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Abstract: Age-associated deep-subcortical white matter lesions (DSCLs) are an independent risk
factor for dementia, displaying high levels of CD68" microglia. This study aimed to characterize
the transcriptomic profile of microglia in DSCLs and surrounding radiologically normal-appearing
white matter (NAWM) compared to non-lesional control white matter. CD68* microglia were iso-
lated from white matter groups (n = 4 cases per group) from the Cognitive Function and Ageing
Study neuropathology cohort using immuno-laser capture microdissection. Microarray gene ex-
pression profiling, but not RN A-sequencing, was found to be compatible with immuno-LCM-ed
post-mortem material in the CFAS cohort and identified significantly differentially expressed genes
(DEGs). Functional grouping and pathway analysis were assessed using the Database for Anno-
tation Visualization and Integrated Discovery (DAVID) software, and immunohistochemistry was
performed to validate gene expression changes at the protein level. Transcriptomic profiling of
microglia in DSCLs compared to non-lesional control white matter identified 181 significant DEGs
(93 upregulated and 88 downregulated). Functional clustering analysis in DAVID revealed dysregu-
lation of haptoglobin—haemoglobin binding (Enrichment score 2.5, p = 0.017), confirmed using CD163
immunostaining, suggesting a neuroprotective microglial response to blood-brain barrier dysfunction
in DSCLs. In NAWM versus control white matter, microglia exhibited 347 DEGs (209 upregulated,
138 downregulated), with significant dysregulation of protein de-ubiquitination (Enrichment score
5.14, p < 0.001), implying an inability to maintain protein homeostasis in NAWM that may contribute
to lesion spread. These findings enhance understanding of microglial transcriptomic changes in
ageing white matter pathology, highlighting a neuroprotective adaptation in DSCLs microglia and a
potentially lesion-promoting phenotype in NAWM microglia.

Keywords: deep subcortical lesions; microglia; transcriptomic profiling

1. Introduction

Age-associated white matter lesions (WMLs) appear as hyperintensities on T2-weighted
magnetic resonance images (MRIs), which are broadly classified into periventricular lesions
(PVLs) and deep subcortical lesions (DSCLs) [1]. The Cognitive Function and Ageing Study
(CFAS) is a longitudinal study of dementia and frailty in an ageing population-representative
cohort [2]. In the CFAS, PVLs have a prevalence of approximately 90% and DSCLs 60% in
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the ageing population [3]. These WMLs are associated with neurological diseases, such as
Alzheimer’s disease [4-6] and are an independent predictor for cognitive impairment [7].
The exact mechanism of their formation remains unknown; however, several theories have
been proposed including cerebral hypoperfusion, dysfunction of the blood-brain barrier
(BBB) and neurodegeneration due to overlying cortical pathologies [3,8].

Central to the brain’s immune response, microglia play a pivotal role in maintaining
homeostasis and responding to pathological changes [9]. Previous histological characterization
of WMLSs in CFAS has shown that while both DSCLs and PVLs are associated with extensive
demyelination and astrogliosis, their microglial profile varies: DSCLs predominantly contain
CD68* microglia with an amoeboid morphology, while PVLs contain high levels MHC-IT*
microglia with a ramified profile, as reviewed [10]. Microglia within the radiologically normal-
appearing white matter (NAWM) from lesional cases express significantly elevated levels of
MHC II compared to microglia from control non-lesional WM cases, and also display high
levels of oxidative DNA damage and a DNA damage response [10], suggesting altered glial
function extends beyond the WMLs and may contribute to lesion progression.

Transcriptomic profiling enables the gene expression profile of samples to be assessed,
potentially identifying novel biologically relevant mechanisms associated with disease
pathogenesis. Previous characterization of the microglial transcriptome in PVLs identified
the PVLs as a continuous spectrum of WM injury [11]. Furthermore, the gene expres-
sion profile of DSCLs and surrounding NAWM suggests that alteration of cell metabolic
pathways and glial cell injury contribute to DSCL pathogenesis [10]. However, this mi-
croarray approach analyzed mRNA extracted from the entire region of interest, which may
have masked microglial specific gene expression changes in deep subcortical white matter.
Therefore, to determine the microglial transcriptomic profile in DSCLs and identify gene
expression changes which may contribute to age-associated white matter pathology, the
current study performed gene expression profiling using both RN Aseq and microarray
analysis on an enriched population of laser capture microdissected microglia.

2. Results
2.1. Histological Characterization Confirms the Classification of Sampled WM

Both control WM from non-lesional cases and NAWM from lesional cases displayed
a regular pattern of myelin staining (Figure 1A,B) and contained low levels of ramified
microglia (Figure 1D,E), while in contrast, DSCLs were characterized by extensive de-
myelination (Figure 1C) and the presence of amoeboid microglia (Figure 1F). Where MRI
classification and histological characterization were incompatible, these cases were ex-
cluded from the study, (n = 6).
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Figure 1. Histological characterization of deep subcortical white matter. Both non-lesional control
white matter (A) and normal-appearing white matter (NAWM) (B) displayed a regular pattern of
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myelin staining and low levels of CD68* ramified microglia (D,E). In contrast, age-associated deep
subcortical lesions (DSCLs) displayed extensive demyelination (C) and high levels of CD68* microglia
with an amoeboid morphology (F). LEB: luxol fast blue. Scale bar represents 100 pm.

2.2. RNA-Sequencing Is Not Compatible with Immuno-LCM-ed Post-Mortem Tissue in the
CFAS Cohort

Post-RNA-seq quality control (QC) of the WM samples confirmed the sequencing
(single ended, 101 bp) for each sample generated read counts between 3.1 and 16.8 x 10°.
The sequence outputs for all samples were clear of any contaminated reads from the
adaptors. All samples reported a partial read failure, ranging between 36 and 45%. The
per-base N assessment had six warning flags for samples with the N ratio passing 5% of
the total reads (1 = 6), and the remaining samples (n = 6) failed for having an N ratio higher
than 20%. A low diversity of nucleotides was seen as the sequenced data of all samples
were dominated by reads that were almost all G and C bases. In addition, the sequence
output of all samples had a poor report for the target sequences with a small number of
unique reads ranging between 17.7 and 33.3%; the samples had a high level of duplication
and were considered over-representative for having a sequence that made up more than
0.1% of the total (Table 1). Following the QC failure, no further interrogation of the data
was performed. The RNA-seq datasets are freely available at the Gene Expression Omnibus
(GEO) public database (accession code GSE260619).

Table 1. Quality control analysis of RNA-seq data using the Galaxy platform. Samples which passed
or failed quality controls are indicated in blue or orange, respectively; mapped sequences (M seq),
per base GC content, sequence duplication and over-represented sequences of 12 white matter cases
(control n =4, NAWM n = 4; DSCLs n = 4).

6 o Tt o o % Over-
Sample ID Length M Seq (x10°) % Fail % GC % Dup Representative
Sample 1_fastq 101 bp 3.1 45% 87% 76.5% 23.5%
Sample 2_fastq 101 bp 6 36% 87% 77.7% 23.5%
Sample 3_fastq 101 bp 6.9 36% 90% 82.3% 25.0%
Sample 4_fastq 101 bp 7.8 36% 88% 80.0% 25.0%
Sample 5_fastq 101 bp 16.5 45% 83% 67.3% 21.5%
Sample 6_fastq 101 bp 6.3 36% 89% 80.9% 25.0%
Sample 7_fastq 101 bp 6.1 45% 90% 81.7% 23.5%
Sample 8_fastq 101 bp 9.5 45% 80% 66.8% 19.7%
Sample 9_fastq 101 bp 16.8 45% 83% 78.8% 21.5%
Sample 10_fastq 101 bp 8.4 36% 89% 80.1% 19.7%
Sample 11_fastq 101 bp 9.6 36% 89% 81.2% 25.0%
Sample 12_fastq 101 bp 8.9 45% 90% 80.8% 19.7%

2.3. Microarray Transcriptomic Profiling Is Compatible with Immuno-LCM in the CEAS Cohort

Post-microarray QC were completed on all samples including checks for poly-A RNA
labelling controls, hybridization controls, positive versus negative area under the curve
(AUC) and signal intensity. No outliers were identified, and all samples underwent subse-
quent bioinformatic analysis. Principal component analysis (PCA) of the transcriptomic
profile of microglia in ageing white matter demonstrated distinct separation between the
three WM groups (control, NAWM and DSCL), demonstrating gene expression differences
between the groups while displaying genetic similarities within them (Figure 2).

181 significantly differentially expressed genes (DEG) were identified in DSCLs com-
pared to control WM from non-lesional cases (93 upregulated, 88 downregulated), 299 DEG
were identified in DSCLs compared to NAWM (97 upregulated, 202 downregulated), and
374 DEG were identified in NAWM compared to control WM from non-lesional cases
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(209 upregulated, 138 downregulated). The microarray datasets are freely available at the
Gene Expression Omnibus (GEO) public database (accession code GSE260815).
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Figure 2. Principal component analysis (PCA) of the microglial transcriptome in ageing white matter.
There was a clear separation of the differentially expressed genes between the three white matter
groups, while the clustering of cases was similar within groups. Control (n = 4); normal-appearing
white matter (NAWM, n = 4); deep subcortical lesion (DSCL, n = 4).

KEGG pathway analysis identified no significant dysregulated pathways between-
group comparisons, where all Benjamini-corrected p-values were >0.05. However, following
gene annotated clustering, significant dysregulation of functional groups in DSCLs ver-
sus control WM from non-lesional cases were identified, including haptoglobin binding
(p = 0.017), haptoglobin—haemoglobin complex (p = 0.024), TBC domain family member
(p = 6.3 x 107%) and Rab-GTPase (p = 4.3 x 1073) (Table 2). A significant dysregulation of
functional groups associated with protein deubiquitination (p = 1.3 x 10~%) and ubiquitin-
dependent protein catabolic processes (p = 1.3 x 10~*) were identified in NAWM from
lesional cases compared to control WM from non-lesional cases (Table 3). In addition, the
scavenger receptor class B, member 1 gene (SRB1) was significantly upregulated in NAWM
compared to control WM (FC + 9.13, p = 0.0486). No significant functional groups were
detected in DSCLs compared to NAWM.

Table 2. Functional group analysis of the microglial profile in deep subcortical lesions (n = 4)
versus control white matter from non-lesional cases (1 = 4). Significant differentially expressed
genes were analyzed using the Database for Annotation Visualization and Integrated Discovery
(DAVID) software.

Annotated Cluster Enrécclgrrrelent Gene Count B;fl‘]}zrl?li:i Dicrﬁgtril(;;al Differentially Expressed Genes
Haptoglobin binding 3 1.7 x 1072 Haemoglobin-«1 (HBAT)
- U Haemoglobin-a2 (HBA2)
Haptoglobin— 2.5 o p :
haemoglobin complex 3 2.4 %10 Haemoglobin-@ (HBB)
TBC 7 6.3 x 107° TBC1 domain family member:
2.66 Down (TBC1D3B, TBC1D3E, TBC1D3F,

Rab-GTPase-TBC domain 43 x 107 TBC1D3G, TBC1D3H, TBC1D3I, TBCI1D3L)
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Table 3. Functional group analysis of the microglial profile in normal-appearing white matter from
lesional cases (1 = 4) versus control WM from non-lesional cases (1 = 4). Significant differentially
expressed genes were analyzed using the Database for Annotation Visualization and Integrated
Discovery (DAVID) software.

Annotated Cluster Enréil(;;réent Gene Count B;fl‘]/zrlr;:l Dglel(;t:;relal Differentially Expressed Genes
Protein S i . . .
quitinati 9 1.3 x 1074 Ubiquitin specific peptidase 17-like family member:
deubiquitination USP1/L5, USP17L19, USP17L24, USP17L25, USP17L26,
Ubiquitin- 514 Down USP17L27, USP17L28, USP17L29, USP17L30,
dependent protein 11 13 x 104 Ring finger protein 8 (RNFS)

catabolic process

Toll interaction protein (TOLLIP)

2.4. Validation of Candidate Gene Expression

Extensive immunoreactivity of CD163, scavenger receptor class B, member 1 (SRBI)
and deubiquitinating enzyme 3 (Dub3) was a prominent feature of DSCLs compared to
both NAWM from lesional cases and control WM from non-lesional cases. Within the DSCL,
CD163, SRBI and Dub3 immunolabeled cells morphologically resembling microglia with
an amoeboid morphology, while in the control WM and NAWM, the immunoreactivity was
associated with the cell body and processes of cells morphologically resembling ramified
microglia (Figure 3).
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Figure 3. Histological validation of proteins encoded by candidate genes identified from the mi-
croarray analysis. The immunoreactive profile of (A—C) CD163, (D-F) scavenger receptor class B,
member 1 (SRBI), and (G-I) deubiquitinating enzyme 3 (Dub3) in control, normal-appearing white
matter (NAWM) and deep subcortical lesions (DSCLs) indicated expression of the proteins encoded
by candidate genes by cells morphologically resembling microglia. Scale bar represents 250 pm.

Quantification of the expression of SRBI and Dub3 identified significant differences
in the immunoreactive profile between DSCLs and control WM groups; p = 0.027 and
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p = 0.018, respectively. However, there was no significant difference in the immunoreactive
profile of CD163 across the three groups, p > 0.05: Table 4.

Table 4. Quantitative assessment of CD163, SRBI and Dub3 protein expression in age-associated
deep subcortical white matter. The mean percentage area (and range) of immunoreactivity of each
of the markers is shown in control, normal-appearing white matter (NAWM) and deep subcortical
lesions (DSCLs).

WM Group Control (n =4) NAWM (n =4) DSCLs (n =4)

CD163 0.47 (0.29-0.85) 1.41 (0.43-3.24) 4.07 (2.12-6.41)
SRBI 0.46 (0.22-0.70) 0.83 (0.74-0.93) 7.02 (1.85-15.09) *
Dub3 0.25 (0.20-0.28) 0.44 (0.30-0.66) 4.44 (1.09-7.89) *

* p < 0.05 (Kruskal-Wallis with Bonferroni correction).

3. Discussion

While age-associated WMLs are of clinical importance as their accumulation is as-
sociated with cognitive decline [12], they remain understudied in the field and the role
of microglia in DSCL formation or spread is unknown. Hence, the current study aimed
to assess the microglial transcriptomic profile in DSCL, to elucidate their role in lesion
pathology. We demonstrate that in the established CFAS neuropathology cohort, microarray
analysis but not RNAseq is compatible with the transcriptomic profiling of immuno-LCM-
ed post-mortem material. Furthermore, the transcriptomic data reveals complex roles for
microglia within DSCLs in response to BBB dysfunction whereby microglia upregulate
expression of CD163 and adapt a neuroprotective anti-inflammatory phenotype.

RNA-seq relies on the creation of a cDNA library, followed by sequencing of short
fragments, providing reads for specific genes [13,14]. In contrast microarray transcrip-
tomic profiling is a hybridization-based technique, where cDNA fragments are labelled,
and hybridized onto the gene chip and gene expression is directly proportional to the
signal intensity [15]. While recent studies have shown immuno-LCM is compatible with
RNAseq [16], this protocol requires high-quality RNA to enable transcriptome acquisition,
which is more readily obtained from snap-frozen surgical or animal tissue than post-mortem
neuropathology cohorts. In addition to post-mortem delay-associated RNA degradation,
the duration of the immunolabelling and microdissection stages of the protocol further neg-
atively impact RNA integrity [17], which may also have contributed to the failed RNAseq
QC in the current study. In contrast, microarray analysis successfully generated robust
data, which supports previous findings that the use of microarrays in conjunction with
mmune-LCM-ed material is a robust protocol for the molecular analysis of specific CNS cell
populations [18]. However, it should be acknowledged that future research is required to
establish if the data presented here is a feature of the CFAS or whether it is also applicable
to other established neuropathology cohorts.

The present study identified significant upregulation of microglial transcripts associ-
ated with haptoglobin (Hp) binding and haptoglobin-haemoglobin binding (Hb-Hp) in
DSCL. The irreversible form of Hb—Hp binding has an antioxidant role [19], and forms
following dysfunction of the BBB [20]. Disruption of cerebral endothelial integrity and the
subsequent release of Hb following the extravasation of red blood cells (RBC) results in
the deposition of iron, oxidative stress and cell damage. Previous histological characteri-
zation of age-associated WMLs has demonstrated BBB dysfunction and oxidative stress
are common features of DSCLs [8,10]. Increased expression of the haemoglobin o and 3
subunits by glia and neurons has been reported in a range of neurodegenerative diseases,
including multiple sclerosis (MS) [21] and intracerebral haemorrhage (ICH) following
cerebrovascular damage [22]. In support of the transcriptomic data, the current study
demonstrates an increase in the immunoreactive profile of CD163, a macrophage scavenger
receptor that rapidly recognizes and degrades the Hb—Hp complex and is a M2-associated
microglial marker [23]. Recent microarray analysis of peripheral blood samples from mild
cognitive impairment and cognitively normal subjects has also identified CD163 as a crit-
ical gene related to WMLs [24]. We hypothesize that in response to RBC extravasation
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due to BBB dysfunction in DSCL, microglia upregulate expression of CD163 and adapt a
neuroprotective anti-inflammatory phenotype.

While the NAWM from lesional brains and control WM from non-lesional cases
both have a similar radiological presentation, their microglial transcriptomic profiles are
significantly different. Microarray analysis identified dysregulation of genes associated
with protein deubiquitination, including the ubiquitin-specific peptidase 17-like family
member (USP17L) subfamily, which removes conjugated ubiquitin from target proteins [25].
The downregulation of a range of deubiquitinating enzymes (DUBs) has been reported in
several neurodegenerative diseases impacting inflammation, cell motility, carcinogenesis,
neuronal autophagy and the response to oxidative stress [26—-29]. Dysregulation of protein
ubiquitination and deubiquitination in the NAWM infers a change of microglial function in
the regions surrounding DSCL, which may contribute to the progression of lesion pathology.

In contrast to studies that have suggested that WMLs are symmetrical [30], the current
findings provide evidence that this is not always the case and highlight the importance of
performing histological evaluation of MRI-guided samples of the contralateral hemisphere.
While transcriptomic profiling can potentially identify novel and biologically relevant
mechanisms associated with disease pathogenesis, it should be acknowledged that mi-
croarrays only analyze transcripts that are fully annotated and have a lower sensitivity
than RNAseq [31]. Current recommendations suggest transcriptomic profiling should be
conducted on a minimum of twelve samples per group [32]; therefore, a further limitation
of the current study is the low number of cases assessed. Nonetheless the significantly
differentially expressed candidates identified in the current study warrant further investi-
gation, as modulation of the neuroinflammatory response may be a therapeutic target to
preserve brain function in the ageing brain.

4. Materials and Methods
A workflow of the study design is outlined in Figure 4.

g 5 & _, 'O/ “‘%i“ &
.' ) 55 ) ~ @\ - 5

: ; : IHC validation
Deep subcortical Histological Laser capture RNA

white matter characterization microdissection of extraction
microglia
Mlcroarray anaIyS|s
Figure 4. Overview of study design. Deep subcortical white matter blocks were histologically
characterized to confirm either non-lesional control or lesional white matter had been sampled.
CD68" microglia were isolated using immuno-laser capture microdissection and the transcriptomic
profile was assessed using RNA-seq and microarray analysis. Immunohistochemistry (IHC) was
performed to confirm expression and cellular localization of proteins encoded by a panel of candidate

genes. Created with BioRender.com.

4.1. Case Selection and Histological Characterization

Frozen post-mortem deep-subcortical white matter blocks were obtained from the
Cognitive Function and Ageing Study (CFAS) neuropathology brain bank in accordance
with Research Ethics Committee approval (REC No: 15/SW/0246). Initially, MRI analysis
of the formalin-fixed hemisphere was used to guide case selection and sampling of the
contralateral frozen hemisphere. The modified Schelten’s semi-quantitative rating system
was used to identify the control (1 = 4) and lesional cases (1 = 4), where control WM cases
had a score of 0, and DSCLs had a score of 5. Matched DSCLs (n = 4) and NAWM (n = 4)
blocks were obtained from the lesional cases. The mean age at death of the control samples
was 81.8 years, (SD 8.2 years, range 73-92 years), and the DSCL samples was 89.7 years,
(SD 6.5 years, range 74-96 years). The post-mortem interval in the control group ranged
between 6 and 75 h, the DSCL group ranged between 15 and 79 h.
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Previous studies have shown that DSCLs are characterized by high levels of CD68*
microglia with an amoeboid phenotype [10]; therefore, to confirm that DSCLs had been
sampled, expression of CD68 (Mouse monoclonal, IgG 1:100, Dako, Ely, UK) was assessed
using a standard horseradish peroxidase-conjugated avidin-biotin complex (ABC-HRP)
immunohistochemistry approach (Vectastain Elite kit; Vector Laboratories, Peterborough,
UK) with 3,3'-diaminobenzidine (DAB) (Vector Laboratories UK) as the substrate.

4.2. Laser Capture Microdissection (LCM) of Microglia

CD68 immunopositive microglia were isolated from the deep-subcortical white matter
blocks (12 white matter blocks: control # = 4, NAWM n = 4; DSCLs n = 4) using a modified
rapid immuno-laser capture microdissection (LCM) protocol using the Arcturus PixCell
II LCM system (Thermoscientifc, Runcorn, UK). Approximately 2500 CD68" cells were
isolated from each case using LCM and total RNA was extracted using the Arcturus
PicoPure RNA isolation kit according to the manufacturer’s protocol (Thermoscientifc,
Runcorn, UK).

4.3. RNA-Sequencing

RNA-sequencing of 12 samples (control n = 4; NAWM n = 4; DSCLs n = 4) was per-
formed at the Sheffield Diagnostic Genetics Service, Sheffield Children’s Hospital NHS
Foundation Trust. RNA was prepared for sequencing using the NEBNext® Single Cell/Low
Input RNA Library Prep Kit (Illumina, San Diego, CA, USA) according to the manufac-
turer’s protocol. Briefly, 8 uL of extracted total RNA was reversed transcribed to cDNA and
amplified following 20 cycles of amplifying PCR (initial denaturation at 98 °C for 45 s, the
product was amplified at 98 °C for 10 s, 62 °C for 15 s, 72 °C for 3 min and then 72 °C for
5 min). Following fragmentation, samples underwent adapter ligation and indexing to
create cDNA libraries, permitting recognition of each sample once pooled. Each cDNA
library product underwent amplification following 9 cycles of amplifying PCR (initial
denaturation at 98 °C for 30 s, then the product was amplified at 98 °C for 10 s, 65 °C for
75 s and then 65 °C for 5 min) and pooled. Pooled cDNA libraries were run in duplicate
lanes of a flow cell to maximize the number of mapped reads (100 bp single read) and
sequenced on an Illumina HiSeq 2500 platform using the Illumina TruSeq SBS Kit, San
Diego, CA, USA).

RNA-Seq Data Analysis

Galaxy web platform, at usegalaxy.org version 1.9, was accessed on 12 January 2021
and used for sample quality assessment, alignment, quantification and differential expres-
sion analysis. Concatenate Datasets tool in Galaxy was used to combine the two fastq files
for each sample and subsequent quality checks were carried out using the MultiQC tool that
visually presents a summary comparison of the output from numerous data across all sam-
ples. Using the HISAT? tool, sample reads from the concatenated fastq files were mapped
and aligned to the built-in reference human genome (Hg38). Compact Idiosyncratic Gapped
Alignment Report (CIGAR) was generated to pair the given sequences with their assigned
position on the reference genome. The QC statistics for aligned reads were calculated using
samtools, enabling the flagging of any unmapped, unpaired or duplicated reads.

4.4. Microarray

RNA extracted from CD68*ve LCM cells of 12 samples (control n = 4; NAWM
n = 4; DSCLs n = 4) was prepared for microarray analysis using the GeneChip 3’ IVT
Pico kit (Applied Biosystems, ThermoFisher, UK). In brief, 10 ng RNA was amplified using
low-cycle PCR followed by amplification using T7 in vitro transcription. The cRNA was
converted to biotinylated sense-strand DNA hybridization targets. Approximately 5.5 ug
amplified cDNA was fragmented, labelled and hybridized to Clariom S Array chips for
16 h at 45 °C in a rotating oven at 60 rpm. Using the Fluidics Station 400 (Affymetrix®, High
Wycombe, UK) and GeneChip Operating System (Affymetrix®, High Wycombe, UK), a
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series of washing steps followed to remove any unbound DNA, before each microarray was
stained and scanned using the GeneChip 3000 scanner (Affymetrix®, High Wycombe, UK).

Microarray Data Analysis

Affymetrix Expression Console software version 1.4.1.46 (Affymetrix®, High Wycombe,
UK) was employed to quality control the data and principal component analysis (PCA)
in Qlucore Omics Explorer software version 3.9 (Qlucore, Lund, Sweden) was used to
visually inspect the data and identify sample outliers. Transcriptome Analysis Console
(TAC) software version 4.1.1 (Affymetrix®, High Wycombe, UK), was used to analyze and
compare the gene expression profile of the 3 groups. Genes were considered significantly
differentially expressed if they had a minimum fold change (FC) > +1.2 and p < 0.05. The
comparisons of the microglial transcriptomic profiles in each WM group were analyzed us-
ing the Database for Annotation Visualization and Integrated Discovery (DAVID) software
version 6.8) [33]. Each dataset from the 3 comparisons was uploaded to DAVID to identify
significant KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways. The clustering
tool on DAVID was used at the highest stringency settings to obtain high specificity and
minimize the rate of false-positives, and to enable gene annotated clustering of groups
according to their related function, pathway or interactions.

4.5. Immunohistochemical Validation of Protein Changes

To confirm expression and cellular localization of proteins encoded by a panel of
candidate genes, standard ABC-HRP immunohistochemistry was carried out with DAB
as substrate (Vectastain Elite kit; Vector Laboratories UK) on the control (n = 4), NAWM
(n = 4) and DSCLs (n = 4) white matter blocks used in the transcriptomic studies. The
primary antibodies and experimental conditions used are shown in Table 5. For image
acquisition, both the Nikon microscope and NIS-Elements Imaging Software version 4.2
(Nikon, Surbiton, UK, Kingston Upon Thames) were used. Analysis"D (Nikon UK, Kingston
Upon Thames) was used to quantify the percentage of immunoreactivity across 5 images
of the deep subcortical white matter area for each case.

Table 5. Antibody source and specificity.

Primary Antibody Species Clonality Isotype Dilution Supplier
CD163 Rabbit Monoclonal IeG 1:500 Abcam, UK
Dub3 Rabbit Polyclonal IgG 1:100 Novusbio, UK
SRBI Rabbit Monoclonal IeG 1:500 Abcam, UK

Statistical Analysis

The relationship between the different markers within the different patient groups
was determined using a non-parametric Kruskal-Wallis test with the Bonferroni correction
test using SPSS software version 26.0 (SPSS Inc., Chicago, IL, USA).

Author Contributions: Conceptualization, J.E.S., Ev.E. and S.B.W.; methodology, T.A. and RW,;
formal analysis, T.A., J.E.S., PR.H. and R.W.; writing—original draft preparation, T.A., RW. and J.E.S.;
writing—review and editing, T.A., RW,, S.B.W,, PR.H., EEM,, C.B,, Ev.E. and ].E.S; supervision,
J.E.S. and Ev.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a PhD scholarship from King Abdulaziz University (KAU)
awarded to T.A. Work in the individual CFAS centres is supported by the UK NIHR Biomedical
Research Centre for Ageing and Age—awarded to Newcastle-upon-Tyne Hospitals Foundation
Trust; Cambridge Brain Bank supported by the NIHR Cambridge Biomedical Research Centre;
Nottingham University Hospitals NHS Trust; University of Sheffield, Sheffield Teaching Hospitals
NHS Foundation Trust and the Sheffield NIHR Biomedical Research Centre; The Thomas Willis
Oxford Brain Collection, supported by the Oxford Biomedical Research Centre; The Walton Centre
NHS Foundation Trust, Liverpool.



Int. J. Mol. Sci. 2024, 25, 4445 10 of 11

Institutional Review Board Statement: The study was conducted in accordance with Research Ethics
Committee approval (REC No: 15/SW/0246) approved on 10 August 2015.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The RNA-seq and microarray datasets are freely available at the Gene
Expression Omnibus (GEO) public database (accession code GSE260619 and GSE260815, respectively).

Acknowledgments: CFAS would like to acknowledge the essential contribution of the liaison officers,
the general practitioners, their staff, and nursing and residential home staff. We are grateful to
our respondents and their families for their generous gift to medical research, which has made this
study possible.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Prins, N.D,; Scheltens, P. White matter hyperintensities, cognitive impairment and dementia: An update. Nat. Rev. Neurol. 2015,
11, 157. [CrossRef] [PubMed]

2. Brayne, C.; McCracken, C.; Matthews, EE. Cohort profile: The Medical Research Council cognitive function and ageing study
(CFAS). Int. ]. Epidemiol. 2006, 35, 1140-1145. [CrossRef] [PubMed]

3. Wharton, S.B.; Brayne, C.; Savva, G.M.; Matthews, FE.; Forster, G.; Simpson, ].; Lace, G.; Ince, P.G. Epidemiological neuropathol-
ogy: The MRC cognitive function and aging study experience. J. Alzheimers Dis. 2011, 25, 359-372. [CrossRef] [PubMed]

4. Lee, S; Vigar, F; Zimmerman, M.E.; Narkhede, A.; Tosto, G.; Benzinger, T.L.; Marcus, D.S.; Fagan, A.M.; Goate, A.; Fox, N.C.;
et al. White matter hyperintensities are a core feature of Alzheimer’s disease: Evidence from the dominantly inherited Alzheimer
network. Ann. Neurol. 2016, 79, 929-939. [CrossRef] [PubMed]

5. Hanyu, H.; Koyama, Y.; Umekida, K.; Momose, T.; Watanabe, S.; Sato, T. Factors and brain imaging features associated with
cognition in oldest-old patients with Alzheimer-type dementia. J. Neurol. Sci. 2024, 10, 122929. [CrossRef]

6. De Groot, ].C.; De Leeuw, EE.; Oudkerk, M.; Van Gijn, J.; Hofman, A_; Jolles, J.; Breteler, M.M. Periventricular cerebral white
matter lesions predict rate of cognitive decline. Ann. Neurol. 2002, 52, 335-341. [CrossRef] [PubMed]

7. Hu, H.-Y,; Ou, Y.-N.; Shen, X.-N.; Qu, Y;; Ma, Y.-H.; Wang, Z.-T,; Dong, Q.; Tan, L.; Yu, J.-T. White matter hyperintensities and
risks of cognitive impairment and dementia: A systematic review and meta-analysis of 36 prospective studies. Neurosci. Biobehav.
Rev. 2021, 120, 16-27. [CrossRef]

8.  Freeze, WM,; Jacobs, H.I,; De Jong, ].J.; Verheggen, I.C.; Gronenschild, E.H.; Palm, W.M.; Hoff, E.I.; Wardlaw, ].M.; Jansen, . EA;
Verhey, F.R; et al. White matter hyperintensities mediate the association between blood-brain barrier leakage and information
processing speed. Neurobiol. Aging 2020, 85, 113-122. [CrossRef] [PubMed]

9.  Prinz, M,; Priller, J. Microglia and brain macrophages in the molecular age: From origin to neuropsychiatric disease. Nat. Rev.
Neurosci. 2014, 15, 300-312. [CrossRef]

10. Wharton, S.B.; Simpson, J.E.; Brayne, C.; Ince, P.G. Age-Associated White Matter Lesions: The MRC Cognitive Function and
Ageing Study. Brain Pathol. 2015, 25, 35-43. [CrossRef]

11.  Fadul, M.M.; Heath, P.R.; Cooper-Knock, J.; Kurz, ] M.; Al-Azzawi, H.A.; Ali, Z.; Smith, T.; Matthews, EM.; Brayne, C.; Wharton,
S.B.; et al. Transcriptomic analysis of age-associated periventricular lesions reveals dysregulation of the immune response. Int. .
Mol. Sci. 2020, 21, 7924. [CrossRef] [PubMed]

12. Li, Y,; Kalpouzos, G.; Backman, L.; Qiu, C.; Laukka, E.J. Association of white matter hyperintensity accumulation with domain-
specific cognitive decline: A population-based cohort study. Neurobiol. Aging. 2023, 132, 100-108. [CrossRef] [PubMed]

13.  Ozsolak, F.; Milos, PM. RNA sequencing: Advances, challenges and opportunities. Nat. Rev. Genet. 2011, 12, 87-98. [CrossRef]
[PubMed]

14. Wang, Z; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57-63. [CrossRef] [PubMed]

15. Lonergan, W.; Whistler, T.; Vernon, S.D. Comparison of target labeling methods for use with Affymetrix GeneChips. BMC
Biotechnol. 2007, 7, 24. [CrossRef] [PubMed]

16. Zhang, X.; Hu, C.; Huang, C.; Wei, Y,; Li, X.; Hu, M,; Li, H.; Wu, J.; Czajkowsky, D.M.; Guo, Y.; et al. Robust Acquisition of Spatial
Transcriptional Programs in Tissues with Immunofluorescence-Guided Laser Capture Microdissection. Front. Cell Dev. Biol. 2022,
10, 853188. [CrossRef]

17.  Almeida, D.; Turecki, G. Profiling cell-type specific gene expression in post-mortem human brain samples through laser capture
microdissection. Methods 2022, 207, 3—10. [CrossRef]

18. Mauney, S.A.; Pietersen, C.Y.; Sonntag, K.-C.; Woo, T.-U.W. Differentiation of oligodendrocyte precursors is impaired in the
prefrontal cortex in schizophrenia. Schizophr. Res. 2015, 169, 374-380. [CrossRef] [PubMed]

19. Sadrzadeh, S.M.; Bozorgmehr, J. Haptoglobin phenotypes in health and disorders. Am. J. Clin. Pathol. 2004, 121, S97-5104. [CrossRef]

20. Bulters, D.; Gaastra, B.; Zolnourian, A.; Alexander, S.; Ren, D.; Blackburn, S.L.; Borsody, M.; Doré, S.; Galea, J.; Iihara, K.;

et al. Haemoglobin scavenging in intracranial bleeding: Biology and clinical implications. Nat. Rev. Neurol. 2018, 14, 416-432.
[CrossRef]


https://doi.org/10.1038/nrneurol.2015.10
https://www.ncbi.nlm.nih.gov/pubmed/25686760
https://doi.org/10.1093/ije/dyl199
https://www.ncbi.nlm.nih.gov/pubmed/16980700
https://doi.org/10.3233/JAD-2011-091402
https://www.ncbi.nlm.nih.gov/pubmed/21422529
https://doi.org/10.1002/ana.24647
https://www.ncbi.nlm.nih.gov/pubmed/27016429
https://doi.org/10.1016/j.jns.2024.122929
https://doi.org/10.1002/ana.10294
https://www.ncbi.nlm.nih.gov/pubmed/12205646
https://doi.org/10.1016/j.neubiorev.2020.11.007
https://doi.org/10.1016/j.neurobiolaging.2019.09.017
https://www.ncbi.nlm.nih.gov/pubmed/31718926
https://doi.org/10.1038/nrn3722
https://doi.org/10.1111/bpa.12219
https://doi.org/10.3390/ijms21217924
https://www.ncbi.nlm.nih.gov/pubmed/33113879
https://doi.org/10.1016/j.neurobiolaging.2023.08.011
https://www.ncbi.nlm.nih.gov/pubmed/37776581
https://doi.org/10.1038/nrg2934
https://www.ncbi.nlm.nih.gov/pubmed/21191423
https://doi.org/10.1038/nrg2484
https://www.ncbi.nlm.nih.gov/pubmed/19015660
https://doi.org/10.1186/1472-6750-7-24
https://www.ncbi.nlm.nih.gov/pubmed/17511875
https://doi.org/10.3389/fcell.2022.853188
https://doi.org/10.1016/j.ymeth.2022.08.013
https://doi.org/10.1016/j.schres.2015.10.042
https://www.ncbi.nlm.nih.gov/pubmed/26585218
https://doi.org/10.1309/8GLX5798Y5XHQ0VW
https://doi.org/10.1038/s41582-018-0020-0

Int. J. Mol. Sci. 2024, 25, 4445 11 0f 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Brown, N.; Alkhayer, K.; Clements, R.; Singhal, N.; Gregory, R.; Azzam, S.; Li, S.; Freeman, E.; McDonough, J. Neuronal
Hemoglobin Expression and Its Relevance to Multiple Sclerosis Neuropathology. J. Mol. Neurosci. 2016, 59, 1-17. [CrossRef]
[PubMed]

He, Y,; Hua, Y.; Keep, R.F; Liu, W.; Wang, M.M.; Xi, G. Hemoglobin Expression in Neurons and Glia After Intracerebral
Hemorrhage. In Intracerebral Hemorrhage Research; Acta Neurochirurgica Supplementum; Zhang, J., Colohan, A., Eds.; Springer:
Vienna, Austria, 2011; Volume 111, pp. 133-137.

Borda, ].T.; Alvarez, X.; Mohan, M.; Hasegawa, A.; Bernardino, A.; Jean, S.; Aye, P.; Lackner, A.A. CD163, a marker of perivascular
macrophages, is up-regulated by microglia in simian immunodeficiency virus encephalitis after haptoglobin-hemoglobin complex
stimulation and is suggestive of breakdown of the blood-brain barrier. Am. J. Pathol. 2008, 172, 725-737. [CrossRef] [PubMed]
Chen, Y,; Lu, P; Wu, S;; Yang, J.; Liu, W.; Zhang, Z.; Xu, Q. CD163-mediated small-vessel injury in Alzheimer’s Disease: An
exploration from neuroimaging to transcriptomics. Int. J. Mol. Sci. 2024, 25, 2293. [CrossRef] [PubMed]

Yang, G.-F,; Zhang, X.; Su, Y.-G.; Zhao, R.; Wang, Y.-Y. The role of the deubiquitinating enzyme DUB3/USP17 in cancer: A
narrative review. Cancer Cell Int. 2021, 21, 455. [CrossRef] [PubMed]

Ruan, J.; Schliiter, D.; Wang, X. Deubiquitinating enzymes (DUBs): DoUBle-edged swords in CNS autoimmunity. J. Neuroinflamm.
2020, 17, 102. [CrossRef] [PubMed]

Das, S.; Ramakrishna, S.; Kim, K.-S. Critical roles of deubiquitinating enzymes in the nervous system and neurodegenerative
disorders. Mol. Cells 2020, 43, 203. [PubMed]

Snyder, N.A; Silva, G.M. Deubiquitinating enzymes (DUBs): Regulation, homeostasis, and oxidative stress response. J. Biol.
Chem. 2021, 297, 101077. [CrossRef] [PubMed]

Liu, B.; Ruan, J.; Chen, M,; Li, Z.; Manjengwa, G.; Schliiter, D.; Song, W.; Wang, X. Deubiquitinating enzymes (DUBs): Decipher
underlying basis of neurodegenerative diseases. Mol. Psychiatry 2022, 27, 259-268. [CrossRef] [PubMed]

Weidauer, S.; Wagner, M.; Hattingen, E. White Matter Lesions in Adults—A Differential Diagnostic Approach. Fortschr. Rontgenstr.
2020, 192, 1154-1173. [CrossRef]

Rao, M.S,; Van Vleet, T.R; Ciurlionis, R.; Buck, W.R.; Mittelstadt, S.W.; Blomme, E.A.G.; Liguori, M.]. Comparison of RNA-Seq
and Microarray Gene Expression Platforms for the Toxicogenomic Evaluation of Liver from Short-Term Rat Toxicity Studies.
Front. Genet. 2019, 9, 636. [CrossRef]

Schurch, N.J.; Schofield, P.; Gierliriski, M.; Cole, C.; Sherstnev, A.; Singh, V.; Wrobel, N.; Gharbi, K.; Simpson, G.G.; Owen-Hughes,
T.; et al. How many biological replicates are needed in an RNA-seq experiment and which differential expression tool should you
use? RNA 2016, 22, 839-851. [CrossRef] [PubMed]

Huang, D.; Sherman, B.; Lempicki, R. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources.
Nat. Protoc. 2009, 4, 44-57. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12031-015-0711-6
https://www.ncbi.nlm.nih.gov/pubmed/26809286
https://doi.org/10.2353/ajpath.2008.070848
https://www.ncbi.nlm.nih.gov/pubmed/18276779
https://doi.org/10.3390/ijms25042293
https://www.ncbi.nlm.nih.gov/pubmed/38396970
https://doi.org/10.1186/s12935-021-02160-y
https://www.ncbi.nlm.nih.gov/pubmed/34454495
https://doi.org/10.1186/s12974-020-01783-8
https://www.ncbi.nlm.nih.gov/pubmed/32248814
https://www.ncbi.nlm.nih.gov/pubmed/32133826
https://doi.org/10.1016/j.jbc.2021.101077
https://www.ncbi.nlm.nih.gov/pubmed/34391779
https://doi.org/10.1038/s41380-021-01233-8
https://www.ncbi.nlm.nih.gov/pubmed/34285347
https://doi.org/10.1055/a-1207-1006
https://doi.org/10.3389/fgene.2018.00636
https://doi.org/10.1261/rna.053959.115
https://www.ncbi.nlm.nih.gov/pubmed/27022035
https://doi.org/10.1038/nprot.2008.211
https://www.ncbi.nlm.nih.gov/pubmed/19131956

	Introduction 
	Results 
	Histological Characterization Confirms the Classification of Sampled WM 
	RNA-Sequencing Is Not Compatible with Immuno-LCM-ed Post-Mortem Tissue in the CFAS Cohort 
	Microarray Transcriptomic Profiling Is Compatible with Immuno-LCM in the CFAS Cohort 
	Validation of Candidate Gene Expression 

	Discussion 
	Materials and Methods 
	Case Selection and Histological Characterization 
	Laser Capture Microdissection (LCM) of Microglia 
	RNA-Sequencing 
	Microarray 
	Immunohistochemical Validation of Protein Changes 

	References

