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1. INTRODUCTION

Sarcoidosis is a systemic inflammatory disorder characterized by non-caseating granulomas
with variable involvement of the lungs, central nervous system (CNS), skin, liver, bone, and
eye (Drent et al., 2021). CNS disease, also known as neurosarcoid, is similarly heterogenous
with diverse anatomical manifestations (Arun et al., 2020, Bathla et al., 2020, Kidd, 2018)
and response to therapy (Bradshaw et al., 2021, Voortman et al., 2019). This diversity
creates diagnostic challenges, especially since histopathologic confirmation is often difficult
to obtain due to the invasiveness of a CNS biopsy. Furthermore, this heterogeneity has
complicated prior attempts to identify shared aspects of pathophysiology across patients and
to prescribe targeted therapy.

Previous work suggested that CD4 T cells play a role in sarcoidosis (Drent, Crouser, 2021).
For example, lungs in sarcoidosis contain an expansion of T cell clones, consistent with

an antigen-driven inflammatory response (Fu et al., 2017, Silver et al., 1996, Trentin et al.,
1997). Furthermore, Lofgren’s syndrome, a subtype of sarcoidosis characterized by fever,
erythema nodosa, arthritis, and hilar lymphadenopathy, is genetically linked to the MHC
class Il allele HLA-DRB1*03:01 (Grunewald and Eklund, 2009) and is associated with
shared T cell receptor (TCR) sequences in bronchoalveolar lavage fluids across individuals
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(Greaves et al., 2021, Grunewald et al., 1994, Mitchell et al., 2017), suggesting a shared
pathogenic antigen that is recognized by CD4 T cells. In support of this, recent work

found these shared TCRs recognize a common peptide presented by HLA-DRB1*03:01
with strong homology to NAD-dependent histone deacetylase hst4 of Aspergillus nidulans
(Greaves, Ravindran, 2021). Thus, pulmonary sarcoidosis appears driven by antigen-specific
CDA T cell responses, at least in a subset of patients.

It is unclear, however, if these findings in pulmonary sarcoidosis can be extrapolated to
other organs, such as the CNS. In a prior study, we employed single-cell RNA-sequencing
(scRNAseq) to evaluate the ocular cells from granulomatous uveitis — the clinical phenotype
of sarcoid uveitis (Hassman et al., 2021). Pairing sScRNAseq with TCR and B cell receptor
(BCR) sequencing allowed us to identify T and B cell clonal expansion and infer the

type of antigen driving each individual’s uveitis. In contrast to the findings of Lofgren’s
syndrome, we found clonotypic expansion of CD4 T cells in some patients, but B and CD8
T cells in others (Hassman, Paley, 2021), raising the possibility that antigenic drivers of
inflammation may vary across patients or tissues. We therefore sought to examine whether
individuals with neurosarcoid contained a shared clonotypic expansion of T or B cells in the
cerebrospinal fluid (CSF).

Here, we performed scRNAseq on paired CSF and blood samples from neurosarcoid

and control participants. We complemented our scRNAseq data with TCR and B cell
receptor (BCR) sequencing to identify tissue-specific, antigen-driven T or B cell responses
as measured by clonal expansion. In contrast to prior studies in pulmonary disease

(Greaves, Ravindran, 2021, Grunewald, Olerup, 1994, Mitchell, Kaiser, 2017), neurosarcoid
participants had consistent clonal expansion of CD8 T cells that were enriched in the CSF.

In addition, neurosarcoid blood samples showed a specific decline of CD8 T cell subsets that
were enriched in the CSF, suggesting tissue-specific recruitment out of the blood to inflamed
organs. Lastly, interferon response genes were the dominant cytokine gene signature, which
paralleled higher IFN-y levels in the CSF of neurosarcoid participants.

METHODS

2.1 Participants Details

Paired samples of CSF and peripheral blood were obtained from study participants with

a diagnosis of Probable Neurosarcoidosis, based on the 2018 Consensus Diagnostic

Criteria for Neurosarcoidosis by the Neurosarcoidosis Consortium Consensus Group (Stern
et al., 2018), or from participants who had a diagnostic work-up that identified an

alternative etiology (non-neurosarcoid controls, i.e., participants NS010 and UV181). Active
neurosarcoid or multiple sclerosis was defined by onset of new neurological signs or
symptoms with corresponding findings on imaging that necessitated initiation or escalation
of immunomodulatory therapy. Inactive neurosarcoid was defined as an absence of new
signs or symptoms and no change in medical therapy. For flow cytometry experiments,
peripheral blood samples were obtained from additional healthy participants who were
recruited separately through the Volunteers for Health registry and were free of any
autoimmune disease. For cytokine analysis, CSF samples from multiple sclerosis and normal
pressure hydrocephalus were collected through the John L. Trotter MS Center, while CSF
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samples from idiopathic intracranial hypertension were collected through the Yokoyama
Laboratory.

2.2 Sample Processing and Preservation:

CSF samples were centrifuged at 300g for 10 min. The CSF supernatant was removed
and frozen at —80°C. Blood samples were obtained by venipuncture, collected into EDTA
tubes, and centrifuged at 200g for 10 min. Plasma was removed, centrifuged at 1,000g for
10 min, and frozen at —80°C. Peripheral blood mononuclear cells (PBMCs) were purified
via Ficoll-Hypaque density gradient centrifugation. The CSF cell pellet and PBMCs were
cryopreserved in FBS with 10% DMSO and stored at —140°C.

2.3 Library preparation, single-cell 5’, and TCR/BCR sequencing:

Frozen CSF cells were thawed and washed once with FBS and once with PBS with 0.1%
BSA. Due to low cell numbers (5 of 8 samples had <60,000 cells), minimal processing
was performed to reduce cell loss. PBMCs were thawed and washed twice with 10% RPMI
and then once with PBS with 0.1% BSA. Viability was >95% by Trypan Blue exclusion.
Single-Cell 5’ Gene Expression cDNA libraries were generated per the 10x Genomics
Chromium Single-Cell 5" Library and Gel Bead Kit v1 and the 10x Chromium Controller
(10x Genomics, Pleasanton, CA) platform for microdroplet-based, single-cell barcoding, by
the Genome Technology Access Center at the McDonnell Genome Institute (GTAC@MGI,
Washington University in St. Louis). T cell and B cell enrichment libraries were generated
per the Chromium Single-Cell VV(D)J Enrichment Kits for Human T cell and Human B

cell (10x Genomics) using the same input samples. All libraries were sequenced at the
GTAC@MGI on the NovaSeq Sequencing System (lllumina, San Diego, CA).

2.4 Single-cell RNA expression analysis:

Sequencing reads were aligned to the human genome using Cell Ranger v3.1.0 (10x
Genomics). The publicly available Seurat R software package version 3.2.3 (Stuart et al.,
2019) was used for downstream analysis. Cells that had more than 11% of mitochondrial
gene content or less than 200 detectable genes were excluded from analysis. Doublets

were identified using DoubletFinder v2.0.3 (McGinnis et al., 2019) and excluded from
analysis. Samples were normalized using SCT7ransform (Hafemeister and Satija, 2019). The
SCT-transformed data was integrated with 3000 anchor features and PrepSCTintegration.
Dimensionality reduction was done with runPCA using default settings and runUMAP with
the top 30 calculated dimensions. Clustering was performed with a resolution of 2.5. Cells
were initially assigned to a leukocyte lineage (CD4 T cell, CD8 T cell, B cell, Myeloid

cell, or NK cell) based on canonical gene expression of the entire cluster (Fig S1A), as
previously described (Hassman, Paley, 2021). Clusters with genes from red blood cells (e.g.,
HBA1, HBAZ, HBB), platelets (e.qg., PPBP, TUBBI, PF4), or multiple cell types (e.g.,
CD3D & CD79A) were labelled as “Other.” This clustering resolution of 2.5 divided CD8
T cells into 10 separate clusters (labelled CD8T_0 through CD8T _9), which were used for
downstream analysis. Differential gene expression utilized the Wilcoxon Rank Sum test on
normalized and scaled RNA count data. For differential gene expression across clusters,
subclusters, or tissue-enriched clonotypes, FindAllMarkers function in the Seurat package
was employed with a log-fold change threshold >0.25, minimum group percentage = 10%,
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and the pseudocount = 1. Gene set enrichment analysis was performed using the escape
R package (v1.3.1) (Borcherding et al., 2021). Gene sets were derived from the Hallmark
library of the Molecular Signature Database (v7.0).

2.4.1 Pseudotime Analysis: The Monocle2 package within publicly available Seurat
Wrappers packages was used for the calculation of pseudotime of CD8 T cells (Qiu et al.,
2017, Trapnell et al., 2014). Raw RNA counts, gene names, and metadata were extracted
from the Seurat object containing CD8 T cell clusters and used to generate a CellDataSet for
Monocle2. Monocle2 was used to estimate size factors, estimate dispersions, perform tSNE
dimensionality reduction, and calculate a dispersion table for pseudotime trajectories.

2.4.2 VDJ analysis: The Gini coefficient was calculated with the publicly available
reldist R software package (Handcock and Morris, 1999). T and B cell clonotypes were
defined by Cell Ranger. Assignment of CD4 or CD8 T cell lineage to T cell clonotypes

was based on whether the clonotype had a greater number of cells in the CD4 or CD8

T cell clusters, respectively. Evenly split clonotypes were labelled as “double positive”

and not used for downstream calculations. To compare CD4 and CD8 T cell clonotype
frequency across tissues, clonotypes were defined by having the same TRAV and TRBV
gene segment usage with the same amino acid sequence for CDR3a and CDR3b. Clonotypes
were assigned on the integrated Seurat object. To compare CD8 T cell clonotypes with TCR
sequences of known specificity, we downloaded human TRA and TRB paired sequences
from a curated TCR database, (VDJdb, vdjdb.cdr3.net) (Bagaev et al., 2020). TCRs were
matched if they had the same TRAV and TRBYV gene segment usage with the same amino
acid sequence for CDR3a and CDR3b.

2.5.1 Flow cytometry: Reagents used for flow cytometry are listed in Table S1. Frozen
PBMCs were thawed and washed twice in RPMI with 10% FBS to remove residual DMSO.
Cells were washed with PBS and stained with Live/Dead (ThermoFisher, Waltham, MA)
for 20 minutes at room temperature. Cells were then washed with PBS containing 2% FBS
and stained with surface antibodies. Cells were washed with PBS containing 2% FBS and
stained with streptavidin-PE-Cy5 conjugate. Data were collected on a BD AriaFusion (BD
Biosciences) and analyzed with FlowJo v10 (Tree Star, Ashland, OR, USA). To exclude
the influence of invariant T cells on the analysis, mucosal-associated invariant T cells and
invariant natural Killer T cells were excluded by selecting on Va.7.2 and Va.24 negative
cells.

2.5.2 Cytokine Analysis: Cytokine measurements were performed by the CHiiPs core
facility (Washington University in St. Louis) using the Human Luminex Discovery Assay
(R&D Systems, Minneapolis, MN) per manufacturer’s instructions.

2.5.3 HLA Typing: HLA genotyping was performed by Histogenetics LLC (Osining,
NY).
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Statistical Analysis:

Statistical testing for flow cytometry (2-way ANOVA followed by Sidak’s multiple
comparisons test) and cytokine concentrations (Ratio paired t test; Brown-Forsythe and
Welch ANOVA followed by Dunnett’s T3 multiple comparisons test) were performed using
Prism 8 (GraphPad, San Diego, CA).

Data and Code Availability:

Aligned sequencing data is available at figshare.com (https://doi.org/10.6084/
m9.figshare.c.5761613). Code will be available at https://github.com/RobersonLab/.

Study approval:

All human participants were enrolled in accordance with Declaration of Helsinki principles
and the institutional review board of Washington University in St. Louis (IRB 201704141,
201912043, and 201104379). Written informed consent was received from participants prior
to inclusion in the study.

RESULTS

The majority of cerebrospinal fluid cells in neurosarcoid are CD4 and CD8 T cells

To define the cellular composition and clonality of cerebrospinal fluid (CSF) cells in
neurosarcoid, we isolated paired CSF and peripheral blood mononuclear cells (PBMCs)
from five participants with active neurosarcoid. Three participants (NS001, NS008, &
NS016) had a new diagnosis of neurosarcoid, while two (NS006 & NS015) had a diagnosis
of at least 2 years prior to sampling. Four participants were not on immunosuppressive
therapy while the fifth (NS015) was on a combination of low dose corticosteroids and

TNF inhibitor therapy. Longitudinal sampling was performed on one participant (NS001)
during active disease (NS001-1) and three months later, after control of disease with weekly
intravenous corticosteroids (NS001-2). Paired CSF and PBMCs from two participants were
also obtained and served as controls after a neurologic evaluation led to a diagnosis of
Parkinson’s dementia (NS010) and birdshot chorioretinopathy (UV181) (Table 1).

We performed single-cell RNA sequencing (scCRNAseq) on the above eight paired CSF-
PBMC samples (Fig 1 A & B). Using expression of lineage-defining genes, we identified
the five major leukocyte lineages [CD4 T cells, CD8 T cells, myeloid cells, natural killer
(NK) cells, and B cells] in the blood and CSF in a combined analysis of neurosarcoid cases
and controls (Fig 1B, S1A). For both neurosarcoid cases and controls, the predominant cell
type in the CSF was CD4 T cells (45-60%), followed by CD8 T cells, myeloid cells, NK
cells, and B cells (Fig 1C). In this cohort, the CD4:CD8 T cell ratio in the CSF ranged from
1.9 to 2.6 (Fig S1B). We also observed a high variance in the concentration of CSF cells
ranging from 1 to 194 cells per ul of CSF (Table 1), which led to parallel variability in the
concentration of the five major immune cells (Fig 1D). Thus, neurosarcoid CSF appears to
contain consistent proportions of leukocyte lineages across patients.
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3.2 Clonal expansion and CSF-enrichment are seen in CD8 T cell clonotypes in
neurosarcoid

We previously reported that the proportion of distinct immune lineages in granulomatous
disease may not reflect the degree of antigen-specific responses, as measured by clonal
expansion (Hassman, Paley, 2021). We therefore sought to define the clonality of T and B
cells in the CSF for neurosarcoid and controls. We performed TCR and BCR sequencing
of the paired CSF and PBMC samples in order to define T and B cell clonotypes, i.e., sets
of clonal progeny from a common ancestor. We first used the Gini coefficient to measure
the diversity and clonality of T and B cells, with 0 representing no clonal expansion and

1 representing a monoclonal population. While two neurosarcoid participants had some
CDA T cell clonality with a Gini coefficient of 0.13-0.23, the remaining samples had a
Gini coefficient of ~0.05, indicating minimal clonality of CD4 T cells in neurosarcoid
(Fig 2A). By contrast, all neurosarcoid samples contained CD8 T cell clonal expansion
(Gini coefficient 0.2-0.5). We did not detect any significant clonal expansion of B cells

in neurosarcoid samples. In the control samples, the participant with isolated uveitis,
UV181, had minimal CD4 or CD8 T cell clonality (Fig 2A). While the subject with
Parkinson’s dementia, NS010, had evidence of CD8 T cell clonal expansion (Gini 0.19),
this is consistent with previous reports of Parkinson’s disease that identified clonal CSF T
cells, some of which may recognize a-synuclein (Cebrian et al., 2014, Gate et al., 2020,
Sulzer et al., 2017, Wang et al., 2021). Thus, compared to CD4 T cells and B cells, CD8 T
cells may have the greatest degree of clonal expansion in neurosarcoid CSF.

Similar to the CSF, CD8 T cells in the blood exhibited increased clonal expansion compared
to CD4 T cells and B cells in neurosarcoid patients (Fig S2A). To determine whether the T
cell clonal expansion was specific to the CSF or overlapped with blood clonal expansion, we
compared the frequency of specific CD4 and CD8 T cell clonotypes in the blood and CSF
for each individual. There were multiple expanded CD8 T cell clonotypes in neurosarcoid
where the frequency in the CSF was 5x greater than the frequency in the blood, with some
clonotypes accounting for 8-9% of all CSF CD8 T cell clonotypes in those individuals,
suggesting CSF-specific clonal expansion (Fig 2B). However, we found minimal overlap of
CD8 TCR sequences between participants (both neurosarcoid and controls), although we
did observe a 15-30% overlap in the TCR repertoire from longitudinal CSF samples from
NS001 (Fig S2B). In contrast, while a few CD4 T cell clonotypes were also specifically
expanded in neurosarcoid CSF, they were not expanded to the same degree as CD8 T cells
(Fig 2B). Furthermore, in longitudinal analysis of participant NS001, we found only a 3-8%
overlap of the CSF CD4 TCR repertoire in these samples (Fig S2B). Similar to CD8 T

cells, we did not observe shared TCRs across individuals. Thus, the clonal expansion of
CD8 T cells in the CSF appears distinct from expanded blood clonotypes, suggesting CSF
clonotypes may be driven by tissue-specific antigens with subsequent retention in the CNS
despite treatment with immunosuppression and clinical remission.

We next evaluated the frequency of all CSF-enriched CD4 and CD8 T cells for neurosarcoid
and control samples. We defined “CSF-enrichment” based on two criteria: (1) a 5-fold
increase in frequency of the CSF over the blood and (2) an expansion of 5 cells or more in
the CSF, as previously described (Gate, Saligrama, 2020). By that metric, we found 8-36%
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of CD8 T cells were CSF-enriched in neurosarcoid (Fig 2C), whereas a lower proportion
(0.5-10%) of CD4 T cells were CSF-enriched. In control samples, only 3-4% of CD8 T
cells and 0-0.5% of CD4 T cells were CSF-enriched (Fig 2C). Thus, the CSF-enrichment of
CD8 T cells suggests an antigen-specific role in patrolling the CNS during neurosarcoid.

We investigated whether the CSF-enriched TCRs in neurosarcoid matched previously
described TCRs with known cognate antigens. To accomplish this, we utilized VDJdb,
which is a curated database of TCR sequences with known antigen specificities (Bagaev,
Vroomans, 2020). Out of the 70 CSF-enriched TCRs, we found a single, clonally expanded
TCR sequence from participant NS006 that mapped to the database (Table S2). This TCR
recognizes an Epstein Barr Virus (EBV) epitope (FLRGRAYGL from EBNA3A) in the
context of HLA-B*08:01 as well as two self-peptides (EEYLKAWTF from MLANA and
EEYLQAFTY from ABCD3) in the context of HLA-B*44:05 (Table S3). Of note, NS006
has HLA-B*08:01, but not HLA-B*44:05 (Table S4). Thus, at least some CSF-enriched
CD8 T cells are specific for viral epitopes.

3.3 CSF-enriched CD8 T cell clonotypes have a shared transcriptional signature

To determine the nature of the CSF-enriched CD8 T cell clonotypes, we performed a
transcriptional analysis of all samples and divided the CD8 T cells into 10 clusters (CD8T_0
though CD8T_9) (Fig 3A). Compared to controls, neurosarcoid CSF samples demonstrated
numerically higher frequencies of clusters CD8T_3 and CD8T _4, although this did not
reach statistical significance (Fig S3A). CSF-enriched CD8 T cell clonotypes mapped to
two regions, which we labelled Set A and Set B. Set A contained CSF-enriched CD8 T

cell clonotypes from all samples and could be found within neighboring clusters CD8T_3
and CD8T _4, suggesting a shared transcriptional program (Fig 3B, S3B). Set B, however,
mainly came from participant NS015 and mapped to cluster CD8T_9 (Fig 3B, S3B).
Notably, NS015 was the only one with active disease while on immunosuppressive therapy
(infliximab and prednisone). Thus, while CSF-enriched CD8 T cells may express a shared
transcriptional program in neurosarcoid, immunosuppressive medications or patient-specific
features may contribute to different proportions of Set A and B clonotypes.

To determine the transcriptional program of CSF-enriched CD8 T cells, we next defined the
differentially expressed genes (DEGs) amongst the CD8 T cell clusters. CD8T_0 contained
largely naive T cells as evidenced by the high expression of CCR7, LEF1, SELL, & TCF7
(Fig 3C). CSF CD8 T cells in Set A clusters (CD8T_3 and CD8T _4) expressed higher levels
of granzymes (GZMA, GZMK, & GZMM), chemokine receptors (CD74 and CXCR4), the
inhibitory receptor 7/G/T, and the transcription factor EOMES. Unlike their counterparts in
the CSF, blood cells in Set A clusters, which were expanded in neurosarcoid samples (Fig
S3A), had high expression of NKG7, GZMB, PRF1, and GNLY. This is consistent with an
expansion of cytotoxic CD8 T effector-memory CD45RA™* cells in pulmonary sarcoidosis,
as previously reported (Parasa et al., 2018).

In contrast to CSF cells in Set A clusters, CD8 T cells in the Set B cluster CD8T_9, which
was mainly composed of cells from the CSF (Fig 3C), expressed higher levels of activation
co-receptors (CD27and CDZ28), chemokine receptors (CXCR3and CXCR6), the oxysterol
receptor GPR183 (EBI2), inhibitory receptors (C7TLA4 and HAVCRZ), and the transcription
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factor BATF. The co-expression of CD103 (/7TGAE) and CXCR®6 in the CD8T_9 cluster
raises the possibility of tissue-resident CD8 T cells in the CSF in neurosarcoid, similar to
other tissues in health and disease (Sasson et al., 2020).

Previous reports have suggested a linear CD8 T cell differentiation process from Granzyme
K* (GZMKY) intermediate CD8 T cells to Granzyme B* (GZMB™) terminally differentiated
CD8 T cells in response to viral infections or other antigenic stimuli (Mogilenko et al.,
2021). As GZMK expression was upregulated in CSF CD8 T cells in neurosarcoid, we
investigated whether our dataset would also suggest a lineage relationship between blood
and CSF CD8 T cells. Similar to prior reports (Mogilenko, Shpynov, 2021), we generated

a pseudotime analysis that takes cross-sectional SCRNAseq data and calculates a putative
differentiation path. We found that instead of a linear differentiation path, our pseudotime
analysis generated a branching process from one shared path into two major branches (Fig
3D). These major branches were predominantly, albeit not completely, composed of either
CSF or blood cells (Fig 3E). Without pre-specifying the root of differentiation, naive cells
in CD8T_0 were calculated to have a pseudotime of 0 (Fig 3F). One major branch was
composed of blood cells from clusters CD8T_2 through CD8T _5, while the second major
branch contained mostly CSF cells from clusters CD8T_2 through CD8T_9, with most cells
from CD8T_9 accumulating at the terminal end of this projected differentiation (Fig 3F).
These results suggest that, in the context of neurosarcoid, CSF CD8 T cells progress down
a pathophysiologic process that is distinct from traditional antiviral immunity found in the
blood.

3.4 Circulating CSF-enriched CD8 T cell clonotypes express CD27, EBI2, and GZMK

To identify the gene expression that marked CSF-enriched CD8 T cell clonotypes in the
blood, we first defined CSF- and PBMCs-enriched clonotypes as a 5-fold increase in
frequency of one tissue over the other and a clonal expansion of at least 5 cells. We

next identified the DEGs for CSF- and PBMC-enriched clonotypes on cells in the blood
(Fig 4A). We found that CD27and GZMK were upregulated in CSF-enriched clonotypes
regardless of the tissue from which they were collected (Fig 4B). GPR183 (EBI12) was also
upregulated in CSF-enriched clonotypes, although this was not seen in all cells, either due
to inefficient detection of expression or limited expression to a subset of cells. In contrast,
PBMC-enriched clonotypes had upregulated expression of KLRD1 (CD94), HOPX, GPR56,
GZMB, and GNLY regardless of the tissue from which the cells were collected (Fig

4B). CX3CR1 was also upregulated in PBMC-enriched clonotypes, but only in the blood.
We next evaluated whether the expression of DEGs from tissue-enriched clonotypes

would reflect the putative branching of CD8 T cell differentiation from our pseudotime
analysis. We found that CDZ27, EBIZ, and GZMK expression was most concentrated in the
“southward” branch of CSF CD8 T cells, with KLRD1, HOPX, GPR56, CX3CR1, GZMB,
and GNLY concentrated in the “northward” branch of blood CD8 T cells (Fig S4). Thus, the
DEGs from tissue-specific clonotypes likely reflect differences in the differentiation of CD8
T cells, as indicated by the pseudotime analysis.

We next determined whether the DEGs from tissue-enriched clonotypes were differentially
expressed at the protein level by flow cytometry. Analysis of PBMCs from healthy donors
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demonstrated high expression of EBI2 in CD27* but not CD27~ CD8 T cells, while GPR56
and CD94 were highly expressed in CD27~ CD8 T cells (Fig 4C, 4D). Additionally, the
chemokine receptors upregulated in CSF CD8 T cells, CXCR3 and CXCR4, both showed
high expression in CD27* CD8 T cells (Fig 4C, 4D). As the expression of GPR183

(EBI2) was associated with Set B clonotypes (CD8T_9) (Fig 3C), we asked whether the
expression of CXCR4 and CXCR3, which were associated with Set A and Set B CSF cells,
respectively (Fig 3C), were altered on EBI2* and EBI2~ CD8 T cells in neurosarcoid. We
found that, in neurosarcoid participants, CXCR3 had lower expression on CD27*EBI2*
CD8 T cells, but not other subpopulations (Fig 4E). By contrast, CXCR4 expression was
lower in CD277EBI2~ CD8 T cells, but not CD27*EBI2* CD8 T cells, in neurosarcoid
participants (Fig 4E). Thus, distinct subpopulations of CD8 T cells may be recruited to sites
of inflammation in neurosarcoid via parallel mechanisms.

Interferon-stimulated genes are a core signature in CSF CD8 T cells during active

neurosarcoid.

We next sought to determine a core transcriptional signature of CSF CD8 T cells in
neurosarcoid. We performed single-cell gene set enrichment analysis of several cytokine
signatures on the CD8 T cells from the blood and CSF in both control and neurosarcoid
samples. We found that IFNa and IFN-y response signatures were enriched in CSF
neurosarcoid CD8 T cells compared to CSF control CD8 T cells (Fig 5A). As our dataset
contained the capacity to make multiple parallel comparisons, neurosarcoid vs control, CSF
vs blood, and active vs inactive disease, we determined a core set of DEGs to define CSF
CD8 T cells in active neurosarcoid. We identified 12 genes that were upregulated in (1)
neurosarcoid vs control CSF CD8 T cells, (2) CSF vs blood neurosarcoid non-naive CD8

T cells, and (3) active vs inactive neurosarcoid CSF CD8 T cells within the longitudinal
collection of a single participant, NS001 (Fig 5B). Of these 12 genes, eight were interferon-
stimulated genes (ISGs). Thus, interferon signaling appears to elicit a core transcriptional
signature in CSF CD8 T cells in neurosarcoid.

As multiple types of interferons can activate a shared set of ISGs, we sought to examine
whether specific interferons were upregulated in the CSF of neurosarcoid. We examined
the concentration of Type 1, 2, and 3 interferons in the CSF and blood on neurosarcoid
participants. We found higher levels of both IFN-y and IFNA.2 in the CSF (Fig 5C).

To examine whether the higher concentration of IFN-y and IFNA2 was specific to
neurosarcoid, we compared the CSF levels in (1) noninflammatory disease (normal pressure
hydrocephalus and idiopathic intracranial hypertension), (2) active demyelinating disease
(multiple sclerosis and neuromyelitis spectrum disorder), (3) active neurosarcoid and (4)
inactive neurosarcoid. We found higher concentrations of IFN-y in active neurosarcoid CSF
compared to uninflamed diseases, demyelinating disease, and inactive neurosarcoid (Fig
5D). In contrast, IFNA.2 was not elevated in active neurosarcoid compared to uninflamed
and demyelinating diseases (Fig 5D). Furthermore, IFNvy but not IFNA.2 levels correlated
with soluble indicators of neurosarcoid disease, e.g., TNFa, soluble CD25, and IL-6 (Fig
S5) (Otto et al., 2020). Thus, IFNy is likely the major cytokine driving the IFN-signature in
neurosarcoid.
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4. DISCUSSION

This is the first report to determine the clonality of T and B cells enriched in the CSF

in neurosarcoid patients. Unlike investigations into pulmonary sarcoidosis, we observed a
consistent clonal expansion of CD8 T cells, but not CD4 T cells, in the CSF. We therefore
defined the transcriptional profile of two subtypes of clonally expanded CD8 T cells in the
CNS, tracked CSF-enriched CD8 T cell clonotypes in the blood, and tested their relevance
in neurosarcoid participants compared to healthy controls using flow cytometry. Finally, we
provide evidence that IFN-y is likely a major bioactive cytokine in neurosarcoid compared to
other neurologic disorders.

Prior studies of human CD8 T cells have identified clonal expansion in the CSF in both
healthy and Alzheimer’s disease participants (Gate, Saligrama, 2020, Pappalardo et al.,
2020). The transcriptional signature of those CD8 T cells, however, were more similar to
PBMC-enriched than CSF-enriched clonotypes in neurosarcoid, expressing higher levels

of HOPX as well as NKG7, CCL4, CCL5, which have been previously associated with
antiviral CD8 T effector memory CD45RA™* cells (Gate, Saligrama, 2020, Willinger et al.,
2005). By contrast, clonally expanded CD8 T cells from multiple sclerosis are more similar
to CSF-enriched clonotypes in neurosarcoid, with high expression of GZMA, GZMK;,
CD74, and EOMES (Pappalardo, Zhang, 2020). Unlike neurosarcoid CSF, which was devoid
of B cells, CSF from multiple sclerosis contains clonally expanded B cells undergoing
somatic hypermutation, suggesting a strong component of an antigen-driven B cell response
(Ramesh et al., 2020). Accordingly, the presence of oligoclonal bands in the CSF can help
discriminate between neurosarcoid and multiple sclerosis (Arun, Pattison, 2020, Heming et
al., 2020). Thus, coupling an analysis of T and B cell clonal expansion to gene expression
may help distinguish pathophysiologic processes of CNS disorders.

The pseudotime analysis with Monocle suggested that GZMK*" CSF-enriched CD8 T cell
clonotypes undergo a distinct differentiation process compared to GZMB" PBMC-enriched
CD8 T cell clonotypes. Granzyme K* CD8 T cells have also been seen in rheumatoid
arthritis (Stephenson et al., 2018, Zhang et al., 2019), non-infectious uveitis (Hassman,
Paley, 2021), and inflammation associated with aging (Mogilenko, Shpynov, 2021). The
expression of granzyme K in CD8 T cells inversely correlates with cytotoxicity against viral
antigens (Harari et al., 2009), but granzyme K can potentiate the inflammatory functions

of non-immune cells (Mogilenko, Shpynov, 2021). Additionally, prior studies have reported
that granzyme K enables T cell entry into tissues such as the CNS via transendothelial
diapedesis (Herich et al., 2019). Thus, granzyme K* CD8 T cells may have a pathogenic
role in multiple inflammatory disorders, via mechanisms other than perforin-mediated
cytotoxicity.

EBI2 (GPR183) is an oxysterol G-protein-coupled receptor that is critical for T and B cell
migration and localization (Baptista et al., 2019, Li et al., 2016, Liu et al., 2011, Pereira et
al., 2009). In our analysis, EBI2 was upregulated in CSF-enriched CD8 T cell clonotypes
irrespective of their location in the blood or CSF, which suggested that EBI2 may be an
important receptor in the pathogenic potential of CD8 T cells in neurosarcoid. In line with
this hypothesis, in multiple sclerosis, EBI2 is found on CD4 T cells within inflammatory
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CNS lesions, blood CD4 T cells excluded from the CNS after natalizumab treatment, and
clonally expanded B cells in the CSF (Clottu et al., 2017, Ramesh, Schubert, 2020, Wanke
et al., 2017). Additionally, in experimental autoimmune encephalitis, EBI2 is expressed by
pathogenic CD4 T cells in the CNS and is required for T-cell-driven disease (Tischner et al.,
2017, Wanke, Moos, 2017). Thus, EBI2 may be a shared molecule to identify pathogenic T
and B cells in inflammatory CNS disorders.

In addition to EBI2, we identified two other G protein-coupled receptors expressed on CSF
CD8 T cells, CXCR3 and CXCR4. Moreover, we found lower frequencies of CD8 T cells
expressing either CXCR3 or CXCR4 in the blood in neurosarcoid participants, consistent
with recruitment of these CD8 T cell populations out of the blood and into the CNS. Prior
studies of pulmonary sarcoid have reported an increase in the CXCR3 ligands CXCL9 and
CXCL11 (and possibly CXCL10) within the bronchoalveolar lavage fluid (BALF) and a
concurrent upregulation of CXCR3 on multiple immune cells, including T cells, in both the
BALF and granulomas (Busuttil et al., 2009, Dyskova et al., 2015, Miyara et al., 2006).
Expression of CXCR4 and its ligand CXCL12, by contrast, were not enriched in BALF cells
from sarcoid patients compared to controls (Dyskova, Fillerova, 2015). Thus, CNS immune
cell recruitment may share mechanisms with other organs affected by sarcoidosis but may
also utilize tissue-specific chemokines.

In our dataset, the strongest gene signature for active neurosarcoid came from interferon-
stimulated genes, and we provide evidence that this is likely driven by IFN+y. Moreover,
IFN-y induces expression of the chemokines, CXCL9, CXCL10, and CXCL11, which — as
noted above — are ligands for CXCR3, which is expressed by CSF-enriched CD8 T cells.
Elevated IFNy transcripts and protein have also been found in both BALF and blood in
sarcoidosis (Dyskova, Fillerova, 2015, Gharib et al., 2016, Prior and Haslam, 1991). In
addition, IFNy levels are predictive of a response to corticosteroid therapy (Gharib, Malur,
2016). These findings suggests that IFN-y-driven JAK/STAT signaling may play a central
pathogenic role across multiple tissues in sarcoidosis. In support of this, multiple case
reports or small case series have described the successful treatment of cutaneous, pulmonary,
or multiorgan sarcoidosis with the JAK inhibitor tofacitinib or baricitinib (Alam et al.,
2021, Damsky et al., 2018, Damsky et al., 2020, Friedman et al., 2021, Kerkemeyer et al.,
2021, Scheinberg et al., 2020, Singh et al., 2021, Talty et al., 2021). Thus, JAK inhibitors
may offer an additional treatment option to the current set of therapeutics by targeting
IFN-signaling.

One limitation of this study is the small sample size used for sScRNAseq. As a result,

we could not deconvolute the impact of different classes of immunosuppression, such

as corticosteroid and TNF inhibition. Larger cohorts will need to be examined in future
studies to determine generalizability of the findings presented here. In addition, our analysis
focused on the CSF and not the granulomas within the CNS tissue. Due to the invasive
nature of CNS tissue sampling, we anticipate that long-term recruitment will be required to
accumulate sufficient neurosarcoid biospecimens to test the clonality of T and B cells within
the CNS parenchyma. Despite this limitation, we note that shared CD4 T cell clonality was
readily detected in the BALF in pulmonary sarcoid without direct evaluation of granulomas
(Greaves, Ravindran, 2021). Finally, although our control samples for sScRNAseq were not
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obtained from healthy participants as in other reports (Pappalardo, Zhang, 2020), we were
able to test our scRNAseq findings via flow cytometry of healthy and neurosarcoid blood
samples and via CSF cytokine measurements of several CNS disorders.

5. CONCLUSIONS

In summary, this initial evaluation of T and B cell antigen receptor sequencing in
neurosarcoid revealed that, unlike pulmonary sarcoid, CNS disease may be associated with
a tissue-specific CD8 T cell clonal expansion. Furthermore, IFN-y appears to be bioactive

in the CSF and may drive an interferon signature in CD8 T cells. This work provides the
foundation for larger and longitudinal studies to define the antigenic triggers of pathogenic
T cells, establish predictive biomarkers for response to therapy, and identify novel treatment
targets.
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Figure 1. Leukocyte lineage proportions are consistent and T cell predominant across
neurosarcoid and control participants.

(A) Cells were collected from the CSF and Blood for scRNAseq. (B) Uniform Manifold
Approximation and Projection (UMAP) plot of all samples colored by tissue source (left)
and major cell lineage (right). (C) Frequency and (D) concentration of major immune cell
lineages in the CSF for neurosarcoid and control participants. Clinical diagnosis for controls
were Parkinson’s dementia for NS010 and uveitis for UV181.
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Figure 2. Clonal expansion and CSF-enrichment are seen in CD8 T cellsin neurosar coid.
(A) Diversity and clonality of indicated lymphocyte lineages within the CSF as measured by

the Gini coefficient, where on a scale from 0 to 1, 0 indicates all clonotypes have the same
frequency and 1 indicates a monoclonal population. (B) Frequency of CD4 (left) and CD8
(right) T cell clonotypes in the blood and CSF for neurosarcoid (top) and control (bottom)
participants. Each dot represents a single clonotype defined by V-gene segments and CDR3
amino-acid sequences for both alpha and beta chains. Red and blue shading indicates
clonotypes with a 5-fold increase in frequency in one tissue over the other, either blood
(red) or CSF (blue). (C) Percent of CSF-enriched CD4 or CD8 T cells for neurosarcoid and
control participants. A CSF-enriched cell has a clonotype with at least 5 cells in the CSF
and a 5-fold increased frequency in the CSF over the blood. * p< 0.05; ** p< 0.01, 2-way
ANOVA followed by Sidak’s multiple comparisons test.
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Figure 3. CSF-enriched CD8 T cell clonotypes have a shared transcriptional signature.
(A) Ten CD8 T cell clusters are highlighted on UMAP visualization. (B) Mapping of

CSF-enriched CD8 T cell clonotypes (highlighted in red) to clusters 3, 4 and 9 on UMAP.
Whether the CSF-enriched CD8 T cell clonotypes are from multiple participants (Set A)
or predominantly a single participant (NS015; Set B) is annotated. (C) Heatmap of genes
upregulated in each CD8 T cell cluster. Each column is cell annotated by cluster, tissue,
and participant. Genes upregulated in CD8 T cells from the CSF in clusters 3, 4, and 9 are
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annotated. (D-F) Lineage trajectory of CD8 T cells colored by (D) pseudotime, (E) tissue, or
(F) CD8 cluster.
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Figure 4. CSF-enriched CD8 T cell clonotypesin the blood express CD27, EBI2, and Granzyme

K (GZMK).

(A) CSF- and PBMC-enriched CD8 T cell clonotypes within the CSF and blood

were identified as in Figure 2. Differential gene expression was then calculated

for CSF- and PBMC-enriched clonotypes within the blood. (B) Violin plots of

indicated differentially expressed genes for CSF-enriched (blue fill) and PBMC-enriched
(red fill) CD8 T cell clonotypes with the CSF (blue background) and blood (red
background). (C) Flow cytometry of CD8 T cells from a healthy donor. CD8 T cells

are TCRab*CD8a*CD8b*CD4"CD197Va7.2"Va24~. (D) Quantification of expression of
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indicated receptors on CD27* (solid) and CD27~ (clear) CD8 T cells from healthy donors
(n=13). (E) Expression of CXCR3 and CXCR4 on indicated CD27/EBI2 CD8 T cell
populations for neurosarcoid and healthy participants. Boxes show 25th to 75th percentiles.
** p<0.01; *** p<0.001; **** p<0.0001, 2-way ANOVA followed by Sidak’s multiple
comparisons test.

J Neuroimmunol. Author manuscript; available in PMC 2022 July 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Paley et al.

A

0.8
0.6
0.4
0.2
0.0
0.8

0.6

Normalized Enrichment Score

0.4
0.2

0.0

B

Up in Neurosarcoid vs Control
(within CSF CD8 T cells)

IFNa Response

IFNy Response

TNFa/NFkB Response

Page 22

IFNa -
1000~ . Plasma
‘ 100 -~ CSF
E4723 F: 1041 F:718 IFN}\,2
TGFp Response  IL2/STAT5 Response IL6/STAT3 Response 1000 Fkkk
F: 331 4173 F: 89
CSF  Blood CSF  Blood CSF  Blood
[ control [l Neurosarcoid

Up in Active vs Inactive Disease
(within only NS001 CSF CD8 T cells)

STAT1 1000+
GBP1 i
397 GBP4 o
GBP5 £ 10+
ISG15 =
12 ” UBE2L6 g M
17 4 PSME2 0.1
PSMB9
‘\ 21 J TAP1 0.01-
ISGs \ OPTN \\\% S
RARRES3 QS
cD74 PRI
N
i SE s
Up in CSF vs Blood ‘?“@0@?)
(within Neurosarcoid Non-Naive CD8 T cells) ?S’\((bo

Figure5. Interferon stimulated genesare a core signaturein CSF CD8 T cellsduring active
neurosarcoid.

(A) Violin plots of Normalized Enrichment Scores in CD8 T cells for indicated Hallmark
gene sets from MSigDB. Each plot compares control (gray) and neurosarcoid (red) for CSF
(left) and blood (right). F values as a measure of variance between tissue-groups is provided.
(B) Venn diagram depicting the overlap of three sets of differentially expressed genes: (blue)
upregulated genes within CSF CD8 T cells in neurosarcoid vs control participants, (yellow)
upregulated genes within neurosarcoid non-naive CD8 T cells in CSF vs blood, and (red)
upregulated genes within CSF CD8 T cells from a single participant (NS001) during active
vs inactive disease. Numbers represent the quantity of genes within each region. Genes
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within the central overlapping region are listed. Interferon-stimulated genes (ISGs) are
highlighted in orange. (C) Quantification of indicated interferons (IFN) in the Blood (red)
and CSF (blue) of active Neurosarcoidosis (n=13). (Ratio paired #test). (D) Quantification
of indicated IFN in the CSF of normal pressure hydrocephalus (NPH), idiopathic intracranial
hypertension (I1H), active multiple sclerosis (MS) or neuromyelitis optica spectrum disorder
(NMOSD), or active or inactive neurosarcoidosis. (Brown-Forsythe and Welch ANOVA
followed by Dunnett’s T3 multiple comparisons test). LLoQ, lower limit of quantification. *
p<0.05; ** p<0.01; **** p<0.0001; ns p> 0.05
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Table 1.
Clinical features of neurosarcoid and control participants.

Group Neurosarcoid Control
Participant NS001-1 NS001-2 NS006 NS008 NS015 NS016 NS010 [AVAREX]
Diagnosis Probable Probable Probable Probable Probable PD BSCR
Time of Sampling after new 3 months 16 years new 2 years new new new
Initial Diagnosis diagnosis diagnosis diagnosis diagnosis diagnosis
Symptom Duration 1 year N/A 1 month 9 months 2 weeks 9 years 3 months 4 months
Disease Activity Active Inactive Active Active Active Active N/A N/A
Age(y) 60 48 54 35 37 69 39
Sex F M M F M F F
Immunosuppressive None MP 1g IV None None IFX None None None
Medications weekly 5mg/kg

Q6weeks

PDN 10mg
daily

Duration of Current N/A MP: 2 N/A N/A IFX: 6 N/A N/A N/A
Immunosuppression months months

PDN: 1

week

CSF Protein (mg/dL) 304 65 81 60 36 56 21 36
CSF Glucose (mg/dL) 40 58 48 38 48 63 58 62
CSF Nucleated Cells 194 7 9 14 34 9 44 1
(#uL)
CSF Lymphocytes (%) 92 n.d. 93 97 95 94 95 n.d.
CSF Monocytes (%) 7 n.d. 7 3 4 6 5 n.d.
CSF PMN (%) 1 n.d. 0 0 1 0 0 n.d.
CSF RBC (#/uL) 0 113 4 0 53 9 0 0

PD, Parkinson’s Disease; BSCR, Birdshot chorioretinitis (i.e., isolated uveitis); MP, methyprednisolone; IFX, infliximab; PDN, prednisone; PMN,
polymorphonuclear cells; RBC, red blood cells; n.d., not done
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