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Abstract

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the central
nervous system. To date, there are no established biomarkers beyond magnetic resonance
imaging that can predict either disease activity and severity in patients nor confirmed
mechanisms for the first-line MS treatments. Likewise, there is no cure or effective treatment
at late stages of the disease. Recent studies in mouse models of demyelination and
neuroinflammation have pointed towards important roles of myeloid cells in the development
of the disease. Despite this, the roles and impact of this cell population on human MS
pathogenesis and disease progression remain obscure. Here we have used single-cell mass
cytometry to study the phenotypes of myeloid cells from peripheral blood of early MS
patients and from myeloid cells isolated from post-mortem brains of progressive MS (PMS)
patients. We performed the characterization of PBMCs from drug naive early MS patients as
compared with healthy donors using two antibody panels comprising a total of 64 antibodies.
Our results show increased abundance of several subsets of CD4"and CD8" T cells and only
mild changes in the myeloid compartment. For the study on myeloid cells from late PMS we
designed three antibody panels targeting a total of 74 markers which we used to compare
between isolated myeloid cells from active lesions and normal-appearing white matter. In
this case the results show high heterogeneity of myeloid phenotypes in the brains of PMS
patients and an increase in expression of markers associated with phagocytic activity and
activation in lesion-associated populations. Such inflammatory signature could not be

detected in major depressive disorder, a common co-morbidity in patients with MS.



Zusammenfassung

Multiple Sklerose (MS) ist eine chronisch entziindliche und demyelinisierende Erkrankung
des Zentralnervensystems. Bisher gibt es keine etablierten Biomarker auferhalb der
Kernspintomographie, die entweder die Krankheitsaktivitit und den Schweregrad bei
Patienten vorhersagen konnen, noch bestitigte Mechanismen fiir die Erstlinien-MS-
Therapie. Ebenso gibt es fiir die spédten Stadien der Krankheit keine Heilung oder wirksame
Behandlung. Jiingste Studien an Mausmodellen zur Demyelinisierung und
Neuroinflammation haben gezeigt, dass myeloide Zellen eine wichtige Rolle bei der
Entwicklung der Krankheit spielen. Trotzdem bleiben die Rolle und der Einfluss von
Monozyten auf die Pathogenese und das Fortschreiten der MS beim Menschen unklar. Hier
haben wir die Einzelzell-Massenzytometrie verwendet, um die Phédnotypen von myeloischen
Zellen aus peripherem Blut von frithen MS-Patienten und von myeloiden Zellen zu
untersuchen, die aus post-mortem-Gehirnen von progressiven MS-Patienten (PMS) isoliert
wurden. Wir flihrten die Charakterisierung von PBMCs von arzneimittel-naiven frithen MS-
Patienten im Vergleich zu gesunden Spendern unter Verwendung von zwei Antikorper-
Panels durch, die insgesamt 64 Antikorper umfassten. Unsere Ergebnisse zeigen eine erhdhte
Haufigkeit mehrerer Untergruppen von CD4" und CD8" T Zellen und nur geringfiigige
Verdanderungen im myeloischen Kompartiment. Fiir die Studie an myeloischen Zellen aus
spatprogressiver MS haben wir drei Antikorper-Panels entworfen, die auf insgesamt 74
Marker abzielen, die wir zum Vergleich zwischen isolierten myeloiden Zellen aus aktiven
Liasionen und normal erscheinender weiller Substanz verwendeten. In diesem Fall zeigen die
Ergebnisse eine hohe Heterogenitit der myeloischen Phénotypen im Gehirn von PMS-
Patienten und eine Erhohung der Expression von Markern, die mit der phagozytischen
Aktivitdt und Aktivierung in ldsionsassoziierten Populationen assoziiert sind. Eine solche
entzlindliche Signatur konnte bei schweren depressiven Storung, einer héaufigen

Komorbiditit bei Patienten mit MS, nicht nachgewiesen werden.
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1. Introduction
1.1 Multiple Sclerosis

Multiple sclerosis (MS) remains the most common cause of non-traumatic neurological
disability in young adults, affecting over 2.3 million people worldwide. MS is associated
with a high economic burden, given that around 50% of these patients will become disabled
in the 25 years after disease onset!. The vast array of symptoms presented by patients
suffering from MS hindered the description of the disease until 1868 when the French
neurologist Jean Martin Charcot connected clinical observations, anatomo-pathology and
physiology and established MS as a distinct disease of the central nervous system (CNS)?.
MS is now widely accepted as a chronic inflammatory disease of the CNS in which there is
an autoimmune attack on components of the myelin sheath, leading to focal areas of
demyelination and eventually to neurodegeneration!. The exact cause of the disease is
unknown but several studies have shown a certain genetic susceptibility, and the latest
genome-wide association study has pointed to specific genetic associations, most of them
linked to immune cell types including peripheral myeloid cells and microglia, the resident
immune cells in the brain®. MS has also been linked to different environmental factors, which
include a history of Epstein-Barr virus (EBV) infection, smoking, vitamin D deficiency or
circadian disruption'. It is thus believed that complex gene-environment interactions lead to
disease initiation'.

The clinical presentation of the disease is very heterogeneous among patients and the
symptoms will depend on the anatomical site of the lesions. MS can present as a temporary
loss of vision, change in mood, pain, cognitive deficiency or muscular disturbance, to name
a few disease manifestations. The clinical course of MS is also heterogeneous, and patients
are categorized into either relapsing-remitting MS (RRMS) or primary progressive MS
(PPMS) depending on the clinical course after disease onset. In RRMS, the most common
form of the disease, the patients present a first clinical episode, known as clinically isolated
syndrome (CIS) which will continue with a series of relapses of clinical disability followed
by a complete or partial remission of the symptoms. In 80% of the cases, 10 to 20 years after
the first episode, patients enter into the secondary progressive (SPMS) stage, in which clinical

disability progresses with no recovery*. In the PPMS form of the disease, patients do not



present the relapsing-remitting phase and instead, disability progresses with no apparent
relapse in the symptoms from the first clinical disturbance®.

In early stages of the disease, neurological symptoms are induced by CNS inflammation,
typically caused by an infiltration of peripheral immune cells (mainly monocytes and CD8"
T cells) to the CNS*. Areas of infiltration associated to demyelination can be visualized by
magnetic resonance imaging (MRI), and are known as “focal plaques™. In late stages of
PMS, plaques associated with peripheral infiltration are rare and, instead, chronic
demyelination leads to axonal loss ultimately resulting in neurological disability®. There is
currently no treatment or effective cure in this late stage of the disease and most patients will
eventually die due to either direct MS symptoms or secondary complications associated with
the disease.

MS diagnosis is typically done following the suggested tests of the 2017 McDonald criteria’
by proof of spatial or temporal dissemination of the demyelinating lesions. The criteria are a
minimum of two immune attacks in the CNS proved by either clinical assessment, an MRI
showing two sites of infiltration or the presence of cerebrospinal fluid (CSF) specific
oligoclonal bands’. Despite this, the diagnosis is not always straightforward and following
the first CIS, often the lack of clinical evidence of a second attack, inconclusive MRI scans
or CSF oligoclonal bands prevent diagnosis, thus delaying commencement of disease-
modifying treatments. In recent years, several studies have pointed to the importance of an
early start in immunomodulatory treatments to delay relapses and reduce disease severity in
the subsequent years. Therefore there is a need to better understand the pathological

mechanisms driving the first stages of disease, to improve definitive diagnostic methods®.

1.2 Monocytes in experimental autoimmune
encephalomyelitis and MS

In the early stages of the disease, focal demyelinating plaques are characterized by infiltration
of peripheral immune cells into the CNS parenchyma*. Histological analysis of the plaques
in different stages of MS with a focus on lymphocytes has shown that lesions are dominated

by the presence of CD8" T and CD20" B cells, especially in the early stages of disease!'’.



However, low levels of T and B cells at the sites of myelin and axonal destruction indicates
that they do not drive demyelination via cell-to-cell contacts!?. Instead, myelin destruction
and acute neurodegeneration are likely induced by soluble factors produced by CD8" T cells
but mediated by microglia or other myeloid subsets!’.

Myeloid cells, especially monocytes, also enter the CNS parenchyma where they contribute
to the perivascular infiltrates'’, as proved in post-mortem and biopsy brain samples'?,
suggesting their important contribution to pathogenesis. Monocytes, as part of the innate
immune system, patrol the body in search for inflammatory cues and are rapid responders to
tissue insult. They constitute approximately 10% of the circulating leukocytes and can be
classified into three main subsets depending on the expression of the surface markers CD14
and CD16: classical monocytes (CD14"CD16°) making up 80-90% of the monocyte pool
while the remaining 10-20% are intermediate monocytes (CD14"CD16") and non-classical
monocytes (CD14°CD16")'3. Tissue-invading monocytes differentiate into monocyte-
derived macrophages'!, distinct from CNS-resident macrophage pools that commonly
originate from the yolk sac, as shown in mice'*. Macrophages serve three main functions:
phagocytosis, antigen presentation and cytokine release. During disease they contribute to
active inflammation and tissue destruction, although they can also adopt phenotypes which
promote lesion resolution and tissue repair'.

Studies in experimental autoimmune encephalomyelitis (EAE), a mouse model for
demyelination and neuroinflammation, have shown that monocytes are rapidly mobilized
from the circulation to invade the CNS parenchyma upon immunization'’'!7.  Selective
gene targeting to deplete CCR2 expression on myeloid cells in EAE suggested that the
CCR2'CD11b"Ly6CM monocyte subset (equivalent to classical CD14"CD16~ monocytes in
human) is essential for the development of EAE!”. They also showed that this monocyte
subset is essential in modulating the effector phase of the disease by shaping the local innate
immune response in the damaged CNS through the release of immune modulatory molecules
including cytokines, oxygen radicals like nitric oxide and surface molecules required for
antigen presentation'’. Furthermore, there is evidence that impeding monocyte entry into the
CNS prevents progression to severe disease and that the monocyte invasion is a transient
event and does not provide prolonged contribution to the brain microglia pool'!. When using

single-cell mass cytometry (Cytometry by Time-of-Flight [CyTOF]) to phenotype monocyte
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populations, four specific monocyte subsets were found at a significantly higher frequency
in pre-symptomatic, onset and peak EAE. These populations were characterized by higher
expression of CD80, CD86, CD38, CD39, MerTK, Axl, CD206 and TREM2'3. Although the
studies mentioned above provide evidence of monocyte involvement in different phases of

EAE, the role of this cell population in the development of MS remains to be investigated.

1.3 Microglial diversity in health and MS

Microglia, the resident myeloid cells of the brain, are the first line of defense against
pathogens, inflammation and neurodegeneration in the brain parenchyma'®. Microglia were
first described in 1919 by the Spanish neurologist Pio del Rio Hortega who published a series
of four papers describing their distribution and morphological phenotype®°. In physiological
conditions, microglia are small, ramified cells found diffusely spread throughout the CNS.
They derive from myeloid progenitors originating in the yolk sac at embryonic day 7.25,
from where they travel through blood vessels and invade the brain, as evidenced by studies
in mice?!. The microglial pool is maintained throughout adulthood by self-renewal and, in
humans, microglia proliferate at a median rate of 28% per year, much slower than the
turnover of other myeloid immune cells, which is a few days or weeks?’. During
development, microglia help in establishing the neuronal architecture in the CNS by
phagocytosing apoptotic neurons, providing trophic support to neurons, oligodendrocytes
and vasculature and mediating synaptic pruning®>?*. In the adult homeostatic environment
they survey the environment by continuously extending their processes and contacting
neighboring cells, actively participate in clearance of debris from the CNS parenchyma and
furthermore regulate synaptic plasticity and function through synaptic pruning?.

It is important to note that microglia are not a homogeneous population but rather have
different phenotypes depending on their anatomical location?*~2%, Human microglia (huMG)
regional heterogeneity was recently investigated using CyTOF, showing that microglia from
the subventricular zone and thalamus had similar phenotypes indicative of a more activated
state and distinct from the other brain regions studied. Cerebellar microglia also showed a
clear differentiating signature and as expected, frontal and temporal lobe microglia had a

similar phenotype. Importantly, this study defined key markers for determining huMG
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regional heterogeneity, namely CD11c, CD206, CD45, CD64, CD68, CX3CR1, HLA-DR
and IRF828,

Microglia adopt different phenotypes during non-physiological conditions which vary
depending on the type of insult, ranging from increased phagocytosis and secretion of pro-
inflammatory molecules to promotion of remyelination and secretion of anti-inflammatory
molecules'®. Pio del Rio Hortega had already described some of the changes that microglia
undergo upon activation as they rapidly invade sites of lesion, including proliferation,
retraction of processes and adoption of an amoeboid morphology'®°. Changes of phenotype
during neurodegeneration have been studied mainly in mouse models of Alzheimer’s disease
(5xFAD mice and APP-PS1 overexpressing mice). By performing single-cell RNA
sequencing on isolated microglia from mice with neurodegeneration two independent studies
found a specific microglial signature associated with the pathology3!*?. Neurodegeneration-
associated microglia were characterized by downregulation of homeostatic genes, including
purinergic receptors P2ryl2/P2ryl3, Cx3crl and Tmemll19, and upregulation of several
genes mainly involved in lysosomal/phagocytic pathways, endocytosis and regulation of the
immune response, including AD-associated risk factors such as Apoe, Lpl, Tyrobp and
Trem2, 3. Alterations in the microglia population have also been linked with psychiatric
disorders. Recent genome-wide association studies have detected genetic associations
between immune response pathways and adult psychiatric disorders such as major depressive
disorder (MDD) and schizophrenia®-*. Furthermore, studies on HLA-DR microglia
reactivity (as a marker of microglia activation) from MDD and schizophrenic patients
showed increased microgliosis in suicide patients but not diagnosis-dependent microglial
activation®®. In contrast with these results, another study using positron emission topography
to measure translocator protein (TSPO) total distribution volume (used as a measure of
activated microglia), showed significant increase of TSPO density in all brain regions
examined from MDD patients as compared with controls, providing evidence for microglial
activation in MDD?®, Detailed studies on microglial phenotypic signatures in MDD are still
missing. Interestingly, depression is recognized as a common co-morbidity in patients with

MS?’. The clinical phenotype of MDD and MS-associated depression was found to be
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similar’’. However, the pathomechanism of both disorders remains to be investigated and

whether this is driven and/or synergized by neuroinflammation as seen in MS is still unclear.

In EAE and the cuprizone model of demyelination, single-cell transcriptomic and proteomic
analyses revealed microglial heterogeneity associated with CNS inflammation'®27-38:39,
Single-cell RNA-seq on CD45" isolated cells showed a specific EAE-associated microglial
phenotype®®. Mainly, downregulation of homeostatic genes and upregulation of Ly86,
Cxcll0, Ccl5 and Cd74°°. Furthermore, results from single-cell RNA-seq of microglia from
mice subjected to cuprizone-induced demyelination (in which there is no peripheral
infiltration in the CNS parenchyma) showed specific microglial profiles associated with de-
and re-myelination?’. Similarly, CyTOF characterization of microglia in EAE revealed
distinct phenotypes associated with the pathology. Two CNS-specific populations were
specifically linked to onset and peak stages of the pathology, defined as CD317"MHCII™
CD39MCD86" and CD317"MHCII*CD39"MCD86"CD11c¢" respectively. The expression of
these markers is indicative of an activated, pro-inflammatory phenotype. Interestingly, the
frequency of these populations, particularly the peak-EAE-associated population, was
significantly decreased in chronic EAE, although still higher than in healthy CNS!8. A second
study, also using CyTOF to phenotype different immune cells in the CNS of EAE mice,
found a decrease in microglial homeostatic checkpoint markers (CX3CR1, MerTK and
Siglec-H) and an increased expression of phagocytosis-related and activation markers
(CD44, CD86, PD-L1, CDllc and MHCII)*. While mouse models of MS-related
pathologies, such as EAE and the cuprizone model, have proven to be a useful tool to study
specific disease mechanisms, the findings must be interpreted with caution, as these models
do not replicate the complexity of MS*’. Nevertheless, similar transcriptional signatures were

found in huMG isolated from patients with acute MS?’.

Studies attempting to decipher microglial phenotypes associated with MS are mostly limited

41-43 and bulk genomic analysis****. In the few

to classical immunohistochemical techniques
cases of high-dimensional single-cell analysis, only a handful of cases could be analyzed at
the genomic level?’. So far it has been shown that microglia invade the site of lesion, adopt

a "foamy" morphology with intracytoplasmic myelin deposits'?, and adopt different

13



phenotypic programs, mostly downregulating homeostatic markers and increasing
expression of pro-phagocytic markers*}, which is somewhat concordant with what has been
found in mice models.

The studies mentioned above (both in mouse and human) point to a set of phenotypic changes
in microglia that may have specific roles in MS pathology. Understanding these changes is
of crucial importance, especially in late stages of the disease in which immune infiltration is
low or absent in the CNS parenchyma and thus disease-modifying treatments usually aimed
at impeding immune entrance in the parenchyma are not effective. Thus, a deeper look into
microglia phenotypes and function at late stages of MS could enable the design of new

treatment strategies.

1.4 Single-cell mass cytometry to elucidate myeloid
phenotypes

1.4.1 Single-cell mass cytometry — high dimensional cell profiling

Advances in single-cell technologies have shown that specialized cell types in each of our
organs are in turn composed by heterogeneous cell subsets, which can acquire different states
during homeostasis and disease. Bulk analysis, although useful in some settings,
oversimplifies this view by averaging signals from different cells.

For protein-level single-cell analysis, we have relied for many years on flow cytometry, a
technique in which cells are labelled with fluorescently-tagged antibodies specific for certain
proteins®. Flow cytometry carries the advantage of high throughput, little to no cell loss and
it can be combined with cell sorting (FACS) which thus enables further analysis of isolated
cells*. However, flow cytometry can usually measure up to 18 channels (in the BD LSR-II
system) due to the spectral overlap between channels. CyTOF was developed to overcome
this problem and enable high-dimensional single-cell protein measurement*’. Briefly, cells
in suspension are labelled with antibodies tagged with rare earth metals, typically from the
lanthanide series, not usually found in biological conditions. Cells are nebulized into single-

cell droplets and ionized using inductively-coupled plasma. Ionized particles are passed
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through a quadrupole to remove cell debris and heavy metal ions are quantified in a Time-
of-Flight (TOF) mass spectrometer. Thus, a quantification of each ion corresponding to a
different isotope is obtained per cell, as output data. CyTOF has a clear advantage over flow
cytometry in so far as the usage of rare metal isotopes as antibody tags comes with little
overlap between signals, thus allowing for the detection of up to 60 markers simultaneously.
Furthermore, the measurement of pooled barcoded samples allows the reduction of technical

noise thus increasing sensitivity to detect differences between samples or groups*.

1.4.2 Imaging CyTOF — single cell atlas on the tissue

While suspension CyTOF has the advantage of being high-dimensional and per-cell, it cannot
determine how the different cell phenotypes are distributed within the tissue. To address this
question, imaging mass cytometry (IMC) was recently developed by combining standard
immunohistochemical techniques (IHC) and mass cytometry®. Briefly, tissue samples are
mounted on a slide and samples are stained with antibodies tagged with metal isotopes using
IHC protocols. Tissue such as fresh-frozen or formalin-fixed paraffin-embedded (FFPE) can
be used. Regions of interest from each sample are then selected and ablated with a UV laser
at a resolution of 1 um. The nebulized masses are then passed to a TOF spectrometer and the
abundances of each metal per spot are recorded. The system can track back each
measurement to a specific coordinate in the original sample, thus creating an artificial image
for each marker. Therefore, in IMC the information is not obtained per cell, but correlates
with a coordinate on the generated image. This means a cell segmentation step is needed after
acquisition in order to perform single cell analysis. IMC enables a more comprehensive
analysis of cells within their tissue microenvironment, and can be used to perform
morphological, spatial and network analysis of cell subpopulations and obtain detailed

descriptions of tissue architecture®,

15



2. Hypothesis & Aims of the study

Several immunological studies have explored the roles of myeloid cells in MS pathology at
different stages of the disease. Studies using the neuroinflammatory mouse model EAE have
shown that monocytes invaded the parenchyma upon immunization and released immune
mediators modulating the disease!’. Furthermore, impeding the entrance of monocytes into
the CNS parenchyma dampens the autoimmune response, which prevents progression to
severe disease'!. In late stages of PMS there is little to no contribution of peripheral immune
cells to the pathology, instead active demyelinating plaques are dominated by resident
microglia and macrophages*'. Recent studies on EAE mice at the single-cell level have
shown specific microglial phenotypes associated to lesion with roles in inflammation, de-
and remyelination'®8, Despite the clear evidence that myeloid cells play important roles in
early and late stages of neuroinflammation and demyelination in mice, there is no study to
date giving a proper characterization of these cells in the human pathology. Furthermore,
since depression is recognized as one of the major co-morbidity in patients with MS and
systemic inflammation has been suggested in patients with MDD, it is more likely that
neuroinflammation can be also observed in MDD and it may synergize or drive MS-
associated depression, which can worsen or exacerbate the disease outcome.

The main goal of this study was to phenotypically characterize the myeloid cell
compartments including peripheral blood monocytes and microglia in early and late stages
of MS using single-cell mass cytometry and imaging mass cytometry. Specifically, at the
early stages of MS, phenotypic alterations of peripheral immune cells with a focus on
monocytes were investigated, whereas the CNS myeloid cell compartment was characterized
at the late stages of the disease. Finally, we aimed to investigate whether similar signatures
could be found in microglia isolated from different regions of post-mortem brains from
patients with MDD.

Identification of phenotypic alteration of myeloid cells in the human MS pathology may lead

to better understanding the role of these cells in MS pathogenesis.
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3. Materials and Methods

Passages of the following chapter that are similar to methods described previously by the
author are italicized.

3.1 Subjects

Human peripheral blood mononuclear cells (PBMCs)

The study was registered and approved by the FEthics Committee of Charité —
Universitditsmedizin Berlin. All participants provided written informed consent before any
study-related procedures were undertaken. The study has been performed according to the
Declaration of Helsinki and to the relevant ethical guidelines for research in humans.
PBMCs were isolated from heparinized blood through Biocoll (Biochrom GmbH, Berlin,
Germany) density centrifugation at 760 % g for 20 minutes at RT as described before®. Cell
pellets were resuspended in freezing medium at a concentration of 5 x 10° cells/ml, and

further stored in liquid nitrogen™.
Human post-mortem brain tissue and microglia isolation

Post-mortem tissue of brain donors was provided by the Netherlands Brain Bank (NBB,
Amsterdam, The Netherlands, www.brainbank.nl). All brain donors gave informed consent
to perform autopsies and to use tissue, clinical and neuropathological information for
research purposes, approved by the Ethics Committee of VU medical center (Amsterdam,
The Netherlands). Microglia were isolated from post-mortem WM tissue using Percoll
gradient centrifugation (density of 1.13 g/ml; GE Healthcare, Little Chalfont, UK) and
subsequent CD11b magnetic beads (catalogue number #130-049- 601, Miltenyi Biotech)
sorting. For CyTOF analysis, CDI1b" cells were incubated for 11 min in
fixation/stabilization buffer (Smart Tube Inc., San Carlos, CA, USA) and stored in — 80 °C

51,52

17



3.2 CyTOF & IMC staining and acquisition

PBMCs were live-barcoded using combinations of pre-conjugated 3°Y-CD45 (HI30,
Fluidigm) and in-house conjugated ''*In, '3In, '3Pt, %Pt or '*8Pt-CD45 (HI30, Biolegend)*?
antibodies>. Isolated CD11b"* brain myeloid cells were barcoded using Cell-ID 20-plex Pd
Barcoding Kit (Fluidigm)®'. All antibodies used were either purchased pre-conjugated to
metal isotopes (Fluidigm) or were conjugated in-house using the MaxPar X8 Kit (Fluidigm).
After cell barcoding, each set of samples were pooled together and stained with antibody
master mixes. For intracellular staining, the cells were incubated in fixation/permeabilization
buffer (Fix/Perm Buffer, eBioscience) and permeabilized (permeabilization buffer,
eBioscience). The samples were then stained with antibody cocktails and fixed overnight in
4% methanol-free formaldehyde solution. Fixed cells were stained in '°'Ir/!**Ir intercalator
solution (Fluidigm) and kept at 4 °C until CyTOF measurement’!-2,

IMC was used to validate the results obtained from CyTOF on the brain tissue. Paraffin tissue
microarray (TMA) blocks were cut into 5 um-thick sections, deparaffinized and treated by
heat-induced antigen retrieval in Tris-EDTA buffer (pH= 9.0) at 95 °C. The sections were
then stained with metal-conjugated antibodies overnight. Nuclei were detected using an

91r/193]r DN A-intercalator. Samples were dried and stored at RT until measurement’’.

All CyTOF and IMC analysis were performed in the Flow & Mass Cytometry Core Facility,
Charité — Universititsmedizin Berlin and Berlin Institute of Health (BIH) under supervision

of Dr. Désirée Kunkel as described before>*-32,

3.3 CyTOF data analysis

For CyTOF, as a first step all FCS files were transferred to the Cytobank platform

(www.cytobank.org) where we performed manual gating and de-barcoding on live single

cells according to DNA intercalators !°'Ir/!*Ir signals and event length. For de-barcoding,
Boolean gating was used to deconvolute individual samples according to their barcode
combinations. Once the FCS files for individual samples were obtained, all files were

compensated for signal spillover using the Bioconductor package CATALYST** on R>. For
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dimensionality reduction and visualization, we generated two-dimensional t-distributed
stochastic neighbor embedding (tSNE) maps according to the expression levels of all markers
in each panel using Cytobank. To visualize marker expression arcsinh transformation was
applied to the data. All files, containing the tSNE coordinates for each cell, were then loaded
into R for further unsupervised data analysis using an in-house written script based on the
workflow suggested by Nowicka and colleagues’®. For population identification, we
performed clustering analysis of the data using the FlowSOM/ConsensusClusterPlus>’®
algorithm. We had slight workflow differences between studies:

In the study on PBMCS (Chapter 4.1)° cluster identification was conducted using PBMCs
lineage markers: HLA-DR, CD19, CD44, CD4, CDl11c, CD16, CD3, CD56, CD14, CD8a,
T-bet, CD33, CCR2 and CD11b in the Panel A; and HLA-DR, CD38, CD64, CD68, CD8a,
CD33 and CD64 in the Panel B. After this step we manually merged the clusters in order to
obtain clusters corresponding to known major PBMC populations including B cells,
CD4/CD8-single positive and double-negative T cells (DN), natural killer (NK) cells, and
myeloid cells. For high resolution analysis we then subclustered each of the major
populations and determined the correct number of clusters based on visual inspection of the
cluster-colored tSNE plots and the respective phenotypic heatmaps (we had a cutoff of a
minimal mean frequency of 0.1% of parent).

In the study on brain-isolated myeloid cells from PMS and MDD patients (Chapters 4.2 and
4.3)31:2 cluster identification for MDD and Experiment I (Exp 1) was performed using all the
markers and Experiments Il (Exp II) and 11l (Exp I1I) were clustered using only the linage
markers (referred to as TYPE markers), thus allowing the comparison between
experiments. The number of clusters was determined based on delta area under cumulative
distribution function curve and k value of the clustering analysis, namely the “elbow-point”
criteria, with which one can assess the number of clusters that best fits the complexity of the
data®. Visual inspection of cluster-colored tSNE plots and respective phenotypic heatmaps
were also used to determine the final number of meta-clusters tested in each experiment.

It is important to note that in both cases we used an over-clustering approach, in which
clusters are obtained at high resolution (a high number of clusters) which has proven useful
for discovery studies. Each cluster, however, may not represent biologically distinct

populations, but instead could represent different cell states.
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3.4 IMC data analysis

For IMC data analysis, MCD files were then converted to 16-bit image .TIFF files on MCD
viewer software version 1.0.056. For visualization only, .TIFF files were transferred to
Imagel and a Gaussian blurr (kernel width, 0.70 pixels) was used for noise reduction on
combined channels®'.

For single cell analysis, segmentation was performed for each of the .TIFF files. First, we
used Ilastik® for pixel classification. The program was trained to identify DNA Iridium
intercalator signal as nuclei and P2Y 12 '%Ho signal as membrane, thus each single cell mask
contained either only the nuclei or, for P2Y1,>" cells, also the cytoplasm area. As a result, the
Ilastik output of binary masks for each cell in each image was then fed into CellProfiler®!.
CellProfiler in turn creates 16-bit .TIFF single-cell masks with only full cells on each image
that can be used in HistoCAT®?. All original .TIFF images and single-cell masks were loaded
into HistoCAT for single cell analysis. The platform offers different analysis options, for
instance, we ran two-dimensional tSNE using all markers from all samples and Phenograph
clustering analysis (for markers CD11c, CD44, CD45, CD68, HLA-DR, P2Y 1> and TNF,
using k = 50 nearest neighbors). The mean expression and cell frequencies per sample/cluster

where then analyzed using R>'.

3.5 Statistical analysis

No randomization and blinding strategies were applied in either of the studies. However,
data processing and analysis, as well as statistical testing were carried out in unsupervised
manner. Dichotomous variables of the sample cohort were analyzed with Fisher’s exact test
(GraphPad Prism)>°-2,

Detection of significative differential abundance of clusters between groups was done using
generalized linear mixed models (GLMM) using the Diffcyt® package, with a false discovery
rate (FDR) adjustment (Benjamini-Hochberg (BH) procedure) for multiple hypothesis
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testing. A P value < 0.05 (unadjusted) and < 0.05 (FDR-BH adjusted) was considered

statistically significant>*-2,

4. Results

4.1 Multi parameter immune profiling of peripheral blood
mononuclear cells by multiplexed single-cell mass cytometry
in patients with early multiple sclerosis

All results presented here have been previously published in Béttcher, C., et al., 2019,

4.1.1 Phenotypic characterization of PBMCs from early MS patients
and controls using single-cell mass cytometry.

For in-depth phenotyping of the immune populations of PBMCs present in blood of early
MS patients and controls, we stained and measured the cells with two antibody panels (35
antibodies/panel) for single-cell mass cytometry analysis. A schematic illustration of the

workflow used can be found in Figure 1.

Sample collection CyTOF staining Data analvsis
& PBMCs isolation & acquisiton y
Control ,
- J bt
AR, ,
v Gl
/f')‘ early MS .

Figure 1. PBMCs phenotypes from control and early MS patients analyzed using CyTOF. Whole blood was
obtained from both donor groups followed by PBMCs isolation and sample storage. At the time of measurement
all samples were barcoded and pooled together for CyTOF staining. Data analysis included de-barcoding,
spillover compensation, dimensionality reduction visualization, unsupervised clustering and statistical testing.
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First, in order to visualize the high-dimensional data, we performed dimensionality reduction
using the two-dimensional tSNE algorithm and obtained plots for both panels (Fig 2 A and
D). Next, to better understand the cell composition in each sample, we identified six
canonical PBMC populations: B cells, CD4" T cells, CD8" T cells, DN T cells, NK cells and
myeloid cells and one population of CD3"CD4"HLA-DR" cells for Panel A (Fig 2 A-C).
Panel B was designed with a focus on myeloid cell markers, and we used it to identify four
major populations: myeloid cells, HLA-DR™ lymphocytes, CD4" T cells and NK cells and
CDS8" cells (Fig 2 D-F). No difference in abundance of these major populations was found
between conditions in either Panel A or Panel B (data not shown). For high resolution

analysis of cell sub-populations, we performed clustering within each of this major PBMC

populations.
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Figure 2. Phenotypic characterization of PBMC populations using CyTOF. A and D. 2D-tSNE representations
(from a healthy control) from Panel A and Panel B respectively, each dot represents a cell, plots are colored
according to marker expression. B and E. 2D-tSNE plots colored for cluster identities form Panel A and B
respectively. C and F. Heatmaps showing overall expression levels of markers used for cluster embedding (% of

total cells) from Panel A and B respectively. Adapted from Béttcher C., et al. 2019° 0,
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4.1.2 Detailed analysis of the lymphoid compartment in early MS
reveals phenotypic alterations.

We subclustered each of the major populations from the lymphoid compartment previously
identified. Within the CD4" T cells measured with Panel A, we identified two clusters that
had a significantly different abundance between early MS patients and control donors: CD4*-
C1 and CD4"-C13. CD4*-C1 had a lower abundance in early MS than controls and was
characterized as CCR7°NFAT1MT-bet", indicative of T helper 1 (Thl) phenotype. CD4*-
C13 was more abundant in early MS than controls and was characterized as
CCR7MCD95'°NFATI1"® (when compared with the remaining CD4" lymphoid clusters)
indicating naive T cell phenotype (Fig 3-A). With Panel B we found a small population of
IL-6" within the mixed NK and CD4" T cell cluster that was significantly more abundant in
early MS. Interestingly, IL-6 signaling in T cells has been linked to the induction of Th17
differentiation, which in turn has been proposed to have a crucial role in development of EAE
and MS®, however we did not have enough markers in our panels to discern the Th17
phenotype (Fig 3-B). In the CD8" T cell compartment, cluster CD8*-C5 had a significantly
higher abundance in early MS and was characterized as CCR7M"CD62L"NFAT1°T-bet'
when compared with the rest of the CD8" T cell clusters, suggesting that it is composed of
naive T cells (Fig 3-C). Within the DN T cell population two clusters had difference in
abundance: DN-C2 ADRPT-bet" (higher abundance in early MS) and DN-C3 T-bet"(lower
abundance in early MS) which differed from the rest of DN clusters by ADRP and T-bet
expression(Fig 3-D).

As to the B cell compartment, we identified a small subpopulation, CD19-C2 with high
expression of CD62L, which was enriched in MS patients (Fig 3-E). And a small
subpopulation of the HLA-DR" lymphocytes with high expression of MIP" (HLA-DR*-
C7), presumably containing B cells, was found to be significantly lower in early MS patients

(Fig 3-F).
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Figure 3. Phenotypic changes in the lymphoid compartment. Subclustering analysis of the main PBMCs
populations. For all panels, top-right 2D-tSNE plots colored for the cluster identity of the main PBMC
population and representative marker expression (left plots, top and lower respectively). Frequencies for the
significantly different abundance in subclusters between groups and median marker expression levels between
the significantly different clusters and all other clusters (right plots, top and lower respectively). A P value <
0.05 at 10% FDR was considered statistically significant, determined using GLMM (*P < 0.05; **P < 0.01,
unadjusted). Adapted from Bottcher C., et al. 201 90,
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4.1.3 Small phenotypic changes in the myeloid cell composition in
patients with early MS

Subclustering analysis of the major myeloid populations revealed no change in any cluster
identified by Panel A. Panel B, which had markers specifically directed at detecting changes
in the myeloid population, revealed a small subpopulation (MC-C13) of CD141MCD64
CD68°CXCR3'IRF8" dendritic cells (DCs) which was present at a significantly lower
abundance in early MS as compared with controls. Interestingly, IRF8 expression in CD141*

cells has been associated with a tolerogenic phenotype in mice®.

4.2 Single-cell mass cytometry reveals complex myeloid cell
composition in active lesions of progressive multiple
sclerosis.

All results presented here have been previously published in Bottcher, C., et al. 2020°".

4.2.1 Distinct composition of myeloid cells from active lesions and
NAWM.

In this study we focused on determining the phenotypes of myeloid cells in active lesions and
NAWM of patients with progressive MS. Each region was dissected by a neuropathologist
under MRI guidance. Active lesion tissue was dissected based on macroscopic appearance.
Myeloid cells were then isolated using a Percoll gradient followed by CD11b"™ MACS
sorting, as established before®®. In order to determine the different myeloid phenotypes
present in the samples, we performed three different CyTOF experiments, analyzing a total

of 74 antibodies. A schematic summary of the workflow used can be found in Figure 4.
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Figure 4. Brain myeloid cell phenotyping using CyTOF. Myeloid cells were isolated from post-mortem human
brain samples using CD11b MACS sorting. All cells were barcoded and pooled together for CyTOF staining
and acquisition in three different experiments. Data analysis included sample de-barcoding, spillover

compensation, 2D-tSNE plots for visualization, unsupervised clustering analysis and statistical testing.

In Exp-I we used a panel of 36 antibodies, which were selected to characterize microglia and
to detect the major circulating immune cell subsets including myeloid cells, T, B, and NK
cells that may have remained after the CD11b enrichment. First, we pooled all cells from
both groups and obtained 2D tSNE plots for visualization (Fig 5 A-B). We then performed

unsupervised clustering analysis which revealed 12 clusters with distinct phenotypes (Fig 5
B and C).
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Figure 5. Phenotypic characterization of myeloid cells from NAWM and active lesions of PMS patients. A
Overlaid 2D-tSNE plots with cells from all donors from NAWM and active lesion, each dot represents a cell,
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tSNE maps were generated using all markers in Exp I. B 2D-tSNE plots colored by cluster identities obtained
with the FlowSOM algorithm C. Phenotypic heatmaps with median marker expressions per cluster. Asterisk
indicates differentially abundant clusters. D. Statistical analysis of cluster frequencies between NAWM and
Lesion. An FDR-adjusted p value < 0.05 was considered statistically significant, determined using GLMM (*p

<0.05; **p < 0.01, adjusted). Adapted from Béttcher C., et al. 2020°"

As expected, most clusters showed typical microglial marker expression such as P2Y 12,
TMEMI119, CX3CR1, GPR56, HLA-DRY™ and CD11c¢c%™ (Fig 5 C). Only 2 out of 12 clusters
showed negative or lower expression of these markers. The first non-microglial cluster, C12,
was defined as CD45"CD66b"Clec12AMP2Y 1" TMEM119- (Fig 5 C). The mixed expression
of CD66b, a neutrophil marker, and Clec12A, a marker for peripheral myeloid cells, suggests
that this population is comprised of a mixture of infiltrating immune cells. This cluster was
found at a similar frequency between NAWM and active lesions (Fig 5 D). The other non-
microglial cluster, C11, defined as P2Y 129" TMEM119-CD194™HLA-DR*CXCR3%™CD62*
(Fig 6 B-C) was a myeloid cluster with higher frequency in active lesion as compared with
NAWM.

From the microglial compartment, we identified a cluster of homeostatic microglia hoMG-
C3 (Fig 6 A), defined by its expression of homeostatic markers,
P2Y ;" TMEM119*CD11¢%™"HLA-DRY™CxCR3"GPR56"CX3CR1"CD68%™ ~ hoMG-C3
was either dim or negative for most of the other markers (Fig 6 C) and showed higher
frequency than other clusters in NAWM although it was significantly lower in active lesion
(Fig 6 A). C8 was also significantly lower in active lesions as compared to NAWM and had
a similar phenotype to the hoMG-C3 cluster, except for a significative increase in TNF
expression and a slight decrease in TMEM119 (Fig 6 A and C). C1 was present at a higher
abundance in active lesions and was further characterized as P2Y " TEM1194mCD11c*
HLA-DRMCXCR3*CD68"MCD14M. High expression of CD68, HLA-DR** and CD14%’

clearly indicated an activated microglia phenotype*.
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Figure 6. Differences in abundance of myeloid clusters in Exp-1. A 2D-tSNE plots of the less abundant cluster
in lesion (hoMG-C3 and C8) colored for cluster identities and for marker expression. B 2D-tSNE plots of the
lesion-associated clusters (C1 and C11) colored for cluster identities and for marker expression. C Balloon
plot showing expression of all markers across all clusters in comparison to hoMG-C3. Tile size denotes
expression level (arcsinh) and heat colors show p-value (range from < 0.0001 (red) to > 0.100 (green)).

Adapted from Béttcher C., et al. 2020° L

To better characterize the phagocytic and inflammatory properties of myeloid cells from both
regions we performed Exp-II and /11, which included markers common to both experiments,
referred to as TYPE markers, used to identify myeloid populations and to facilitate
comparison between experiments. The rest of the markers, referred to as STATE markers,

were included to detect different phagocytosis and inflammation-associated phenotypes in

28



the myeloid cells. Unsupervised clustering resulted in 12 distinct clusters per experiment and
statistical testing for difference in cluster abundance between conditions identified three
differentially abundant clusters per experiment (Fig 7 A-D). The homeostatic microglial
clusters were identified as hoMG-C6 (Exp-1I) and hoMG-C9 (Exp-III), as in Exp-1, both
clusters had a significantly lower abundance in active lesions when compared with NAWM.
Given the limitations in metal-channel availability to include the typical microglial markers
P2Y1» and TMEMI19, both homeostatic clusters were identified as HLA-
DRYMCD11¢%mCCR2", C5 and C1 (Exp-1I) and C3 and C1 (Exp-1I1I) (Fig 7 E-H) were
enriched in active lesions and were characterized by 7YPE makers as having positive to high
expression of: HLA-DR, CD11c¢ (indicative of an activated phenotype*?) CD172a, CD91
and CD47. CD172a (SIRPa),the ligand of CD47, is identified as part of the “don’t-eat-me”
signal regulating myeloid inhibition®®. CD91 in turn, is a scavenger-receptor involved in
myelin clearance in MS®. In Exp-II both lesion-enriched clusters (C3 and C1) showed
positive to high expression of the STATE markers ABCA7, Galanin, CD56, NFAT, GLUTS,
CD44 and AXL, among others (Fig 7 G). In Exp-II1, both clusters showed positive to high
expression of ABCA7, CD14, CD56, CD64, NFAT, and GATA6 among others (Fig. 7 H).
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Figure 7. Differences in abundance of myeloid clusters in Exp-1I and Exp-111. A-B overlaid 2D-tSNE plots with
all cells colored by group (NAWM and Lesion) or by cluster identities. Phenotypic heatmaps with overall
marker expression per cluster. Asterisk denotes differentially abundant clusters. C-D Statistical analysis of
cluster frequencies between NAWM and Lesion. An FDR-adjusted p value < 0.05 was considered statistically
significant, determined using GLMM (*p <0.05; **p < 0.01, adjusted). E-F 2D-tSNE plots of differentially
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in red are determined in both Exp-II and Exp-I1I. Two-tailed, unpaired t-test followed a correction for multiple
comparisons using the Holm-Sidak method. p-value < 0.05 is considered statistically significant. The X axis
plots the difference in mean expression between the significantly enriched clusters and the hoMG cluster. A

dotted grid line is shown at X = 0, no difference. The Y axis plots the multiplicity adjusted p-value (—log) tested
using two-tailed, unpaired t-test. A dotted grid line is shown at Y = —log (0.05), no statistical significance.

Adapted from Béttcher C., et al. 2020° L
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4.2.2 IMC partially corroborates myeloid diversity in active lesions

In order to validate the results obtained with CyTOF, we performed IMC on FFPE-TMA’s
from the same donors. IMC was performed using a panel of 13 antibodies, including those
analyzed in Exp-1, on 1-3 sections per sample from all samples, from which Imm? per sample
was acquired and analyzed. A schematic representation of the workflow used is depicted in

Figure 8.
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Figure 8. Schematic representation of IMC analysis. For IMC analysis tissue blocks were embedded in paraffin
and cut at a thickness of 5um with a microtome. Tissue sections were stained with metal-labelled antibodies
following typical immunohistochemical protocols and measured. Data analysis included single-cell
segmentation, high-dimensional image visualization, unsupervised clustering and statistical testing.

After single-cell segmentation and phenograph clustering (Fig 9 B), we tested the difference
in abundance of the different clusters between NAWM and Lesion (Fig 9 C). We observed a
higher abundance of TNF'P2Y," microglia in NAWM as compared with active lesion
samples (Fig 9 D), confirming the results from C8 in Exp-I. Among the five clusters that
were significantly different in abundance between conditions we noted a higher abundance
of clusters expressing CD457MCD68M in active lesions as compared with NAWM (Fig 9
D), thus with a similar phenotype from that of C1 from Exp-1. Of note, those clusters did not
show a higher expression of HLA-DR, CD44, CD11c or CD14 as seen in the solution CyTOF
experiments, but had a similar phenotype as that of C11 from Exp-I. These results indicate

that the clusters identified with IMC may be composed of mixed cells from both clusters.
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Figure 9. IMC analysis results. A Representative images from imaging mass cytometry measurements on post-
mortem human brain tissue from NAWM and Lesion from PMS patients (scale bar = 100 um). Arrow head
indicates P2Y12" microglia, which are positive or negative for TNF. B Overlaid 2D-tSNE plot with all cells
from all samples colored by group or cluster IID as determined by Phenograph clustering analysis. C Cluster
frequencies between NAWM and Lesion. Five differentially abundant clusters (C3, C5, C10, C11 and C17) in
lesions, compared to NAWM samples, were labelled with asterisk. Boxes extend from the 25th to 75th
percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box denotes the
median. Each dot represents the value of each sample. Two-tailed, unpaired t-test. p-value < 0.05 (*) is
considered statistically significant. D 2D-tSNE plots with expression of different markers. Dot plot in the left
showing correlations between TNF and P2Y1> signal intensities of C5, C10 and CI17. Right dot plot shows
correlations between CD68 and CD45 signal intensities of C5, C3 and C11. E Representative IMC images of
five differentially abundant clusters detected in lesion WM (scale bar = 50 um). Adapted from Béttcher C., et

al. 2020°1.
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4.3. Increased homeostatic phenotypic signature in microglia
from major depressive disorder (MDD) patients

All results presented here have been previously published in Bottcher, C. et al. 2020

4.3.1 Microglial homeostatic signatures are maintained in different
brain regions of MDD patients

To elucidate the different myeloid profiles from post-mortem brains of patients with MDD
we performed CyTOF analysis with two antibody panels comprising 35 antibodies/panel. We
used isolated myeloid cells from four different brain regions: subventricular zone (SVZ),
thalamus (THA), temporal lobe (GTS) and frontal lobe (GFM). Panel A was designed to
identify the major immune populations from CNS cells and included a set of cytokine,
chemokine, and other inflammatory markers. Panel B, instead, was designed to analyze
functional and activity changes in the microglial subsets (in here only Panel A is shown).
First, we checked for regional differences in myeloid signatures and, concordant with a
previous study by our group?®, we observed distinct phenotypes from SVZ microglia as
compared with THA, GFM and GTS (Fig 10). Mainly, we found an overall increased
expression of HLA-DR, CD11¢ and CX3CR1 in SVZ from control donors (Fig 10 B). These
changes were also detected in cells from MDD patients, except for lower levels of HLA-DR
from SVZ on MDD patients, thus suggesting non-inflammatory profile in MDD myeloid

cells.
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Figure 10. CyTOF analysis of isolated myeloid cells from MDD patients and control donors. A 2D t-SNE plots
from all cells, in the upper panel colored by region, in the lower panel colored by condition. B Boxplots show
mean expression levels of selected markers in different brain regions for huMG from CON and MDD cases.
Boxes extend from the 25th to 75th percentiles. Whisker plots show the min (smallest) and max (largest) values.
The line in the box denotes the median. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way

ANOVA testing with Dunnett correction for multiple comparisons. Adapted from Béttcher C., et al. 2020° 2,

For a more detailed characterization of the four different brain regions and to further
understand possible phenotypic changes during MDD we performed unbiased clustering
analysis (Fig 11). From the 8 clusters obtained, there was no difference in cluster abundance
between MDD and controls, and only two clusters showed difference in abundance between
SVZ and other regions. We recognized C2, low abundant in SVZ, as the main microglial
cluster by the high expression of P2Y 12 and TMEM119 and low expression of HLA-DR and
CD68 (Fig 11 A). C3, composed of cells with high expression of P2Y 12, TMEM119, HLA-
DR and CD68, indicative of an activated phenotype, was enriched in SVZ. Thus, we could
further confirm heterogeneity of microglial phenotypes between brain regions. In both C2
and C3 expression of P2Y 12 and TMEM119 was higher in MDD and expression of HLA-DR
and CD68 was lower in MDD as compared with controls, showing an increased homeostatic
signature in microglial cells from MDD patients (Fig 11 C). Interestingly, we also found
increased levels of CD195 (CCRS) in MDD as compared with controls. In contrast, the
macrophage cluster C8 identified as CD206"P2Y 2°TMEM119'°, showed an increase in
expression of HLA-DR, TMEM119 and CD91 (low-density lipoprotein receptor-related
protein 1 [LRP1]) in MDD cases as compared with controls (Fig 11 C). Furthermore, all
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clusters showed comparable levels of other inflammatory markers such as IL-1p, IL-6, TNF,

MIP- 1B (CCL4), IL-10, and MCP-1 (CCL2) between MDD and controls (Fig 11 C).
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Figure 11. Unsupervised clustering analysis. A Overlaid 2D-tSNE plots colored by cluster identity and the
corresponding phenotypic heatmaps. B Boxplots showing cluster distribution across regions (SVZ, THA, GTS
and GFM) and between conditions (CON and MDD). Whisker plots show the min (smallest) and max (largest)
values. A dot indicates the frequency (%) of an individual sample. The line in the box denotes the median. **P
< 0.01, multiple t-test with FDR adjustment (at 10% using the Benjamini—Krieger—Yekutieli procedure). C
Boxplots showing markers with differential expression (arcsinh) between CON and MDD for clusters C2, C3
and CD8. A dot indicates the mean expression of an individual sample. *P < 0.05, **P < 0.01, multiple t-test
with FDR adjustment (at 10% using the Benjamini-Krieger-Yekutieli procedure. Adapted from Bottcher C., et

al. 2020°%.
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Overall we have shown a strong homeostatic signature in microglia from MDD patients,
which is in contrast with the changes seen in microglia isolated from PMS patients’'.
Furthermore, we have confirmed the regional microglial differences between SVZ and THA,
GTS and GFM and we have seen that these regional differences remain unchanged during

MDD.

5. Discussion

In the three studies presented here, single-cell mass cytometry was used to deeply
characterize the protein phenotypes of myeloid cells from patients at early and late stages of
MS and in MDD. The results shown here have demonstrated the complexity of the disease
and the heterogeneity of myeloid phenotypes in MS patients which can help understand the
role of these cells in the disease. Furthermore, we have shown that myeloid cells in the brains
of MDD patients display a homeostatic signature, in contrast with previous reports

suggesting a neuroinflammatory signature during MDD.

5.1 Phenotypical changes in PBMCs in early MS

The study of PBMC phenotypes using CyTOF led to the discovery of several changes in
composition of the lymphoid compartment from early MS patients as compared with control
donors. These changes were more prominent in several T cell subsets, underscoring the high
impact of these cells in the pathology. Among our results, we show an overall increase in
CCR7'CD4" and CCR7"CD62L"CDS8" T cell clusters in early MS. CCR7 and CD62L are
recognized homing receptors for secondary lymphoid organs and markers of naive T cell
phenotype’®. Both markers have also been recognized as part of the central memory T cell
(Tcm) phenotype’!, however, markers to distinguish between this two populations such as
CD45RA and CD45RO were missing in our panels. Tcm are key players of the adaptive
immune system by conferring immediate response upon antigenic stimulation, they rapidly

home to secondary lymphoid organs where they proliferate and differentiate into effector
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cells’2. Higher levels of Tcm have been reported in blood from MS patients and it is
speculated that increase of Tcm is a mechanism of maintenance of MS”3. Interestingly,
depletion of CCR7 in CD4" T cells in EAE mice leads to impaired induction of
autoimmunity’*. We also saw an overall decrease in NFATMT-bet" CD4" T cells in patients
with early MS. NFAT is an important regulator of T cell immune responses, among its target
genes is the regulation of the lineage specific transcription factor T-bet which in turn
regulates transition to T helper 1 lineage’. Th1 CD4" T cells have been strongly correlated
with MS, these cells typically secrete IFN -y and TNF which is believed to increase immune
activation in the CNS by inducing further release of pro-inflammatory mediators and
enhancing antigen presentation’®. Furthermore, NFAT has been identified as a target for
autoimmune disease treatment, and it has been reported that pharmaceutical inhibition of
NFAT ameliorated EAE by inhibiting Th1l and Th17 cells but not Treg cells’”’. We also
detected an increase in a mixed NK - T cell cluster with high expression of IL-6 in early MS
patients. IL-6 is a known modulator of immune responses although mainly secreted by
antigen presenting cells. Elevated levels of IL-6 have been observed in CSF’® and plasma’
of patients with MS, even from an early stage in the disease, and have shown positive
correlation with disease severity’®,

As for the myeloid compartment, even though antibody Panel B was specifically designed to
detect major changes in the myeloid population, we only detected one minor change within
the DC population. These results are concordant with other studies showing low variations
in the overall population of monocytes between patients at different stages of MS (including
CIS) and controls®'82, Nonetheless, these studies report changes in marker expression within
the non-classical monocyte subsets, such as lower HERVs (not present in our panels) and
changes in the abundance of non-classical monocytes at later stages of the disease®-82. The
lower abundance of CD141"DCs found in our study is in contrast with one previous study
showing increased abundance of these cells in PBMCs from CIS patients using flow
cytometry®. In order to address the suitability of our panel design to detect changes in
myeloid subsets we also measured samples from patients with Crohn’s disease®* which
showed a strong inflammatory phenotype in the myeloid compartment as compared with MS

and control samples, concordant with previous reports.
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5.2 Myeloid phenotypes in active lesions of PMS patients
and MDD patients

In the second study, we have characterized the protein phenotypes of myeloid cells from
active lesions vs. NAWM from PMS patients at the single-cell level using mass cytometry.
Our results show an abundance of microglia in both lesion and NAWM and a shift from
homeostatic microglia in NAWM to more activated profiles in active lesion. Cells present in
lesion-associated clusters expressed markers related with myelin clearance and remyelination
as well as markers related with inflammation. We consistently detected the same results along
the three experiments, thus proving the reproducibility and consistency of the technique. The
unsupervised data analysis approach enabled identification of 12 clusters with distinct
phenotypic signatures, the multiplicity of microglial phenotypes identified possibly relates to
a large array of functions for these cells in the disease.

In Exp I, we used two markers that enabled distinction between microglia and resident
macrophages, P2Y 2% and TMEM119%¢, the positivity for these two markers in the major
population in both NAWM and active lesion indicates a majority of microglia present in both.
However, there was an overall decrease in expression of these markers in lesions, as shown
by a lower frequency of homeostatic microglia in lesion and a lower expression of
TMEM119, P2Y 2>, CX3CR1 and GPR56 in lesion-associated clusters, consistent with
previous reports in MS?74385 and mouse models of demyelination?’ and neurodegeneration??.
In Exp II and I1I, we did not use specific microglia markers but microglia/macrophage
markers HLA-DR, CD11c or CD172a, thus it was not possible to properly discern between
the cell types. However, we can extract from the data in Exp [ that the main populations were

mostly composed of microglia cells.

We found that cells in lesion-associated clusters had an increased expression of markers
involved in phagocytosis and pro-inflammatory signals including typical markers of
microglia activation such as HLA-DR, CD68 or CDI11c. Phagocytosis is a complex cell
process that needs the tight regulation and cooperation of different types of receptors and
signaling pathways, in the CNS it is mostly performed by resident macrophages and
microglia. In the context of MS, phagocytosis ensures the proper clearing of myelin debris

which is of key importance to allow axonal and oligodendrocyte regeneration®’. Phagocytosis

38



and processing of different cholesterol products (such as those composing myelin) are also
known to induce a pro-inflammatory phenotype in mciroglia®®. Our results show high
expression of phagocytosis-related molecules in cells from lesion-associated clusters
including CD68, TLRs, HLA-DR, CD74, CD14, CD91 and ABCA7. TLR stimulation in
mouse microglia induces activation and up-regulation of several molecules, including
cytokines, co-stimulatory molecules and MHC-class 1I receptors®®. HLA-DR (MHC-class II
receptor) is typically used by APCs to present antigens to T cells and thus stimulates the
adaptive arm of the immune response. Microglia express low levels of HLA-DR in
homeostatic conditions, an upregulation in the expression of this molecule is a typical
response to inflammation and usually considered as a marker of activation in many CNS
pathologies including MS?74491 Furthermore, different HLA-DR haplotypes have been
strongly associated with MS in genome wide studies®?. A role for HLA-DR in antigen
presentation by microglia in the context of MS has been challenged by recent studies in mice
in which induction of EAE in mice harboring MHC class II-deficient microglia remained
unaltered®®. Furthermore, MHC class II molecules where also upregulated in the cuprizone
demyelination mice model®®, which lacks T cell involvement, but had no apparent effect on
the pathology, as MHC class II deficiency in microglia do not seem to affect de- or
remyelination®®. Interestingly, in the de and re-myelination associated microglia described
with the cuprizone model, upregulation of MHC class II molecules is accompanied by
increase in CD74 but no other co-stimulatory molecules such as CD80 or CD86%7%4, a pattern
similar to that seen in our lesion-associated microglia, which show higher expression of
HLA-DR and CD74 but no change in CD86 expression.

In Exp II and 111, CD91 was shown to be upregulated in all lesion-associated clusters. CD91
(LRP1 or APOE receptor), is a scavenger receptor that is involved in myelin clearance and
inflammatory response in MS®. We also saw increased expression in lesion of CD14 and
ABCA7, a molecule associated with lipid metabolism and part of the cuprizone reacting
microglial signature®*. ABCA7’s primary function is to regulate the transport of
phospholipids and cholesterol but it is also involved in maintaining the homeostasis of the
immune system. CD14 is also known for being the coreceptor of TLR4%” and TLR2%. CD14
expression in microglia provides them with high sensitivity to LPS, more than other

macrophages tested, and is known to induce cytokine secretion but also to prevent excessive
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inflammatory reactions in the mouse CNS®’. It is important to note that although TREM2 and
ApoE have been suggested as the main mediators in the switch from homeostatic to
neurodegenerative microglia in mice models of AD, ALS and MS3!*? we did not see any

changes in the expression of TREM2 or ApoE in any of the lesion-associated clusters.

Activation of phagocytosis is tightly linked with activation of the immune response in
microglia. In our study we found up-regulation of several immune mediators in lesion-
associated clusters, among them NFAT, AXL, SPP1, CD44, CDI115 or CDI172a. These
results partially correlate with the DAM phenotype found in mouse models of
neurodegeneration®?. AXL is a member of the family of receptor tyrosine kinases with a role
in regulation of the immune response, including regulation of cytokine secretion and in
promoting the clearance of debris®®. Studies in mice have evidenced that the levels of Ax/
expression rise when CNS homeostasis is broken, as in EAE or in cuprizone treated mice®,
where it regulates cytokine release and the clearance of debris®®. The expression of AXL was
also found higher in homogenates from MS lesions”, concordant with our results.
Furthermore, a recent study testing the potential of antibodies against AXL receptor
(enhancing AXL function) for MS treatment showed promising results by decreasing EAE
clinical scores as well as diminishing demyelination and inflammatory myeloid cells in the
CNS!%_ SPPI (also named osteopontin [OPN]) is a pro-inflammatory cytokine secreted by
many immune cells including activated microglia and macrophages, among its functions in
macrophages are regulation of migration, survival, phagocytosis and pro-inflammatory
cytokine production'!. High levels of SPP1 in CNS-resident myeloid cells have been found
in different CNS conditions, including mouse models of neuroinflammation?’**192 and
neurodegeneration®”!%, as well as in AD'%* and brains'%? | blood and CSF from MS patients
correlating with disease severity'?. Despite this, we did not detect changes in expression of
some pro-inflammatory mediators usually linked to neuroinflammation such as CCL2 or IL-
1B. We only found a small increase in expression in IL-6 in one of the lesion-associated
clusters. We did see, however, a high increase in TNF expression in a NAWM-associated
cluster. This result might be linked to a response of microglia in non-affected areas and a

failure of lesion-associated microglia to promote remyelination in active lesions at late stages
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of the disease, given the reports of TNF produced by microglia to promote oligodendrocyte

proliferation and remyelination!%.

In addition to CyTOF, we also used IMC as a validation tool of our results. The IMC analysis
in this thesis is among the first to apply the newly developed IMC technology to brain
samples and the first to apply IMC in a larger cohort, as the two previous studies consisted

107 or two samples'®®. We could confirm in-situ many of the findings resulted

of either one
from the solution CyTOF experiments. For instance, we also saw an increased abundance of
TNF* microglia in NAWM as compared with lesion and we observed an increase in
frequency of activated microglia in lesion. It is important to note, however, that a direct
comparison of the results between both technologies is still technically challenging.

Taken together our results suggest a multiplicity of myeloid responses in active lesions of
PMS. The markers found to be highly expressed in cells from lesion-associated clusters are
involved in multiple responses that range from mechanisms related to phagocytosis,
promotion of inflammation or remyelination. These results indicate the coexistence of
different cell populations, or cells in different activation states within the lesion milieu. This
phenotypic range should be considered when designing new treatment strategies, as the fine
modulation of myeloid phenotypes within the CNS could drive towards inflammation

resolution but should not hinder the capacity of microglia to dispose of cellular debris needed

for proper remyelination.

In contrast with the changes seen in microglia from active lesions of PMS patients we found
that microglia from MDD patients have a non-inflammatory phenotypic signature, and
furthermore all the microglial populations showed increased homeostatic signatures an even
a decreased expression of HLA-DR and CD68 in the main microglia cluster in MDD as
compared with controls. To our knowledge this is the first study to analyze microglia from
MDD patients at the single-cell level using high-dimensional profiling. Although further
studies with a bigger cohort are needed, our results challenge previews reports that suggested
an increased microglial activation in brains of MDD patients, mainly relaying on TSPO
ligand binding measured with PET?¢ but are in-line with a recent microarray transcriptomic

study showing no significant changes in MDD gene expression!®.

41



5.3 Future directions

It is important to note that the three studies described in this thesis consist of a snapshot in
time and space of the myeloid cell compartments present in MS patients. The precise function
and biological relevance of the populations ifound associated with MS remain to be
investigated. In the first study on PBMCs in early MS, we could not detect major changes
within the myeloid populations. This could be due to lack of specific antibodies to detect
those changes or that changes in myeloid cells are not happening at such an early stage.
Therefore, follow-up studies with expanded antibody panels or at later stages of the disease
might provide relevant information and establish specific associations of these cells during
disease progression. Nevertheless, it remains also to be determined whether or not these cells
are more susceptible to insults. Ex vivo functional analysis will be required to investigate

their responses under stimulation.

Regarding the results obtained on our second study, an assessment of a larger cohort could
be useful in proving the extent of the changes shown here. Even though IMC is still a young
technology, the possibilities of high-dimensional imaging acquisition could expand the
understanding of how the different immune phenotypes studied here correlate and interact
with their tissue microenvironment. Hence, further studies on PPMS patient samples using
IMC including markers for other cell types with proposed roles in the disease could shed
some light as to their function in disease progression. Lastly, a combination of different omics
tools, testing the transcriptomic, proteomic and spatial relationships of myeloid cells at
different disease stages would provide important information as to how these cells are

regulated and cooperate with their specific environment at different pathological stages.
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Multiple sclerosis (MS) is an inflammatory demyelinating and neurodegenerative disease of the central
nervous system (CNS). Studies in rodent models demonstrated an association of CNS-infiltrating
monocyte-derived macrophages with disease severity. However, little is known about humans. Here,
we performed an exploratory analysis of peripheral blood mononuclear cells (PBMCs) isolated from
healthy controls and drug-naive patients with early MS using multiplexed single-cell mass cytometry
and algorithm-based data analysis. Two antibody panels comprising a total of 64 antibodies were
designed to comprehensively analyse diverse immune cell populations, with particular emphasis

on monocytes. PBMC composition and marker expression were overall similar between the groups.
However, anincreased abundance of CCR7* and IL-6* T cells was detected in early MS-PBMCs,
whereas NFAT1"T-bet"'CD4* T cells were decreased. Similarly, we detected changes in the subset
composition of the CCR7* and MIP3" HLA-DR* lymphocyte compartment. Only mild alterations were
detected in monocytes/myeloid cells of patients with early MS, namely a decreased abundance of
CD141MIRF8"CXCR3*CD68~ dendritic cells. Unlike in Crohn’s disease, no significant differences were
found in the monocyte fraction of patients with early MS compared to healthy controls. This study
provides a valuable resource for future studies designed to characterise and target diverse PBMC
subsets in MS.

Multiple sclerosis (MS) is a frequent chronic inflammatory demyelinating and neurodegenerative disease of
the human central nervous system (CNS) with a highly variable disease course’. Although its precise aetiology
remains to be identified, peripheral immune cells have been proposed as one of the main players in MS. Indeed,
immunotherapies targeting lymphocytes or subsets thereof (for example natalizumab, rituximab/ocrelizumab,
alemtuzumab or fingolimod) have a beneficial effect on relapse rates and neuroimaging outcomes in patients
with relapsing-remitting MS, while the effects of these drugs during the progressive phase of the disease are less
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pronounced®~. Besides the adaptive immune system, the innate arm including monocytes has also been claimed
to be involved in MS pathogenesis and/or disease severity. In mouse models of inflammatory demyelination
(namely experimental autoimmune encephalomyelitis, EAE), CCR2*Ly6-C" blood monocytes were shown to
exert a crucial role in the effector phase of the disease. Inhibition of their recruitment to the CNS strongly reduced
EAE severity>®. In humans, genome-wide association studies (GWAS) unravelled causal variants for MS in mul-
tiple cell types including different subsets of T and B cells, monocytes and macrophages, suggesting contributions
of both adaptive and innate arms of the immune system’. Yet, the roles of monocytes/myeloid cells as well and
their phenotypic changes in human MS remain elusive.

In humans, peripheral blood monocytes can be classified into three main subsets: classical (CD14**CD16"),
intermediate (CD14*CD16") and nonclassical (CD14%"~CD16*) monocytes®. Results obtained from
whole-genome expression arrays revealed that both CD14" subsets (namely classical and intermediate mono-
cytes) resemble CCR2*Ly6C" “inflammatory” monocytes in mice, whereas the nonclassical subset was more
alike to mouse CX3CRI1™Ly6C" “patrolling” monocytes®. However, functional characteristics of human
CD14"*CD16 and CD14*CD16" monocytes revealed significant differences®’. CD14**CD16~ classical mono-
cytes strongly produce reactive oxygen species (ROS), IL-6, IL-8, CCL2 and CCL3, whereas the CD14"CD16"
intermediate subset predominantly produces TNF-a and IL-13% Phenotypic analysis by flow cytometry identified
elevated expression of CD40, CD86 and CCR2 in nonclassical and intermediate monocytes from MS patients,
while only slight differences were observed in the classical CD14* subset'"!'. However, another flow cytometry
study found a reduction of CD40, CD163 and CCR2 expression in monocytes from MS patients'>. These con-
troversies may result from different strategies of the subset identification based on up to 8 markers, as well as
the experimental in vitro conditions. In particular, the limited number of markers applied for immune profiling
using flow cytometry renders it virtually impossible to simultaneously investigate the MS-associated responses
of monocytes in comparison to other immune cell subsets such as T and B cells, which are known key players in
MS. Massive immune cell profiling using multiplexed single-cell mass cytometry (CyTOF) allows for compre-
hensive investigation of various immune cell subsets. Commonly, up to 40 markers can be simultaneously investi-
gated at the single-cell level, and this provides an important advantage over the classical flow cytometric analysis.
Furthermore, the identification of immune cell subsets using an unbiased algorithm-based approach allows for
the investigation of rare cell populations, which may otherwise remain unidentified on the basis of a hierarchical
two-dimensional gating strategy.

In this study, we employed multiplexed CyTOF and algorithm-based data processing and analysis for
high-dimensional immune cell profiling of PBMCs in early MS, with a particular emphasis on monocytes. We
herein report the results of simultaneous analysis of monocyte/myeloid subsets and other immune cell popula-
tions in PBMCs (excluding granulocytes) from drug-naive patients with early MS in comparison to healthy con-
trols. Our findings provide a valuable resource for immune cell identification and profiling in future preclinical
and clinical studies in early MS.

Results

The demographic and clinical data of the patients with early MS and healthy controls included in this study
are summarized in Supplementary Table 1. Gender and age did not differ between patients with early MS and
healthy controls [sex (% female): CON = 90.9, early MS =72.7, p = 0.5865; age (years 4 SD): CON =36 + 12, early
MS =3549, tigr - 20)=0.0599, p = 0.9529)].

Comprehensive phenotyping by multiplexed single-cell mass cytometry. The experimental
design of this study is summarized in Fig. 1. In order to minimize the run-to-run variation and to facilitate the
comparison of cellular profiles from different cell subsets and individuals, we simultaneously profiled PBMCs
of all samples from both early MS patients and healthy controls (CON) in the same run. Isolated PBMCs from
patients with early MS and healthy controls were thawed and live (mass-tag) barcoded using pre-conjugated
CD45 antibody conjugates'*!*. Samples were subsequently pooled, split equally and stained with two different
antibody panels (35 antibodies/panel) (Supplementary Tables 2 and 3). Panel A was designed to detect the major
circulating immune cell subsets (i.e. T & B cells, monocytes, natural killer (NK) cells), chemokine receptors
and inflammatory mediators, including IRF4, IRF8, CD45, CD3, CD14, CD16, CD62L, CD19, HLA-DR, CD56,
CD44, CD33 (Siglec-3), NFAT1, ADRP, CCR2, CCR7, IL-10, CCL2, IEN-~, and TNF-c. Panel B was designed to
investigate functional and activity changes in immune cell subsets using 35 antibodies including CD116, IKZF1,
CD38, MIP3, CD172a, PD-L1, Arginase-1, GATA6, GM-CSF, IRF8, GLUT1, IL-4, IL-8. In both antibody panels,
anti-HLA-DR, anti-CD8a and anti-CD33 antibodies were included, which allowed tracking and correlation of
immune phenotypes (revealed from both panels) of the myeloid cell populations between panels. Finally, multi-
plexed and stained samples were simultaneously acquired on a CyTOF instrument.

First, we captured and visualized all cell subpopulations in a single two-dimensional (2D) map using unsu-
pervised high-dimensional data analysis, the t-distributed stochastic linear embedding (t-SNE) algorithm'*'® on
the commercially available analysis platform Cytobank (www.cytobank.org) (Figs. 2a and 3a). Subsequently, we
performed a comprehensive analysis on R/Bioconductor by high resolution testing for differential abundance
at the t-SNE embedding” as well as by clustering-based methodologies‘“. Using antibody Panel A, in which
HLA-DR, CD19, CD44, CD4, CDl11¢, CD16, CD3, CD56, CD14, CD8a, T-bet, CD33, CCR2 and CD11b were
used for meta-clustering, we detected nine distinct clusters and a dispersed cluster containing only very few
cells (less than 50 cells), which showed unclear phenotypic profiles (named as unidentified cells). These cells
were excluded from the further data analysis (Fig. 2b,c). The immune cell composition of PBMCs was overall
similar between the patients with early MS and healthy controls (Fig. 2d). To obtain enough resolution for fur-
ther analysis, we manually merged some clusters, which resulted in a final of six clusters representing B cells,
CD4/CD8-single positive and double-negative T cells, NK cells, and myeloid cells (Fig. 2e). These subsets served
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Figure 1. Schematic representation of CyTOF measurement. Peripheral blood mononuclear cells (PBMCs)
were collected from healthy controls (CON, n=11) and patients with early multiple sclerosis (MS) (early MS,
n=11). PBMCs were CD45-barcoded and pooled. Mixed samples were equally divided and stained with two
panels (Panel A and B, Supplementary Tables 2 and 3) of metal-conjugated antibodies and acquired on the
CyTOF instrument. Prior to algorithm-based data analysis, the data were demultiplexed and compensated. Two
steps of clustering analysis were performs; the primary supervised clustering analysis to identify the known
lineage cell subsets, and the secondary unsupervised clustering analysis to discover small phenotypic differences
within each identified lineage cell subset.

as input for further meta-clustering analysis. Using antibody Panel B, in which only HLA-DR, CD38, CD64,
CD68, CD8a, CD33 and CD64 were used to estimate the frequency of the main circulating cell subsets, four cell
subsets were defined. Using this antibody panel, we aimed to particularly analyse the myeloid cell population
(HLA-DR*CD33"). Myeloid cells can be clustered from other cell populations (Fig. 3b), whereas CD4" T cells
could not be clearly clustered from NK cells, and some HLA-DR" T lymphocytes (red dots) were detected in the
cluster of B cells (HLA-DR*CD33", light blue cluster). Similar to Panel A, one very rare cell subset (unidentified
cells) was excluded from the analysis (Fig. 3b). In both Panels A and B, overall mean expressions of all markers
used in Panels A and B were not different between the two groups (Figs. 2f and 3c).

Phenotypic alterations in the lymphoid compartment in patients with early MS. In order to
examine phenotypic differences of PBMCs between patients with early MS and healthy controls, we next per-
formed high-resolution probability binning on the t-SNE map of the entire data set, an approach that has been
shown to be an effective exploring strategy to reveal differences between the studied groups'’. This analysis
revealed that the CD4" T cell composition was different between healthy controls and patients with early MS
(Fig. 4a). The differences were detected in the CD4" T cell sub-populations that expressed CCR7, IL-7R and
CD62L (Fig. 4b). Further cluster analysis of CD4" T cells indicated abundant differences in two out of fourteen
subsets (Fig. 4c,d). Cluster 1, defined as NFAT1MT-bet"CD4" T cells was present at a lower frequency in patients
with early MS compared to healthy controls (Fig. 4d,e), whereas the abundance of CCR7*T-bet"CD4" T cells
(cluster 13) was higher in patients with early MS (Fig. 4d,e). Similar to the CD4* lymphocytes, an increased
frequency of the CCR7+T-bet NFAT1% cell subset (cluster 5) was also found among the CD8* T cell population
(Fig. 4f-h). Within the CD3*CD4~CD8 T-bet™ (double-negative) T cells, we detected differential abundance in
two subsets 2 and 3, which differed from the other clusters on the basis of expression levels of ADRP, CCR2 and
T-bet (Fig. 5a—c). Notably, in the early MS group, increased cell frequencies were detected in the clusters that were
ADRPPCCR2*T-bet" (cluster 2), while ADRP*CCR2*T-bet" cells (cluster 3) were less abundant compared with
healthy controls (Fig. 5a—c).

Although we could not detect differential marker expression and abundance in the total B cell population,
high-dimensional clustering analysis revealed differences in cell frequencies of two out of seventeen B cell subsets
(Fig. 5d-f). These subsets were identified as CCR7"CCR2TGFj31~ B cells, which were positive (cluster 2) and
negative (cluster 3) for CD62L (L-selectin) expression (Fig. 5d-f). Interestingly, we detected an increased abun-
dance of CD62L-expressing B cells, whereas the frequency of the CD62L-negative cells was reduced (Fig. 5e,f).

Similar to the results obtained for antibody Panel A, multi-parameter immune profiling using the antibody
Panel B revealed differential abundances of lymphoid cell subsets (Fig. 6). In the mixed cluster of CD4" T cells
and NK cells, we detected differences in the frequencies of two cell subsets, namely clusters 3 and 6 in Fig. 6a,b.
A unique CD47"IL-6* T cell subset (cluster 6) was found to be increased in early MS patients compared to the
healthy controls (Fig. 6a—c). This subset could be further defined as CD274°CD54°CXCR3* (Fig. 6a). Finally,
the frequency of cells expressing high level of MIP3 (CCL4) and IRF8 (cluster 7) was significantly lower in the
mixed cluster of HLA-DR™ T cells and B cells from patients with early MS than in healthy controls (Fig. 6d-f).
In sum, harnessing the full power of multi-dimensional mass cytometry we unravelled phenotypic alterations of
lymphoid cell subsets in patients with early MS compared to healthy controls. The changes in immune profiles
detected herein were found mainly in the B and T cell populations.

Phenotypic alterations of the monocyte/myeloid cell compartment in patients with early
MS. Next, we explored the abundance and/or phenotypic changes in the myeloid cell compartment of
patients with early MS compared with the control group (Fig. 7). In contrast to previous reports'®~'2, we did
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Figure 2. Immune phenotyping of peripheral blood mononuclear cells (PBMCs) - Panel A. (a) Representative
reduced-dimensional single-cell t-SNE maps (of a healthy control) from biologically independent samples of
patients with early MS (n=11) and healthy controls (n=11). Each dot represents one cell. The 2D t-SNE maps

were generated based on expression levels of all markers of Panel A (Supplementary Table 2). The colour spectrum
represents individual marker-expression levels (red, high expression; dark blue, no expression). (b) The t-SNE

plot of concatenated FCS files from all 22 samples. The colouring indicates ten defined clusters representing major
PBMC-lineages. (c) Heat map cluster demonstrates the expression levels of 14 markers used for the cluster analysis.
(d) Quantified frequencies (%) of each defined cell subset showing comparable cellular composition in PBMCs from
the two studied groups (black lines show mean values of the datasets). (e) Myeloid clusters including CD147CD16,
CDI14*CD16", CD14-CD16" monocytes and dendritic cells were manually merged prior to further data analysis. (f)
Overlaid t-SNE plot shows cellular distribution of control (grey dots) and early MS (red dots) samples (top image).
Heat map and cluster analysis of all samples on the basis of the mean expression of 36 markers. Samples are indicated
by dendrograms. Heat colours show overall expression levels (red, high expression; dark blue, no expression).

SCIENTIFICREPORTS|

(2019) 9:19471 | https://doi.org/10.1038/s41598-019-55852-x

61



www.nature.com/scientificreports/

a mean expression
high

overlaid
(all samples, 509,192 cells)

® CON
® early MS

tSNE2
1

[ i custer D

IKZF1

T
tSNE1

cluster ID

HLA-DR

CD38 luster ID

cDe4 clusterD

cpes unidentified cells

Cpsa HLA-DR* lymphocytes

o33 == CD4" T cells & NK cells
mm myeloid cells

Cb4a7 CD8* cells

group

B CON mm early MS

Figure 3. Immune phenotyping of peripheral blood mononuclear cells - Panel B. (a) Representative single-cell
t-SNE plots (of a healthy control). Each dot represents one cell. The 2D t-SNE maps were generated based on
expression levels of all markers of Panel B (Supplementary Table 3). The colour spectrum represents expression
levels (red, high expression; dark blue, no expression). (b) The t-SNE map of concatenated FCS files from all 22
samples. The colouring indicates five defined clusters of myeloid and lymphoid origin. The lower panel shows
cluster heat map cluster demonstrating the expression levels of 7 markers used as the embedding parameters.
(c) Overlaid t-SNE plot shows cellular distribution of control (grey dots) and early MS (red dots) samples (top
image). Heat map and cluster analysis of all samples on the basis of the mean expression of 36 markers. Samples
are indicated by dendrograms. Heat colours show overall marker expression levels (red, high expression; dark
blue, no expression).

not observe major differences in the monocyte/myeloid cell composition between the two groups using anti-
body Panel A (Supplementary Fig. 1). However, results obtained from the profiling using antibody Panel B
revealed a significant reduction of the frequency of CD141-expressing dendritic cells (DCs, cluster 13) in
patients with early MS compared to healthy controls (Fig. 7a—c). This cell subset could be further characterized as
CD64-CD68CXCR3*IRF8*ADRP*CD38" (Fig. 7a,c). To estimate the degree of phenotypic changes of mono-
cytes in patients with early MS, we compared immune profiles of monocytes from patients with early MS with
those from patients with Crohn’s disease (CD) and healthy controls. It is known that monocytes are involved
in the immunopathology of inflammatory bowel diseases like CD'*-?!. We detected strong differences in the
myeloid cell compartment between patients with CD and early MS or healthy controls using antibody Panels A
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Figure 3. Immune phenotyping of peripheral blood mononuclear cells - Panel B. (a) Representative single-cell
t-SNE plots (of a healthy control). Each dot represents one cell. The 2D t-SNE maps were generated based on
expression levels of all markers of Panel B (Supplementary Table 3). The colour spectrum represents expression
levels (red, high expression; dark blue, no expression). (b) The t-SNE map of concatenated FCS files from all 22
samples. The colouring indicates five defined clusters of myeloid and lymphoid origin. The lower panel shows
cluster heat map cluster demonstrating the expression levels of 7 markers used as the embedding parameters.
(c) Overlaid t-SNE plot shows cellular distribution of control (grey dots) and early MS (red dots) samples (top
image). Heat map and cluster analysis of all samples on the basis of the mean expression of 36 markers. Samples
are indicated by dendrograms. Heat colours show overall marker expression levels (red, high expression; dark
blue, no expression).

not observe major differences in the monocyte/myeloid cell composition between the two groups using anti-
body Panel A (Supplementary Fig. 1). However, results obtained from the profiling using antibody Panel B
revealed a significant reduction of the frequency of CD141-expressing dendritic cells (DCs, cluster 13) in
patients with early MS compared to healthy controls (Fig. 7a—c). This cell subset could be further characterized as
CD64-CD68CXCR3*IRF8*ADRP*CD38" (Fig. 7a,c). To estimate the degree of phenotypic changes of mono-
cytes in patients with early MS, we compared immune profiles of monocytes from patients with early MS with
those from patients with Crohn’s disease (CD) and healthy controls. It is known that monocytes are involved
in the immunopathology of inflammatory bowel diseases like CD'*-?!. We detected strong differences in the
myeloid cell compartment between patients with CD and early MS or healthy controls using antibody Panels A
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Figure 4. Phenotypic analysis of the lymphoid lineage. (a) Statistical t-SNE map obtained from bin-wise
testing for differential abundance between the two studied groups (CON, n=11; early MS, n=11) using
edgeR statistical framework (with negative binomial GLM) and 10% FDR adjustment. The colour spectrum
corresponds to FDR-adjusted P values, ranging from 1 (blue) to <0.05 (red), detecting significant differences
between the group in the CD4" T cell subset. (b) Representative single-cell t-SNE map indicates the expression
of CCR7, IL-7R and CD62L. The colour spectrum represents an expression level (red, high expression; dark
blue, no expression). (c) t-SNE map highlights CD4" T cell subset (green dots). Heat map and cluster analysis
within the CD4" T cell cluster from all samples on the basis of the mean expression of analysed markers.
Identified clusters are indicated by dendrograms. Heat colours show overall marker expression levels. The bar
graph shows mean cluster frequencies as % of parent (black number) and % of total cells (grey number). Cluster
1and 13 (* in red) are quantified as differentially abundant subsets between the groups. (d) The graph shows
differences in frequency (%) of cluster 1 and 13 between the two studied groups. (e) Median expression levels
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as shown in dot plot representation for randomly selected cells (n = 256/cluster) in the cluster 1 (orange), 13
(green) and all other clusters (blue). The selected markers are identified as defining markers for cluster 1 and
13. (f) The t-SNE map, heat map and cluster analysis of CD8" T cells from all samples on the basis of the mean
expression of analysed markers. Cluster 5 (* in red) is quantified as differentially abundant subsets between
the groups. (g) The graph shows differences in frequency (%) of cluster 5 between the two studied groups. (h)
Median expression levels as shown in dot plot representation for randomly selected cells (n = 256/cluster) in
the cluster 5 (orange) and all other clusters (blue). A P value < 0.05 at 10% FDR was considered statistically
significant, determined using GLMM (*P < 0.05; **P < 0.01, unadjusted).

and B (Fig. 7d-i). On the basis of the expression levels of markers used in antibody Panel A, we identified seven
cell subsets in the myeloid compartment that showed differential abundances between the investigated groups
(Fig. 7d.e). Furthermore, we defined ADRP, CD101, CD11b, CD14, CD16, CCR2, CD33, CD86, CD95, CX3CR1,
HLA-DR, IRF4, NFAT1 and TGFj31 as markers that were required for the discrimination of these differential cell
subsets from the remaining cell subsets (Fig. 7f). Interestingly, all seven differential cell subsets were found to be
diminished in the patients with CD (Fig. 7e). Using antibody Panel B, we quantified differences in cell frequen-
cies of seven cell subsets (out of 10 defined clusters) in the myeloid compartment of CD patients compared to
patients with early MS and healthy controls (Fig. 7g,h). The markers discriminating these differential cell subsets
were ADRP, Arginase 1, CD13, CD141, CD172a, CD18, CD33, CD38, CD54, CD64, CD68, CXCR3, GLUT1,
HLA-DR, IKFZ1, IRF8 and MIPf (Fig. 7i). Similar to the significant difference in DCs detected in patients with
early MS in comparison to the healthy controls (cluster 13, Fig. 7a), we also found a decreased frequency of
CD1417CD64 CD68 CXCR3"'IRF8"ADRP*CD38" DCs (cluster 3) in patients with CD. Nevertheless, changes
in the immune phenotypes of the myeloid compartment in patients with early MS were minute in comparison to
those observed in CD.

Discussion

MS is an immune-mediated demyelinating and neurodegenerative disease of the CNS with a highly variable
disease course. During early MS, immunomodulatory drugs targeting in particular T and B cells are the most
effective therapies suggesting strong impacts of these cell populations on the disease. However, it remains unclear
whether the aberrant activity of the adaptive arm of the immune system directly contributes to demyelination
and/or inflammation of the CNS, or whether a cross-talk between the innate and adaptive arms drives MS patho-
genesis””. Therefore, comprehensive information about the responses of both adaptive and innate immune cells
during early MS will help to better understand the communication between both arms of the immune system,
and to potentially manipulate them. In this study, we demonstrate the feasibility of extensive immune profil-
ing by multiplexed single-cell mass cytometry to simultaneously determine phenotypic alterations of innate and
adaptive immune cell populations in PBMC samples of patients with early MS compared to healthy controls. We
suggest two antibody panels comprising of a total of 64 markers that allow for cell subset identification, as well
as determination of phenotypic changes in PBMC samples. Although we did not observe overall differences in
PBMC composition and marker expression, high-dimensional cluster analysis revealed changes in the cellular
composition of T and B cell subsets, as well as in DCs, suggesting responses of various circulating lymphocyte and
myeloid cell subpopulations during early MS.

In the lymphoid cell compartment of patients with early MS, using antibody Panel A, we detected increased
frequencies of CD4" and CD8" cells that highly expressed CCR7 and were negative for CD95 (Fas). These
subsets expressed low levels of NFAT1 and T-bet. In contrast, we observed a decreased abundance of the
CCR7°NFAT1MT-bet" subset of CD4* T cells. These findings underscore the importance of T cell-responses in
MS, which is in line with results obtained from EAE model in rodents, which suggested that CCR7 plays a crucial
role in T cell homing and neuroinflammation during the priming of autoimmune CD4" T cells but not in the
CNS?. In fact, specific constitutive deletion of CCR7 on CD4" T cells induced immune tolerance to EAE*. T-box
transcription factor (T-bet) is expressed in T lymphocytes and committed to T cell development*. This transcrip-
tion factor is recognized as a key regulator for Th1 cell differentiation and is considered to be critical for T cell
pathogenicity in EAE since mice deficient in T-bet are resistant to the development of EAE*. Also, the nuclear
factor of activated T cell (NFAT) transcription factor is involved in the regulation of T-cell development, activa-
tion and differentiation?*. Moreover, our results are in line with observations in patients with relapsing-remitting
MS that suggest an increase of circulating CD95 °CD4* and CD8* T cells compared to healthy controls®’%*.
We also identified increased abundance of IL-6-expressing CD8a~CD47"IKZF1" T cells in the peripheral blood
of patients with early MS. This finding is in line with the previous observation of increased CD3*CD8 " cells
producing the Th17-related cytokine IL-6 in inflammatory niches”. Moreover, we found reduced frequencies
of IRF8"HLA-DR" lymphocytes that highly expressing MIP(3. Although B cell markers such as CD19 or CD20
were missing in the antibody Panel B, this IRF8 "HLA-DR*MIP3" cell cluster may be identified as a member of
the B cell population. Of note, it has been demonstrated that B cells increased MIP3 (or CCL4) expression upon
activation, and that MIPf plays a crucial role in the recruitment of regulatory T cells. Failure of CCL4-mediated
T cell recruitment leads to autoimmune activation®. Further, an increased abundance of the B cell subset that was
CCR7*CD62L"""~ was also detected, whereas the proportion of CCR7*CD62L* B cells was increased in early
MS. Shedding expression of CD62L on B cells, for example after infection, could affect B cell receptor signalling
and B cell migration®'.

In contrast to lymphocytes, massive immune profiling using both antibody panels revealed no phenotypic dif-
ferences of monocytes in patients with early MS compared to healthy controls. In contrast, patients with Crohn’s
disease (CD) showed a strong inflammatory phenotype in monocytes, suggesting that monocyte responses in
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Figure 5. Cluster analysis of CD3*CD4-CD8 Tbet" T cells and B cells from early MS patients (early MS)
compared to the healthy controls (CON). (a) t-SNE map highlights CD3*CD4-CD8 Tbet" T cell subset
(orange dots). Heat map and cluster analysis of CD3*CD4 CD8 Tbet" T cells from all samples on the basis of
the mean expression of analysed markers. Identified clusters are indicated by dendrograms. Heat colours show
overall marker expression levels (red, high expression; dark blue, no expression). The bar graph shows mean
cluster frequencies as % of parent (black number) and % of total cells (grey number). Cluster 2 and 3 (* in red)
are quantified as differentially abundant subsets between the healthy controls and the early MS patients. (b)

The graph shows differences in frequency (%) of the three subsets between the two studied groups (CON, grey;
early MS, red). (c) Median expression levels as shown in dot plot representation for randomly selected cells
(n=256/cluster) in the cluster 2 (orange), 3 (green), and all other clusters (blue). ADRP and T-bet are identified
as defining markers for cluster 2 and 3. (d) t-SNE map highlights CD19" B cell subset (blue dots). Heat map
and cluster analysis of CD19" B cells from all samples on the basis of the mean expression of analysed markers.
Identified clusters are indicated by dendrograms. Heat colours show overall marker expression levels (red, high
expression; dark blue, no expression). Cluster 2 and 3 (* in red) are quantified as differentially abundant subsets
between healthy controls and patients with early MS. (e) The graph shows differences in frequency (%) of cluster
2 and 3 between the two studied groups (CON, grey; early MS, red). (f) Median expression levels as shown in
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dot plot representation for randomly selected cells (n = 256/cluster) in the cluster 2 (orange), 3 (green) and all
other clusters (blue). CD62L was statistically detected as a main marker defining the differentially abundant
cluster 2 and 3. A P value < 0.05 at 10% FDR was considered statistically significant, determined using GLMM
(*P<0.05; **P < 0.01; ***P < 0.001, unadjusted).

patients with early MS might be related to the more compartmentalized inflammation in the CNS. Nevertheless,
since it has been unequivocally shown in EAE that monocytes critically contribute to the pathophysiology
of EAE*>*, the contradictory findings reported herein might be explained by a limitation of markers which
were analysed in this study. In contrast to single-cell RNA-sequencing (scRNA-Seq) analysis, CyTOF assesses
single-cell phenotypes using an antibody-based approach, which is not a completely unbiased method. Further
investigations include the extension to novel markers (possibly identified by RNA-sequencing). Notably, we
observed decreased abundance of CD141*CD68" myeloid DCs in patients with early MS compared to healthy
controls. Interestingly, myeloid DCs have been suggested as critical regulators of regulatory T cell development
in MS™.

In sum, we performed comprehensive immune profiling of PBMCs at the single-cell level, which allowed us
to unambiguously characterise immune phenotypes and functions of diverse cell populations in the peripheral
blood of patients with early MS. Our results extend the findings of previous, in particular transcriptomic, stud-
ies that suggested multiple cell types, including different subsets of lymphocytes and myeloid DCs, orchestrate
the complex immune responses during early MS***-* and EAE*. These findings underscore the importance of
comprehensive immune profiling in diseases with multifaceted aspects of inflammation like MS. The power of
high-dimensional single-cell techniques like CyTOF and scRNA-Seq will in the future help to provide a better
understanding of the heterogeneity of immune responses in MS.

Methods

Subjects. The study was registered and approved by the Ethics Committee of Charité - Universititsmedizin
Berlin. All participants provided written informed consent before any study-related procedures were undertaken.
The study has been performed according to the Declaration of Helsinki and to the relevant ethical guidelines
for research in humans. Heparinized blood samples were obtained by peripheral venipuncture from 11 patients
with early MS and 11 healthy controls, as well as from 8 patients with Crohn’s disease (Supplementary Table 1).
All patients with early MS included in this work participated in an ongoing prospective observational study of
patients with early MS (Berlin CIS Cohort; NCT01371071), which started recruitment in January 2011. Inclusion
criteria were: age > 18 years, a first clinical event suggestive of inflammatory demyelination (clinically isolated
syndrome (CIS) or early MS) not meeting the McDonald 2010 criteria for relapsing-remitting MS (RRMS)*!
within six months before inclusion into the study or a diagnosis of RRMS according to the McDonald 2010 crite-
ria within 24 months before inclusion into the study. Exclusion criteria were: a history of alcohol or drug abuse,
any conditions precluding magnetic resonance imaging examinations and any ocular diseases precluding optical
coherence tomography. Patients investigated in the present analysis were drug naive at the time of the blood draw.
Patients underwent a thorough neurological examination, including determination of the expanded disability
status scale (EDSS) score.

PBMC isolation. PBMCs were isolated from heparinized blood (27 ml) within 4.5 hours of the blood
draw through Biocoll (Biochrom GmbH, Berlin, Germany) density centrifugation at 760 x g for 20 minutes
at room temperature as described before*’. The blood mononuclear cell fraction was recovered and washed in
phosphate-buffered saline (PBS; Biochrom GmbH) at 560 x g for 20 minutes and at 400 x g for 15minutes. Cell
pellets were stored in liquid nitrogen for further analysis at a concentration of 5 x 10° cells/ml in RPMI-1640
(Gibco) containing 10% dimethyl sulfoxide (Sigma Aldrich Chemie GmbH), 20% fetal bovine serum (Biochrom
GmbH) and 1% Hepes (Gibco).

Live cell barcoding. Individual PBMC samples (~5 x 10° cells) were stained with premade combinations of
preconjugated *Y-CD45 (HI30, Fluidigm) and in house-conjugated '*In, ''*In, '**Pt, '**Pt or '**Pt-CD45 (HI30,
Biolegend)'*'* for 30 minutes at 4 °C. Cells were then washed twice and pooled. The multiplexed samples were
then stained for surface and intracellular markers and subsequently measured by mass cytometry.

Antibodies. Anti-human antibodies (Supplementary Table 2 for Panel A & Supplementary Table 3 for Panel B)
were purchased either preconjugated to metal isotopes (Fluidigm) or from commercial suppliers in purified form
and conjugated in house using the MaxPar X8 kit (Fluidigm) according to the manufacturer’s protocol. Each
antibody was titrated and validated as into the working panels prior to use to ensure that the resulted signals were
informative.

Cell-surface and intracellular staining. ~ After cell barcoding, washing and pelleting, the combined sam-
ples were stained and processed as described previously'”. Briefly, cells were re-suspended in 100 ul of antibody
cocktail directed against cell surface markers (Supplementary Tables 2 and 3) and incubated for 30 minutes at 4°C.
Then, cells were washed twice with cell staining buffer (PBS containing 0.5% bovine serum albumin and 2mM
EDTA). For intracellular staining, the stained (non-stimulated) cells were then incubated in fixation/permeabili-
zation buffer (Fix/Perm Buffer, eBioscience) for 60 minutes at 4 °C. Cells were then wash twice with permeabili-
zation buffer (eBioscience). The samples were then stained with antibody cocktails directed against intracellular
molecules (Supplementary Tables 2 and 3) in permeabilization buffer for 1 hour at 4°C. Cells were subsequently
washed twice with permeabilization buffer and incubated overnight in 4% methanol-free formaldehyde solution.
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Figure 6. Differential abundances of lymphoid cell subsets in patients with early MS. (a) t-SNE map highlights
mixed T and NK cell population (red dots). Heat map and cluster analysis of the mixed CD4" T cell and NK
cell population from all samples on the basis of the mean marker expressions (Panel B). Clusters are indicated
by dendrograms. Heat colours show marker expression levels (red, high expression; dark blue, no expression).
The bar graph shows mean cluster frequencies as % of parent (black number) and % of total cells (grey number).
Cluster 3 and 6 (* in red) show differential abundances between healthy controls and patients with early MS. (b)
The graph shows differences in frequency (%) of cluster 3 and 6 between the two studied groups (CON, grey;
early MS, red). (c) Median expression levels as shown in the dot plot representation for randomly selected cells
(n=256/cluster) in the cluster 3 (orange), 6 (green) and all other clusters (blue). IL-6 was defined as a marker
discriminating the differentially abundant cluster 6. (d) The representative t-SNE plot shows IL-6 expression
levels and indicates the IL-6-expressing cell subset (orange circle, left image). The right image shows expression
levels of IL-6 expressing cluster 6 (orange line), compared to the total cells (blue line). (e) t-SNE map highlights
HLA-DR* lymphocyte population (light blue dots). Heat map and cluster analysis of B cells from all samples

on the basis of the mean marker expressions (Panel B). Cluster 7 (* in red) show differential abundances
between the studied groups. (f) The graph shows differences in frequency (%) of cluster 7 between the two
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studied groups (CON, grey; early MS, red). (g) Median expression levels as shown in the dot plot representation
for randomly selected cells (n = 256/cluster) in the cluster 7 (orange) and all other clusters (blue). MIP3 was
identified as a marker discriminating the differentially abundant cluster 7. A Pvalue < 0.05 at 10% FDR was
considered statistically significant, determined using GLMM (**P < 0.01, unadjusted).

The fixed cells were then washed and re-suspended in 1 ml iridium intercalator solution (Fluidigm) for 1 hour
at room temperature, followed by two washes with cell staining buffer and two washes with ddH,O (Fluidigm).
Finally, cells were pelleted and kept at 4 °C until CyTOF measurement.

Bead staining.  For the bead-based compensation of the signal spillover, AbC total antibody compensation beads
(Thermo Fisher Scientific) were single stained with each of the antibodies used in Panel A and B according to
manufacturer’s instructions.

CyTOF measurement. Cells were analysed using a CyTOF2 upgraded to Helios specifications, with software
version 6.7.1014'. The instrument was tuned according to the manufacturer’s instructions with tuning solution
(Fluidigm) and measurement of EQ four element calibration beads (Fluidigm) containing 140/142Ce, 151/153Eu,
165Ho, and 175/176Lu served as a quality control for sensitivity and recovery.

Directly prior to analysis cells were re-suspended in ddH,0, filtered through a 20 um cell strainer (Celltrix,
Sysmex), counted and adjusted to 3-5 x 10° cells/ml. EQ four element calibration beads were added at a final
concentration of 1:10v/v of the sample volume to be able to normalize the data to compensate for signal drift and
day-to-day changes in instrument sensitivity.

Samples were acquired with a flow rate of 300-400 events/second. The lower convolution threshold was set to

400, with noise reduction mode turned on and cell definition parameters set at event duration of 10-150 pushes
(push = 13 ps). The resulting flow cytometry standard (FCS) files were normalized and randomized using the
CyTOF software’s internal FCS-Processing module on the non-randomized (‘original’) data. The default settings
in the software were used with time interval normalization (100 seconds/minimum of 50 beads) and passport
version 2. Intervals with less than 50 beads per 100 seconds were excluded from the resulting FCS-file.
Mass cytometry data processing and analysis. ~ As described previously'’, Cytobank (www.cytobank.org) was used
for initial manual gating on live single cells and boolean gating for de-barcoding. Nucleated single intact cells were
manually gated according to DNA intercalators WAy /193]y signals and event length. For de-barcoding, Boolean
gating was used to deconvolute individual sample according to the barcode combination. All de-barcoded sam-
ples were then exported as individual FCS files for further analysis. No significant difference in number cell
count was detected between the studied groups (cell count per sample (mean =+ sd; rang): Panel A= 14,246 +
17,800; 2,800-59,686 (early MS) and 11,174 + 12,350; 2,370-43,960 (control), and Panel B= 25,497 + 29,518;
2,383-98,367 (early MS) and 20,793 + 23,592; 3,048-82,960 (control)). Each FCS file was compensated for sig-
nal spillover using R package CATALYST* and transformed with arcsinh transformation (scale factor 5) prior
to data analysis. Inmune phenotypes of PBMCs were visualized using reduced-dimensional (2D) t-SNE maps
generated according to the expression level of all markers used in the panel (both Panel A and B). For embedding,
we set hyperparameters to perplexity of 30, theta of 0.5, and iterations of 1000 per 100,000 analysed cells). FCS
files containing the t-SNE coordination as additional two parameters were exported from Cytobank for down-
stream exploratory and statistical analyses using R, as previously described'”!®. For population identification,
FlowSOM/ConsensusClusterPlus'***** (used all defaults with maxK = 25) clustering was used with 100 initial
SOM-grid points and maxim of 25 meta-clusters. At first, we identified clusters of the main PBMC-lineages on
the basis of expression levels of HLA-DR, CD19, CD44, CD4, CD11¢, CD16, CD3, CD56, CD14, CD8a, T-bet,
CD33, CCR2and CD11b in the Panel A;and HLA-DR, CD38, CD64, CD68, CD8a, CD33 and CD64 in the Panel
B. Subsequently, to obtain high enough resolution for further analysis and calculate frequencies within individ-
ual lineages, clusters were manually merged according to consensual marker-expression patterns into subsets
representing B cells, CD4/CD8-single positive and double-negative T cells, NK cells, and myeloid cells, respec-
tively. Each individual lineage cluster contained on average at least 200 events. These subsets served as input
for second-level FlowSOM/ConsensusClusterPlus meta-clustering. Based on visual inspection of t-SNE plots and
heat maps generated at each merging step, for each parent subset a final number of meta-clusters was chosen that
merged clusters into populations with consistent phenotypes (with a minimal mean frequency of 0.1% of parent).
Of note, we followed the concept of over-clustering for second-level meta-clustering, in order to study more spe-
cific subpopulations at higher detail in each main subsets (especially in myeloid cells)'®. The number of defined
clusters may not solely represent biologically functional subsets in PBMCs, but it should rather be interpreted as
an exploratory tool for discovery of the differential abundance of small cell populations between the two studied
groups. Based on visual inspection of t-SNE plots and heat maps generated at each merging step for each parent
subset, a final number of meta-clusters was decided to display the merged clusters into populations with consist-
ent phenotypes.

Statistical analysis. No randomization and blinding strategies were applied in this study. However, data
processing and analysis, as well as statistical testing were carried out in an unsupervised manner. Dichotomous
variables of the sample cohort were analysed with Fisher’s exact test (GraphPad Prism). Quantitative data are
shown as independent data points with median or Box-Whisker-Plot. Analyses of statistical significance were
performed by computational analysis using generalized linear mixed-effects model (GLMM) available through R
package diffcyt (used all defaults with analysis_type = “DA”, method_DA = “diffcyt-DA-GLMM”, min-cells = 3)
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Figure 7. Phenotypic changes in myeloid cell populations from patients with early MS. (a) t-SNE map
highlights myeloid population (merlot dots). Heat map and cluster analysis of myeloid cells from all samples
on the basis of the mean marker expressions (Panel B). The bar graph shows mean cluster frequencies as % of
parent (black number) and % of total cells (grey number). Cluster 13 (* in red) shows differential abundances
between the controls (CON) and patients (early MS). (b) The graph shows differences in frequency (%) of
cluster 13 between the two studied groups. (c) Median expression levels as shown in the dot plot representation
for randomly selected cells (n = 256/cluster) in the cluster 13 (orange) and all other clusters (blue). (d) Heat
map and cluster analysis of differentially abundant subsets of myeloid cells between healthy controls (CON,
n=11), patients with early MS (early MS, n=11) and Crohn’ disease (CD, n=8) on the basis of the mean
expression of analysed markers using the antibody Panel A. (e) The graph shows differences in the frequency
(%) of all seven differential clusters compared between the three studied groups. (f) The Boxplot shows median
expression levels of the discriminating markers defining the differentially abundant subsets. The plot was a

expression (arcsinh)
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representation for randomly selected cells (256 cells per cluster) in the seven differential clusters. (g) Heat map
and cluster analysis of differentially abundant subsets of myeloid cells between the three studied groups on the
basis of the mean expression of analysed markers using the antibody Panel B. (h) The graph shows differences
in frequency (%) of all seven differential clusters compared between the three studied groups (CON = grey;
early MS = red; CD = orange). (i) The Box plot shows median expression levels of the discriminating markers
defining the differentially abundant subsets. The plot was a representation for randomly selected cells (256 cells
per cluster) in the seven differential clusters. A P value < 0.05 was considered statistically significant at 10%

FDR, determined using GLMM (**P < 0.01, unadjusted).

and false discovery rate (FDR) adjustment (at 10% using Benjamini-Hochberg procedure) for multiple hypothesis
testing. A P value < 0.05 (unadjusted) at 10% FDR was considered statistically significant. In addition, a cluster
was defined as differentially abundant if it presented in at least 80% of the samples (of each or either (in the case
of a disease/control-specific cluster) studied group).

Ethics approval and consent to participate. The study was registered and approved by the Ethics
Committee of Charité - Universititsmedizin Berlin, Berlin, Germany.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request that does not include confidential patient information.
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Abstract

Myeloid cells contribute to inflammation and demyelination in the early stages of multiple sclerosis (MS), but it is
still unclear to what extent these cells are involved in active lesion formation in progressive MS (PMS). Here, we
have harnessed the power of single-cell mass cytometry (CyTOF) to compare myeloid cell phenotypes in active
lesions of PMS donors with those in normal-appearing white matter from the same donors and control white
matter from non-MS donors. CyTOF measurements of a total of 74 targeted proteins revealed a decreased abundance
of homeostatic and TNF™ microglia, and an increase in highly phagocytic and activated microglia states in active
lesions of PMS donors. Interestingly, in contrast to results obtained from studies of the inflammatory early disease
stages of MS, infiltrating monocyte-derived macrophages were scarce in active lesions of PMS, suggesting fundamental
differences of myeloid cell composition in advanced stages of PMS.

Keywords: Progressive multiple sclerosis, Mass cytometry, Microglia, Myeloid cells, Active lesion

Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) which leads to demyelinat-
ing lesions and diffuse neurodegeneration spreading through-
out the white and grey matter of the brain and the spinal
cord [1, 2]. In most cases (85-90% of patients with MS), the
disease starts with a relapsing-remitting course (RRMS),
which may develop into a progressive course (secondary pro-
gressive MS, SPMS) with ongoing neuroinflammation (3, 4.
For some MS patients (10-15% of patients), neurological dis-
ability increases progressively over time without relapse or
remission (primary progressive MS, PPMS). From a
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neuropathological perspective, MS lesions are characterized
as active, mixed active/inactive, inactive remyelinated
(shadow plaques), or inactive lesions, based on demyelination
and the presence of HLA-DR" myeloid cells [1, 5]. Both ac-
tive and mixed active/inactive lesions are characterized by
the loss of myelin and the presence of activated foamy
microglia/macrophages containing myelin, indicating that
microglia/macrophages play a pathogenic role in MS [1, 5].
Active lesions are thought to be the earliest stage in MS le-
sion formation [5, 6]. As the disease progresses, axonal dam-
age and neurodegeneration become more pronounced. A
higher proportion of mixed active/inactive lesions and a less
prominent peripheral immune cell infiltrate are observed in
progressive MS (PMS) as compared to relapsing disease [5,
7]. Unlike RRMS, immunomodulatory treatments are not ef-
fective in patients with PMS [8, 9], suggesting that different
pathological processes besides classical neuroinflammation
may occur in the progressive form of the disease. As well as

s licensed under a Creative Commons Attribution 4.0 International License,
n and reproduction in any medium or format, as long as you give
the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commaons

licence and your intended use is not permitted by statutory regulation or exceeds the permitted use,
permission directly from the copyright holder. To
The Creative Commons Public Domain Dedi
data made available in this article, unless otherw

of this licence, visit http//creativecommon:
tivecommons.org/publicdomain/zeros
se stated in a credit line to the data

76



Bottcher et al. Acta Neuropathologica Communications (2020) 8:136

B cell-targeted therapies and sphingosine-1-phosphate antag-
onists, promotion of remyelination and targeting of myeloid
cells are promising strategies for treating PMS [10].

Activation of microglia/macrophages is considered a key
mechanism which contributes to inflammation, demyelin-
ation and neurodegeneration in MS. Using bulk transcrip-
tomic analysis, we have recently demonstrated subtle
changes in expression of microglial genes involved in lipid
storage and metabolism in normal-appearing white matter
(NAWM) in late-stage PMS [11]. These altered microglial
signatures are early signs of MS pathology as a similar
transcriptional microglial profile was found in chronic ac-
tive lesions [11]. We have also demonstrated overall pres-
ervation of microglial homeostatic functions in NAWM
PMS tissue [11]. However, the phenotypic heterogeneity
of microglia regarding their homeostatic and inflamma-
tory state in PMS active lesions remains unknown. A land-
mark study using single-cell RNA-sequencing (scRNA-
Seq) showed unique transcriptomic profiles of microglia
in active lesion biopsies from patients in the early disease
stages of MS, compared with microglia isolated from con-
trol tissue of non-MS donors [12]. Further, in the early
disease stages of MS and in a mouse model of demyelin-
ation, homeostatic microglial genes such as P2RYI2,
TMEM119 and CX3CRI were downregulated in active le-
sions, whereas genes associated with microglia states
SPP1, CD74 and CTSD and the cytokine CCL4 were up-
regulated [12, 13]. However, it is yet to be investigated
whether these changes can also be detected in active le-
sions of PMS at the single-cell protein level. Furthermore,
whereas approximately 10% of Ibal" cells in brain sections
of patients with early MS are infiltrating monocytes [12],
it is not yet known whether a similar contribution of
monocyte-derived cells to MS lesion initiation and/or
maturation can be detected in active lesions of PMS. To-
gether, microglia show context-dependent signatures in
lesions of early MS, but the differential functions of micro-
glia and the involvement of infiltrating monocyte-derived
macrophages in PMS are not clear.

In this study, we have used single-cell mass cytometry by
time of flight (CyTOF) to comprehensively characterize the
phenotypes of myeloid cells in active lesions and in NAWM
from ten PMS donors. Subsequently, we compared these
cells to those isolated from control WM of eight non-MS do-
nors. The results obtained from this study suggest that active
lesions of PMS contain diverse clusters of highly phagocytic
and activated WM myeloid cells with little infiltration of
monocyte-derived macrophages.

Materials and methods
Human post-mortem tissue
Post-mortem tissue of brain donors was provided by
the Netherlands Brain Bank (NBB, Amsterdam, The
Netherlands, www.brainbank.nl). All brain donors
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gave informed consent to perform autopsies and to
use tissue, clinical and neuropathological information
for research purposes, approved by the Ethics Com-
mittee of VU medical center (Amsterdam, The
Netherlands).

Subcortical white matter (WM) tissue was collected
from non-MS WM control donors (1 = 8), and from MS
donors we collected subcortical NAWM (1 =10) and
subcortical WM lesions (n=10). NAWM MS tissue was
dissected on post-mortem magnetic resonance imaging
(MRI) guidance during autopsy [14]. In addition, macro-
scopically visible MS lesions were dissected by a
neuropathologist.

Neurological diagnoses were confirmed by a neuro-
pathologist. Information on MS diagnosis and disease
duration was obtained from clinical data, showing that
all donors were diagnosed with progressive MS, 3 do-
nors with primary progressive MS and 7 donors with
secondary progressive MS. Donor characteristics and
post-mortem variables are displayed in Additional file 1,
Supplementary Table 1-3 and 6.

MS lesion characterization

From post-mortem tissue that was taken out for micro-
glia isolation, a small part was snap-frozen in liquid ni-
trogen and stored in —80°C until further use. Frozen
tissue sections (20 pm) of control WM, NAWM and MS
lesions were cut and dried overnight. For immunohisto-
chemistry, these sections were fixed for 15 min with 4%
paraformaldehyde in phosphate buffered saline (PBS)
pH 7.6, followed by endogenous peroxidase blocking in
1% H,0, in PBS for 20 min. Sections were incubated
with primary antibodies HLA-DR/DQ/DP (1:1000,
M0775; Dako, Glostrup, Denmark) or PLP (1:3000,
MCAS839G; Serotec, Oxford, UK) in incubation buffer
(0.5% Triton X-100 and 1% bovine serum albumin
(BSA) in PBS) overnight at 4°C. Secondary antibodies
were incubated for 1h at room temperature (RT); for
HLA-DR biotinylated anti-mouse (1:400, BA-2001;
Vector Laboratories, Burlingame, CA, USA) was diluted
in incubation buffer, for PLP the HRP-labeled mouse
antibody (K5007, Dako Real EnVision detection system;
Dako) was used. Next, sections for HLA-DR staining
were incubated for 45 min in avidin-biotin complex (1:
800, PK-6100; Vector Laboratories) at RT, followed by 3,
3’-diaminobenzidine (DAB) incubation (1:100, K5007;
Dako) for 10 min at RT, for both HLA-DR and PLP
stainings. Immunoreactivity was examined using an
Axioskop980 microscope (Zeiss, Oberkochen, Germany)
and Photomacroscope M420 (Wild Heerbrugg,
Zwitserland) to characterize lesions based on HLA-DR
presence and morphology of HLA-DR" cells together
with myelin intactness based on PLP staining [5].
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B cell-targeted therapies and sphingosine-1-phosphate antag-
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signatures are early signs of MS pathology as a similar
transcriptional microglial profile was found in chronic ac-
tive lesions [11]. We have also demonstrated overall pres-
ervation of microglial homeostatic functions in NAWM
PMS tissue [11]. However, the phenotypic heterogeneity
of microglia regarding their homeostatic and inflamma-
tory state in PMS active lesions remains unknown. A land-
mark study using single-cell RNA-sequencing (scRNA-
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ation, homeostatic microglial genes such as P2RYI2,
TMEM119 and CX3CRI were downregulated in active le-
sions, whereas genes associated with microglia states
SPP1, CD74 and CTSD and the cytokine CCL4 were up-
regulated [12, 13]. However, it is yet to be investigated
whether these changes can also be detected in active le-
sions of PMS at the single-cell protein level. Furthermore,
whereas approximately 10% of Ibal" cells in brain sections
of patients with early MS are infiltrating monocytes [12],
it is not yet known whether a similar contribution of
monocyte-derived cells to MS lesion initiation and/or
maturation can be detected in active lesions of PMS. To-
gether, microglia show context-dependent signatures in
lesions of early MS, but the differential functions of micro-
glia and the involvement of infiltrating monocyte-derived
macrophages in PMS are not clear.

In this study, we have used single-cell mass cytometry by
time of flight (CyTOF) to comprehensively characterize the
phenotypes of myeloid cells in active lesions and in NAWM
from ten PMS donors. Subsequently, we compared these
cells to those isolated from control WM of eight non-MS do-
nors. The results obtained from this study suggest that active
lesions of PMS contain diverse clusters of highly phagocytic
and activated WM myeloid cells with little infiltration of
monocyte-derived macrophages.

Materials and methods
Human post-mortem tissue
Post-mortem tissue of brain donors was provided by
the Netherlands Brain Bank (NBB, Amsterdam, The
Netherlands, www.brainbank.nl). All brain donors
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gave informed consent to perform autopsies and to
use tissue, clinical and neuropathological information
for research purposes, approved by the Ethics Com-
mittee of VU medical center (Amsterdam, The
Netherlands).

Subcortical white matter (WM) tissue was collected
from non-MS WM control donors (1 = 8), and from MS
donors we collected subcortical NAWM (1 =10) and
subcortical WM lesions (n=10). NAWM MS tissue was
dissected on post-mortem magnetic resonance imaging
(MRI) guidance during autopsy [14]. In addition, macro-
scopically visible MS lesions were dissected by a
neuropathologist.

Neurological diagnoses were confirmed by a neuro-
pathologist. Information on MS diagnosis and disease
duration was obtained from clinical data, showing that
all donors were diagnosed with progressive MS, 3 do-
nors with primary progressive MS and 7 donors with
secondary progressive MS. Donor characteristics and
post-mortem variables are displayed in Additional file 1,
Supplementary Table 1-3 and 6.

MS lesion characterization

From post-mortem tissue that was taken out for micro-
glia isolation, a small part was snap-frozen in liquid ni-
trogen and stored in —80°C until further use. Frozen
tissue sections (20 pm) of control WM, NAWM and MS
lesions were cut and dried overnight. For immunohisto-
chemistry, these sections were fixed for 15 min with 4%
paraformaldehyde in phosphate buffered saline (PBS)
pH 7.6, followed by endogenous peroxidase blocking in
1% H,0, in PBS for 20 min. Sections were incubated
with primary antibodies HLA-DR/DQ/DP (1:1000,
M0775; Dako, Glostrup, Denmark) or PLP (1:3000,
MCAS839G; Serotec, Oxford, UK) in incubation buffer
(0.5% Triton X-100 and 1% bovine serum albumin
(BSA) in PBS) overnight at 4°C. Secondary antibodies
were incubated for 1h at room temperature (RT); for
HLA-DR biotinylated anti-mouse (1:400, BA-2001;
Vector Laboratories, Burlingame, CA, USA) was diluted
in incubation buffer, for PLP the HRP-labeled mouse
antibody (K5007, Dako Real EnVision detection system;
Dako) was used. Next, sections for HLA-DR staining
were incubated for 45 min in avidin-biotin complex (1:
800, PK-6100; Vector Laboratories) at RT, followed by 3,
3’-diaminobenzidine (DAB) incubation (1:100, K5007;
Dako) for 10 min at RT, for both HLA-DR and PLP
stainings. Immunoreactivity was examined using an
Axioskop980 microscope (Zeiss, Oberkochen, Germany)
and Photomacroscope M420 (Wild Heerbrugg,
Zwitserland) to characterize lesions based on HLA-DR
presence and morphology of HLA-DR" cells together
with myelin intactness based on PLP staining [5].
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Microglia isolation

Microglia were isolated from post-mortem WM tissue,
as described previously [11, 15]. Briefly, post-mortem tis-
sue that was collected during autopsy was stored in
Hibernate-A medium (Invitrogen, Carlsbad, CA, USA) at
4.°C until further processing. Within 24 h, the tissue was
homogenized for 5 min in Hibernate-A medium supple-
mented with DNAsel (10mg/ml; Roche, Basel,
Switzerland), using a tissue homogenizer (VWR, Radnor,
PA, USA). Next, undiluted Percoll (density of 1.13 g/ml;
GE Healthcare, Little Chalfont, UK) was added to form a
single gradient for density centrifugation and the inter-
layer was collected for magnetic activated cell sorting
(MACS; Miltenyi, Bergisch Gladbach, Germany) using
CD11b magnetic beads (catalogue number #130-049-
601, Miltenyi Biotech). Viable cells were counted using a
hemocytometer (Optic Labor, Friedrichshof, Germany)
or eFluor™ 506. Cells were then collected in beads buffer
(0.5% BSA +2mM EDTA in PBS, pH7.6) for flow
cytometry analysis. Using this protocol, about 95% of vi-
able cells were identified as myeloid cells (Supplemen-
tary Fig. 1). For CyTOF analysis, CD11b" cells were
incubated for 11 min in fixation/stabilization buffer
(Smart Tube Inc., San Carlos, CA, USA) and stored in —
80°C.

IRF8" nuclei isolation and sorting

IRF8" nuclei were isolated and sorted as described previ-
ously [11]. Briefly, frozen tissue from MS donors,
NAWM tissue (1 =7) and tissue containing MS lesions
(n=5), matched for age, was provided by the NBB.
For each tissue block, the first and last section were
double stained for HLA-DR/PLP to determine micro-
glia activation and myelin integrity. MS lesions were
characterized as previously described by Luchetti and
colleagues [5].

From each tissue block, 10-12 sections of 50 um thick-
ness were cut and homogenized in 1 ml homogenization
buffer (1 um DTT (Thermo Fischer Scientific), 1x protease
inhibitor (Roche), 80 U/ml RNAseIN (Promega, Madison,
WI, USA) and 1% Triton X-100) with nuclei isolation
medium #1 (NIM #1; 250 mM sucrose, 25 mM KCL, 5
mM MgCl,, 10 mM Tris buffer pH 8 diluted in nuclease
free water) filtered through a 30-um cell strainer. The
amount of nuclei was counted using a hemocytometer
(Optic Labor) and nuclei were incubated with Hoechst
(#H3570, 1:1000; Invitrogen) and IRF8 antibody (#566373,
PE-labeled, 1:50, clone U31-644; BD Biosciences, San
Diego, CA, USA) in staining buffer (0.5% RNAse free
BSA, 1% normal human serum and 0.2 U/ul RNAseln in
RNAse-free PBS, pH7.4) for 1h at 4°C. Isotype control
antibody IgG-PE (#12-4714-42, clone P3.6.8.1, 1:25; Invi-
trogen) was used to determine background staining.
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Stained nuclei were sorted using a Sony SH800S cell
sorter (Sony Biotechnology, San Jose, CA, USA). The
Hoechst and IRF8 double positive nuclei fractions was
collected and lysed in RNA lysis buffer (RNeasy Isolation
mini kit; Qiagen, Hilden, Germany).

RNA isolation

RNA from sorted IRF8" nuclei was isolated using the
RNeasy Mini kit (Qiagen), according to the manufacturer’s
protocol. Lysed samples were mixed with 70% ethanol and
transferred to a mini spin column. After washing steps,
elution was collected in 20 pl deionized water.

DNA synthesis and quantitative real-time PCR

The Quantitect Reverse Transcription Kit (Qiagen) was
used for cDNA synthesis. According to manufacturer’s
protocol, isolated RNA (25 ng) from sorted IRF8" nuclei
was mixed with gDNA wipeout buffer, incubated for 2
min at 42 °C and put on ice. Next, Quantiscript RT buf-
fer, RT primer mix and Quantiscript Reverse Transcript-
ase were mixed and incubated with RNA sample at
42 °C for 30 min, followed by 3 min incubation at 95°C.

For RT-qPCR, 0.6ng ¢cDNA was mixed with 17 pl
SYBR Green PCR master mix (Applied Biosystems, Fos-
ter City, CA, USA) and 2 pl primer pairs. Samples were
measured and analyzed using 7300 RT-PCR machine
and software (Applied Biosystems).

Primer pairs were designed at the Integrated DNA
Technologies website (eu.ifdna.com), using the Primer-
Quest tool. For primer design the following criteria were
used: same Tm, 50% GC content, amplicon size between
80 and 140 base pairs and exclude primers that span in-
trons, to detect unspliced nuclear DNA. Primer pairs
were checked for specificity using ¢cDNA derived from
pooled MS and control donor brain tissue. Optimal
primers (Additional file 1: Supplementary Table 4) were
selected based on dissociation curve, and 8% sodium do-
decyl sulfate polyacrylamide gel electrophoresis gel was
used to detect PCR product and exclude primer pairs
that can form dimers. Gene expression was normalized
to the mean of 2 housekeeping genes, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and elongation
factor-1 alpha (EEFIAI). Target gene expression values
were calculated using the 2- AACT method.

Flow cytometric analysis

Isolated microglia from MS donors (n=7) were incu-
bated for 15min in FcR-blocking buffer (1:5; Miltenyi
Biotec), to block unspecific binding of antibodies to Fc-
receptors. Next, microglia were incubated with conju-
gated primary antibodies (Additional file 1: Supplemen-
tary Table 5) diluted in beads buffer (0.5% BSA and 2
mM EDTA in PBS, pH7.6) for 30min at 4°C. To
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determine viability, cells were incubated with viability
dye efluor506 (Additional file 1: Supplementary Table 5).

To assess minimal phenotyping of isolated microglia,
CD45 and CDI11b expression was determined. In
addition, expression of homeostatic microglia receptors,
P2Y,,, CX3CR1 and GPR56 was measured. To exclude
infiltrating leukocytes in the samples collected from MS
lesion tissue, CD3, CD19, CD56 and CD66b were
included.

Surface protein expression was detected on a 3-laser
BD FACSCanto II machine (BD Biosciences) with soft-
ware BD DIVA version 8.1. Flow]Jo software version 10.1
(Ashland, OR, USA) was used to determine median
fluorescence intensity.

Immunohistochemical quantification

Paraffin tissue blocks from age-matched control (1=5)
and MS (1 =11) donors (Additional file 1: Supplementary
Tables 1 and 6) were cut into 8 pm-thick sections. Tissue
sections were deparaffinized with xylene and rehydrated
in ethanol series, followed by antigen retrieval with citrate
buffer pH 6 for 20 min in a steamer. Sections were blocked
in 10% normal horse serum/normal donkey serum for 30
min and incubated with P2Y,, antibody and either CD68
(DAKO, # M0814) or HLA-DR (DAKO, #MO0775) anti-
bodies diluted in incubation buffer (0.5% Triton-X100 and
0.25% gelatin in tris-buffered saline (TBS, pH7.6) and in-
cubated overnight at 4 °C. After overnight incubation with
primary antibody, samples were incubated for 2h at RT
with Alexa Fluor 568 and Alexa Fluor 488-conjugated sec-
ondary antibody. Nuclei were stained with DAPL All im-
ages were acquired in a Leica TCS SP5 microscope (Leica
microsystems). P2Y;,"DAPI" and P2Y,,"CD68'DAPI" or
P2Y;,"HLA-DR'DAPI" cells were counted using IMARIS
software. All image processing for visualization was per-
formed with Image] software.

Intracellular barcoding for mass cytometry
Percoll-isolated myeloid cells were fixed with fixation/
stabilization buffer (SmartTube) [16] and frozen at —
80 °C until analysis by mass cytometry. Cell were thawed
and subsequently stained with premade combinations of
six different palladium isotopes: '°*Pd, '°*Pd, '°°Pd,
196pg, '%*pd and ''°Pd (Cell-ID 20-plex Pd Barcoding
Kit, Fluidigm). This multiplexing kit applies a 6-choose-
3 barcoding scheme that results in 20 different combina-
tions of three Pd isotopes. After 30 min staining (at
room temperature), individual samples were washed
twice with cell staining buffer (0.5% bovine serum albu-
min in PBS, containing 2mM EDTA). All samples were
pooled together, washed and further stained with
antibodies.
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Antibodies

Anti-human antibodies (Additional file 1: Supplementary
Tables 7 and 8) were purchased either pre-conjugated to
metal isotopes (Fluidigm) or from commercial suppliers
in purified form and conjugated in house using the Max-
Par X8 kit (Fluidigm) according to the manufacturer’s
protocol. Using different cell types from different body
compartments, each antibody was titrated and validated
as into the working panels prior to use to ensure that
the resulted signals were informative [16, 17].

Cell-surface and intracellular staining

After cell barcoding, washing and pelleting, the com-
bined samples were stained and processed as described
previously [16, 17]. Briefly, cells were re-suspended in
100 pl of antibody cocktail directed against cell surface
markers (Additional file 1: Supplementary Tables 7 and
8) and incubated for 30 min at 4°C. Then, cells were
washed twice with cell staining buffer (PBS containing
0.5% BSA and 2mM EDTA). For intracellular staining,
the stained (non-stimulated) cells were then incubated
in fixation/permeabilization buffer (Fix/Perm Buffer,
eBioscience) for 60 min at 4°C. Cells were then wash
twice with permeabilization buffer (eBioscience). The
samples were then stained with antibody cocktails di-
rected against intracellular molecules (Additional file 1:
Supplementary Tables 7 and 8) in permeabilization buf-
fer for 1h at 4°C. Cells were subsequently washed twice
with permeabilization buffer and incubated overnight in
4% methanol-free formaldehyde solution. The fixed cells
were then washed and re-suspended in 1ml iridium
intercalator solution (Fluidigm) for 1h at RT, followed
by two washes with cell staining buffer and two washes
with ddH,O (Fluidigm). Finally, cells were pelleted and
kept at 4 °C until CyTOF measurement.

Bead staining

For the bead-based compensation of the signal spillover,
AbC total antibody compensation beads (Thermo Fisher
Scientific) were single stained with each of the anti-
bodies used in all three antibody panels according to
manufacturer’s instructions. Stained beads were then
measured with CyTOF and the compensation matrix
was then generated [17, 18].

CyTOF measurement

Cells were analysed using a CyTOF2 upgraded to Helios
specifications, with software version 6.7.1014 [16, 17],
using a narrow bore injector. The instrument was tuned
according to the manufacturer’s instructions with tuning
solution (Fluidigm) and measurement of EQ four elem-
ent calibration beads (Fluidigm) containing ****’Ce,
1BUI3E, 19%Ho and '7*"7°Lu served as a quality control
for sensitivity and recovery.
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Directly prior to analysis cells were re-suspended in
ddH,O0, filtered through a 20-pm cell strainer (Celltrics,
Sysmex), counted and adjusted to 5-8 x 10 cells/ml. EQ
four element calibration beads were added at a final con-
centration of 1:10 v/v of the sample volume to be able to
normalize the data to compensate for signal drift and
day-to-day changes in instrument sensitivity.

Samples were acquired with a flow rate of 300-400
events/s. The lower convolution threshold was set to
400, with noise reduction mode turned on and cell def-
inition parameters set at event duration of 10-150
pushes (push=13ps). The resulting flow cytometry
standard (FCS) files were normalized and randomized
using the CyTOF software’s internal FCS-Processing
module on the non-randomized (‘original’) data. The de-
fault settings in the software were used with time inter-
val normalization (100 s/minimum of 50 beads) and
passport version 2. Intervals with less than 50 beads per
100 s were excluded from the resulting FCS file.

Mass cytometry data processing and analysis

Following the workflow from our previous study [16,
17], Cytobank (www.cytobank.org) was used for initial
manual gating on live single cells and Boolean gating for
de-barcoding. Nucleated single intact cells were manu-
ally gated according to DNA intercalators "'Ir/"**Ir sig-
nals and event length. For de-barcoding, Boolean gating
was used to deconvolute individual sample according to
the barcode combination. Prior to data analysis, each
FCS file was compensated for signal spillover using R
package CATALYST [18]. For dimensionality reduction,
visualization and further exploration, (2D) tSNE maps
were generated according to the expression levels of all
markers in each panel. For embedding, we set hyper-
parameters to perplexity of 30, theta of 0.5, and itera-
tions of 1000 per 100,000 analysed cells. To visualize
marker expression arcsinh transformation was applied to
the data. All FCS files were then loaded into R and fur-
ther data analysis was performed with an in-house writ-
ten script based on the workflow proposed by M.
Nowicka and colleages [19]. Briefly, for unsupervised cell
population identification we performed cell clustering
with the FlowSOM [20] and ConsensusClusterPlus [21]
packages using all markers (Exp-I) or TYPE markers
(Exp-1I and -11I). We then performed visual inspection of
cluster-coloured tSNE plots and phenotypic heatmaps
for a more detailed profile of each cluster and deter-
mined the number of meta-clusters on the basis of delta
area under cumulative distribution function (CDF) curve
and k value of the clustering analysis and the consistency
of phenotypes for statistical test. For detection of differ-
ential abundance of clusters between conditions we used
generalized linear mixed models (GLMM) performed
with the diffeyt package [17], with a false discovery rate
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(FDR) adjustment (Benjamini-Hochberg (BH) proced-
ure) for multiple hypothesis testing. A P value <0.05
(unadjusted) and < 0.05 (FDR-BH adjusted) was consid-
ered statistically significant.

Imaging mass cytometry

Paraffin tissue microarray (TMA) blocks containing
samples from control, NAWM and lesion were cut into
5 um-thick sections. Sections were deparaffinized with
xylene and rehydrated in ethanol series, followed by
heat-induced antigen retrieval in Tris-EDTA buffer
(pH =9.0) for 20 min at 95°C in a steamer. The sections
were then blocked with 3% purified BSA in 0.1% Triton-
X PBS for 1h at RT. Sections were incubated overnight
at 4°C with anti-P2Y;, conjugated with biotin. After
washing, all sections were incubated with metal-
conjugated antibodies (Additional file 1: Supplementary
Table 9) overnight at 4°C. Nuclei were detected using
an Ir-Intercalator (1:500). Samples were then dried and
stored at RT until measurement.

Imaging mass cytometry acquisition and data analysis
Imaging mass cytometry was performed on a CyTOF2/
upgraded to Helios specifications coupled to a Hyperion
Tissue Imager (Fluidigm), using CyTOF software version
6.7.1014. Prior to ablation the instrument was tuned ac-
cording to the manufactures instructions, using the 3-
Element Full Coverage Tuning Slide (Fluidigm). The
dried slide was loaded into the imaging module and re-
gions of interest were selected for each sample of the
TMA on a preview (panorama). Optimal laser power
was determined for each sample to obtain complete ab-
lation of the tissue. Laser ablation was performed at a
resolution of 1 um and a frequency of 200 Hz. Data were
stored as MCD files as well as txt files. Original files
were opened with MCD viewer and single 16-bit images
were extracted as. TIFF files. For visualization only, im-
ages were transferred to Image] and the different chan-
nels were merged. A Gaussian blurr (kernel width, 0.70
pixels) was used for noise reduction.

For single-cell analysis, we first processed images from
each sample using Ilastik [22], an open-source program
that uses interactive machine learning to separate single
cells from background. The program was trained to
identify DNA iridium-intercalator as nuclei and
P2Y12—H°165 as cell membrane, and the pixel classifica-
tor was then applied to all images. As a result, a binary
mask delimiting each single-cell was obtained and trans-
ferred on to CellProfiler [23]. We applied a set of mod-
ules to create single-cell masks, the modules included
filters for cell size, negative selection for cells on the
border of the image or exclusion of cytoplasm signal
with no nuclei, thus generating 16-bit .tiff single-cell
masks with only full cells for each image. Each of the .tiff
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files and single-cell masks were then transferred to histo-
CAT [24] for further analysis. In histoCAT, we ran a di-
mensionality reduction tSNE algorithm to visualize
single cell data from all samples. We then ran a Pheno-
graph analysis in which cells were clustered according
to their marker expression (for markers CDllc,
CD44, CD45, CD68, HLA-DR, P2Y;, and TNF, using
k =50 nearest neighbours). The mean expression and
cell frequencies per sample/cluster where then ex-
tracted using R.

Statistical analysis

No randomization and blinding strategies were applied
in this study. However, data processing and analysis, as
well as statistical testing were carried out in an unsuper-
vised manner. No priori statistical methods were used to
predetermine sample sizes due to sample accessibility
and insufficient previous data to enable this. However,
sample sizes were chosen based on estimates of antici-
pated variability through previous studies on scRNA-Seq
analysis of microglia in acute lesion MS [12]. Dichotom-
ous variables of the sample cohort were analysed with
Fisher’s exact test (GraphPad Prism). Quantitative data
are shown as independent data points with median or
Box-Whisker. Unless otherwise stated, analyses of statis-
tical significance were performed by computational ana-
lysis using generalized linear mixed-effects model
(GLMM) available through R package diffcyt and false
discovery rate (FDR) adjustment (using Benjamini-
Hochberg procedure) for multiple hypothesis testing. A
p-value <0.05 (FDR-adjusted) was considered statisti-
cally significant.

Results

Characterization of MS lesions

This study used post-mortem WM brain from ten MS
donors. All donors were diagnosed with PMS and had a
mean disease duration of 24.7 years (sd = 11 years), and
an average disease severity (defined as years until the pa-
tients reached an expanded disability status scale (EDSS)
score of 6.0) of 13.1years (sd =7.8) (Additional file 1:
Supplementary Tables 1 and 2).

For each MS donor, the NAWM tissue was dissected
using magnetic resonance imaging (MRI) guidance [14]
and MS lesions were dissected by a neuropathologist
based on macroscopic appearance. Active MS lesions
were characterized as previously described (5, 25]. For
each MS donor, myeloid cells were isolated from a block
of NAWM tissue and a block of active lesion tissue sur-
rounded by NAWM, using an optimized protocol
involving density gradient separation and CDI11b-
magnetic bead sorting (MACS) [15]. To confirm the ac-
tive status of MS lesions, immunohistochemical analysis
was retrospectively performed on tissue blocks. Myelin
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proteolipid protein (PLP) and human leukocyte antigen
(HLA)-DR were used to define myelin integrity and
microglia/macrophage activation and morphology, re-
spectively (Additional file 2: Supplementary Fig. 2a). PLP
staining of NAWM tissue sections showed intact myelin
(Additional file 2: Supplementary Fig. 2a). In contrast,
loss of PLP expression, which indicates demyelination,
was used to identify active lesions (Additional file 2:
Supplementary Fig. 2a). HLA-DR positive cells were
present throughout the entire lesion and the majority of
microglia/macrophages in active lesions had amoeboid
or foamy morphology (Additional file 2: Supplementary
Fig. 2a). However, using bulk quantitative polymerase
chain reaction (qPCR) analysis of isolated IRF8" nuclei
(comprising microglia and macrophages) from frozen
tissue sections [11] (Supplementary Table 3), we could
not detect significant alterations of heteronuclear RNA
expression of homeostatic genes CX3CRI, TMEM1I19,
P2RY12 and ADGRGI in active lesions of PMS, com-
pared to NAWM (Additional file 1: Supplementary
Table 4; Additional file 2: Supplementary Fig. 2b). Low-
dimensional flow cytometric analysis also revealed no
significant differences in the expression levels of the
microglial homeostatic proteins CX3CR1, P2Y,, and
GPR56 (ADGRGI) in active MS lesions compared to
NAWM (Additional file 1: Supplementary Table 5; Add-
itional file 2: Supplementary Fig. 2c). However, immuno-
histochemical analysis of the tissue revealed a reduction
of P2Y;,-expressing cells in active lesions of PMS as
compared to NAWM from MS donors and control WM
tissues from non-MS donors (Additional file 1: Supple-
mentary Table 1 and 6; Additional file 2: Supplementary
Fig. 2d). No significant difference in the number of
P2Y,,-expressing cells was found between NAWM and
non-MS white matter. Increased expression of HLA-DR
was found in P2Y,," cells in active lesions, compared to
those in NAWM (Supplementary Fig. 3). Slightly en-
hanced expression of CD68 was also detected in P2Y,'
cells in active lesions but was not statistically significant
(Supplementary Fig. 3).

Majority of active lesion microglia in PMS preserve
homeostatic signatures

To prove an assumption that subtle changes of microglia
(which may have been obscured in bulk analysis and/or
in low-dimensional phenotypic profiling) characterize
active lesions of PMS, we next investigated microglia/
macrophage phenotypes in PMS at single-cell resolution.
Three multiplexed single-cell CyTOF analyses were per-
formed on MACS-sorted CD11b-expressing cells from
active lesions and NAWM (from ten PMS donors), using
three different antibody panels (Exp-I, -II and -III;
Additional file 1: Supplementary Table 8). With this ex-
perimental design, we aimed to demonstrate the
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reproducibility of the obtained results, along with in-
depth phenotypic profiling using a total of 74 antibodies.
In Exp-1, the antibody panel (Additional file 1: Supple-
mentary Table 8) was designed to characterize microglia
as well as to detect the major circulating immune cell
subsets including myeloid cells, T, B and natural killer
(NK) cells using 36 antibodies recognizing CX3CRI,
P2Y;,, TMEMI119, GPR56, TREM2, EMRI, ApoE,
Clec7A, MS4A4A, CC3, CD45, CD44, CD19, CD3, CD4,
CD8a, CD56, CD66b, CD14, IRF4, Clec12A, HLA-DR,
CDl11c, CD130, CD86, CD33, CXCR3, Galanin, CD61,
CD68, IL-10, IL-6, CCL2, IFN-a, TNF and cyclinB1.
First, we embedded all cells from NAWM (n=8) and
active lesion WM tissue (7 =7) on a reduced dimension
t-SNE map (Fig. la; Additional file 2: Supplementary
Fig. 4). To identify differentially abundant rare cell popu-
lations or different cell states between conditions, we
performed an exploratory meta-clustering using the
FlowSOM algorithm (FlowSOM/Consensus-ClusterPlus)
[18-21]. Importantly, the number of clusters defined
may not necessarily represent functionally distinct sub-
sets of myeloid cells, as it could also include transient
cell states. Meta-clustering is proven to be useful to ex-
ploratory study cell subsets/states within a cell popula-
tion in more detail [16, 17, 19]. Meta-clustering analysis
revealed 12 clusters with consistently distinct pheno-
types (Fig. 1b-d). Overall, 10 of 12 defined clusters (C1-
C10) were positive for both P2Y;, and TMEM119, indi-
cating microglial populations (Fig. 1b, ¢). The other two
clusters were a cluster of P2Y,,"™TMEM119'”"CD19-
dImHIA-DR'CXCR3'CD61" myeloid cells, which was
enriched in active lesion compared to NAWM (C11, Fig.
1b-e), and one P2Y,, TMEMI119 cluster of mixed
CD45™CD66b"Clec12A*  infiltrating  immune  cells,
which was present at a comparable frequency in NAWM
and active lesions (C12, Fig. lc, d). The homeostatic
microglial cluster (hoMG, C3), which was characterized as
P2Y,, " TMEM119*CD14"°CD684™HLA-DRY™CD11c4™,
was less abundant in active lesions compared to NAWM
tissue (Fig. 1c-e). Similarly, we also detected a lower abun-
dance of a unique cluster of P2Y;," TMEM119“™TNF"
microglia (C8) in active lesions (Fig. 1c-e). Furthermore, a
cluster of P2Y,, TMEM1194™Clec7A“™CD14" activated
microglia (C1) was detected at higher abundance in active
lesions of PMS (Fig. 1c-e). Of note, in each defined cluster,
small phenotypic differences were found between myeloid
cells in active lesions and NAWM (Supplementary Fig. 6).
Comparing the phenotypes of the three differentially
abundant clusters to the homeostatic microglia cluster
(hoMG, C3) revealed significantly lower expression of
microglial markers P2Y;;, TMEM119, CX3CR1 and
GPR56 in both lesion-enriched clusters C1 and CI1
(Fig. 2a, b). Significantly higher expression of CD45,
HLA-DR, CD44, CD68, CD19, CD33, EMRI, Clec7a,
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MS4A4A and CD14 was detected in the activated micro-
glial cluster C1 (Fig. 2a, b), whereas only CD19 and
CD61 were higher in another p2y,,dm myeloid cell clus-
ter C11 (Fig. 2a, b). Of note, TREM2 expression was
found to be lower in these clusters, compared to the
hoMG cluster (Fig. 2a, b; Additional file 2: Supplemen-
tary Fig. 5). In the less abundant TNF™ microglial cluster
C8, only TMEM119 and TNF expression was found to
be different from the hoMG cluster (Fig. 2a, b). Interest-
ingly, both of the lesion-enriched clusters C1 and C11
showed lower expression of microglial homeostatic
markers and increased expression of CD19, a B cell
marker which has been previously reported in rare cases
of human post-mortem microglia sample, compared to
the homeostatic cluster [16]. Similar to our previous
finding [16], these cells were characterized as
CD19'CD45%™p2Y ,Y™HLA-DRY™, and thus were
phenotypically different from peripheral B cells.

Of note, in contrast to the scRNA-Seq study of small
biopsies of MS lesions from patients with early MS [12],
this study performed a single-cell protein array of larger
brain autopsy tissue containing an active lesion sur-
rounded by NAWM in PMS. To validate whether differ-
entially abundant clusters were indeed located in active
lesions, we performed imaging CyTOF (IMC) on
formalin-fixed paraffin-embedded (FFPE) tissue blocks
from the same donors (Additional file 1: Supplementary
Table 1) that were used for CyTOF. IMC simultaneously
measures up to 37 proteins at subcellular resolution.
This approach allows delineation and quantification of
cell heterogeneity in a large area of interest (e.g. 1 mm?)
[26]. However, due to limitation of commercially avail-
able antibodies for IMC and restricted antigen retrieval
protocol, we performed the analysis using a panel of 13
antibodies, including those that were analyzed in Exp-I
(Additional file 1: Supplementary Table 9; Additional file
2: Supplementary Fig. 7a). Tissue microarrays of brain
sections (1.5-mm diameter) of all samples (1-3 sections
per sample) were generated and stained. A 1-mm?®
image of each section was taken and analyzed (Add-
itional file 2: Supplementary Fig. 7a). We observed
higher abundance of TNF'P2Y;," microglia in NAWM
(Fig. 3a). To further quantify the abundance of this cell
subset, P2Y, (a marker defining area of cell cytoplasm)
and DNA (**Y1%?Ir, a marker defining cell nucleus) sig-
nals were used to segment individual cells in each
image. The segmented cells (DNA'P2Y,," and
DNA'P2Y,,") were used to perform unsupervised Phe-
noGraph analysis [27], which partitioned all segmented
cells into 17 clusters with distinct phenotypes (Fig. 3b,
¢; Additional file 2: Supplementary Fig. 7b). Among
these clusters, we found five differentially abundant
clusters in active lesions, compared to NAWM tissue
(Fig. 3c). We could confirm a lower abundance of a
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cluster of P2Y,," TNF*M cells (similar to C8 identified
by CyTOF (Fig. 2b)) in lesions compared to NAWM
(Fig. 3c-e). We also noted a higher abundance of
CD45*MCD68* M clusters in active lesions (Fig. 3c-e),
which had a similar phenotype to C1 identified by
CyTOF (Fig. 2b). Nevertheless, these lesion-enriched

clusters expressed low levels of CD44, CD11¢, HLA-DR
and CD14 (Additional file 2: Supplementary Fig. 7b),
which is similar to the phenotype of C11 identified by
CyTOF (Fig. 2b), indicating that these clusters may
contain mixed cells that have similar phenotypes to
both C1 and C11 identified by CyTOF (Fig. 2b).
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Increased phagocytic phenotypes in lesion-enriched
myeloid cells

Microglial activation and phagocytic activity have long
been considered key events in MS pathology [28-31]. In
Exp-I, we found increased expression of markers
involved in the clearance of apoptotic cells/bodies in-
cluding CD61 [32], along with the increased expression
of HLA-DR (major histocompatibility (MHC)-II) and
phagocytosis-associated markers, such as CD44 and
CD68, in the lesion-enriched microglial clusters (Fig. 2a,
b), compared to the hoMG cluster. In contrast to results
obtained from a mouse model of experimental auto-
immune encephalomyelitis (EAE) and from brain biop-
sies of patients with early MS [12, 13], we did not detect
a significant increase in myeloid cell infiltration or
strong inflammatory phenotype of microglia in the active
lesions of PMS (C12, Fig. 1c, d). However, limitations in
the antibody panel used in Exp-I (Figs. 1 and 2) may
have caused the discrepancy with findings from EAE or
early MS studies using scRNA-Seq with much higher di-
mensionality [12, 13]. Furthermore, in Exp-I we have
also observed a highly phagocytic microglia cluster C4
(Fig. 2), which was enriched in active lesions but did not
reach significant difference compared to NAWM (FDR-
adjusted P value = 0.0838). This may due to lacking of
markers identifying phagocytic and activated states.
Therefore, to further investigate the phagocytic and in-
flammatory phenotypes of myeloid cells, including infil-
trating cells, in active lesions of PMS, we used two
additional antibody panels (Exp-II and Exp-III; Add-
itional file 1: Supplementary Table 8). The antibody
panels used in Exp-II and Exp-IIl had some overlap in
phenotypic-defining markers (designated as TYPE
markers: HLA-DR, CDlle, CCR2, CD172a (SIRPa),
CD196, CD91, CD95 (Fas), CD56, CD54 (ICAM-1),
CD116, CD74, CD47, IRF7, CD274, CD35). These TYPE
markers identified different cell subsets/clusters of WM
myeloid cells, and allowed us to compare the cell popu-
lations between experiments (Exp-II and -III). In
addition, we further phenotypically profiled the defined
clusters using STATE markers (Additional file 1: Supple-
mentary Table 8), a set of markers characterizing micro-
glia/myeloid cells with particular emphasis on
inflammation- and phagocytosis-associated markers, in-
cluding MIP-1p (CCL4), TNF, GM-CSF, CD206, Clec7a,
AXL, CD36, CD163, CD14, CD64 (FcyRI), CD32
(FcyRII), TGEF-B, IL-1f, IFNy, IFNa and osteopontin
(OPN; SPPI).

As in Exp-I (Fig. 1), we first embedded all analyzed cells on
t-SNE maps using the TYPE markers. Meta-clustering re-
sulted in 12 clusters with consistent phenotypes (Fig. 4a-d;
Additional file 2: Supplementary Fig. 8-10). As shown in
Exp-I (Fig. 1c, d), more than 98% of CD11b-MACS-sorted
cells were P2Y, "™ TMEM119*/4™ microglia. In Exp-1, the
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hoMG cluster was characterized as P2Y;,"TMEM119"HLA-
DRU™CD11¢™™CD68™, In Exp-II and -III (in which P2Y,
and TMEMI119 were not measured, due to limitation of
metal channels available), we therefore identified the HLA-
DRY™CD11c¢™CCR2® cluster as the hoMG cluster (C6 in
Exp-II and C9 in Exp-IIl). A lower abundance of HLA-
DRU™CD11¢™™CCR2®" hoMG in active lesions was de-
tected in both Exp-II and -III, which was similar to results
obtained from Exp-I (Fig. 4a-f). Increased abundance of two
activated microglial clusters was consistently detected in ac-
tive lesions in both experiments (C1 and C5 in Exp-II; C1
and C3 in Exp-Ill, Fig. 4a-f). These clusters were similarly
characterized by higher expression of HLA-DR, CDllc,
CD47, CD172a, CD91, CD56, CCR2, CD116 and CD95,
compared to the hoMG cluster (Fig. 4g, h). The two
activated microglial clusters (C1 and C5 in Exp-II; C1 and
C3 in Exp-II) displayed similar phenotypes with varying de-
grees of activation regarding, in particular, the different ex-
pression level of HLA-DR, CDllc, CD172a, CD91 and
CD47 (Fig. 4g, h). In-depth phenotypic profiling using
STATE markers revealed significantly increased expression
of inflammation- and phagocytosis-associated markers, in-
cluding NFAT1, MIP-1p (CCL4), CD36, CD44, CD14, CD64
(FcyRI), CD32 (FyRII), IFNa, AXL, ABCA7, CD115, Toll-
like receptors (TLRs), Galanin and GLUT5 in highly acti-
vated microglial clusters in active lesions (C1 in Exp-II and
C1 in Exp-III, Fig. 5a, b). The clusters with a less activated
phenotypes (C5 in Exp-II and C3 in Exp-III, Fig. 5¢, b) dis-
played fewer phenotypic differences in active lesions. We did
not detect increased infiltration of CCR2"* myeloid cells in
active lesions of PMS (Fig. 4a-f; C2 and C9 in Exp-II; C4 and
C5 in Exp-1II), which was in line with the result from Exp-I
showing no different abundance of Clec12A" myeloid cells
in active lesions of PMS (C12; Fig. 1c, d).

Similar to results obtained from Exp-I, comparing the
phenotypes of myeloid cells in active lesions to those in
NAWM within the same defined cluster of both Exp-II
(Supplementary Fig. 11) and Exp-III (Supplementary
Fig. 12) resulted in small phenotypic differences, with
one exception in the case of C12 (Exp-II). In this cluster,
strongly reduced expressions of CD116, NFAT1, CD44
and GM-CSF was found in active lesions (Supplemen-
tary Fig. 11).

NAWM microglial phenotypes are comparable to the
control aged microglia

Disease onset of primary progressive MS (PPMS) and
secondary progressive MS (SPMS) is generally around
10 years later than RRMS [33]. In addition, the incidence
of irreversible disability in PPMS and SPMS follows a
similar pattern [33], which suggests that aging could be
an important risk factor for MS progression. During
normal aging, microglia undergo phenotypic and func-
tional changes, resulting in reduced ability to repair CNS
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damage, which may result in more vulnerable axons and
neurons [34]. Furthermore, aged microglia have been
observed to display an activated phenotype characterized
by increased expression of MHC class II, CD68 and pro-
inflammatory cytokines such as IL-1, IL-6 and TNF [16,
35]. This activation is associated with increased expres-
sion of TLRs and other pattern recognition receptors, as
well as decreased expression of immune-suppressive fac-
tors, such as CD200-CD200R and fractalkine-CX3CR1
interactions [35]. Consequently, the active lesion-
associated phenotypic changes described above (Figs. 1,
2, 3, 4 and 5) could resemble those observed with aging.
In addition, our previous study using bulk transcrip-
tomic analysis revealed subtle changes of the microglial
signature in NAWM of PMS donors compared to age-
matched non-MS control donors [11], so it is interesting
to test whether the phenotypic alterations identified in
active lesions (in a comparison to NAWM) can also be
detected in non-MS aged WM microglia. Myeloid cells
were isolated and MACS-sorted from control white mat-
ter as described above, and were characterized using the
antibody panels from Exp-I, —II and -IIl. In comparison
to NAWM, we did not detect differentially abundant

clusters in control aged microglia (CON) in either ex-
periment (Fig. 6a-j), which was similar to our results ob-
tained from our previous study comparing microglia
isolated from NAWM and age-matched control WM
[11]. Furthermore, the lesion-enriched clusters, which
were identified in Exp-I, -II and -III (Fig. 4), were not
correlated with age in all three studied groups, except
TNF" C8 (Exp-I, Fig. 6b) and CD19'°P2Y,,4™ C11 clus-
ters (Exp-I, Fig. 6d).

Discussion

In this study, we characterized and compared WM myeloid
cells isolated from active lesions and NAWM of ten PMS do-
nors, using single-cell mass cytometry to analyse three differ-
ent antibody panels (a total of 74 markers). Depending on a
set of markers analyzed, we consistently detected a lower
abundance of a cluster of P2Y;,"TMEM119* and/or HLA-
DRY™CD11¢™™ hoMG in active lesions and significantly
enriched clusters of highly phagocytic and activated micro-
glia. These clusters were mainly characterized by lower
expression of homeostatic markers CX3CR1, P2Yj,,
TMEMI119, GPR56, and/or increased expression of proteins
involved in phagocytic activity and microglial activation
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including CD45, HLA-DR, CD44, CD14, CDllc, CD68,
Clec7a, MS4A4A, CCR2, CD64, CD32, CD47, CD91, CDY5,
NFAT1, AXL, ABCA7 and/or cytokine MIP-1f (CCL4) and
osteopontin (OPN, or SPPI). Our findings are greatly com-
plementary to the results of previous transcriptomic studies
in EAE and early MS at the level of single-cell proteomics
[12, 13]. Importantly, the abundance of infiltrating myeloid

cells was not increased in active lesions of PMS in all three
experiments.

In contrast to scRNA-Seq, a single-cell protein array
using CyTOF is often limited to a maximum of 40
markers per measurement, and thus it is challenging to
comprehensively characterize a targeted cell population
with only one antibody panel. We applied three
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different antibody panels to increase the capacity for
in-depth phenotypic profiling. We demonstrated the
use of TYPE markers to compare differentially abun-
dant clusters between measurements. Moreover, this
study underscored the feasibility of performing single-
cell phenotypic screening of small microglia/macro-
phage samples (3 measurements of 10° cells), as we
have demonstrated previously [16]. To identify differen-
tially abundant clusters between conditions, we applied
meta-clustering analysis (the FlowSOM algorithm:
FlowSOM/Consensus-ClusterPlus) [19-21], a powerful
tool to explore cellular heterogeneity. However, the
identified clusters are descriptive and could be inter-
preted as distinct cell subsets and/or transient cell
states. Further functional analysis of each identified
cluster remains to-date exceedingly challenging but es-
sential. In addition to CyTOF, we performed imaging
CyTOF (IMC) to validate the results obtained from
single-cell suspension samples. To date, IMC has been
applied to identify multiple myeloid phenotypes on
highly inflamed active lesions from one [36] or two [37]
patients with RRMS. In this study, using IMC we could
confirm phenotypic changes of myeloid cells character-
ized by CyTOF in active lesions compared with NAWM
(from a total of seven PMS donors, Fig. 3; Additional
file 1: Supplementary Table 1). However, a direct com-
parison between the two CyTOF technologies remains
technically challenging, due to for example a big differ-
ence in the area of analysis (tissue weight of ~1g
(CyTOF) vs 1-mm? image (IMC)), differences in cell
types analyzed, tissue/cell quality (MACS-pre-isolated
single-cell from enzymatically digested fresh post-
mortem tissue (CyTOF) vs formalin-fixed, paraffin-
embedded tissues (IMC)) or the number of antibodies
compatible in one staining protocol that includes
antigen-retrieval process, which would limit the dimen-
sionality of the IMC data.

Myeloid cells including microglia are emerging as
key players in neuroinflammatory diseases like MS
[38-40]. Numerous findings in rodent models such as
EAE highlight the importance of myeloid cells includ-
ing microglia, monocyte-derived macrophages and
dendritic cells in neuroinflammation [39, 41]. How-
ever, these models only partially replicate the com-
plexity of human MS and thus, our understanding of
how myeloid cells either respond or contribute to MS
pathogenesis is still limited. This is particularly true
for the advanced stages of MS where progressive neu-
rodegeneration predominates [42]. The present study
nicely complements the single-nuclei RNA-sequencing
study from WM in SPMS [43] and other studies
using bulk and single-cell/nuclei transcriptomic ana-
lysis in early and PMS as well as the EAE model [12,
13, 41, 44-47], in which microglia show an increased
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gene expression of MHC class Il-related molecules
such as HLA-DR, Cd74 and molecules involved in
phagocytosis and/or myelin uptake including GPNMB,
SPPI and Cd68 in MS. Using CyTOF, we detected
decreased abundance of the homeostatic microglial
cluster in lesion-enriched microglia populations,
which consistently coincided with increased expres-
sion of the antigen-processing and phagocytosis-
related markers HLA-DR, CD11¢, AXL, CD45, CD68,
ATP-binding cassette (ABC) transporter A7 (ABCA7)
[48] and CD44 (a receptor of GPNMB) [49], as well
as the molecules involved in the inflammatory process
in microglia such as CD14 and Clec7a (dectin-1) and
its co-activator MS4A4A [50]. Expanding the analyzed
markers with Exp-II and -III revealed active lesion-
enriched clusters of cells with higher expression of
phagocytosis-related and inflammatory molecules such
as inflammatory cytokines MIP-13 (CCL4) and OPN,
the receptor tyrosine kinase AXL, the myeloid inhibi-
tory immunoreceptor SIRPa (CD172a) and its co-
activator CD47 [51], ABCA7, CD91 (LRP1 or ApoE
receptor) and Fcy receptors (CD64 and CD32). Fur-
thermore, the expression of molecules involved in
apoptosis-regulation CD95 (Fas) and immune regula-
tory function NFATI (a transcription factor regulating
T-cell function) and galanin [52, 53] were also found
to be increased in lesion-enriched clusters. Even
though our study lacks functional investigation, it is
tempting to speculate that, at this late disease stage
of PMS, microglia are multi-functional. On the one
hand, microglia attempt to maintain brain homeosta-
sis by up-regulating expression of molecules involved
in clearance of apoptotic cells and myelin debris such
as AXL [54], phospholipid transporter ABCA7 [48],
HLA-DR, CD45 and CD68, as well as the neuropep-
tide galanin, which provides neuroprotective effect in
EAE mouse model [53]. On the other hand, some
microglia become activated and up-regulate the ex-
pression of inflammatory mediators MIP-13 and
OPN. An expansion of MIP-1f (Ccl4)-expressing
microglia subset has been detected in EAE [13] and
MS active lesions [12], and was proposed to be a
neurotoxic population. Similarly, OPN (SPPI) is in-
volved in microglia activation pathway and has been
found up-regulated in EAE [13] and WM active
lesions of MS patients [12], as well as in an Alzhei-
mer’s disease model [55]. It has also been demon-
strated in a mouse model of demyelination that OPN
exacerbated disease progression, promoted worsening
paralysis and induced neurological deficits [56]. Fur-
thermore, the increased expression of the immune
regulator NFAT1 in microglia in active lesions may
be linked to chronic activation and neuroinflamma-
tion of these cells [52, 57].
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It has been challenging to distinguish microglia
from infiltrating macrophages in human brain and
thus recognize their contribution to MS lesion forma-
tion and pathology. In this study, to distinguish
microglia from infiltrating macrophages in active MS
lesions, we used either microglia signature markers
P2Y,,, TMEM119 and GRP56, together with Clecl2A,
a marker for hematogenic macrophage (Exp-I) or
CD14 and CCR2 for monocytes and/or monocyte-
derived macrophages (Exp-II and -III) [58]. Interest-
ingly, the cluster with high Clec12A expression and
low P2Y,,, TMEM119 and GPR56 expression was not
significantly enriched in active MS lesions. Similarly,
the abundance of CCR2™/* cells was comparable be-
tween NAWM and active lesions. Our findings are
similar to a previous study performed in a mouse
model of demyelination, in which microglia became
activated in response to lysophosphatidylcholine
(LPC)-induced demyelination, and dominated the
CNS lesion by limiting the dispersion of CNS-
infiltrating macrophages into the lesioned WM [59].
On the contrary, recent studies using scRNA-Seq
have demonstrated that monocyte-derived macro-
phages can enter the CNS during early MS or EAE
[12, 41]. This discrepancy in findings may be due to
differences in studied models/diseases (e.g. early MS
vs PMS; EAE vs LPC-induced demyelination) or an
analytical method used (scRNA-Seq vs CyTOF), which
may lead to differences in cell identification/cluster-
ing. A direct comparison between studied models/dis-
eases using a single analytical method is required to
make a meaningful conclusion.

We detected a distinct cluster of P2Y,," microglia that
highly expressed TNF (Fig. le). Interestingly, a lower
abundance of this TNF™ microglial cluster was found in
active lesions of PMS, compared to NAWM. TNF has
long been recognized as an immune modulator [60].
During neuroinflammation, TNF is mainly expressed by
myeloid cells [61, 62], and provides neuroprotective ef-
fects, possibly by limiting the extent and severity of auto-
immune pathology [60-63]. TNF deficiency is related to
disturbed microglial homeostasis [61], suggesting an im-
portant role of TNF in microglia function. This concept
is supported by the results obtained from the EAE
model, indicating that impairment of TNF signaling is
associated with the induction of demyelination and less
removal of T lymphocytes from the lesion area [64].
Moreover, monoclonal antibody therapies targeting TNF
and its receptors (TNFRs) have been shown to poten-
tially induce demyelinating disorders in human [65]. It
has been also demonstrated that lipid uptake in micro-
glia induced non-inflammatory phenotype by downregu-
lating  TNF expression [66]. Together, TNF-TNFRs
signaling may play an important role in maintaining
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homeostatic function of microglia. However, it is tech-
nically impossible to selectively sort this rare population,
thus their precise function in PMS remains to be
investigated.

Conclusions

In summary, we demonstrate herein the power of multi-
dimensional single-cell phenotyping to unravel the diver-
sity of myeloid cells in PMS post-mortem brain tissue.
Our results underscore the heterogeneity and complexity
of myeloid cell phenotypes in active lesions of PMS, and
suggest potential differences of pathogenesis between
early MS and PMS. Active lesions of PMS contain highly
phagocytic and activated microglia, pointing towards
their role in clearing up myelin/cellular debris without
being fully activated by the lesion environment. This
may explain why anti-inflammatory therapies that are
highly effective in early MS are less effective in PMS. It
will be important to consider the heterogeneity of mye-
loid cell phenotypes when designing novel treatment in-
terventions for PMS.
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Abstract

enhanced homeostatic functions of microglia in MDD.

Stress-induced disturbances of brain homeostasis and neuroinflammation have been implicated in the
pathophysiology of mood disorders. In major depressive disorder (MDD), elevated levels of proinflammatory cytokines
and chemokines can be found in peripheral blood, but very little is known about the changes that occur directly in the
brain. Microglia are the primary immune effector cells of the central nervous system and exquisitely sensitive to
changes in the brain microenvironment. Here, we performed the first single-cell analysis of microglia from four
different post-mortem brain regions (frontal lobe, temporal lobe, thalamus, and subventricular zone) of medicated
individuals with MDD compared to controls. We found no evidence for the induction of inflammation-associated
molecules, such as CD11b, CD45, CCL2, IL-1B, IL-6, TNF, MIP-13 (CCL4), IL-10, and even decreased expression of HLA-DR
and CD68 in microglia from MDD cases. In contrast, we detected increased levels of the homeostatic proteins P2Y,
receptor, TMEM119 and CCRS5 (CD195) in microglia from all brain regions of individuals with MDD. We also identified
enrichment of non-inflammatory CD206™ macrophages in the brains of MDD cases. In sum, our results suggest

Introduction

Major depressive disorder (MDD) is one of the most
common mental disorders across the lifespan and repre-
sents a leading cause of disability worldwide'. MDD is
more prevalent in women than men and it increases the
risk of suicide, obesity, and coronary heart disease®.
Recent genome-wide association studies have associated
MDD with variants in genes involved in hypothalamic-
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pituitary-adrenal (HPA) axis function, neuronal differ-
entiation, synaptic transmission, cytokine production, and
immune response®. Cell type-specific methylome studies
have confirmed the involvement of the innate immune
system in MDD® The polygenic risk for MDD is mod-
erated by environmental factors, such as childhood
trauma”. Strong gene-environment interactions exist
between HPA axis genes (Corticotrophin releasing hor-
mone receptor 1, FK506 binding protein 5) and MDD®,
Notably, higher FKBPS expression promotes nuclear
factor (NF)-kB-mediated peripheral inflammation and
chemotaxis’. Along these lines, chronic stress and low-
grade inflammation are believed to contribute to the
pathophysiology of MDD®*"'°, In fact, patients with MDD
express increased levels of proinflammatory cytokines like
interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-a

Open Access This article is licensed under a Creative Commons Attribution 40 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. if
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit httpi//creativecommons.org/licenses/by/4.0/.
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in peripheral blood, which can access the central nervous
system (CNS) and activate tissue-resident macrophages
like microglia, impair HPA axis function, modulate
monoaminergic neurotransmission, and reduce neural
plasticity'''*. The tryptophan-kynurenine pathway links
depression and inflammation, and under stressful and
inflammatory conditions, microglial indoleamine 2,3-
dioxygenase (IDO) activity reduces serotonin availability
and results in the production of excitotoxic metabolites
such as quinolinic acid®®. In recent years, peripheral
blood cytokines have been proposed as biomarkers of
MDD, and combinations of pro- and anti-inflammatory
cytokines (e.g. IL-10) can help predict the response to
antidepressant treatment'>~'%,

However, it remains an unresolved question of high
therapeutic relevance whether the inflammation in MDD
originates primarily in the periphery or in the CNS. Per-
ipheral blood monocytes of MDD patients express higher
levels of inflammatory/immune mediators like IL-1f
and IL-6, as well as TNF, TLR2, CEBPA, and CCL2
mRNAs"" "% In contrast, studies of CNS microglia have
resulted in contradictory findings. Microglia are specia-
lized tissue macrophages that originate from the yolk sac
during early embryonic life, and play essential roles in
brain development and maintenance of CNS home-
ostasis>. Neuropathological examination of post-mortem
frontal lobe tissue from MDD cases revealed increased
numbers of activated microglia expressing ionized
calcium-binding adaptor molecule (Iba)1*® or quinolinic
acid”’. The number of primed Ibal-positive microglia and
CD45-immunoreactive perivascular macrophages was
increased in depressed suicides®. In contrast, many other
studies did not detect significant changes in the density of
major histocompatibility complex HLA-DR-
immunoreactive microglia in frontal lobe, temporal lobe,
thalamus or brain stem of MDD cases® % Gene
expression profiling of post-mortem frontal lobe tissue
from psychotropic drug-free persons with a history of
MDD revealed increased expression of ILIA, IL3, ILS, ILS,
IL10, but not IL6 or TNF”. Gene expression of TNF,
IFNG, and CCL2 was even reduced in the prefrontal
cortex of depressed suicides®®. Strong support for the
neuroinflammation hypothesis of MDD comes from
positron emission tomography (PET) studies of translo-
cator protein 18 kDa (TSPO) binding in depressed indi-
viduals with MDD. TSPO binding was found to be
elevated in frontal lobe, temporal lobe and thalamus of
depressed patients, and correlated with the severity of
depression™, cognitive dysfunction®, and the duration of
antidepressant treatment®®, However, no correlation with
peripheral inflammatory markers like IL-1B, IL-6, TNF,
and C-reactive protein (CRP) was detected®*. It is also still
controversial whether TSPO binding is a good indicator
of microglial activation in the human brain®’.
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Given that the role of microglia is not yet clear in major
depression®, we decided to use single-cell high-dimen-
sional mass cytometry (CyTOF) to examine microglia
from different post-mortem brain regions of medicated
individuals with MDD compared to controls. We have
recently demonstrated that this technique allows us to
detect subtle phenotypic differences of human microglia
across different brain regions with good correlation
between post-mortem tissue and fresh brain biopsies®. In
this study, we determined 59 protein markers at the
single-cell level that unequivocally distinguish microglia
from other brain macrophages and peripherally derived
immune cells. The results suggest a non-inflammatory
phenotype of microglia with increased homeostatic mar-
ker expression in MDD.

Methods
Human post-mortem tissue

Human post-mortem brain tissue was obtained from
the Psychiatric Donor Program of the Netherlands Brain
Bank (NBB-Psy; www.brainbank.nl). The Netherlands
Brain Bank received permission to perform autopsies
and to use tissue and medical records from the Ethical
Committee of the VU University Medical Center. Tissue
was collected post-mortem from donors from whom full
consent had been obtained during life to conduct brain
autopsy and research. Mediacted MDD cases (1 = 6) were
defined as donors with a diagnosis of MDD according to
the DSM-1V or III. Control donors (1n = 5) were defined as
donors without a history of depression, confirmed by
retrospective medical chart review. Detailed donor infor-
mation is provided in Supplementary Tables 1-3.

Microglia isolation

Microglia were isolated from post-mortem brain tissue
as described previously®”. After autopsy, tissue was stored
in Hibernate medium (Invitrogen, Carlsbad, CA, USA) at
4°C until further processing. Microglia isolation started as
soon as possible, at the latest after 24 h. A single-cell
suspension was generated by mechanical and enzymatic
digestion with collagenase (3700 units/mL; Worthington,
USA) and DNase (200 pg/mL; Roche, Switzerland) for
frontal lobe (GFM), temporal lobe (GTS) and thalamic
(THA) tissues, or 0.2% trypsin and 30 mg DNase for
subventricular zone (SVZ) tissue. A Percoll (Amersham,
Merck, Germany) gradient was generated to separate
viable cells from myelin, cellular debris, and erythrocytes.
The middle layer was collected and washed twice, fol-
lowed by positive selection of myeloid cells with CD11b-
conjugated magnetic beads (Miltenyi Biotec, Germany)
according to the manufacturer’s protocol. MACS-isolated
CD11b" cells were fixed with fixation/stabilization buffer
(SmartTube) and frozen at —80°C until analysis by mass
cytometry®.
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Intracellular barcoding for mass cytometry

MACS-isolated CD11b" cells were thawed and subse-
quently stained with premade combinations of six dif-
ferent palladium isotopes: '°2Pd, '**Pd, '°°Pd, '°°Pd,
198pd, and ''°Pd (Cell-ID 20-plex Pd Barcoding Kit,
Fluidigm). This multiplexing kit applies a 6-choose-3
barcoding scheme that results in 20 different combina-
tions of three Pd isotopes. After 30 min staining at room
temperature, individual samples were washed twice with
cell staining buffer (0.5% bovine serum albumin in PBS
containing 2 mM EDTA). All samples were pooled
together, washed, and stained with antibodies.

Antibodies

Anti-human antibodies (Supplementary Tables 4 and 5)
were purchased either pre-conjugated to metal isotopes
(Fluidigm), or from commercial suppliers in purified form
and then conjugated by us using the MaxPar X8 kit (Flui-
digm) according to the manufacturer’s protocol. Each anti-
body was titrated and validated using different cell types
from different body compartments, as described previously™.

Cell surface and intracellular staining

After cell barcoding, washing and pelleting, the com-
bined samples were stained and processed as described
previously®®. Briefly, cells were resuspended in 100 pl of
antibody cocktail directed against cell surface markers
(Supplementary Tables 4 and 5) and incubated at 4 °C for
30min. Then, the cells were washed twice with cell
staining buffer (PBS containing 0.5% bovine serum albu-
min and 2mM EDTA). For intracellular staining, the
stained (non-stimulated) cells were incubated in fixation/
permeabilization buffer (Fix/Perm Buffer, eBioscience) at
4°C for 60 min. After two washes with permeabilization
buffer (eBioscience), the samples were stained with anti-
body cocktails directed against intracellular molecules
(Supplementary Tables 4 and 5) in permeabilization buf-
fer at 4°C for 1 h. Cells were subsequently washed twice
with permeabilization buffer and incubated overnight in
4% methanol-free formaldehyde solution. The fixed cells
were washed and resuspended in 1 ml iridium intercalator
solution (Fluidigm) at room temperature for 1 h, followed
by two washes with cell staining buffer and two washes
with ddH,O (Fluidigm). Finally, cells were pelleted and
kept at 4°C until CyTOF measurement.

Bead staining

For the bead-based compensation of the signal spillover,
AbC total antibody compensation beads (Thermo Fisher
Scientific) were stained with each of the antibodies used in
all three antibody panels according to the manufacturer’s
instructions. Stained beads were then measured with
CyTOF and the compensation matrix was generated as
described previously®.
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CyTOF measurements

Cells were analyzed using a CyT OF2 upgraded to Helios
specifications, with software version 6.7.1014%. The
instrument was tuned according to the manufacturer’s
instructions with tuning solution (Fluidigm), and mea-
surement of EQ four element calibration beads (Fluidigm)
containing 140/142Ce, l51“53Eu, 165H0, and 175/176Lu
served as a quality control for sensitivity and recovery.
Immediately prior to analysis, cells were resuspended in
ddH,0, filtered through a 20 um cell strainer (Celltrix,
Sysmex), counted and adjusted to 3-5 x 10 cells/ml. EQ
four element calibration beads were added at a final
concentration of 1:10 v/v in order to normalize the data to
compensate for signal drift and day-to-day changes in
instrument sensitivity. Samples were acquired with a flow
rate of 300400 events/s. The lower convolution thresh-
old was set to 400, with noise reduction mode turned on
and cell definition parameters set at event duration of
10-150 pushes (push =13 ps). The resulting flow cyto-
metry standard (FCS) files were normalized and rando-
mized using the CyTOF software’s internal FCS-
Processing module on the non-randomized (“original”)
data. The default settings in the software were used with
time interval normalization (100 s/minimum of 50 beads)
and passport version 2. Intervals with less than 50 beads
per 100 s were excluded from the resulting FCS file.

Mass cytometry data processing and analysis

Following the workflow from our previous study®,
Cytobank (www.cytobank.org) was used for initial manual
gating on live single cells and Boolean gating for de-
barcoding. Nucleated single intact cells were manually
gated according to the signals of DNA intercalators
¥r/"Ir and event length. For de-barcoding, Boolean
gating was used to deconvolute individual samples
according to the barcode combination. Prior to data
analysis, each FCS file was compensated for signal spil-
lover using R package CATALYST"'. For dimensionality
reduction, visualization and further exploration, (2D)-
tSNE maps were generated based on the expression levels
of all markers in each panel. For embedding, we set
hyperparameters to perplexity of 30, theta of 0.5, and
iterations of 1000 per 100,000 analyzed cells. To visualize
marker expression, arcsinh transformation was applied to
the data. All FCS files were then loaded into R and further
data analysis was performed with a custom written script
based on the workflow proposed by Nowicka and col-
leages**. Briefly, for unsupervised cell population identi-
fication, we performed cell clustering with the FlowSOM™
and ConsensusClusterPlus™ packages using all markers in
each panel. We then performed visual inspection of
cluster-colored tSNE plots and phenotypic heat maps for
a more detailed profile of each cluster, and we determined
the number of meta-clusters with consistent phenotypes
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for statistical testing. Based on visual inspection of t-SNE
plots and heat maps generated at the merging step, a final
number of meta-clusters was chosen that merged clusters
into populations with consistent phenotypes (with a
minimal mean frequency of 0.1% of parent)*’.

Statistical analysis

No randomization and blinding strategies were applied
in this study. However, data processing and analysis, as
well as statistical testing were carried out in an unsu-
pervised manner. Dichotomous variables of the sample
cohort were analyzed with Fisher’s exact test (GraphPad
Prism). Quantitative data are shown as independent data
points with Box-Whisker. Exploratory analyses of sta-
tistical significance were performed using multiple ¢-test
available through GraphPad Prism 8 with a false dis-
covery rate (FDR) adjustment at 10% using the
Benjamini—Krieger—Yekutieli procedure for multiple
hypothesis testing, unless otherwise stated. A P value <
0.05 was considered statistically significant.

Results
Samples

MDD and controls did not differ in age, gender or post-
mortem characteristics (Supplementary Table 1). The
average post-mortem delay was 8 h (range 4%-12% h).
Both groups were medicated, and donors differed with
regard to medication used and psychiatric history (Sup-
plementary Tables 2 and 3).

Regional diversity of human microglia is preserved in MDD

Human microglia (huMG) were isolated from post-
mortem brain tissue of subventricular zone (SVZ), thala-
mus (THA), temporal lobe (GTS) and frontal lobe (GFM)
(Fig. 1a). In order to minimize the run-to-run variation
and to facilitate the comparison of cellular profiles from
different brain regions and individuals, we simultaneously
profiled huMG samples from different brain regions of
donors with MDD and controls in the same run. To do so,
huMG were intracellularly barcoded using different
combinations of palladium isotopes as described pre-
viously*. Up to twenty samples were pooled, split equally
and stained with two different antibody panels (Supple-
mentary Tables 4 and 5). The antibody Panel A (36
antibodies) was designed to distinguish the major circu-
lating immune cell subsets, including T & B lymphocytes,
monocytes, natural killer (NK) cells, from CNS immune
cells, including microglia and border-associated macro-
phages. The panel also focused on cytokines, chemokines
and other inflammatory mediators, and comprised anti-
bodies against P2Y,, receptor, TREM2, CD45, CD3,
CD14, CD16, CDllc, CD64, CDI11b, CD56, EMRI,
CD115, CD47, CD19, HLA-DR, CD56, CD68, CD33
(Siglec-3), CD192 (CCR2), CD195 (CCR5), CX3CR1,
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CD141, CD32, CD206, CD163, MIP-1f, IL-10, CCL2,
IRF8, TGFp, and TNF (Supplementary Table 4). The
antibody Panel B was designed to investigate functional
and activity changes in huMG subsets using 35 antibodies,
including HLA-DR, IKZF1, ALDH, IL-1p, IL-6, MRP14
(S100A9), CD11b, CD116, CD44, Galanin, CD54
(ICAM1), CCR7, GPR56, CD141, CD86, CD91 (LRP1),
CD95, CD172a, Glutl, Glut5, TIM3, TIM4, Arginase-1
(Supplementary Table 5). Multiplexed and stained sam-
ples were simultaneously acquired on a CyTOF instru-
ment. To validate the robustness of the results, we
performed three independent measurements with a total
of 36 huMG samples (summarized in Supplementary
Table 1).

We used the commercially available analysis platform
Cytobank (www.cytobank.org) to capture and visualize all
huMG cells in a single two-dimensional (2D) map using
unsupervised high-dimensional data analysis, the t-
distributed stochastic linear embedding (t-SNE) algo-
rithm (Fig. 1b). In line with our previous evidence for
regional heterogeneity of human microglia®®, we observed
a unique phenotype of SVZ microglia compared to
microglia isolated from other brain regions (Fig. 1b, c).
The huMG from control SVZ showed significantly higher
expression of HLA-DR, CD11c, and CX3CR1 (Fig. lc).
Most importantly, we did not observe separation of
huMG from donors with MDD and controls (Fig. 1b),
which is in strong contrast to what we had previously
observed for glioma-associated huMG*. No differences in
the expression of HLA-DR, CD206, CD1lc, CX3CR1,
TNF, and CCL2 were observed for huMG from different
brain regions between control and MDD cases (Fig. 1c).
However, huMG from MDD cases expressed attenuated
levels of HLA-DR in SVZ (Fig. 1c).

Increased P2Y;, and TMEM119 expression in microglia
from MDD brains

Next, to fully harness the high-dimensionality of the
mass cytometry data and to study huMG in more detail, we
performed a comprehensive analysis on R/Bioconductor
using the over-clustering approach®. Of note, the number
of defined clusters may not solely represent biological
functional subsets of huMG, but should be considered as
an exploratory tool for the discovery of differential abun-
dance of small/rare huMG populations between the two
analyzed groups. All markers of antibody Panels A and B
were included in the meta-clustering analysis, revealing
eight distinct phenotype clusters of huMG (Fig. 2a—d). The
defined clusters displayed a differential distribution across
the different brain regions (Fig. 2¢, d). The main cluster 2
(C2) was significantly less abundant in SVZ, whereas
cluster 3 (C3) was more abundant in SVZ (Fig. 2d). No
significant differences in cluster distribution were observed
between huMG from MDD and control cases (Fig. 2d).
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Fig. 1 Regional heterogeneity of microglia. a Schematic representation of the experimental workflow for CyTOF. Human microglia (huMG) were
isolated from the subventricular zone (SVZ, n=10), thalamus (THA, n=7), temporal lobe (GTS, n=9), and frontal lobe (GFM, n = 10) of eleven
independent donors (CON, n = 5; MDD, n = 6). HUMG samples were barcoded and pooled. Three different measurements of three different pooled
samples were performed. Each pooled sample was divided in half and stained with two panels of metal-conjugated antibodies (Panels A and B,
Supplementary Tables 4 and 5) and measured on the CyTOF instrument. Prior to algorithm-based data analysis, the data were demultiplexed and
compensated. Clustering analysis was performed to discover small phenotypic differences between the studied groups using algorithm-based data
analysis workflow, FlowSOM/ConsensusClusterPlus. b The overlaid t-SNE plot of 16 samples (SVZ = 4; THA = 4, GTS = 4; GFM =4 from two biologically
independent CON donors and two biologically independent MDD donors) is shown. The coloring denotes different regions (left image) and studied
groups (right image). The 2D t-SNE maps were generated based on expression levels of all markers of Panel A (Supplementary Table 4). The heat map
cluster (bottom) demonstrates the expression levels of 59 analyzed markers. Samples are indicated by dendrograms, regions and diagnosis are color-
coded as above. Heat colors show overall expression levels (dark blue: no expression; red: high expression). ) Boxplots show mean expression levels
of selected markers in different brain regions for huMG from CON and MDD cases. Boxes extend from the 25th to 75th percentiles. Whisker plots
show the min (smallest) and max (largest) values. The line in the box denotes the median. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way

ANOVA testing with Dunnett correction for multiple comparisons. All brain regions were compared with the SVZ.

Comparison of microglia phenotypes within defined
clusters revealed significant differences between MDD
and control cases (Fig. 2e—g). Notably, the main cluster
C2 contained huMG with significantly higher expression
of the homeostatic markers P2Y,, and transmembrane
protein (TMEM)119* in MDD compared to controls
(Fig. 2e). At the same time, huMG from cluster C2
expressed lower levels of the activation markers HLA-DR
and CD68 in MDD (Fig. 2e). HUMG from the SVZ-
enriched cluster C3 also expressed more TMEM119 and
less HLA-DR and CD68 in MDD cases (Fig. 2f). In con-
trast, CD206™ (P2Y;,'°TMEM119') macrophages from
cluster C8 expressed more HLA-DR, TMEM119 and
CD91 (LRP1) in MDD than control cases (Fig. 2g).
Importantly, huMG/macrophages from clusters C2, C3,
and C8 expressed higher levels of the chemokine CD195
(CLL5), but comparable levels of IL-1p, IL-6, TNF, MIP-
1B (CCL4), IL-10, and MCP-1 (CCL2) between MDD and
control cases (Fig. 2e—g). None of the other examined
markers from Panels A and B, including among others
CX3CR1, IRF8, IRF7, CDI11b, CDIllc, CD86, CD45,
TREM2, APOE, AXL, CD33 (Siglec-3), CD54 (ICAM1),
CD56 (NCAM), GPR56, CD74, TGFp, IFN-a, Galanin,
CD95 (Fas), PD-L1, and Glut5, were differentially
expressed between huMG/macrophages from MDD and
control cases (data not shown).

Discussion

This is the first study to examine human microglia in
MDD at the single-cell level. We found a non-
inflammatory phenotype of microglia with enhanced
homeostatic functions in medicated MDD cases.

Our results are in line with recent microarray-based
transcriptomic profiling of cerebral cortex in 87 cases of
MDD, revealing no significant changes (FDR-corrected
P value > 0.05) in the gene expression of HLA-DR, TNF,
IL6, IL1B, ILIA, IL3, ILS, IL8, IL10, ITGAM (CDI11b),
FKBPS, TLR2, CCL2, and CD14 compared with matched
controls®®. Notably, the study detected increased

transcript levels of IL17 and CCLS, the latter binding to
the chemokine receptor CCR5, which we found increased
by CyTOF in human microglia from MDD brains. Inter-
estingly, systemic inflammation can trigger CCR5-
dependent migration of microglia to the cerebral vascu-
lature®”. Gene expression profiling of post-mortem frontal
lobe tissue from 14 MDD cases showed increased
expression of ILIA, IL3, ILS, IL8, IL10, but not IL6 or
TNF*. Gene expression of TNF, ILIB and IL10 was also
unchanged in the prefrontal cortex of depressed sui-
cides®. We have performed PCR analysis of myeloid cells
from post-mortem brain tissue of 20 MDD cases com-
pared with 27 controls and found no differential expres-
sion of IL6, ILIB, and TNF mRNAs, even after in vitro
challenge with lipopolysaccharide and dexamethasone
(Snijders et al., submitted for publication). However, we
detected increased expression of CX3CRI and TMEM119
mRNAs, and decreased expression of CDI63 and CD14
protein (Snijders et al, submitted for publication),
underscoring the results of this single-cell CyTOF analysis
of human microglia in the MDD brain.

The power of high-dimensional single-cell analysis lies
in the precise identification of cell populations and the
detection of rare disease-associated microglia states that
would go undetected with bulk analysis and the use of
single markers*>*°~>2, Even though the sample size is very
small and medication effects cannot be excluded, our
study suggests that homeostatic functions may be
enhanced in MDD microglia. It is tempting to speculate
that the increased expression of TMEM119 and P2Y,, in
microglia clusters from MDD cases may reflect enhanced
neuron-microglia communication via transforming
growth factor (TGF)B1, which shows significant gene-
environment interactions predicting adult depression in
the context of early life trauma®, as well as purines, in an
attempt to protect neuronal function®**°. Along these
lines, monocyte-derived microglia-like cells from indivi-
duals with schizophrenia exhibit increased synapse
engulfment®. Expression of P2Y;, in microglia is
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Fig. 2 Phenotypic diversity of myeloid cells in the MDD brain. a The overlaid t-SNE plot of 16 huMG samples (SVZ = 4; THA = 4; GTS = 4, GFM =
4) isolated from four biologically independent donors (CON = 2; MDD = 2) is shown. The 2D t-SNE maps were generated based on expression levels
of all markers of Panel A (Supplementary Table 4). The coloring indicates eight defined clusters representing diverse myeloid cell phenotypes. b Heat
map and cluster analysis of all samples demonstrates the phenotypes of all eight defined clusters on the basis of the mean expression levels of 36
markers used for the cluster analysis. Identified clusters are indicated by dendrograms. Heat colors show overall marker expression levels (red: high
expression; dark blue: no expression). ¢ Heat map cluster demonstrates the expression levels of 36 analyzed markers for all eight clusters of each
sample. Samples are indicated by dendrograms. Heat colors show overall expression levels (dark blue: no expression; red: high expression). d Boxplots
on the left show the cluster distribution across four different brain regions (SVZ, blue; THA, light blue; GTS, green; GFM, red) and on the right
the cluster distribution for the two groups (CON and MDD). Whisker plots show the min (smallest) and max (largest) values. A dot indicates the
frequency (%) of an individual sample. The line in the box denotes the median. **P < 0.01, multiple t-test with FDR adjustment (at 10% using

the Benjamini-Krieger-Yekutieli procedure). (e-g) Boxplots showing markers with differential expression (arcsinh) between CON and MDD for (e) the
main microglia cluster C2, (f) the SVZ-enriched huMG cluster C3, and (g) the P2Y,,'”~ (or TMEM119'*~) macrophage cluster C8. A dot indicates
the mean expression of an individual sample from all three measurements. *P < 0.05, **f < 0.01, multiple t-test with FDR adjustment (at 10% using the
Benjamini-Krieger-Yekutieli procedure). h Boxplots showing selected cytokines and chemokines (IL-6, IL-1(3, MIP-1{3, TNF, IL-10, CCL2) that are not
differentially expressed (arcsinh) between CON and MDD for the clusters C2, C3, and C8. A dot indicates the mean expression of an individual sample

Benjamini-Krieger-Yekutieli procedure).

from all three measurements. A P value < 0.05 was considered statistically significant (multiple t-test with FDR adjustment at 10% using the

important for synaptic plasticity”” and for adult hippo-
campal neurogenesis”®, which has been associated with
the response to antidepressant treatment®. Neuronal
activity regulates the surveilling function of microglia
processes in the cortex via the monoamine neuro-
transmitter norepinephrine®®®’, which is reduced in the
brains of patients with depression®**. A reduction in
norepinephrine tone results in microglial extension and
territory surveillance®. Interestingly, microglia were
found to be hyper-ramified in a chronic despair mouse
model of depression, and this morphological change was
mediated by neuron-microglia signaling via CX3CR1, and
restored by antidepressant treatment®",
Neuroinflammation is associated with the marked
downregulation of homeostatic markers like P2Y;, and
TMEM119 in microglia®>**°®, In contrast, we found that
both markers were increased in microglia from MDD
brains and none of the proinflammatory mediators were
altered, calling into question the presence of an active
inflammatory process. In fact, we even detected a down-
regulation of the immune molecules, HLA-DR and CD68,
in the main cluster of microglia from MDD brains com-
pared with controls. HLA-DR is a major histocompat-
ibility complex (MHC) class II molecule involved in
antigen presentation, which is constitutively expressed by
human microglia with higher expression levels in white
than gray matter*>®’”. Expression of HLA-DR is strongly
induced in activated microglia across a variety of neu-
roinflammatory and neurodegenerative diseases®>®%, and
axonal damage in multiple sclerosis has been associated
with HLA-DR" microglia®. CD68 is a glycoprotein that
primarily localizes to the endosomal/lysosomal compart-
ment, but also acts as a class D scavenger receptor on the
plasma membrane of monocytes/macrophages’®. Human
microglia constitutively express CD68 with higher
expression levels in white than gray matter®*>, Microglial

expression of CD68 is strongly induced by neuroin-
flammation®>”", which may also represent a tipping point
in the pathogenesis of Alzheimer’s disease’”. Interestingly,
the brains of individuals resilient to dementia despite
robust Alzheimer’s neuropathology (amyloid plaques and
neurofibrillary tangles) displayed lower numbers of
CD68™ microglia in the temporal lobe and higher levels of
the cytokines IL-6, IL-1f, IL-107>. Recent evidence from
genome-wide association studies suggests shared genetic
architecture between MDD and late-onset Alzheimer’s
disease’*”®, and some of the identified genes were highly
expressed in monocytes/macrophages and involved in
immune response and endocytosis. However, the findings
of our high-dimensional single-cell analysis of microglia
in MDD do not lend support to neuroinflammatory
changes in any of the examined cortical and subcortical
brain regions. The results are in line with earlier studies of
candidate markers like HLA-DR and CD68 in post-
mortem brain tissue from MDD cases with and without
suicidality®® 3%,

Our study has several limitations. The sample size is
very small due to the difficulties in obtaining sufficient
quality post-mortem brain tissue for CyTOF analysis. We
were particularly interested in comparatively assessing
different brain regions as human microglia are diverse,
and we were able to replicate our earlier findings of
regional heterogeneity of human microglia® in this
independent cohort. Although microglia from different
post-mortem brain regions did not differ between MDD
and controls, the attenuated expression of HLA-DR in
microglia from the microenvironment of the sub-
ventricular zone may warrant further exploration. An
important study has recently found that the brain tran-
scriptional profile of MDD differs greatly by gender; men
with MDD exhibited increases in oligodendrocyte- and
microglia-related genes, while women with MDD had
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decreases in these markers”®. Notably, P2RY12 expression
in the anterior cingulate cortex was increased in men with
MDD and decreased in women with MDD compared to
controls”®. Our sample size was too small to correct for
gender effects, but we did not observe different response
patterns of microglia (including expression of P2Y),)
between the three women and three men with MDD
versus controls in our sample. Another confounder of our
study may be the effects of medication, in particular
antidepressants, on immune responses in the brain. It is
well known that tricyclic antidepressants, selective ser-
otonin reuptake inhibitors (SSRI), and serotonin and
noradrenaline reuptake inhibitors (SNRI) can reduce the
expression of proinflammatory cytokines like IL-6, IL-1f3,
and TNF-q, and increase the expression of IL-10, but the
opposite effects have also been described””. Moreover,
many of these studies examined peripheral blood and the
cytokine changes may actually reflect treatment response.
We cannot control for the effects of the diverse range of
medication in our small sample, but it is important to
note that the majority of MDD cases (at least 4/6) were
clinically depressed at the time of death based on retro-
spective chart analysis and one case did not receive
antidepressant medication during the last 3 months
before death. Furthermore, 24 h before death, both con-
trol and MDD donors received morphine, opioids, seda-
tives and/or anesthetic agents (Supplementary Table 2). It
has been demonstrated that these drugs may exert sup-
pressive effects on the immune system and impair
monocyte/macrophage function”®*’. However, as a
common limitation of studies performed in humans, the
effects reported in the literature were variable and
potentially confounded by different methods used to
assess immune responses, large spectrum of drugs with
different dosages, and low numbers of study partici-
pants®’. In the future, it will be important to compara-
tively assess the effects of medication on peripheral
immune cells and microglia in MDD by controlled trials.
Finally, we were also unable to control for agony,
comorbid conditions, and bias introduced by diagnosis
based on retrospective medical chart review by two
independent psychiatrists.

The results of this first high-dimensional single-cell
analysis of microglia in MDD provide a missing piece in
the concept of neuroinflammation in mood disorders.
Further validation in larger cohorts and the use of addi-
tional techniques like single-cell RNA sequencing are
required to ascertain the findings. Our results may be of
particular value for PET studies which have relied on
TSPO ligand binding to determine microglial responses in
the CNS. Our findings also raise the intriguing possibility
that supporting the functions of microglia in the brain
may be more beneficial in MDD than the use of anti-
inflammatory agents.
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