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Spatial characterisation of TREM2 expression
in actively demyelinating multiple sclerosis
lesions supports its key roles in lipid metabolic
pathways
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Abstract

Reactive macrophages and microglia are predominant myeloid cell types in demyelinating multiple sclerosis (MS)
lesions in the central nervous system (CNS). Triggering receptor expressed on myeloid cells-2 (TREM2) promotes
clearance of myelin debris, supporting remyelination in preclinical models. However, the relevance of TREM2 in
people with MS is less understood. We evaluated TREM2 expression and function in autopsy CNS tissues from
individuals with and without MS. Spatial transcriptomics and gene co-expression network analysis revealed TREM?2
expression in chronic active MS lesioned white matter, where it was localised to glial cell rich clusters associated
with lipid and cholesterol metabolism, cellular heat acclimation pathways, and regulation of oligodendrocyte
precursor migration and differentiation. Immunofluorescence analysis confirmed that TREM2 was highly expressed
in actively demyelinating MS white matter lesions (active lesion centres and chronic active lesion rims). In these
areas, TREM2 was found in reactive microglia, perivascular macrophages, and infiltrating parenchymal macrophages.
Similarities were observed between perilesional white matter (PLWM) and chronic active lesion rims, including
presence of TREM2+ reactive microglia, which were rare in normal appearing white matter (NAWM). TREM2+ cells
co-expressed microglia/macrophage markers Ibal, MHC class Il, MS4A4A, CD68 and/or CD163, and PLIN2, a lipid
storage marker. Almost all TREM2+ cells in active demyelinating white matter were also PLIN2+, while these cells
were absent in NAWM. Abluminal TREM2+ PLIN2+ CD163+ vessel macrophages were particularly prominent in
actively demyelinating MS white matter where they may play important roles in lipid metabolism and storage

in the context of active demyelination. These findings highlight the involvement of TREM2 on both resident and

fYvonne Aguirre Candia and Ekaterina Aladyeva are equal first
authors.

*Correspondence:

Laura Piccio
Laura.piccio@sydney.edu.au
Claire S Goldsbury
claire.goldsbury@sydney.edu.au

Full list of author information is available at the end of the article

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, 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 licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. 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 Commons licence 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 licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s40478-026-02241-x
http://orcid.org/0009-0003-4369-1091
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-026-02241-x&domain=pdf&date_stamp=2026-2-16

Aguirre Candia A et al. Acta Neuropathologica Communications

(2026) 14:66

Page 2 of 27

infiltrating myeloid cell populations in response to the demyelinating insult within MS lesions that may directly or
indirectly impact local oligodendrocyte myelination capacity and neuroprotection.

Keywords Demyelination, Multiple sclerosis, Spatial transcriptomics, Triggering receptor expressed on myeloid cells 2

(TREM?2), Perilipin 2 (PLIN2), Neuroimmunology

Introduction

Multiple sclerosis (MS) is characterised by demyelin-
ation and axonal injury in the central nervous system
(CNS), driven by an autoimmune response. Immune
activation and the breakdown of the blood—-brain barrier
occur early in MS, with infiltration of inflammatory cells
including phagocytic macrophages into the CNS. Some
of these cells take up and digest myelin, lipid and pro-
tein products within active focalised CNS lesions [1, 2].
Demyelination, and if severe, neuro-axonal loss, results
in varying neurological impairments depending on lesion
location. Resolution of immune activation, remyelin-
ation and neurological recovery can occur, but often MS
becomes an ongoing chronic condition marked by super-
imposed relapses with the formation of new lesions, fol-
lowed by remissions in relapsing—remitting MS (RRMS).
Most cases advance to a progressive disease marked by
the degeneration of demyelinated axons, leading to per-
manent injury and clinical progression (secondary pro-
gressive MS—SPMS; or in 10-15% of cases, primary
progressive MS—PPMS, where the disease is progressive
right from the beginning). Progressive MS correlates with
the increasing presence of “slowly expanding’, chronically
active demyelinated lesions that each have a relatively
hypocellular demyelinated centre, with a rim of iron-
laden reactive microglia/macrophages associated with
ongoing demyelination [3-5].

Myeloid cells in the normal CNS comprise microglia in
the parenchyma and border-associated macrophages in
the meninges, choroid plexus, and perivascular spaces of
grey and white matter [6]. Infiltrates of monocytes differ-
entiate and colonise MS lesions, intermingling with resi-
dent microglia and perivascular macrophages (PVMs),
and express overlapping genes [2]. This immune-medi-
ated influx of phagocytic macrophages into the CNS has
been suggested to be highly damaging and representative
of an initial cause of demyelination and disability in MS,
although these cells may also exert protective functions
in their phagocytic and anti-inflammatory capacities [7].
Evidencing dual capacities, “disease-associated microg-
lia” (DAM) genetic signatures are activated in microglia/
PVMs in response to CNS injury, and these enable pro-
cesses required for the tissue repair and renewal func-
tions of these cells [8].

TREM2 (triggering receptor expressed on myeloid
cells-2) is an important DAM activation receptor in
human and mouse microglia [8, 9]. Consistent with a
neuroprotective role of TREM2, in the cuprizone model

of demyelination, TREM2 deficient (Trem2-/-) mice
have broad defects in microglial responses to myelin
damage, including defective activation, reduced prolif-
eration, reduced levels of lipoprotein lipase (LPL) (a key
enzyme implicated in lipid transport and metabolism)
and impaired myelin clearance, resulting in greater CNS
demyelination and neurological deficit in this model [10—
12]. Elevating TREM2 in peripheral monocytes facilitates
tissue repair and remyelination in experimental autoim-
mune encephalomyelitis (EAE) [13]. Similarly, activation
of TREM2 using an agonist antibody enhanced remyelin-
ation in the cuprizone model by promoting myelin debris
clearance, a critical step to allow remyelination, intra-
cellular lipid metabolism and degradation [12], whereas
blocking TREM2 in microglia had the opposite effect
[14].

TREM2 is implicated in lipid droplet (LD) biogen-
esis [15]. LDs are lipid-storing organelles with a core of
esterified cholesterol and fatty acids, that maintain lipid
homeostasis and prevent lipotoxicity [16]. Trem2-/-
mice showed defective LD formation, as free cholesterol
could be internalised but not metabolised [17]. The peril-
ipin (PLIN) family is the most abundant LD-coating pro-
tein, of which PLIN2 is the most prevalent in the CNS,
and it is expressed by microglia, neurons, and astrocytes
[18]. TREM2 function has also been linked to the fam-
ily of MS4A proteins, in particular MS4A4A, which
modulates receptor ectodomain shedding that releases
soluble TREM2 [19]. Peripheral macrophages express
MS4A4A [20], which may be involved in polarising to an
anti-inflammatory phenotype with phagocytic functions,
implicating TREM2 and MS4A4A in reparative processes
[21, 22]. MS4A4A has been implicated in lipid metabo-
lism and immune activation in microglia in Alzheimer’s
disease brains and in preclinical models [23, 24], but its
expression has not been characterised in MS lesions.

Elevated TREM2 mRNA is observed in demyelinating
MS lesions in humans, and soluble TREM2 is increased
in the cerebrospinal fluid (CSF) of people with MS [25,
26]. However, the timing and spatial distribution of
TREM2 expression in MS is not well characterised. Here
we characterise TREM2 expression in different types
of myeloid cells (microglia, macrophages and PVMs),
and in distinct tissue areas—demyelinating, perilesional
(PLWM) and normal appearing white matter (NAWM) in
MS and control tissues using spatial transcriptomics and
immunofluorescence. Our data links TREM2 to active
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cholesterol lipid metabolism and storage that occurs in
response to demyelination in MS.

Materials and methods

Human MS and control tissue

Provision of control and MS tissue sections was approved
by the University of Sydney human ethics committee
(2020/HE000149) and by peer-reviewed tissue request
processes of the Multiple Sclerosis Australia Brain Bank
(MSABB), Sydney Brain Bank (SBB), NSW Brain Tissue
Resource Centre (NSWBTRC) and the Neuroinflamma-
tory Disease Tissue Repository at Washington University
St. Louis. Tissues were fixed with 10% formalin (at the
time of autopsy), embedded in paraffin (formalin-fixed
paraffin-embedded; FFPE) and sectioned at 5 pm. Neu-
ropathological characterisation was performed indepen-
dently by brain bank/repository neuropathologists and
confirmed by our group upon receipt of the tissue. Clini-
cal characterisation, case demographics, CNS regions,
lesion types, and the associated brain bank are sum-
marised in Table 1.

MSABB characterisation of tissue blocks was per-
formed by Oil Red O (ORO) staining, Luxol Fast Blue
(LEB) staining, CD68 and Myelin Basic Protein (MBP)
immunohistochemistry. Neuroinflammatory Disease
Tissue Repository at Washington University character-
ised tissue blocks using Solochrome cyanine [27] or LFB
staining to visualise myelin and lesions, and MHC class
II immunohistochemistry to visualise reactive microg-
lia/macrophages and to classify the lesion activity. HRP
goat anti-mouse IgG Polymer Kit (Vector, MP7452) and
ImmPACT DAB Substrate Kit (Vector, SK-4105) were
used to expose the HRP.

Active white matter lesions were characterised by
demyelination and abundant ORO+ lipid-laden macro-
phages throughout the lesion. In addition, elevated CD68
or MHC class II, as well as CD163 immunolabelling,
was characteristic of reactive microglia/macrophages in
areas of active demyelination [1]. Chronic active lesions
contained ORO+ lipid-laden (and MHC class II+/CD68)
microglia/macrophages in a distinctive rim around a
hypocellular demyelinated lesion centre. Chronic inactive
lesions contained demyelinated centres with no ORO+
cells, and remyelinating lesions contained a patchy-
MBP immunolabelled core with few ORO+ cells. Tissue
blocks/sections could contain one or more lesion types.
Normal-appearing white matter (NAWM) blocks con-
tained no visible lesions. Controls had no evidence of
neurological diseases.

Preparation of transcriptomic slides and NovaSeq 6000
spatial transcriptomic library

Two independent demyelinating chronic active lesions in
the hippocampus/parahippocampal gyrus were selected
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for spatial transcriptomic analysis: MS13C, containing a
rim of hypertrophic MHC class II+ microglia characteris-
tic of chronic active lesions, and MS15A. The MS13C and
MSI15A tissues were characterised by a neuropathologist
at the Neuroinflammatory Disease Tissue Repository at
Washington University, St. Louis. The tissues underwent
histopathological characterisation, where chronic active
lesion rims surrounding hypocellular demyelinated cores
were identified in both tissues using myelin stains and
immunohistochemistry. We note that the two lesions
come from two individuals and, although both are con-
firmed chronic active lesions, they are not identical. The
MS13C section contained more activation in the rim,
as noted by extensive MHC class II positive microglia.
MSI15A contained fewer activated microglia.

FFPE sections were prepared using the 10X Genom-
ics Visium CytAssist Spatial Gene Expression for FFPE,
Human Transcriptome, 11 mm, 2 rxns kit (PN-1000522).
Libraries were tagged with indexes from the Dual Index
Kit TS Set A, 96 rxns kit (PN-1000251). The area cap-
tured was 11 x 11 mm. The library concentration of each
sample was amplified and determined through qPCR
utilising the KAPA Library Quantification Kit in accor-
dance with the manufacturer’s protocol (KAPA Bio-
systems/Roche) to produce cluster counts appropriate
for the Illumina NovaSeq6000 instrument. Normalised
libraries were sequenced on a NovaSeq6000 S4 Flow Cell
using the XP workflow and a 28x10x10x151 sequenc-
ing recipe according to manufacturer protocols. Target
sequencing depth was determined prior to pooling, and
samples were pooled in ratios based on the targeted
depth. The final library sizes were 236 bp for MS15A and
237 bp for MS13C.

Spatial transcriptomics analysis

We aligned 10X Genomics Visium sequences using Spac-
eRanger v2.0.0, employing the refdata-gex-GRCh38-
2020-A as a reference of the human transcriptome
downloaded from the 10X Genomics site. The result-
ing count matrices and corresponding spatial informa-
tion were pre-processed using Seurat v4 [28]. Spots that
did not contain the detected tissue and spots that were
not part of the hippocampus were removed using visual
inspection. The mean number of detected genes for
selected spots contained 2747 and 2582 genes for samples
MS13C and MS15A, respectively. Gene expression was
normalised using the SCTransform function to remove
the technical effects of sequencing depth. Samples were
then integrated using 2000 features, and principal com-
ponent analysis was performed on the integrated matrix.
The first 12 principal components were employed as the
inputs for the UMAP dimensionality reduction. Using
unsupervised clustering, we identified 19 distinct spatial
transcriptomic clusters with a clustering resolution of
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Case® Type Sex/ MS PMI  Causeof death  Brainregion® Lesion type Treatment
of MS Age  duration (hrs)
(EDSS)*
@] n.a. F/35 NA 13 Metastatic colon  Hippocampus na na
cancer
2 na. M/34  NA 12 Acute myelog- Spinal cord n.a n.a
enous leukemia
3 na. M/73  NA 3 Cardiac arrest Hippocampus n.a n.a
C4 na. F/69  NA 43 Sepsis Medulla n.a n.a
5 n.a. M/41  NA 24 Heart failure Hippocampus n.a n.a
6 na. F/92  NA 31 Chronic obstruc-  Superior FrontalCortex n.a n.a
tive pulmonary
disease
7 na. M/69  NA 16 Cardiac arrest Superior Frontal Cortex n.a n.a
c8 na. F/85 NA 23 Pneumonia Superior Frontal Cortex n.a na
MS1 PPMS M/73 156 255 Gangrene Left Parietal Cortex Active (A) Not
foot (+ peripheral  Occipital Cortex Remyelinating (B) available
vascular disease,  rrontal Cortex NAWM ()
IHD, MS)
MS2 Msd F/44 0.3 6 MS Periventricular Active (A) Not
Periventricular Active (B) available
Superior Temporal Cortex NAWM (C)
MS3P SPMS & M/41 13.6 17 MS (+ PML) Occipital Cortex Active (A) Not
PML Inferior Frontal Cortex Active & Remyelinating (B) available
Frontal Cortex Remyelinating (C)
Posterior Cingulate Cortex Chronic Inactive (D)
Basal Ganglia Active & PML (E)
MS4 RRMS F/36 9 80 MS Deep WM Active (A) Not
Periventricular Active & Remyelinating (B) available
Inferior Parietal Cortex NAWM (C)
MS5 SPMS F/55 26 7 Urosepsis Anterior Cingulate Cortex Active & Remyelinating (A) Not
Frontal Cortex NAWM (B) available
MS6 SPMS F/50 18 35 Aspiration Pons Active & Remyelinating (A) Not
pneumonia (+ Periventricular Remyelinating (B) available
severe M5, cardiac Parietal Cortex NAWM (C)
failure)
MS7 SPMS F/68 335 15 Hypoxic brain in-  Periventricular Active & Chronic inactive (A)  Not
jury, upper airway  QOccipital Cortex Remyelinating (B) available
obstruction, MS Anterior Cingulate Cortex NAWM (C)
MS8 SPMS F/47 26 21 Urosepsis, MS Frontal Cortex Active & Chronic inactive (A)  Not
Frontal Cortex Remyelinating (B) available
Frontal Cortex NAWM (C)
MS9 SPMS F/82 60 68 Atherosclerotic Anterior Cingulate Cortex Remyelinating (A) Not
and hypertensive  Anterior Cingulate Cortex Remyelinating (B) available
cardiovascular  rontal Cortex NAWM ()
disease (+ morbid
obesity)
MS 10  RRMS M/61 16 22 Concomitant Cingulate Cortex Chronic Active (A) Not
MSand primary  Cingulate Cortex Chronic Inactive (B) available
lateral sclerosis Occipital Cortex Remyelinating (C)
Temporal Cortex NAWM (D)
MS 11 PPMS M/35 10 10 Unknown Midbrain Chronic Active (A) No treat-
ment for MS
MS 12  SPMS F/45 7 5 Respiratory Failure  Pons Active (A) Intermittent

(EDSS=9)

IV Steroids
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Table 1 (continued)
Case® Type Sex/ MS PMI  Causeofdeath  Brainregion® Lesion type Treatment
of MS Age duration (hrs)
(EDSS)*
MS 13 SPMS F/54 22 8 Pneumonia Medulla Chronic Active (A) Not
(EDSS=9) Frontal Cortex Chronic Active (B) reported
Hippocampus Chronic Active (C)
MS 14 SPMS M/60 14 9 Respiratory Failure  Pons Chronic Active (A) Not
Reported
MS 15 SPMS F/54 17 7 Pneumonia Hippocampus Chronic Active (A) IFNbeta &
(EDSS=7) Medulla Active (B) Glatiramer
Acetate
MS 16  SPMS F/50 13 20 Unknown Thoracic Spinal Cord Active (A) Fingolimod
(EDSS=7)
MS 17 Unknown  F/66 32 29 Unknown Lumbar Spinal Cord Active (A) IFNb1a &
(EDSS=7) intermittent
steroids

“The Neuroinflammatory Disease Tissue Repository at Washington University, St. Louis, provided C1-5 and MS11-17; Sydney Brain Bank provided C6 and C8; NSW
Brain Tissue Resource Centre provided C7; and Multiple Sclerosis Australia Brain Bank provided all other sections

bCase MS3 was diagnosed with PML, and no blocks from this case were included in the MS group for analysis

°EDSS refers to the disability around the time of death, and it is reported only when available

4This case had a very rapid clinical course, and the person was not defined clinically as relapsing or progressive

€For cerebral cortex areas, the subcortical white matter was evaluated

F =female, M = male, n.a. = not applicable, PPMS = Primary Progressive MS, SPMS = Secondary Progressive MS, RRMS = Relapsing—Remitting MS, DoD = Duration of
disease from diagnosis, PMI = post-mortem interval, NAWM = Normal-appearing white matter, PML = Progressive multifocal leukoencephalopathy, IHD = ischemic

heart disease, EDSS = Expanded disability status scale

0.8. To characterise these clusters, a reference single-cell
RNA-seq dataset from patients with MS was integrated
[29] to label the clusters with the main cell types. For the
annotation of hippocampal histological areas, we inte-
grated a second reference single-nuclei RNA-seq data-
set [30], which included detailed annotations of different
hippocampal subregions. Following the Seurat integra-
tion workflow, both datasets were integrated using the
“FindTransferAnchors” and “TransferData” functions
with default parameters for the SCTransformed datasets.

Cell abundance estimation

Spot transcriptomic data was deconvolved using Cell-
2Location [31] to calculate the percentage of the most
representative CNS cell types. Single-cell data from
the human brain was used as a reference to capture the
chronic active MS lesion transcriptomics [32]. Genes
from the reference dataset that were not expressed in
the samples were excluded. We estimated the refer-
ence signatures using a Negative Binomial regression
model trained from the Cell2Location package for 250
epochs with a batch size of 2500 cells without a valida-
tion dataset. The sampled variable (“NBB_case”) was
used as a covariate for the technical batch correction. The
Cell2Location training model was used to perform cell
abundance calculations using the following Cell2Loca-
tion recommended hyperparameters: N_cells_per_loca-
tion = 30 and detection_alpha =200.

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis
(WGCNA) was performed for each sample individu-
ally using the package hdWGCNA [33]. Before running
WGCNA, samples were reprocessed following the above
procedure (spatial transcriptomics analysis). Only genes
expressed in at least 5% of the spots were retained for
analysis. We used “MetaspotsByGroups” and “Normal-
izeMetacells” for each integrated cluster to aggregate the
spots in the metacells. Soft-power thresholds 10 and 8
were picked for MS13C and MS15A to remove weak con-
nections between genes in correlation matrices. Module
eigengenes and eigengene-based connectivity were found
using functions “ModuleEigengenes” and “ModuleCon-
nectivity” with default parameters. To determine the
association of modules with integrated clusters, we first
found cluster-specific markers using the Seurat function
“FindAllMarkers” and ran Fisher’s exact test for overlap
between module hub genes and differentially expressed
genes in clusters. For correlation analysis between Cell-
2Location estimated proportions and identified mod-
ules, we performed a Pearson correlation test using the
hdWCGNA function “ModuleTraitCorrelation” Enrich-
ment analysis was implemented with the “RunEnrichr”
function against two Enrichr [34] gene set databases,
“GO_Biological_Process_2023” and “KEGG_2021_
Human’, using the top 100 genes from each module.
Only terms with FDR-adjusted p-values less than 0.05
were selected for reporting. We first filtered out spots
with highly expressed hub genes from the corresponding
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glial-associated modules for each sample to find submod-
ules. We repeated the same steps from the WCGNA pro-
cedure on selected spots.

Immunofluorescence

Sections were dewaxed, followed by antigen retrieval in
citrate buffer (20 min, 110 °C). After blocking (5% horse
serum, 0.1% Saponin in PBS, 1 h), slides were incubated
overnight at 4 ‘C with primary antibodies (Table 2) in
PBS, then rinsed in PBS, and incubated with fluores-
cent conjugated Alexa Fluor (AF) secondary antibodies
(AF488, AF555, AF647; Table 2) in PBS for 1 h at room
temperature. DAPI (1 pg/mL) was added for 2 min at the
end of the secondary antibody incubation. Slides were
rinsed in PBS, mounted with Prolong Gold (Thermo-
fisher, USA, P36930), and set for >48 h before imaging.
Negative controls for all tissue blocks were conducted by
omitting primary antibodies. An isotype goat IgG con-
trol was performed for the polyclonal goat anti-TREM2
(AF1828) immunofluorescence.

Microscopy

Lesions were identified using histopathology slides of
nearby sections in the same block provided by the brain
banks or repositories. Slides were imaged using the
Olympus VS120 scanner at the Sydney Microscopy and
Microanalysis (SMM) Facility at the University of Syd-
ney and the Hamamatsu NanoZoomer 2.0-HT System
in the Alafi Neuroimaging Laboratory at Washington
University in St. Louis, with 20x objectives. Higher-res-
olution imaging of histology slides was performed using
the Leica DM6000 microscope at the SMM facility at the
University of Sydney.

Immunofluorescence images were generated using
the Nikon C2 confocal microscope equipped with three
standard PMTs (DAPI/Cy5, FITC and TRITC) at the
SMM facility at the University of Sydney. Three images
were captured from each area of interest in the section—
for example, three in the chronic active centre, three in
the chronic active rim and three in the peri-lesional
white matter (PLWM). Sequential scans were used for
image capture utilising laser wavelengths of 405 pm,
488 um, 561 pm, and 640 um, with a scanner zoom of
1.00 and a one-way scan direction. Laser settings were
optimised and kept the same for all imaging. Images
1024 x 1024 pixels (312.39 x 312.39 um) in 4-step z-stacks
(total thickness between 1-1.7 um) were acquired using
a Plan Apo 40x, NA=0.95 objective. Higher-resolution
1024 x 1024 pixels (126.04 x 126.04 pm) images were cap-
tured using a Plan Apo 100x Oil NA =1.45 objective, and
6-step z-stacks.
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Table 2 Primary and secondary antibodies
Primary Reactivity Source (Cat#) Dilu-
antibody tion
(Clonality)
Goat anti- Microglia/ R&D Systems, USA 1:200
human TREM2 ~ macrophages, (AF1828)
(Polyclonal) Endothelium
Rabbit anti-hu-  Microglia/ Wako, Japan (019-19741) 1:100
man Iba1/AIF1T  macrophages
(Polyclonal)
Mouse anti- (Perivascular) Abcam, UK (ab201461) 1:100
human CD163  macrophages/rare
(Monoclonal) microglia
Mouse anti- Microglia/ Agilent, USA 1:75
human CD68 macrophages (M087601-2)
(Monoclonal)
Mouse anti-hu-  Microglia/ Invitrogen, USA 1:50
man MHC class  macrophages (MA1-25914)
[l (Monoclonal)
Rabbit anti- Lipid Droplets United Bioresearch, 1:50
human ADRP/ Australia (15294-1-AP)
Perilipin 2
(Polyclonal)
Rabbit anti-hu-  Macrophages/rare  Novus, USA 1:100
man MS4A4A microglia (NBP1-86542)
(Polyclonal)
Rabbit anti-hu-  Microglia Sigma-Aldrich, USA 1:1000
man TMEM119 (HPA051870)
(Polyclonal)
Rat anti- Nonspecific R&D Systems, USA 1:200
human/ (MAB17291)
mouse TREM2
(Monoclonal)
Mouse anti- Microglia Sigma-Aldrich, USA 1:50
human Ibaf (MABN92)
(Monoclonal)
Rabbit anti- Nonspecific Cusabio, US 1:100
human TREM2 (CSB-PA024405LA01THU)
(Polyclonal)
Rabbit anti- Nonspecific ProSci, USA (13-679) 1:100
human TREM2
(Polyclonal)
Rabbit anti- Endothelium Invitrogen, USA 1:100
human TREM2 (PA5-87933)
(Polyclonal)
Rabbit anti- Nonspecific Cell Signalling, USA 1:100
human TREM2 (D8140)
(Monoclonal)
Mouse anti- Microglia N/A (21E10) 1:200
human TREM2
Mouse anti- Microglia N/A (T22) 1:200
human TREM2
Goat IgG Isotype control R&D Systems, USA 1:200
Control (AB-108-C)
Secondary Reactivity Source (Cat#) Dilu-
antibody tion
(Alexa Fluor
Conjugate)
Donkey anti- Anti-rabbit pri- Invitrogen, USA 1:200
rabbit (647) mary antibodies  (A-32795)
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Table 2 (continued)

Secondary Reactivity Source (Cat#) Dilu-
antibody tion
(Alexa Fluor

Conjugate)

Donkey anti- Anti-goat primary  Invitrogen, USA 1:200
goat (555) antibodies (A-21432)

Donkey anti- Anti-mouse pri- Invitrogen, USA 1:200
mouse (488) mary antibodies (A-32766)

Image analysis

TREM2+, Ibal+ and CD163+ PVMs, parenchy-

mal macrophages and microglia in NAWM and MS
lesions (active, chronic active, chronic inactive and
remyelinating lesions) were quantified from confocal
312.39x312.39 pm maximum projection images.

Cell densities

In maximum intensity projection images of TREM2,
Ibal, and CD163 triple-labelled sections, single, double
and triple-labelled cells were counted using Fiji/Image].
All DAPI-stained nuclei were identified, followed by
those cells positive for Ibal, CD163 or TREM2 label-
ling. Three images from each area of interest (lesion cen-
tre, PLWM, rim, NAWM) per block were analysed, and
the proportions of single, double and triple labelled cells
were determined.

Cell counts were performed blinded to the pathological
status of the imaged tissue and by a different researcher
from the one who performed the immunolabelling and
microscopy. Image]/FIJI was used to measure cell counts
in maximum intensity projections. To determine the total
number of cells, all DAPI cell nuclei of parenchymal,
non-vessel-associated cells were counted. The resultant
DAPI nucleus count overlay was then used as the scaffold
for determining the proportion of CD163+ /Ibal+ cells in
the image. DAPI cell nuclei demarcations (as delineated
by the overlay) without clear associated CD163 or Ibal
labelling were deleted from the overlay, resulting in a new
CD163/Ibal+ cell count overlay. A thresholding step was
included before determining TREM2+ cell count over-
lays. For this, an assessment of the background intensity
of each image was first undertaken using the merged
CD163/Ibal channels to outline cell-negative areas in
each image (capturing at least 1/3 of the imaged area).
This selection was applied to the TREM2 channel to
determine the background fluorescence mean and stan-
dard deviation in the AF555 channel. The minimum dis-
play value for each image was set to this calculated mean
plus one standard deviation, whilst ensuring the maxi-
mum display value was set to 4095 to capture the entire
pixel intensity range for consistency between images.
The associated CD163/Ibal positive nuclei count overlay
was then applied to the thresholded TREM2 channel. All
points without a TREM2 positive perinuclear ring, or at
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least 50% of the cell surface as TREM2+, were subtracted,
resulting in the TREM2 positive cell count overlay. Nega-
tive control images (omitted TREM2 primary antibody
but included CD163 or Ibal primary antibodies and all
secondary antibodies) were included and processed in
the same manner as the experimental images to ensure
the validity of the image analysis procedure for detecting
TREM2-positive cells. Counts for each set of multipoint
overlays (DAPI+, CD163/Ibal+, and TREM2+) were
obtained for each image. The same approach was used to
measure the proportions of CD68, TMEM119, MS4A4A,
PLIN2, MHC class II, and TREM2-positive cells in differ-
ent images.

Immunofluorescence intensity analysis

Confocal immunofluorescence images from 6 indepen-
dent blocks, each of NAWM (control and MS), active,
chronic active, and remyelinating lesions, were used to
measure the pixel intensity per cell. From each image, the
pixel intensity of up to 20 triple-labelled cells was mea-
sured in each channel (60 cells per case for each region
of interest). Three non-labelled areas without cells were
measured to determine the background intensities of
AF488, AF555 and AF647 channels. The total intensity
per cell was calculated by multiplying the mean pixel
intensity by the area and subtracting the background
area intensity for a given channel. The size of the mea-
sured area ranged from 64.032 to 294.658 pum? to cap-
ture the entire cell and the least amount of background
area possible. Cell intensities in different regions of the
same tissue section were compared, for example, peri-
lesional, rim and lesion centre areas. Cell intensities in
NAWM were measured by using 12 independent tissue
Sections (6 MS and 6 controls). Data was transferred into
Excel, then GraphPad Prism for presentation and analysis
using an ordinary one-way ANOVA and Sidék’s multiple
comparisons test (95% confidence interval; CI).

Results

Spatial transcriptomic analysis resolves distinct cell
populations in chronic active lesions from people with
progressive MS and reveals that TREM2+ cells are enriched
in actively demyelinating lesion areas

To investigate the distribution of TREM2 and gene
expression networks in myeloid cell subpopulations in
MS lesions, we performed spatial transcriptomic analy-
ses on autopsy hippocampal tissues containing chronic
active white matter lesions from two people with SPMS
(MS13C and MS15A; Fig. 1a, Table 1). Before sequenc-
ing, adjacent serial sections of the tissues containing the
lesions were immunolabeled for MHC class II (activation
marker) and stained with LEB to mark actively demyelin-
ating areas (Fig. 1b). Both cases contained focal areas of
demyelination surrounded by MHC class II+ microglia/
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Fig. 1 Spatial transcriptomics in hippocampal tissue containing chronic active lesions from two cases (MS13C and MS15A) of secondary progressive MS.
a Schematic of spatial transcriptomics workflow using sample integration, clustering and deconvolution functions. b LFB staining and MHC class Il immu-
nohistochemistry were used to identify lesioned (yellow outline) areas (2 mm scale bar; left panels). ¢ Cell populations were estimated by deconvolution
analysis of spatial gene expression profiles in each cluster. Clusters 0,4, 11, 14, 15, and 16 contained a higher proportion of glial cells relative to other clus-
ters associated with neuronal cell types in the hippocampus. d Quantitative analysis of spatial distributions of total TREM2+ spots and TREM?2 in relation
to selected myeloid cell markers (CD68, CD163, IBA1). OPC=QOligodendrocyte progenitor cell, ySMC=Vascular smooth muscle cell, OLG =Oligodendrocyte

macrophages corresponding to chronic active lesions.
MS13C exhibited a rim with abundant MHC class 11+
microglia/macrophages around a hypocellular demyelin-
ated lesion centre. The rim of the MS15A chronic active
lesion contained sparser MHC class II+ cells.

Spatially resolved transcriptomics was generated using
10X Visium technology, which provides transcriptome-
wide expression data and spatial distributions. We ini-
tially obtained 9252 spots for MS13C and 12,893 spots
for MS15A. Data cleaning and quality control prepro-
cessing included detecting and removing spots in border
areas that lacked tissue or did not correspond to hippo-
campal structures. We used the Seurat V4 pipeline [28]
to evaluate the quality metrics of the remaining spots.
All spots passed the initial quality control filtering based
on the metrics suggested by the Seurat pipeline, which
controls for the number of unique molecular identifiers
(UMlIs), genes, and mitochondrial content. After prepro-
cessing, the datasets contained 6192 and 8724 spots for
MS13C and MSI15A, respectively. Cases were integrated
using unsupervised clustering, and 19 distinct clusters
were found; all clusters had spots in each case (Fig. 1a,
b and Supplementary Table 1). Clusters 16 and 17 in
MS13C, and Clusters 18 and 19 in MS15A had a signifi-
cantly higher number of spots in the corresponding case
and were considered case-specific (Table 3 and Supple-
mentary Table 1). Clusters were anatomically matched
to hippocampal regions and pathological areas of the MS
lesion. Clusters 11 and 14 overlapped with the rim and
lesion centre in MS13C and the lesion centre of MS15A.
Clusters 0 and 6 were associated with the demyelinated
centre and perilesional areas in MS13C, but were in dis-
tal proximity to the lesion in MS15A. Cluster 15 spots,
mainly associated with MS15A, were in perilesional hip-
pocampal areas and contained blood vessels with con-
nected astrocytes (Table 3, Fig. 1b and Supplementary
Table 1). Cluster 16 was confined to the choroid plexus
and was specific to MS13C. Pathological reports and
immunohistochemistry verified the absence of the cho-
roid plexus in the MS15A tissue section, explaining the
lack of Cluster 16. The remaining UMAP clusters con-
tained neuron-specific marker genes, which were ana-
tomically associated with hippocampal neuronal layers.

Deconvolution approaches were used to determine cel-
lular composition for each cluster. This approach analy-
ses the expression profile of each spot against single-cell
reference data to determine the abundance of different

cell types in each spot. Hippocampal cell type-specific
expression profiles were determined using a reference
dataset [32]. We found that Clusters 0, 6, 11, 14, 15, and
16 exhibited a high percentage of glial cells and a low per-
centage of neurons (Fig. 1c). Variations were observed
among multiple glial cell populations when examining the
average proportions of cell types within selected clusters.
MS13C had more prevalent astrocytes and elevated lev-
els of microglia, macrophages and vascular cells (endo-
thelial cells, pericytes and vascular smooth muscle cells)
compared to MS15A. In contrast, case MS15A exhibited
a higher percentage of oligodendrocytes (Fig. 1c). To
validate deconvolution results, we performed additional
analysis by integrating a single-cell reference dataset [29]
and obtained similar results.

The distribution of TREM2+ spots was investigated in
relation to myeloid cell markers (IBA1, CD163, CD68),
a microglia marker (TMEM1I119) and the lipid droplet
marker PLIN2 (Fig. 1d and Supplementary Fig. 1). The
spatial organisation of TREM2+ spots in MS13C was
distinct between lesion areas; Clusters 0 and 6 (chronic-
active lesion centre and perilesional areas) were enriched
with TREM2+ CD68+ spots, whereas the lesion rim area
in Clusters 11 and 14 contained higher proportions of
TREM2+ CD163+ spots. MS13C case-specific Cluster
16 was enriched with TREM2+ CD163+ and TREM2+
CD68+ macrophages in the choroid plexus. Overall,
MS15A exhibited far fewer TREM2+ spots compared to
MS13C. The proportions of TREM2+ TMEM119+ and
TREM?2+ PLIN2+ spots were relatively low in both cases
(Supplementary Fig. 1). This may be due to poor tran-
scriptomic detection of the PLIN2 transcript, as abun-
dant PLIN2 was detected by immunofluorescence (see
below). However, Cluster 11 (rim-associated cluster) in
MS13C had increased TREM2+ PLIN2+ and TREM2+
TMEMI119+ spots compared to Clusters 0, 6, 14, 15
and 16. This suggests that TMEM 119+ cells, most likely
microglia, contain lipid droplets in the rim but not in the
lesion centre (Cluster 0) and PLWM areas (Cluster 6)
(Supplementary Fig. 1). In contrast, the rim area (Cluster
11) in MS15A had no TREM2+ PLIN2+ spots, potentially
indicating that the cells here are less lipid-filled or in a
different reactive state.
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Table 3 Summary of the anatomical and cellular characteristics of sample-specific and glial-enriched clusters in MS13C and MS15A

Cluster Anatomical characterisa-  Cellular characterisation of notable clusters
tion of notable clusters
Case MS13C Case Case MS13C Case MS15A
MS15A
11,14 MHC class Il MHC class  11: High proportion of astrocytes and oligodendro- 11: High proportion of oligodendrocytes. Mod-
positive rim Il positive cytes. Moderate proportions of neurons and microglia/  erate proportions of neurons and astrocytes
rim macrophages 14: High to moderate proportions of astro-
14: High proportion of astrocytes. Low proportions of cytes, neurons and oligodendrocytes. Low pro-
neurons and microglia/macrophages portions of endothelial cells and macrophages
0,6 Demyelinated  Perilesional  High proportion of astrocytes and oligodendrocytes. High proportion of oligodendrocytes. Low
lesion centre and distal  Low to moderate proportions of neurons and microglia/  to moderate proportions of neurons and
and perile- areas macrophages astrocytes
sional areas
15 Perilesional and  Perilesional  High proportions of astrocytes. Moderate proportions High proportions of oligodendrocytes. Moder-
distal areas and distal  of neurons, oligodendrocytes, pericytes and vascular ate proportions of neurons and astrocytes
areas smooth muscle
16 Choroid plexus  N/A High proportions of astrocytes, pericytes and vascular N/A
(unique to this smooth muscle. Low proportions of lymphocytes and
case) endothelium
17 Unique to this  N/A High proportion of neurons. Moderate proportions of N/A
case oligodendrocyte precursor cells (OPCs)
18,19 N/A Uniqueto  N/A 18: High proportions of neurons and moderate

this case

proportions of oligodendrocytes and OPCs
19: No predictions were derived for this cluster

NAWM = Normal-appearing white matter, OPCs = oligodendrocyte precursor cells, N/A = Not applicable

Gene network analysis reveals the presence of diverse glial
cell sub-populations in MS tissues

To identify additional associations with the discovered
TREM2+ subpopulations, we employed a systems biology
approach, using weighted gene co-expression network
analysis (WGCNA) to identify modules of co-expressed
genes that possibly share pathway functionality, illus-
trated in the workflow schematic (Fig. 2a). Heteroge-
neous glial cell populations were revealed in each tissue;
thus, the WGCNA was applied to each case separately.
However, we used integrated clusters as a covariate for
the WCGNA algorithm to preserve their relationships
with MS pathological spatial patterns. A preprocess-
ing procedure in the WGNCA package was used to find
and aggregate groups of related spots into metacells.
This analysis revealed an association between the discov-
ered co-expressed gene modules and spatial patterns of
lesion areas. The algorithm identified four modules for
MS13C, whereas only two modules were identified for
MS15A due to differences in the tissues (Fig. 2b). Both
cases contained two similar modules: the hippocampal
neuronal area (module A) and the associated glial pop-
ulations (module B). Two modules specific to MS13C
belonged to the choroid plexus area (module C) and the
meninges (module D) (Fig. 2b). We initially assessed the
cellular population structure of these modules by corre-
lating the hub genes (most-centred genes in the module
graph) of the identified modules with the cellular popula-
tion structure that we had identified previously for each
spot. Hub genes in module B were positively correlated

with the percentage of astrocytes, oligodendrocytes, and
microglial cells in spots from both cases. Macrophages
and immune cells were positively associated with module
A in MS15A, which also contained a high abundance of
neurons. In contrast, these populations were more asso-
ciated with module B in MS13C. For modules C and D
in MS13C, the percentages of endothelial, vascular lep-
tomeningeal cells, and pericyte cells were correlated
with module hub genes. An enrichment analysis was
performed using the gene ontology database for biologi-
cal processes to identify any functional associations of
hub genes within the modules (Fig. 2c). The results for
module A in both cases showed that it was enriched in
elements associated with healthy neuronal activity (neu-
rotransmitter secretion and signal transfer). Module B
was enriched in heat acclimation-related gene expression
(an indicator of reparative functions).

Next, we focused on those spots that expressed hub
genes from module B more strongly and ran gene co-
expression network analysis. As a result, we found four
additional submodules in MS13C and three in MS15A
(Fig. 3a). Enrichment analysis revealed the functional
consistency of the submodules in both cases. Spots cor-
responding to submodule A were classified as homeo-
static glial populations adjacent to healthy hippocampal
neurons and oligodendrocyte precursor cells (OPCs) in
both cases (Fig. 3b). In contrast, spots near the lesion
core (submodule C in MS13C and submodule B in
MS15A) were enriched for genes from the pathways
associated with heat acclimation (Fig. 3d). These areas
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Fig. 2 Gene co-expression network analysis of glial-rich modules associated with the lesion. a Schematic of the weighted gene co-expression network
analysis (WGCNA) workflow to identify gene modules, hub genes and relevant pathways. b Spatial distribution of initial modules for MS13C and MS15A
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Fig. 3 Gene enrichment pathway analysis of module B revealed lesion-associated submodules, with TREM2 enriched exclusively in submodule B. a
Submodules of original module B for the two cases MS13C and MS15A allowed the identification of submodules associated with distinct glial cell states.
b Heat map of the cellular composition of each submodule for MS13C and MS15A. ¢ Submodule B hub gene network for MS13C revealed TREM2 and
proximal genes. d Gene ontology biological process enrichment analysis for each submodule for MS15A and MS13C. e The results of enrichment analy-
sis within the KEGG gene sets database for co-expressed glial submodules for MS13C and MS15A are shown. OPC=0ligodendrocyte progenitor cell,
vSMC=Vascular smooth muscle cell, OLG=Oligodendrocyte, GO =Gene ontology

were abundant in microglia/macrophages and oligoden-
drocytes. Submodule B in MS13C contained expression
of myelination pathway genes, reflecting the abundance
of oligodendrocytes. Interestingly, submodule B of
MS13C was the only submodule with TREM?2 expres-
sion enrichment (Fig. 3a and Fig. 3c). Network analysis
of hub genes associated with TREM2 from submodule B
revealed functions relating to: cytoskeletal actin, tubulin
motile and sensory cilia dynamics (TMSB4X, MCF2L,
ARL2, CLASP2, IFT80); clathrin coated pits, endosomal
maturation, vesicle trafficking and myelination (PPP1R21,
SYNJ2, MON?2); intracellular signalling relating to lipid
metabolism, stress responses, oligodendrocyte migra-
tion and differentiation (PPMI1B, RAPGEF3, DENNDI1,
MAPK®6); plasma membrane receptors, channels and
signalling (CD82, PACCI, GRM3, TSPANIS5); DNA
repair, transcription and nucleocytoplasmic transport
(NUP205, FANCB, KAT?7). Further highlighting lipid
metabolic pathways, additional enrichment analysis
using the KEGG database revealed the cholesterol path-
ways involved within each submodule (Fig. 3e). Both
cases were enriched in lipid metabolism genes in their
submodule B (rim of MS13C and PLWM in MS15A)
and ferroptosis genes in submodule C (lesion core and
periphery). Submodule B of MS13C was enriched in cho-
lesterol metabolism genes, essential for the breakdown
of myelin [35]. The analysis also highlights the involve-
ment of antigen processing and presentation pathway
genes in the lesion core of MS13C (submodule C) and
PLWM of MS15A (submodule B), which are involved in
immune cell activation and cytokine production (Fig. 3e).
Submodule D in MS13C was associated with vascu-
lar structures inside the lesion centre and meninges,
and submodule C in MS15A, which lines the ventricle,
showed enrichment in genes relating to pathways of cil-
ium movement. These areas were rich in astrocytes, vas-
cular smooth muscle cells, and lymphocytes (Fig. 3b).

TREM2 protein is low in microglia and PVMs in normal-
appearing white matter from control or MS cases

To wvalidate spatial transcriptomic results and bet-
ter understand the types of CNS resident myeloid cells
that express TREM2, its distribution was examined by
immunofluorescence in MS and control tissues (Table 1).
Myeloid cells in control CNS grey matter and NAWM are
restricted to microglia and PVMs, which can be distin-
guished based on morphology, localisation and whether

they express CD163. In control tissue, PVMs are half-
moon-shaped CD163+ cells confined to the abluminal
surface of vessels, whereas microglia are ramified Ibal+
cells (and more than 98% are negative for CD163), found
throughout the parenchyma (Supplementary Fig. 2a—d).
Microglia are further distinguished from PVMs by their
extensive cytoplasmic processes and tiling of the paren-
chyma, not restricted to vessels. We measured a higher
density of microglia (~100 cells/mm?, see below), com-
pared to CD163+ PVMs (~ 20 cells/mm? Supplementary
Fig. 2¢, d) in NAWM.

Triple immunofluorescent labelling of control tissues
using Ibal, CD163, and TREM2 antibodies revealed most
microglia and PVMs (>~ 85%) in non-MS NAWM were
TREM2-negative (Fig. 4 and Supplementary Fig. 2b).
Limited data is available on TREM?2 protein immuno-
labelling in human CNS tissues [36, 37]. We tested five
commercially available TREM2 antibodies (Table 2), but
some did not label microglia, PVMs or other macro-
phages in either healthy control or MS-lesioned human
tissue. AF1828 and PA5-87,933 TREM2 antibodies
intensely labelled endothelial cells in MS-lesioned and
control tissue (Supplementary Fig. 2b). In our hands,
AF1828, but not PA5-87933 TREM2 antibodies, reliably
labelled myeloid cells (in addition to endothelium cross-
reactivity). We used isotype control goat IgG as a nega-
tive control for AF1828 antibody immunofluorescence
to confirm the positive labelling of microglia/PVMs. All
subsequent work utilised AF1828 for TREM2 immunola-
belling, which has also been previously reported to label
microglia in diverse human CNS tissues [36].

TREM2 localisation in CD163+ lipid-laden PVMs,
parenchymal macrophages and microglia in active MS
lesions

MS tissues contain infiltrating myeloid cells, resident
microglia, and PVMs that are reacting and proliferating.
TREM?2 immunolabelling was performed on 13 distinct
active MS white matter lesions (with active centres) from
12 individuals (Fig. 4). The histopathology of these active
lesions was characterised by the presence of ORO+ (lipid-
filled) and CD68+/MHC class II+ reactive macrophages/
microglia/PVMs that were localised to demyelinated
lesion centres identified by pale LFB staining and reduced
MBP immunohistochemistry compared to white matter
adjacent to the lesion (PLWM) (Supplementary Fig. 3a).
The ORO-stained, CD68+ cells were in the parenchyma



Aguirre Candia A et al. Acta Neuropathologica Communications (2026) 14:66 Page 14 of 27

Parenchymal Microglia
Lesion | Region of Case macrophages 9
Type | Lesion ORO  CD68/MHC  MBP |TREM2+ CD163+ Ibal+ TREM2+ CD163+ Ibal+ [TREM2+ CD163+ Ibal+
c1 na na na Average proportions of ORO™
c2 na na na cells per ROI
a c3 na na na - 0-1 cell
8 c4 na na na + 2-5cells
5 c5 na na na -+ 6-10 cells
8 [e] na na na ot 11-29 cells
c7 na na na ++t 30+ cells
= c8 na na na
E MS1C na CD68 +  Dark/Med Average number of
z MseC na na Dark immunolabelled cells per ROI
Ms8C na CD68 +  Dark/Med 0-1 cell
Mms2C - CD68 + Dark 2-3 cells
2 MS58 - na Dark 47 cells
MsS10D - CD68 + Dark 8-12 cells
Ms7C na na na 13+ cells
Ms9C + na Dark
Mms4c - CD68 + Med Average proportions of
MS1A ++++  CD68 ++++ Light CD68+ cells per ROI
MS3E** ++++ na Med/light \ + 1-35 cells
MS2A +++ CD68 ++++  Light ++ 36-60 cells
MS4A ++++ CD68 ++++  Light +++ 61-99 cells
MS3A 4+ na Light ++++ 100+ cells
¥ MS5A ++ na Med
g MS6A et na Light
] MS7A et na Med
z MS8A b CD68 +++ Light
2 MsS28 4 na Light
u MS4B na CD68 +++ Med
Ms158* na MHC +++ na
MS16A* na MHC +++ na
MS17A* na MHC ++ na
w MS3B + na Light
E MS12A* na MHC ++ na
Q MS1A - CD68 + Dark
h MS3E™ : na Dark
MS2A + CD68 + Dark
MS4A - CD68 + Dark
MS3A - na Dark
MS5A - na Dark
MS6A - na Dark
g MS7A - na Dark
z MSBA - CD68 + Dark
Ms2B - na Dark
Ms4B na CD68 + Dark
MS15B* na MHC + na
MS16A* na MHC + na
MS17A* na MHC + na
MS3B - na Med
MS12A* na MHC + na
w MS10A + CD68 + Light
K MST1A* na MHC ++ na
Fil MS14A* na MHC + na
2 MS138* na MHC + na
o MS13A* na MHC + na
@ MS15A* na MHC +++ na
- MS13C* na MHC ++ na
g MS10A +++ CD68 +++ Light
= = MS11A* na MHC ++++ na
Q 4 MS14A* na MHC ++ na
o 3 MS138* na MHC ++ na
3 a MS13A* na MHC ++ na
<« = MS15A* na na na
5} MS13C* na MHC ++++ na
MS10A - CD68 + Dark
MS11A* na MHC + na
s MS14A* na MHC ++ na
2 MS138* na MHC + na
o MS13A* na MHC + na
MS15A* na MHC + na
MS13C* na MHC ++ na
w Zzw MS10B + CD68 + Light
g oE MS3D + na Light
Q o2& MS8A + CD68 + Light
z ) MS7A + na Light
% = Ms10B - CD68 + Dark
e} ] MS3D - na Dark
[ 7 MS8A - CD68 + Dark
o MS7A = na Dark
Ms8B + CD68 +  Light/Med
MS9B + na Med
w Ms10C ++ na Light
3 MS18 + CD68+  Med/Dark
& MS9A + na Light
2 MS78 + na Light
e} MS5A + n.a Light
@ MSBA + n.a Light
Q9 = MS4B na CDB8 ++ Med
E Ms6B na na na
z MS3C + n.a Med/Dark
o MS8B = CD68 ++  Dark
z MsS9B - na Dark
I MS10C - na Dark
MS1B - CD68 + Dark
= MS9A - na Dark
H Ms78 - na Dark
o MS5A - na Dark
MS6A - n.a Dark
Ms4B na CD68 + Dark
MS6B na n.a na
MS3C - n.a Dark

Fig. 4 (See legend on next page.)
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Fig. 4 Heat map highlighting heterogeneity of TREM2 protein expression in myeloid cells in MS lesions, MS and control NAWM. NAWM and lesion sub-
areas were analysed (lesion centres, PLWM and lesion rims). Staining intensity for ORO, CD68+, MHC class I+ and, MBP+ for each tissue are shown. ORO+
cells per ROI (314.74 x 236.06 microns) ranged from 0 to 30+ cells. CD68+ or MHC class I1+ cells per ROI (500 x 500 microns) ranged from 0 to 100+ cells.
Relative MBP immunohistochemistry was characterised as “light’, “med” and “dark” The three main cell types analysed were: PVMs (left), parenchymal
macrophages (middle) and microglia (right). Images used to calculate the average number of immunolabeled cells per ROl were 312.39x312.39 um.
*Tissue lesions provided by Washington University Repository were identified by LFB and MHC class Il staining. **MS3E was a case with active MS lesions,
which subsequently was identified to have progressive multifocal leukoencephalopathy. This case was not included in subsequent overall analyses of the
cohort of MS lesion cases. ***MS15A was a chronic active lesion confirmed by a neuropathologist, however the section provided did not have a clearly
identifiable rim. ORO=Qil Red O, MBP=Myelin Basic Protein, NAWM=Normal-appearing white matter, PLWM = Perilesional white matter, n.a=not ap-

plicable, ROI=Region of Interest, MHC=MHC class Il

as well as in contiguous rows on abluminal vessel sur-
faces in active demyelinating lesion centres (Fig. 5a).
PVMs were also stained with LFB, indicating their cyto-
solic accumulation of myelin lipid and protein products
(Fig. 5a). PLWM contained few or no ORO-stained cells
(Supplementary Fig. 3a, b). By contrast, NAWM from
unaffected areas of the CNS from 8 individuals with MS
were characterised by the absence of ORO-stained PVMs
and parenchymal cells (Supplementary Fig. 2a). PLWM
and NAWM both had few CD68+ cells within the paren-
chyma (Supplementary Fig. 2a, Supplementary Fig. 3).

Triple immunofluorescent labelling using Ibal, CD163
and TREM?2 antibodies revealed that active demyelin-
ating MS lesion centres contained abundant CD163+
macrophages and CD163-negative hypertrophic microg-
lia, which were both TREM2+ (Fig. 5b). In contrast to
their isolated localisation to vessels and low density in
NAWM (Supplementary Fig. 2b), CD163+ PVMs in
active demyelinating lesion centres were grouped in con-
tiguous rows along the abluminal surface of vessels and
were often TREM2+ (Figs. 4 and 5b). These cells corre-
lated with ORO+ PVMs stained in parallel sections of
the same tissue blocks (Fig. 5a). TREM2 distribution dif-
fered between macrophages and microglia (Fig. 6a-f).
Parenchymal macrophage infiltrating cells distal to ves-
sels had a round soma without cytoplasmic processes and
exhibited CD163, Ibal, and TREM2 immunolabeling at/
near the plasma membrane. In contrast, microglia had
smaller soma, contained cytoplasmic processes, were
(mostly) negative for CD163, exhibited a more punc-
tate appearance of the Ibal immunolabelling distributed
internally as well as peripherally, and contained TREM2
peri-nuclear labelling internally when present. Occasion-
ally, CD163+ putative microglia were found in active
MS tissue, and these could be TREM2+ or negative. In
summary, active demyelinating MS lesion centres con-
tain TREM2+ immunolabelling in three distinct popu-
lations of myeloid cells: (1) CD163+ PVMs, (2) CD163+
parenchymal macrophages and (3) reactive microglia
(Figs. 4 and 5). In addition, immunofluorescent labelling
of MS13C shows that choroid plexus-associated macro-
phages express CD163, Ibal and TREM2 in MS, consis-
tent with the spatial transcriptomic data (Fig. 5c).

Abundant TREM2+ reactive microglia in the rim of chronic
active MS lesions

TREM2 labelling was evaluated in 6 chronic active white
matter lesions from 4 individuals with MS (Table 1).
Chronic active lesions were characterised histologically
by the presence of CD68+/MHC class II+, ORO-stained
microglia/macrophages in a peripheral rim of cells sur-
rounding a demyelinated and comparatively hypocellular
lesion centre (Supplementary Fig. 3b). Triple labelling
of chronic active lesions with Ibal, CD163 and TREM2
antibodies revealed that, similar to active lesion centres
described above, PVMs in chronic active lesion rims
were also found in contiguous rows and were positive for
CD163, Ibal and TREM2 (Fig. 4). Whilst these lesions
showed some heterogeneity in the distribution and den-
sity of myeloid cells, the chronic active rim was domi-
nated by microglia (CD163-negative, Ibal+ TREM2+
cells with cytoplasmic processes) and CD163+ PVMs,
with fewer macrophage infiltrates (rounded CD163+
cells), consistent with previous literature [38]. In sum-
mary, the most prominent parenchymal TREM2+ cell
population in the chronic active rim were Ibal+ microg-
lia, with a minority proportion of these microglia also
positive for CD163.

Fewer TREM2+ microglia and macrophages in inactive

and remyelinating MS lesions compared to actively
demyelinating areas

TREM2 labelling was evaluated in 4 chronic inactive
and 11 remyelinating MS lesions from 4 to 9 individuals,
respectively (Table 1 and Fig. 4). Chronic inactive lesions
were characterised by hypocellular, ORO-negative demy-
elinated centres with very few CD68+/MHC class II+
cells (Supplementary Fig. 4a). Remyelinating lesions were
largely ORO-negative with patchy MBP labelling and
CD68+/MHC class II+ cells concentrated in the peri-
vascular areas (Supplementary Fig. 4b). Chronic inac-
tive lesion centres mostly lacked CD163+ macrophages
but contained Iba+ microglia. Remyelinating lesion areas
were also dominated by Ibal+, CD163-negative microg-
lia. In chronic inactive and remyelinating lesions, fewer
microglia were TREM2+ compared to areas of active
demyelination (Fig. 4).
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Fig. 5 Characterisation of TREM2 expression on microglia and macrophages in active lesions. a Representative Luxol Fast Blue (LFB) and Oil Red O (ORO)
images from MS2A highlight the histopathology of an active MS lesion. Lipid-filled cells in the active lesion are highlighted by LFB staining (left; 25 um
scale bar) and ORO staining (middle; yellow dotted box highlights the area of the right image; 10 um scale bar). Arrows point to LFB staining inside PVMs
(possibly indicative of intracellular myelin products—white arrow), ORO+ cells in the CNS parenchyma (white star) and lining the vessel (white arrow)
(x40 magnification). b Representative immunofluorescence images of macrophages (left), reactive microglia (centre), and PVMs (right) are from active
lesions (from MS2A and MS4A) (x40 magnification; 30 um scale bar). Cropped images are from the highlighted area in the merged overview (yellow
square). The area has been split into separate channels: TREM2 (red), CD163 (green) and Ibal (white). DAPI-stained nuclei (blue) are only seen in the
merged overview images. The white arrow marks a triple-labelled TREM2+ CD163+ Ibal+ macrophage. The star marks a rare putative triple-labelled
TREM2+ CD163+ Iba1+ microglia. In this panel, other reactive microglia can be seen that are negative for CD163. ¢ TREM2 (red), CD163 (green) and Iba'

(white) triple-labelled macrophages in the choroid plexus (white arrow) from MS15A (20 um scale bar)

Quantification of regionally distinct profiles of TREM2+
microglia and macrophages in MS and control tissues
To quantify the number of TREM2+ cells across the dif-
ferent tissues analysed and described above, we evaluated
white matter total cell density (DAPI-stained—all cells in
the parenchyma region of interest), total microglia/mac-
rophages (Ibal+ and/or CD163+), and the TREM2+ pro-
portions of microglia/macrophages in the different MS
and control tissues (Fig. 7a—d). As expected, there were
significantly more microglia/macrophages in active lesion
centres and chronic active lesion rims than in NAWM or
PLWM (Fig. 7b). The overall density of Ibal+/CD163+
microglia/macrophages in PLWM was similar or slightly
elevated compared to control and MS NAWM. The den-
sity of TREM2+ microglia/macrophages was significantly
elevated in active lesion centres and chronic active lesion
rims compared to NAWM (Fig. 7c, d). Remyelinating
lesions contained significantly lower densities of microg-
lia/macrophages compared to actively demyelinating
areas (active centre and chronic active rim) and corre-
spondingly fewer TREM2+ cells. However, these areas
of remyelination did not completely resemble control
NAWM with low densities of TREM2+ cells (Fig. 7c—e).
Quantification of the relative proportions of single-
labelled (TREM2+ or Ibal+ or CD163+), double-labelled
(any combination of two markers) or triple-labelled
(TREM2+, Ibal+ and CD163+) cells in NAWM, active
demyelinating, chronic active and remyelinating lesions,
revealed distinctly different phenotypes of microglia
and macrophages associated with the different types
of MS lesional activity (Fig. 7e). The dominant cells in
active lesion centres were triple-labelled Ibal+ CD163+
TREM2+ parenchymal macrophages (44%), with single-
labelled Ibal+ microglia (19%). By contrast, in chronic
active lesion rims, the dominant cell types were double-
labelled Ibal+ TREM2+ microglia (44%) and single-
labelled Ibal+ microglia (33%), with 19% of cells being
triple-labelled Iba+ CD163+ TREM2+. This confirms
that chronic active lesion rims contain more microglia
(that are generally CD163-negative) than CD163+ mac-
rophages. Interestinglyy, PLWM around both chronic
active lesions and active lesions was also dominated by
microglia, with single Ibal+ cells (47-51%) and double-
labelled Ibal+ TREM2+ cells (38—43%) (There were less

than 10% CD163+ cells in PLWM). The centres of remy-
elinating lesions were dominated by single Ibal+ labelled
microglia (57%) but also contained double CD163+
TREM2+ (15%) and triple Ibal+ CD163+ TREM2+ (14%)
labelled macrophages. Overall, these data further support
the conclusion that TREM2 is expressed in both CD163+
macrophages that are most abundant in active demyelin-
ating lesion centres, as well as in Ibal+ microglia that
represent the most abundant cell type in chronic active
lesion rims. TREM2+ microglia also variably comprise a
prominent fraction of cells in the perilesional areas proxi-
mal to either active lesion centres or to rims of chronic
active lesions (Fig. 7c, d). TREM2+ cells that were nega-
tive for both CD163 and Ibal (Fig. 6f) represented < ~2%
of all labelled cells in all tissues examined (Fig. 7e).

Immunofluorescence intensity was measured to fur-
ther evaluate microglia/macrophage activation states
in the tissues. To account for immunofluorescence vari-
ability inherent to individual tissue blocks/sections, we
measured intensities per cell in 12 independent NAWM
tissue sections (6 MS and 6 controls) imaged under the
same conditions. We also measured immunofluores-
cence intensities on the same pieces of tissue, comparing
demyelinating areas, perilesional areas and remyelinat-
ing tissues (n=6 sections per lesion type). The changed
reactive state of microglia in actively demyelinating and
perilesional areas was suggested by the elevated relative
intensity of Ibal+ immunofluorescence per cell in these
areas compared to NAWM (Fig. 7f). The intensity of
TREM2+ and CD163+ immunofluorescence per cell was
also elevated in active demyelinating lesion centres com-
pared to PLWM on the same sections of tissues (Fig. 7f).
The Ibal+ and TREM2+ fluorescence intensities per cell
were lower in remyelinating tissues compared to more
actively demyelinating tissues but were still higher than
in NAWM areas.

TREM2+ microglia and macrophages co-express markers
of activation and lipid droplet storage

TREM2 is implicated in lipid storage and metabolism
(evident in the spatial transcriptomic analysis), and
we therefore conducted immunofluorescent labelling
for phagocytic activity, lipid droplet metabolism and
cell activation in different MS lesions. PLIN2 (a lipid
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Fig. 6 Perinuclear and plasma membrane distribution of TREM2 respectively in microglia and macrophages in MS lesions. Actively demyelinating tissues
were immunolabelled with TREM2 (red), CD163 (green), Ibal (white), counter-stained with DAPI (blue; merged images), and imaged using a 100X ob-
jective with 6-step confocal z-stacks. a Triple labelled PVM-CD163+ TREM2+ Ibal+ (case MS4A). Punctuate discontinuous labelling with the AF1828
antibody in a thin line around the inner surface of the vessel can also be seen, indicative of endothelium (arrow). b TREM2+ CD163-negative microglia
(MS2A), c TREM2+ CD163+ putative microglia (MS2A), d TREM2-negative CD163+ putative microglia (MS4A), e CD163+ TREM2+ macrophage (MS2A). f A
rare TREM2+ CD163-negative Ibal-negative cell (white arrow) (MS4A). Scale bars=5 um

droplet coating protein) expression was most prominent
in contiguous rows of PVMs in actively demyelinating
areas, where many of these cells were also MHC class
II+ (Fig. 8a), whilst in NAWM, PLIN2+ cells were rare
or absent. The proportion of parenchymal cells positive
for PLIN2 was significantly greater in active lesion cen-
tres (45% of cells) and chronic active rims (27% of cells)
compared to perilesional areas (4% of cells) and NAWM
(<2.5% of cells) (Fig. 8b). Of the PLIN2+ cells, 7% were
TREM2+ in the active lesion centres, whereas 14% were
TREM2+ in the chronic active rim and 12-17% were
TREM2+ in perilesional areas. TREM2+ PLIN2+ dou-
ble-labelled cells were not detected in NAWM. Notably,
PLIN2+ cells were far more abundant than TREM2+ cells
in actively demyelinating areas; however, the vast major-
ity of TREM2+ cells also expressed PLIN2, highlighting
an overlap between these cell populations. We further
investigated TREM2 co-expression with MHC class II,
CD68, and TMEM119 (Fig. 8a and c and Supplementary
Fig. 5a—d). As expected, in active lesions, there were sig-
nificantly more MHC class II+ cells (43% of cells) than in
perilesional areas (12% of cells). Prominent MHC class II
labelling was on both parenchymal macrophages/microg-
lia and PVMs (Fig. 8a). Of the MHC class II+ cells, 33% of
them in the lesion and 12% in the peri-lesional area were
TREM2+ (Supplementary Fig. 5a). The percentage of
CD68+ cells in active lesion centres was 37%, compared

to 8% in the PLWM. Of the CD68+ cells, 10-15% were
positive for TREM2 in both lesion centres and perile-
sional areas (Fig. 8c and Supplementary Fig. 5b). There
was no difference in the percentage of TMEM119+ cells
in active lesion centres compared to perilesional areas
(~10-25% of all cells). Of the TMEM119+ cells, ~25%
were TREM2+ in active lesion centres and ~10% in the
peri-lesion area (Supplementary Fig. 5c).

MS4A4A is highly expressed on CD163+ TREM2+
parenchymal and perivascular lipid-laden macrophages in
a case of progressive multifocal leukoencephalopathy
Patient MS3 (41-year-old male) had SPMS, and post-
mortem analysis led to an added diagnosis of progres-
sive multifocal leukoencephalopathy (PML), positive for
JC virus. This case was excluded from all of the above
analyses of TREM2 expression in MS. ORO stained an
extensive area of tissue in the MS3E block (Fig. 9a), cor-
responding to abundant macrophages with CD163+ and
TREM2+ labelling localised to/near the plasma mem-
brane (Fig. 9b). Immunolabelling with microglia marker
TMEM119 was negative in this area (Fig. 9c), while
MS4A4A labelling was prominent (Fig. 9d). MS4A4A is
a cell surface macrophage-regulating protein with genetic
linkage to CSF levels of the soluble form of TREM2 [19].
The abundant CD163+ Ibal+ cells in the PML lesion
that co-labelled for MS4A4A were TMEM119-negative
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Fig. 7 Quantification of TREM2+ cells in control NAWM, MS NAWM and MS lesions. a Number of cells (total DAPI nuclei) per mm?, b number of microg-
lia/macrophages (Ibal+ and/or CD163+) per mm?, ¢ number of TREM2+ microglia/macrophages per mm? and d percentage of TREM2+ microglia/
macrophages in distinct tissue areas as indicated. e Proportions of single, double, and triple labelled TREM2+ CD163+ Ibal+ cell populations in distinct
tissue areas. The four most abundant cell phenotypes for each area are listed below each chart. Each cell phenotype has been referenced with the same
colour across different lesion types as indicate in figure legend. f Immunofluorescence intensity of TREM2 (pink), Iba1 (blue) and CD163 (green) in distinct
tissue areas. The size of the individual cell region of interest used to determine intensity ranged from 64 to 295 um? *P<0.05; *P<0.01; ***P<0.0001.
NAWM =normal-appearing white matter (from MS cases or controls as indicated), LC=lesion centre, PLWM = perilesional white matter, LR =lesion rim

(Fig. 9¢, d), further suggesting that this TREM2+ CD163+
MS4A4A+ cell population is dominated by macrophages
and not microglia. In the perilesional area, TREM2+
TMEM119+ CD163-negative microglia were observed in
this case (Fig. 9¢). MS4A4A labelling was weaker and less
striking in pure MS tissues compared to the PML case. In
MS lesions, MS4A4A+ cells were more often found in the
active lesion centre (27% of cells) compared to the per-
ilesional areas (7% of cells), with 44% of MS4A4A+ cells
also TREM2+ in the centre and 23% in the perilesional
area (Supplementary Fig. 5d). MS4A4A labelling was
most prevalent on PVMs (Fig. 9f) and parenchymal mac-
rophages but was also seen on some microglia.

Discussion

Reactive microglia and macrophages are characteristic
immune cells of demyelinating MS lesions [39]. Depend-
ing on their functional state, they can contribute both
to lesion resolution or progression in ways not yet fully
understood. Here, we reveal bespoke properties of differ-
ent myeloid cell populations in MS white matter lesions
and PLWM compared to NAWM from MS and non-
neurological disease control cases. This work contributes
towards understanding the distinct spatial patterns of
gene and protein expression related to the dynamic func-
tions of myeloid cells in MS lesions across the disease tra-
jectory, which could inform future strategies to harness
the reparative functions of myeloid cells while inhibiting
those that drive disease progression.

Spatial transcriptomics analysis showed conserved cel-
lular and molecular compositions of MS tissues despite
histopathological differences. This suggests that lesion
pathology is influenced not only by the presence of spe-
cific cell types, but also by their spatial organisation and
activation states. We focused on TREM2 because this
innate immune cell receptor has been found to exert
protective functions in preclinical models of demy-
elination/remyelination relevant to MS [10-13, 39, 40].
TREM2 deficiency results in altered lipid homeosta-
sis, impaired intracellular lipid droplet metabolism and
reduced myelin clearance in microglia, which could delay
remyelination in the context of MS [10, 17, 39]. Further,
TREM2 is a candidate participant, more generally, where
response to demyelination and repair is needed—for
example, relating to Alzheimer’s disease pathology, where
there is aging-associated loss of myelin integrity and neu-
roinflammation [41-43]. Of note, in this context, TREM2

genetic variants are a risk factor for Alzheimer’s disease
[44, 45]. We verified that TREM2 is expressed in actively
demyelinating MS white matter and PLWM areas across
diverse brain regions in different people with MS, and
we detected far fewer TREM2+ cells and weaker immu-
nofluorescence intensity in NAWM of MS and non-
neurological disease controls. Spatial transcriptomics
in two MS hippocampal tissues revealed myeloid cells
expressing TREM?2 with different spatial organisation
relative to pathological features. For example, relating to
the chronic active lesion, TREM2+ cells co-expressing
CD68 were prominent in the lesion centre and TREM2+
CD163+ cells in rim areas. This suggests heterogenous
gradients of different gene expression in TREM2+ cells
depending on their localisation. TREM2 was largely
restricted to areas enriched in glial cells expressing genes
encoding lipid and cholesterol metabolic pathways,
which mostly corresponded spatially to the white matter
chronic active lesion rim. This is consistent with previous
reports revealing unique transcriptional properties of the
chronic active rim, including expression of iron and lipo-
protein metabolism genes, which correlate with disease
progression [46, 47]. Our transcriptomic analysis further
showed that tissue areas corresponding to the chronic
active lesion centre and perilesional areas were enriched
in expression of gene pathways related to ferroptosis,
cellular heat acclimation, and myelination, which could
indicate the presence of attempted reparative functions
in these areas. Evidence suggests that TREM2 expression
in mouse and in vitro models is increased by induction
of cellular heat acclimation pathways, and this may be a
neuroprotective response in MS tissue [48, 49].
Application of co-expression network analysis
(WCGNA) on TREM2+ tissue regions expands under-
standing of MS-related changes. This approach revealed
a specific glial cell submodule B, enriched in the expres-
sion of genes involved in lipid and cholesterol metabo-
lism, that is localised to the chronic active MS lesion rim
and PLWM. TREM?2 expression was enriched exclusively
in this submodule compared to other glial cell submod-
ules spatially distal from active demyelinating or per-
ilesional areas. Many of the submodule B enriched hub
genes, align with recently published MS spatial tran-
scriptomics data, highlighting consistent and relevant
key functionalities upregulated in MS chronic active
lesion rims and PLWM [40-42]. Hub gene PPMIB is
involved in energy metabolism via the modulation of
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fatty acid metabolism in lipid-laden foamy macrophages.
This phosphatase also plays roles in signalling that nega-
tively regulates TGFP [43], which indicates anti-inflam-
matory pathways are active in submodule B. CD82 is a
tetraspanin family gene expressed in late lineage oligo-
dendrocytes involved in differentiation and myelination
and also in restricting oligodendrocyte precursor cell
(OPC) migration [44]. The expression of this gene in sub-
module B suggests inhibition of OPCs is occurring, con-
sistent with the lower abundance of these cells reported
in areas of active demyelination [41]. Relating to this, hub
gene MAPKE is involved in MAPK-ERK signalling in pro-
liferating OPCs and inhibits their ultimate differentiation
into mature remyelination-competent oligodendrocytes
[45], suggesting OPC differentiation as well as migration
could be negatively impacted in active lesion rims. Whilst
cholesterol metabolism and cellular heat acclimation
pathways linked to TREM?2 represent key steps towards
tissue repair by setting the stage for remyelination, it is
ultimately differentiation of myelination-competent oli-
godendrocytes that is required for full recovery and this
step in the process of repair is potentially blocked in the
milieu of chronic active MS lesioned tissue, for example
by sustained activation of MAPK-ERK signalling [45].
In the context of myelination competency, our identifi-
cation of a cilium movement-associated cell module in
the lesion centre and lesion rim in demyelinating MS tis-
sues is interesting, as recent findings suggest that OPCs
require the construction of primary cilia for remyelin-
ation capacity [46]. MS13C submodule B hub gene IFT80
encodes a protein involved in the assembly of motile and
sensory cilia, which can be expressed in multiple cell
types, including microglia and oligodendrocytes in the
CNS. Previous studies have demonstrated that cilium-
mediated activation plays a role in remyelination in MS
[47]. Genes involved in control of cilia motility functions
were also noted in previous spatial transcriptomics data
sets, enriched in the inactive lesion centres where they
were suggested to represent populations of ciliated astro-
cytes in the glial scar [41]. Of note, hub genes TMSB4X
(encodes an actin-binding protein involved in cell motil-
ity, migration and immune invasion), PPP1R21 (encodes
a protein phosphatase regulatory subunit implicated in
myelination), and TREM?2 were all previously identified
as enriched in chronic active lesion rims by spatial tran-
scriptomics [40], consistent with our data. We further
identified genes relating to endosomal function at the
chronic active lesion rim, which is also consistent with
previous work [41].

Immunofluorescence analysis enabled verification
and further characterisation of TREM2 expression in
MS tissues using a larger cohort of cases. We found that
TREM2 is represented in heterogeneous populations of
CD163-negative reactive microglia, CD163+ infiltrating
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parenchymal macrophages and CD163+ PVMs. The
involvement of both reactive resident microglia as well as
infiltrating macrophages has been previously described
in MS [39], and we extend these studies to character-
ise TREM2 distribution in these resident and invading
myeloid cell populations. Note that small numbers of
dendritic cells (DCs) are present to a variable extent in
MS tissues, particularly around small-calibre vessels, and
we cannot discount that a small proportion of the peri-
vascular TREM2+ cells that we observed may represent
DCs [48].The variations in abundances of the different
types of TREM2+ cells in distinct tissue areas further
provide clues to their roles in the stages of lesion devel-
opment, which may reflect MS disease trajectory. Firstly,
unlike NAWM, PLWM contained significant TREM2+
microglial populations that had similarities to TREM2+
CD163-negative microglial cells at chronic active demye-
linating white matter lesion rims. This is relevant because
it shows that reactive TREM2+ microglia in the PLWM
around both active and chronic active MS lesions, reca-
pitulate some properties of microglia in chronic active
lesion rims, distinct from homeostatic microglia in
NAWM. These data align with evidence showing that
NAWM and PLWM are transcriptionally distinct, and
that TREM?2 transcripts are elevated in demyelinating
chronic active lesion rims [40]. Secondly, in addition to
microglia, we found that TREM2 is expressed in CD163+
infiltrating macrophages, which are abundant in the cen-
tre of active MS lesions. In NAWM of MS and controls,
CD163+ cells corresponded almost entirely to resident
border PVMs, which were restricted to abluminal vessel
surfaces as lone isolated cells (fewer than 2% of microg-
lia were CD163+), consistent with previous reports [7,
49]. This is different from actively demyelinating MS tis-
sues, where we found contiguous rows of CD163+ cells
along vessels, which may represent proliferating border
PVMs that eventually infiltrate the parenchyma, or mac-
rophages infiltrating through the vessel wall from the
periphery: distinguishing between these two possibilities
in human tissues is difficult [38, 50]. However, together
with oligodendrocyte and OPC loss, these CD163+
macrophage infiltrates signify acute demyelination and
inflammation [51-54]. Our data provide evidence that
TREM2 expression on CD163+ infiltrates is likely a func-
tional response to demyelination/tissue injury. CD163+
parenchymal macrophages were found in all areas where
there was active demyelination (active lesion centres
and rims of chronic active lesions), but were absent in
PLWM, inactive lesions, and in NAWM. Overall, our
data show that the majority of CD163+ cells associated
with demyelination in active lesion centres were distin-
guished by a rounded morphology typical of peripheral
macrophages with CD163+ and TREM2+ immunolabel-
ing localised to the plasma membrane (different from the
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Fig. 8 TREM2 co-expression with lipid metabolism and activation markers. a TREM2 (red), MHC class Il (green), and PLIN2 (white) immunolabelling in
parenchymal macrophages (top) and perivascular macrophages (bottom) from an active lesion centre (MS2A). b Quantification per mm? of number
of PLIN2+ cells, PLIN2+ TREM2+ cells and the proportion of all PLIN2+ cells that are TREM2+ in different tissue areas. All TREM2+ cells were PLIN2+. ¢
TREM2 (red), CD68 (green) and TMEM119 (white) indicate TREM2 expression in active microglia in the lesion centre (top) and PLWM (bottom). DAPI nuclei
counterstain is shown in the merged channels (100x objective; 10 um scale bar) (MS4A). NAWM =Normal-appearing white matter, LC=lesion centre,

PLWM = Perilesional white matter, LR=lesion rim

hypertrophic ramified shapes of typical reactive microg-
lia, with perinuclear TREM2 labelling). Interestingly,
CD163+ cells represented more than 50% of all myeloid
cells in active lesion centres. By contrast, 19% of cells in
chronic active lesion rims were CD163+ (and <10% in
PLWM). In chronic active lesion rims, TREM2+ CD163-
negative microglia, as described above, were the most
dominant reactive myeloid cells (44%). Previous work
also reports that chronic active lesion rims are enriched
in higher proportions of reactive microglia compared
to infiltrating macrophages [1, 9, 38]. Our work extends
these findings by demonstrating that TREM2 is preva-
lent in reactive rim microglia, where the co-expression
of lipid and cholesterol metabolism genes dominates in
and/or near these cells. The variation in proportions of
macrophages and microglia in acute lesion centres com-
pared to chronic active lesion rims and PLWM highlights
the differing roles of myeloid cells in these distinct tissue
areas, which likely represent different stages of the path-
ological demyelinating cascade. Lipid and cholesterol
uptake, storage and efflux are essential for repair after
demyelination, and these processes most likely reflect
the abundance of TREM2+ microglia and macrophages
in demyelinating tissues. However, if the system is over-
whelmed by ongoing demyelination, these same cells may
then represent markers of lesion progression. It remains
to be established whether TREM2+ reactive microglia in
PLWM and lesion rims represent cells that have under-
gone adaptation to respond protectively to demyelinat-
ing events and/or whether they represent cells that have
transformed into primary drivers of lesion progression
[40, 55].

Relevant to lipid metabolism associated with demy-
elination, intracellular lipid droplets (LD) are storage
organelles involved in maintaining lipid homeostasis and
preventing lipotoxicity [16, 56]. Prolonged accumula-
tion of LDs in microglia can result in reduced phagocytic
ability, the generation of reactive oxygen species and
cascading inflammation [57]. PLIN2 is the most abun-
dant CNS lipid droplet-coating protein, and we found
that while all TREM2+ myeloid cells in actively demy-
elinating tissue areas were PLIN2+ , many PLIN2+ cells
were negative for TREM2 or other myeloid cell markers.
This indicates that lipid metabolism and storage in MS
white matter involves other glial cell types in addition to
TREM2+ myeloid cells [18, 58, 59].We established that
PLIN2 was expressed in actively demyelinating lesion

areas, was almost negligible in NAWM, and was found
in relatively low abundance in PLWM. Significantly more
PLIN2 was detected using immunofluorescence com-
pared to transcriptomics, where lower transcriptomic
detection can result from inadequate tagging or low
yield, leading to undetected transcripts using Visium. A
further limitation of Visium spatial transcriptomics used
here, despite deconvolution, is the inability to spatially
map single-cell data, where each spot contains approxi-
mately 1-10 cells. Nevertheless, PLIN2 transcripts were
detected by spatial transcriptomics exclusively in clusters
aligned with demyelinating lesion areas, albeit at low lev-
els, and were not detected in non-lesional tissue areas.
Using immunofluorescence in a larger cohort of cases, we
found that abundant PLIN2+ myeloid cells were CD163+
(infiltrating parenchymal macrophages or PVMs). These
PLIN2+ PVMs/macrophages were found in contiguous
rows along the abluminal surface of vessels, supporting a
prominent role for vessel-associated myeloid cells in lipid
clearance and storage in MS [60].

One brain donor in our cohort was excluded from
image analysis and myeloid cell quantification analysis as
an MS case, because we discovered that this person with
MS had treatment-induced PML. We observed abundant
TREM2+ CD163+ parenchymal macrophage infiltrates
in the tissues from this case, linking TREM2 expression
with acute myeloid cell infiltrates that accumulate (ORO+
staining) lipids, and localise to areas of rapidly progress-
ing demyelination. Notably, this case was the only one in
our cohort that also showed substantial MS4A4A immu-
noreactivity. We were interested in MS4A4A because of
its proposed role in pathways linked to TREM2 function
[19, 22, 61]. We observed variable MS4A4A expression
on some CD163+ macrophages and less so on microg-
lia in active MS lesions, consistent with reports showing
MS4A4A expression is associated with hematopoietic
monocyte to macrophage differentiation [20]. By con-
trast, we found that most MS4A4A+ cells were negative
for microglial marker TMEM119, suggesting MS4A4A
may only be weakly expressed in resident CNS microg-
lia. MS4A4A is reported to promote macrophage polari-
sation towards “anti-inflammatory” phenotypes [21, 62]
and regulate the shedding of soluble TREM2 from the
cell surface [19], thereby altering macrophage/microg-
lial functions [63]. The presence of large numbers of
MS4A4A+ TREM2+ CD163+ macrophages in the PML
case and, to a lesser extent, in active MS lesions highlights
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Fig. 9 TREM2 and MS4A4A expression in a PML and active MS lesion. a ORO staining of a PML lesion (20x objective; 200 um scale bar). The insert (left)
shows lipid-filled round macrophage infiltrates characteristic of PML (40x objective; 20 um scale bar). b TREM?2 (red), CD163 (green) and Ibal (white) im-
munofluorescence with DAPI nuclei counterstain (blue), highlights abundant CD163+ TREM2+ Iba1+ triple labelled macrophages in the PML lesion with
TREM2 distributed to the plasma membrane of foamy macrophages (merge panel 30 um scale bar; right panels 5 um scale bar). c TREM2 (red), TMEM119
(white), CD163 (green) and DAPI (blue), 20 um scale bar. d TREM2 (red), MS4A4A (white) and DAPI (blue), 20 um scale bar. e TREM2 (red), TMEM119 (white),
CD163 (green) and DAPI (blue; merged image) indicate TREM2+ microglia in peri-lesional white matter in PML (10 um scale bar). f TREM2 (red), CD68
(green) and MS4A4A (white) indicate TREM2 and MS4A4A co-expression in PVMs from an active MS lesion centre (MS4A). DAPI nuclei counterstain is
shown in the merged channels (100x objective; 10 um scale bar). Representative images in a—e are of tissue from PML case MS3E. PLWM = Perilesional

white matter, PML = Progressive multifocal leukoencephalopathy

the interplay between TREM?2 and MS4A4A functions in
the context of acute demyelination, which merits further
investigation [63].

In summary, this work highlights the expression of
TREM2 in CD163+ macrophages associated with active
demyelination, as well as in reactive microglia that domi-
nate smouldering chronic active white matter rim lesions
associated with disease progression. The similarities
between the cellular composition of PLWM and chronic

active lesion rims, including expression of TREM2, dis-
tinct from NAWM, is of importance, as it suggests that
the PLWM may be involved in lesion expansion and pro-
gression. Finally, abluminal TREM2+ vessel macrophages
appear to play an important role in lipid metabolism and
storage in the context of active demyelination. The func-
tional involvement of TREM2 in MS lesion progression
requires further investigation to determine the extent of
its impact on myelin turnover, lipid phagocytosis, storage
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and detoxification, but also its potential relationship
to toxic macrophage/microglia phenotypes that might
adapt to drive disease progression in MS.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540478-026-02241-x.

Supplementary Fig. 1 Spatial distribution of PLIN2 and TMEM 119 in glial
submodules in MS13C and MS15A. Quantitative analysis of PLIN2 and
TMEM 119 myeloid cell markers in TREM2 positive spots for MS13C (left)
and MS15A (right). Supplementary Fig. 2 Perivascular macrophages in
NAWM from controls and people with MS. a ORO, LFB staining and MBP
and CD68 immunohistochemistry illustrate intact myelin, few reactive
cells and no lipid-filled macrophages in NAWM (MS10D) (x40 magnifica-
tion; 50 um scale bar). b TREM2 (red), CD163 (green) and Iba1 (white)
immunofluorescence with DAPI counterstain (blue; merged image) of
control NAWM (top row; C1) and MS-NAWM (middle and bottom rows;
MS7C and MS10D respectively). CD163+ PVMs (star) are illustrated in
MS-NAWM (bottom row), where the AF1828 TREM2 antibody also labels
endothelium (red) (white arrows) (20 um scale bar). ¢ The number per
mm2 of CD163+ microglia (left) and percentage of total microglia (middle)
in control and MS NAWM is shown. d The number of CD163+ PVMs per
mm?2 in control and MS NAWM. ORO =0il Red O, LFB = Luxol Fast Blue,
MBP =Myelin Basic Protein, MS=Multiple Sclerosis, ns=Not significant.
Supplementary Fig. 3 Representative histological images of active and
chronic active lesions. a Overview image shows the lesion centre and the
PLWM from case MS2A (500 um scale bar). The right panels show ORO and
LFB staining and CD68 and MBP immunohistochemistry from the lesion
centre (top) and the PLWM (bottom). b Overview image shows the lesion
centre, rim and PLWM of a chronic active lesion (MST0A; 200 um scale bar).
Right panels show ORO, and LFB staining and CD68 and MBP immunohis-
tochemistry from the lesion centre (top), lesion rim (middle) and PLWM
(bottom). Other images, 30 um scale bar. ORO=0il Red O, LFB= Luxol

Fast Blue, MBP =Myelin Basic Protein, PLWM = Perilesional white matter.
Supplementary Fig. 4 Representative histological images and TREM2
immunofluorescence in chronic inactive and remyelinating MS lesions. a
Chronic inactive immunohistochemistry staining with ORO, MBP and LFB
(with CD68 counterstain), and immunofluorescence labelling with TREM2
(red), CD163 (green) and IbaT (white) and DAPI nuclei counterstain (blue).
b ORO, MBP and LFB immunohistochemistry of a remyelinating lesion and
immunofluorescence labelling with TREM2 (red), CD163 (green) and Iba1
(white) and DAPI nuclei counterstain (blue). Immunohistochemistry scale
bar=200 um, immunofluorescence scale bar=20 um. Representative
histology images are from MS10B and MS5A for the chronic inactive and
remyelinating lesions, respectively. Representative fluorescence images
are from MS7A (chronic inactive) and MS4B (remyelinating). ORO =0Qil

Red O, MBP =Myelin Basic Protein, PLWM = Perilesional white matter.
Supplementary Fig. 5 Proportion of TREM2+ cells expressing MHC class I,
CD68, TMEM119 and MS4A4A in active MS lesions. Quantification of the
percentage of cells expressing a MHC class I, b CD68, c TMEM119 and d
MS4A4A in the active lesion centre and PLWM. The graphs also depict the
proportion of TREM2+ cells for each marker. PLWM = Perilesional white
matter.

Supplementary info/Link to spatial transcriptomic data The spatial
Visium count matrices and processed data generated for this study are
uploaded to the Synapse portal and can be accessed online through Syn-
apse ID [syn69902953] (https://www.synapse.org/Synapse:syn69902953).
The sequencing data is available for general research use with controlled
access. Requests to access the sequencing data should be directed to the
corresponding authors.Custom preprocessing and downstream analysis
scripts required to reproduce the manuscript results are available at the
Zenodo portal: https://zenodo.org/records/17184169
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