and HLA class
11, were also upregulated in CD8* T cells from MS patients. In SCNI,
no increases or only minor increases of these markers were seen.

Similar, though not as concise, patterns are detected by compar-
ison of expanded and nonexpanded CD4" T cell clones (Supplemen-
tal Figure 2). As seen for CD8" T cells, the bias toward T, increases
from NIC via SCNI to expanded clones in MS. Together, these find-

ings indicate that expanded and nonexpanded T cell clones display
different expression profiles. Markers for T cell egress, tissue reten-
tion, and inhibition together with the cytokine pattern suggesta T,
phenotype in expanded T cell clones from MS patients, particularly
in the CD8 compartment. In MS, the expanded CD8" T cells express
markers of cellular activation and cytotoxic activity. Conspicuous
clonal expansions are also present in SCNI, but — compared with MS
— they show a less distinct phenotype and activation profile.
Recruitment of expanded T, CD8" cells into the CSF of MS
patients. Because heatmaps only show average values of all cells,
we next analyzed the strong downregulation of SIPR1 and upreg-
ulation of CXCR6 in single expanded T,,, CD8" cells from differ-
ent subject groups by violin plots (Figure 6, A and B). SIPR1 s sig-
nificantly downregulated only in expanded CD8* cells from MS
patients, and CXCR6 is upregulated only in expanded cells from
MS and Enc patients. CXCR6 is the sole receptor for CXCL16,

Table 2. Numbers of identified nonexpanded and expanded
T cell clones

NIC SCNI MS Enc

Non Exp Non Exp Non Exp Non Exp
(D4* af Tcells 201 319 244 78
Cells 197 4 301 18 221 23 74 4
% 9% 2% 94% 6% 9% 9% 5% 5%
(D8 ofi Tcells 208 333 324 79
Cells 204 4 283 50 230 94 57 22
% 98% 2% 85%  15% N% 29% 72% 28%

Total cell numbers and percentages of nonexpanded (Non) and clonally
expanded (Exp) CD4* and CD8" T cells for each population. Percentages
were normalized to the total numbers of cells within each individual CD4*
and CD8* population (y? test: NIC, not significant; SCNI, P = 0.00009; MS,
P =0.00001; Enc, P = 0.00013; results are significant at P < 0.05). Boldface
in the table represents the values of the larger dots in Figure 3.
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which can mediate lymphocyte recruitment, in particular of
CD8" T cells, and is induced by the proinflammatory cytokine
IFNG (18). Here we found significant upregulation of CXCL16
in DCs and monocytes (Figure 6C) from all subject groups (Fig-
ure 6D). Notably, IFNG is also strongly upregulated in expanded
CD8* T cells of MS (Figure 5), whereas it is not upregulated in
all other subject groups, including SCNI. Taken together, these
findings indicate that the CXCR6-CXCL16 axis may be involved
in the recruitment and maintenance of clonally expanded CD8*
T cells in the CSF of MS patients.

Comparison of clonal expansions within monozygotic, MS-discor-
dant twin pairs. We were able to obtain CSF from 4 MS-discordant
twin pairs (Table 1). This allowed us to compare different disease
conditions on a genetically identical background. Thus, in contrast
to Figure 5, where data from all subjects were analyzed together,

we now compared distinct twin pairs. In 2 twin pairs, the clinically
unaffected twin had SCNI (Figure 7 and Supplemental Figure 3),
whereas in the 2 other pairs, the clinically unaffected twin had no
evidence of subclinical inflammation (NIC; Supplemental Figures
4 and 5). Thus, we compared the gene expression pattern of CD8"
T cells individually for each pair: AR-MS versus AR-H, who later
developed radiologically isolated syndrome, i.e., MRI-based evi-
dence for dissemination in space (Figure 7); AU-MS versus AU-H
(Supplemental Figure 3); AV-MS versus AV-H (healthy) (Supple-
mental Figure 4); and BJ-MS versus BJ-H (Supplemental Figure 5).
The individual gene expression patterns fit to the average patterns
shown in Figure 5 with signatures of T, cells, expression of a pan-
el of cytotoxic molecules, higher proinflammatory marker cyto-
kines, and markers of activation including MHC class II. These
patterns are particularly pronounced in expanded CD8* T cells

SCNI MS Enc
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Figure 5. Heatmap of gene expression levels of selected function-associated genes in CD8* T cells. CD8* T cells were selected based on flow cytometry
staining for CD8 and presence of at least one TCR chain as determined by next-generation sequencing. Gene expression of 25 marker genes for homing,
migration, and activation is shown for nonexpanded CD8* T cells and expanded CD8* T cell clones from SCNI, MS, and Enc subjects. No distinction is made
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Figure 6. Violin plots show gene expression of CD8* T cells on the single-cell level. Each dot represents a single cell. Statistically significant gene expres-
sion is observed only if a violin-shaped fitting area can be calculated. (A) The homing marker S1PR1is expressed on all T cells but is downregulated when
acell adopts a T, phenotype. This is only the case for expanded CD8* T cells from MS patients. (B) The T, marker CXCR6 is upregulated only in expand-
ed CD8* T cells from MS and Enc patients. (C) The marker CXCL16 is the sole ligand of CXCR®. It is upregulated only in DCs and monocytes. (D) CXCL16 is
expressed in DCs (left panel) and monocytes (right panel) from all patient groups.

from MS patients as compared with nonexpanded cells, and with
SCNI or healthy twins. This is remarkable since all MS patients
received different medication (Table 1). The only exception is pair
BJ-MS, BJ-H (Supplemental Figure 5), in whom the pattern of the
teriflunomide-treated MS patient BJ-MS differs from those of all
other probands. Together, these findings in genetically identical,
yet disease-discordant twins support the notion that clonal activa-
tion and expansion, particularly of CD8" T cells, is a distinct, very
early event in the chain of pathogenic events leading from prodro-
mal SCNI to clinically manifest MS.

Discussion

Here we investigated early cellular CSF profiles in the prodromal
stage of MS in subjects with a maximally high familial risk of devel-
oping clinically manifest MS. We identified 8 subjects who were
clinically unaffected but had an identical twin sibling who had
clinically definite MS. Only 2 of them did not show any evidence of
latent neuroinflammation, whereas 6 showed MRI signs of SCNI
and 4 additionally showed OCBs. This allowed us to investigate
SCNI using freshly isolated CSF cells for index sorting and sub-

jci.org

sequent scRNA-Seq, including identification of clonally distrib-
uted B and T cell antigen receptor chains at the single-cell level.
Compared with traditional approaches that often focus on partic-
ular, predefined subsets and lineages of lymphocytes, scRNA-Seq
provides an unbiased overview and therefore offers novel insights
into the complexity of human (auto)immune reactions.

SCNI as defined here is not identical with convention-
al radiologically isolated syndrome (RIS). The concept of RIS
is based on radiological criteria that have changed over time.
According to the most recent criteria, the diagnosis of RIS
requires at least 1 MRI lesion in at least 2 predefined areas (19,
20). As RIS is usually discovered by chance, strict radiological
criteria are required in order to distinguish neuroinflammatory
MRI changes from those commonly observed in other condi-
tions like migraine or ischemia. Rather than relying on chance
detection, in our study we searched for SCNI in a cohort of sub-
jects who had a maximal familial risk of developing MS. In this
way we identified 6 clinically “healthy” co-twins who showed
small MRI lesions (Table 1). It is noteworthy that these subjects
represent a spectrum of SCNI changes (Table 1): two (AR-H and
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tion, although to a different extent. Thus, the percentag-
es of expanded clones as compared with nonexpanded
clones were about 2-fold higher in MS and Enc than in
SCNI, and higher in SCNI than in NIC. In all conditions,
CD8" T cell expansions were more frequent than CD4*
expansions. In both populations, however, there were
subtle differences between SCNI and MS in the t-SNE
projections of the expanded clones, indicating altered
cellular phenotypes. Because dimensional reductions
were calculated on thousands of highly diverse genes,
the resulting clusters may not reflect the classical lineag-
es that are defined by a few selected markers.

Gene expression analysis of markers related to
migration, homing, and activation of CD8" T cells
revealed that expression of egress markers (SIPRI,
CCR7, SELL, TCF7) was normal in NIC but strongly
downregulated in expanded CD8* T, cell clones from
MS patients. In nonexpanded MS cells, they were weak-
ly downregulated, suggesting that this population is

:

Figure 7. Heatmap of gene expression levels of nonexpanded and expanded CD8* T
cells from 1 monozygotic twin pair. Expression levels of the same genes as in Figure 5

are shown for the twin pair AR-H and AR-MS.

BF-H; Table 1) fulfilled the current RIS criteria of dissemination
in space, whereas the other 4 SCNI subjects, 2 of whom had
positive OCBs, did not fulfill the current RIS criteria and thus
may be considered “pre-RIS.” Indeed, one of the SCNI subjects
(AR-H) meanwhile showed MRI evidence for dissemination in
time (Table 1). Like conventional RIS, SCNI may be regarded as
an early stage in the pathogenesis of MS, although it is impossi-
ble to know exactly when lesion initiation started.

One of the most conspicuous features we observed in our t-SNE
projections of CSF cells from subjects with SCNI was the early
and consistent presence of clonally expanded, activated CD8" T
cells. CD8* cells have long been implicated in the pathogenesis
of human MS because they predominate in MS brain lesions and
show signs of clonal expansion, persistence, and pervasiveness,
all of which support their pathogenic relevance (3, 21-28). How-
ever, CD8* T cells have not been extensively studied in animal
models, and therefore, they do not play a prominent role in the
CD4" T cell-centered scenario derived from classical experi-
mental autoimmune encephalomyelitis models (29). Indeed,
it has been argued that the CD8* predominance in MS lesions
might reflect the recruitment of bystander cells, and therefore a
secondary event in the pathogenesis. Our findings strongly sup-
port the notion that clonal activation and expansion of CD8" T
cells represent crucial, early steps in the disease process.

We identified striking differences between expanded and
nonexpanded CD8" T cell clones. Regarding nonexpanded T cell
clones, we did not observe much variation between NIC, SCNI, MS,
and Enc subjects in the t-SNE projections. Slight differences were
seen when we analyzed specific homing, migration, and activa-
tion markers. In striking contrast, we observed major alterations in
t-SNE projections and markers when we analyzed clonally expand-
ed T cells, which were detected in all subjects with neuroinflamma-

sensing the inflammatory milieu and is possibly “on the
road” to adopting a T,,, phenotype. The expression lev-
els of egress markers in SCNI reveal that nonexpanded
CD8* T cells are indistinguishable from NIC cells. Strik-
ingly, expanded CD8" T cells from SCNI, though fewer
in number than expanded CD8* T cells from MS, down-
regulated CCR7 and SELL and upregulated proinflammatory
cytokines, indicating that they are in transition to an effector phe-
notype. This is also reflected by different positions in the t-SNE
projections (Figure 4, A and B). Comparison of egress markers and
t-SNE projections therefore illustrates the gradual transition from
aT,,, toan effector phenotype, moving from NIC and nonexpand-
ed SCNI to expanded T cell SCNI and nonexpanded MS, to a ful-
ly established T, phenotype of CD8" T cells in definite MS. This
interpretation is supported by the gradual upregulation of inhibi-
tion and retention markers (such as PDCD1 or CD69), cytokines,
and activation markers (such as [IFNG or CXCR6), moving from
NIC and nonexpanded SCNI, to expanded SCNI and nonexpand-
ed MS, and finally to definite MS. This pattern is compatible with
a phenotype change of CD8" T cells from T to T, during the
course of the disease.

Four of the six SCNI subjects had positive CSF OCBs. This is
in agreement with numerous previous reports that OCBs repre-
sent an early immunological marker of neuroinflammation and
indeed serve as a prognostic marker in subjects with RIS (30). The
presence of OCBs was strictly correlated with the presence and
expansion of plasmablasts in our t-SNE projection. This is consis-
tent with previous observations that plasmablasts are characteris-
tic components of the B cell compartment in MS CSF (31, 32), and
supports our previous observation that intrathecal B cells are a cel-
lular source of OCBs (33), which at least in some cases were shown
to be involved in removal of debris from cells that died by prior
events (34). Together, our data suggest that deleterious inflamma-
tory events may already be ongoing at a cryptic stage of the dis-
ease, possibly even earlier than the SCNI stage investigated here.

Extensive analyses of intrathecal B cell clonal pedigrees sug-
gested an ongoing intrathecal antigen-driven B cell maturation
process in MS, including immunoglobulin class switching and
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somatic hypermutation (35-37). These processes likely depend on
help by CD4" T cells. However, our scRNA-Seq analyses of CSF
CD4' T cells did not reveal any distinct signatures of known CD4*
T cell lineages such as T follicular helper cells, regulatory T cells,
Thi, Th2, or Th17 effector cells, which are usually defined by flow
cytometry. This by no means implies that CD4" T cells are not cru-
cially involved. However, with the introduction of scRNA-Seq, the
borders between traditional cell lineages are beginning to blur,
and an unexpected complexity and dynamic nature of the cellular
immune system are beginning to emerge (38, 39).

A still unanswered key question in MS pathogenesis is how
putatively autoreactive lymphocytes are recruited to the CNS and
which target cells they communicate with. It has long been known
that T cells survey the brain parenchyma also in noninflammato-
ry conditions (40), and recently it has been shown that many of
them are T, cells (41). Here we found that expanded CD8* T cells
from MS and Enc patients strongly upregulated CXCR6. CXCR6
has been implicated in various human diseases (17, 42-44), and
notably, it has a significant role in recruiting activated CD8", but
not CD4*, T cells, under pathological conditions (42, 43). Its only
ligand is CXCL16. Strikingly, we detected highly elevated levels of
CXCL16 transcription in monocytes and DCs in the CSF. For CD4*
T cells, we also observed upregulation of CXCR6 predominantly
in expanded clones of SCNI and MS subjects. This might also be
triggered by mononuclear phagocytes and/or DCs serving as anti-
gen-presenting cells. Consistent with earlier reports (45, 46), we
observed DCs and pDCs already in the CSF of NIC with a marked
predominance of myeloid DCs over pDCs, but cell numbers were
significantly increased in the CSF of patients with neuroinflam-
matory diseases, such as MS. This is not yet an ultimate proof of
a functional interaction of CD8* T cells with mononuclear phago-
cytes and/or DCs, but it may trigger further investigations.

An obvious limitation of our study is the small sample size.
For example, we did not include subjects with clinically isolated
syndrome because they are usually sampled in close relation to
clinical activity. In our study, all subjects were sampled outside
clinical activity, as this could turn out to be a significant confound-
ing factor that hampers comparability of data and needs to be
addressed in future studies with larger cohorts. The same applies
to the potential confounding effects of various MS treatments. In
contrast to the subjects with SCNI, who had never been exposed
to any immunomodulatory therapy, the group of MS patients
was heterogeneous with regard to treatment. Surprisingly, how-
ever, there were no significant differences in the overall CSF
cell populations, clonal expansions, and gene expression levels
of the MS patients irrespective of their diverse treatments. The
only significant deviation from the reasonably conserved overall
expression pattern was seen in MS patient BJ-MS, who was under
teriflunomide treatment, which inhibits lymphocyte proliferation
and therefore changes gene expression patterns and phenotypes.
Obviously, these treatment-related initial findings need validation
in larger cohorts.

Our results provide a first glimpse into the complexity of
CSF cells at a very early stage of neuroinflammation as it occurs
in clinically healthy subjects who are at a maximally high famil-
ial risk because they have a monozygotic co-twin affected by MS.
In these subjects, we observed evidence for early involvement of
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the major components of the adaptive immune system, B cells,
CD4" T cells, and CD8* T cells. Both in SCNI and in MS, conspic-
uous changes were observed in clonally expanded CD8* T cells,
though these changes were more pronounced in MS than in SCNIL.
The observed alterations in gene expression levels suggest that
activation and clonal expansion of CD8" T cells are not just a late
epiphenomenon but rather reflect early mechanisms of MS patho-
genesis. Expanded CD8" T cell clones show a T, phenotype and
may be assumed to relate directly to disease progression as seen
in tumors and infections (7, 8, 10). It is tempting to speculate that
expanded CD8" clones might also play a major role in CNS lesions,
where they are the dominant lymphocyte population, persist, and
are shared between CNS and CSF (22-27). Although our cohort is
small and should be enlarged for drawing final conclusions, our
results underline the need to study antigens and communication
partners of intrathecally expanded CD8" T cell clones in much
greater detail. These results have implications not only for the
pathogenesis but also for the therapy of MS.

Methods

Study subjects and procedures. Twins were recruited in Germany. Inclu-
sion criteria for study participation were met for monozygotic twins
with an MS diagnosis according to the revised McDonald criteria (20).
Monozygotic twin pairs with clinical discordance for MS visited the
outpatient department at the Institute of Clinical Neuroimmunology,
Munich, for a detailed interview, neurological examination, MRI inves-
tigations, and optional CSF sampling. Twins either volunteered for
CSF sampling or were specifically offered CSF sampling if suspicious
lesions were detected on MRI. For inclusion in the present analysis,
CSF samples had to be available of either both co-twins or the clinically
healthy co-twin only, resulting in 4 monozygotic twin pairs and 4 addi-
tional clinically healthy co-twins with signs of SCNIin MRI and/or CSF.
Zygosity was confirmed by genotyping of 17 highly polymorphic micro-
satellite markers and by next-generation sequencing of 33 SNPs. CSF
samples from control subjects with encephalitis (Enc) and noninflam-
matory controls (NIC) were provided during routine diagnostic testing
or serial CSF collection to treat idiopathic intracranial hypertension.
All twins underwent MR imaging on a 3 Tesla MR scanner (Magnetom
Skyra, Siemens Healthineers) using a 20-channel phased-array head
and neck coil. The sequence protocol included a 3D-FLAIR (TI 1800
ms, TR 5000 ms, TE 388 ms, flip angle 90° 1.0 mm? isotropic voxels)
and a 3D T1-weighted sequence using a 3D magnetization-prepared
rapid-acquisition gradient-echo (MP-RAGE) sequence (TR 1600 ms,
TE 2.15 ms, flip angle 9°% 1.0 mm? isotropic voxels).

Flow cytometry single-cell index sorting. Fresh CSF and blood sam-
ples were processed within 1 hour after collection. CSF samples (3-6
mL) were centrifuged at 300 g for 10 minutes and CD4" cells isolated
using the EasySep human CD4 Positive Selection Kit II (STEMCELL
Technologies) according to the manufacturer’s instructions. In paral-
lel, non-CD4" cells were stained for the following lymphocyte cell sur-
face markers: CD3 (eBioscience, clone OKT3; diluted 1:50), CD8 (Bio-
Legend, clone SK1; diluted at 1:50), CD56 (BioLegend, clone HCD56;
diluted 1:40), CD19 (BioLegend, clone HIB19; diluted at 1:40), CD27
(BioLegend, clone 0323; diluted 1:40), CD38 (eBioscience, clone HB7;
diluted 1:40), and Fc receptor blocking (Miltenyi Biotec) in a total vol-
ume of 100 pL PBS with 2% FBS. After incubation for 30 minutes at
4°C, both CD4" and non-CD4* cells were washed twice, resuspended

:


https://www.jci.org
https://www.jci.org

e

RESEARCH ARTICLE

in 300 pL of the above buffer, and single-cell-sorted using a FACSAria
Fusion (BD Biosciences) sorter. Single cells were sorted only accord-
ing to their forward and side scatter properties, and no further gates
were used to keep the ratios between all non-CD4" cells unchanged.
Cells were sorted into lysis buffer in 96-well plates using index sort-
ing. Index sorting enabled us to sort all single cells while retaining the
complete phenotype of every single cell sorted into the plate. For pro-
filing of blood lymphocytes, PBMCs were isolated using Ficoll-Paque
density gradient centrifugation. Single-cell suspensions were stained
using the same markers as described above for CD8" cells plus anti-
CD4 (BioLegend, clone SK3; diluted 1:25). Then, single CD4" T cells
(CD3*CD4*), CD8* T cells (CD3*CD8"), B cells (CD3°CD19*), and
CD3°CD19" cells were sorted into 96-well plates.

ScCRNA-Seq. The Smart-Seq2 protocol was performed on sorted
single cells as described previously (47), with minor modifications.
Briefly, PCR preamplification products were purified using Ampure
XP beads in a 0.6:1 ratio. For the tagmentation reaction (48), 0.8
ng DNA was used as input. Then, PCR purification was carried out
using Ampure XP beads in a 0.75:1 ratio. Multiplex sequencing of
96 single-cell libraries was performed on a Hiseq 1500 lane in 150-
bp paired-end mode, giving an average sequence depth of 2 mil-
lion reads per cell. A total of 3362 CSF cells and 384 PMBCs were
sequenced, and 2752 and 332 passed quality control. scRNA-Seq raw
data were deposited in the NCBI’s Sequence Read Archive database
(SRA), and processed gene expression data can be accessed from the
Gene Expression Omnibus (GEO) database under accession numbers
SRP180896 and GSE127969.

ScCRNA-Seq data analyses. Short sequencing reads were aligned to
the UCSC hg38 transcriptome using HISAT2. These alignments were
used as input in featureCounts to count mapped reads in all samples.
As quality control steps, we removed transcripts detected in fewer
than 3 cells and kept only cells with 200 to 6000 detected transcripts.
Further, we disregarded cells in which the proportion of mitochon-
drial transcripts was higher than 5%. Following visual inspection,
we further discarded cells located in a cluster characterized by mito-
chondrial and ribosomal gene expression. Transcripts per million
(TPM) data were log-transformed [log(TPM+1)] for all downstream
analyses. Detection of highly variable genes, unbiased graph-based
clustering of single-cell data, and identification of markers for each
cluster were performed with Seurat (49). See Supplemental Methods
(online) for more details, including the Seurat R script used to ana-
lyze the single-cell data. In addition, scRNA-Seq data were aligned
to the TCR and Ig genes. The sorted reads were subjected to MiGEC-
CdrBlast (https://migec.readthedocs.io) for extraction of TCR and
Ig chains, leading to the identification of CDR3 sequences of TCR
and BCR chains. To compare single-T cell repertoires from CSF with
T cells from peripheral blood, we analyzed the TCR repertoire of T
cells present in 14 mL blood collected into EDTA containing tubes as
described previously (50).
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Statistics. The y? test was used to assess the differences in size of
both nonexpanded and expanded T cells in each of the study groups. A
Pvalue less than 0.05 was considered statistically significant.

Study approval. The study was approved by the local ethics com-
mittee of the Ludwig Maximilian University of Munich, and all partici-
pants gave written informed consent, according to the principles of the
Declaration of Helsinki.
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