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Abstract

Multiple Sclerosis (MS) is the most common cause of acquired neurological disability in young adults, pathologically
characterized by leukocyte infiltration of the central nervous system, demyelination of the white and grey matter, and
subsequent axonal loss. Microglia are proposed to play a role in MS lesion formation, however previous literature has
not been able to distinguish infiltrated macrophages from microglia. Therefore, in this study we utilize the microglia-
specific, homeostatic markers TMEM119 and P2RY12 to characterize their immunoreactivity in MS grey matter lesions
in comparison to white matter lesions. Furthermore, we assessed the immunological status of the white and grey
matter lesions, as well as the responsivity of human white and grey matter derived microglia to inflammatory
mediators. We are the first to show that white and grey matter lesions in post-mortem human material differ in their
immunoreactivity for the homeostatic microglia-specific markers TMEM119 and P2RY12. In particular, whereas
immunoreactivity for TMEM119 and P2RY12 is decreased in the center of WMLs, immunoreactivity for both markers is
not altered in GMLs. Based on data from post-mortem human microglia cultures, treated with IL-4 or IFNy+LPS and
on counts of CD3* or CD20™ lymphocytes in lesions, we show that downregulation of TMEM119 and P2RY12
immunoreactivity in MS lesions corresponds with the presence of lymphocytes and lymphocyte-derived cytokines
within the parenchyma but not in the meninges. Furthermore, the presence of TMEM119" and partly P2RY12"
microglia in pre-active lesions as well as in the rim of active white and grey matter lesions, in addition to TMEM119*
and P2RY12" rod-like microglia in subpial grey matter lesions suggest that blocking the entrance of lymphocytes into
the CNS of MS patients may not interfere with all possible effects of TMEM119" and P2RY12* microglia in both white
and grey matter MS lesions.
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Introduction

Multiple Sclerosis (MS) is the most common cause of ac-
quired neurological disability in young adults. It is a chronic
inflammatory, degenerative disease of the central nervous
system (CNS), pathologically characterized by leukocyte in-
filtration of the CNS, demyelination of the white and grey
matter, and subsequent axonal loss. From a clinical point of
view, MS is very heterogeneous and is associated with an
array of symptoms, including sensory and motor deficits,
fatigue, cognitive and psychiatric disturbances [1, 2].

Microglia are considered to play an important role in
MS lesion formation [3-7]. Dysfunction of the blood-
brain-barrier leads to infiltration of leukocytes into the
CNS, possibly attracted by antigens presented by micro-
glia and/or by infiltrated macrophages [6, 8]. Indeed, ac-
tivated, amoeboid-shaped microglia are present within
active white matter lesions (WMLs) and in the rim of
chronic-active WMLs, expressing MHC-II [9]. Pre-active
lesions consisting of microglial nodules expressing
MHC-II can also be found in the normal appearing
white-matter, preceding demyelination and infiltration
of leukocytes [10].

When studying the expression profile of microglia, at
least two genes have been related to a homeostatic sig-
nature of microglia in the human and rodent brain, i.e.
TMEM119 and P2RY12. Both TMEM119 and P2RY12
mRNA have been shown to be expressed only by micro-
glia and not by infiltrating macrophages [11-14]. Inter-
estingly, TMEM119 and P2RY12 immunoreactivity has
been shown to be reduced in active WMLs compared to
normal-appearing WM in post-mortem MS patient
brain material which can indicate either a decrease in
microglia presence in the WML or regulation of the
microglia markers by the local inflammatory environ-
ment [15-17]. This last option is supported by observa-
tions that P2RY12 expression in human microglia is
enhanced by the anti-inflammatory cytokine interleukin-
4 (IL-4) [15, 18], whereas TMEM119 mRNA levels are
reduced in mouse derived microglia treated with pro-
inflammatory lipopolysaccharide in vitro [11], indicating
that expression of both markers can be regulated by in-
flammatory cytokines.

Contrary to WMLs, to date, there has been no study
on the expression of TMEM119 and P2RY12 in grey
matter lesions (GMLs). However, recent studies utilizing
single-cell RNA-seq have shown that microglia in nor-
mal appearing white matter (NAWM) and normal-
appearing grey matter (NAGM) of MS patients differ in
their gene expression pattern [19]. In line with this ob-
servation, it was already shown in normal rodent brain,
that microglia derived from various brain regions show a
region-specific expression profile [20, 21]. In that respect
it is worth noting that, different from WMLs, microglia
in MS GMLs only sparsely express MHC-II and show
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mostly a ramified or ‘reactive’ phenotype instead of an
amoeboid, ‘active’ phenotype [22-24].

If we want to understand how microglia can contrib-
ute to MS lesion formation, more attention should be
focused on microglia in GMLs. In GMLs, demyelination
is as evident, or even more extensive [25-27] as in
WMLs, but the microglial and inflammatory response
appears different. Therefore, in order to expand the
existing literature we identified and compared the ex-
pression of the homeostatic markers TMEM119 and
P2RY12 in MS GMLs to WMLs. To this end, we used
post-mortem human MS brain material containing sub-
pial GMLs and various WML types, and leukocortical le-
sions to perform immunohistochemical analysis of
TMEMI119 and P2RY12. Moreover, the immunological
status of the lesions was determined and the responsivity
of human white matter (WM) and grey matter (GM) de-
rived microglia to inflammatory mediators was assessed.

Methods

Post-mortem human brain tissue

Post-mortem brain material of MS patients was obtained
from the Netherlands Brain Bank (NBB, Amsterdam,
The Netherlands) and from the Biobank of the
Amsterdam MS center (Amsterdam, The Netherlands).
In compliance with all local ethical and legal guidelines,
informed consent for brain autopsy and the use of brain
tissue and clinical information for scientific research was
given by either the donor or the next of kin. For immu-
nohistochemical purposes, a total of 27 tissue blocks
from 18 clinically diagnosed and pathologically verified
MS patients were used. For isolating primary microglia,
fresh NAWM and NAGM tissue was taken at autopsy
from 12 patients with various neurological diseases.
Clinicopathological information of patients from which
brain material was used in this study, is provided in
Table 1.

Immunohistochemistry

After autopsy, dissected brain tissue was fixed in 4% for-
malin and subsequently embedded in paraffin. From the
obtained cortical and subcortical tissue paraffin blocks,
10 um sections were cut on a microtome and mounted
on positively charged glass slides (Permafrost) and incu-
bated on a heated plate for 1h at 43°C. Afterwards,
slides were dried overnight in an incubator at 37 °C be-
fore being stored at room temperature (RT). Upon use
for immunohistochemistry, tissue sections were heated
to 58 °C for 30 min. Subsequently, sections were deparaf-
finized in xylene replacement (100%) and graded ethanol
series (100, 96, 80 and 70%) to demi-water. For antigen
retrieval, sections were heated to 90-95°C in 10 mM
Tris buffer containing 1 mM EDTA (Tris-EDTA, pH9)
or in 0.1 M citrate buffer (pH 6, see Table 2) for 30 min.
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Table 1 Clinicopathological information of included patients for immunohistochemistry and primary microglia isolation

Patient Age Gender Diagnosis Disease duration * Post-mortem delay Cause of death Lesions
(years) (h)

Immunohistochemistry

1 60 M SPMS 16 849 Euthanasia 1 aWML, NAWM, NAGM

2 48 M PPMS 18 6:35 Dehydration 2 aWML, 2 cWML, 2 sGML,

NAWM, NAGM

3 66 F PPMS 27 9:45 Pneumonia 1 sGML, NAWM, NAGM

4 52 F PPMS 25 8:40 Euthanasia 1 cWML, 1 sGML, NAWM, NAGM,

5 74 F PPMS 16 10:30 Respiratory failure 1 sGML, NAWM, NAGM,

6 65 F SPMS 22 10:45 Brain infarction 2 AWML, 1 sGML, NAWM, NAGM,

7 66 F SPMS 22 6:00 Unknown 2 aWML, 1 sGML, NAWM, NAGM

8 51 M SPMS 20 11:00 Unknown 2 aWML, 1 cWML, NAGM

9 50 F SPMS 12 9:05 Euthanasia 1 aWML, 1 sGML, NAWM,

10 50 M SPMS 21 10:50 Euthanasia 1 aWML, NAWM, NAGM

11 54 M PPMS 12 815 Euthanasia 1 cWML,1 sGML

12 54 F SPMS 23 9:25 Respiratory failure T aWML

13 47 F SPMS 27 8:35 Pneumonia 1 aGML

14 53 M PPMS 2 5:30 Pneumonia 1 leukocortical lesion

15 41 F SPMS 1 825 Natural causes 1 leukocortical lesion

16 45 M SPMS 20 7:45 Cardiac Arrest 1 leukocortical lesion

17 54 F SPMS 24 9:10 Dyspnea followed by 1 leukocortical lesion
palliative care

18 57 F SPMS 25 10:40 Euthanasia 1 leukocortical lesion

Primary microglia isolation

15 81 M PD 38 8:05 Septic Shock

16 65 M SPMS 34 9:30 Euthanasia

17 51 F SPMS 17 9:10 Euthanasia

18 70 M SPMS 33 9:25 Euthanasia

19 81 F PD 7 10:50 Respiratory Failure

20 76 F Hypokinesia /9 9:15 Heart Failure

PD
21 67 F PPMS 16 545 Euthanasia
22 35 F Neuropathic 8 5:20 Euthanasia
pain

23 65 F MSA-P 3 7:05 Euthanasia

24 67 M PPMS 1 7:55 Euthanasia

25 52 F PPMS 2 9:30 Euthanasia

26 83 F PPMS 34 7:40 Ovarian Cancer

M male, F female, SP Secondary progressive, PP Primary progressive, PD Parkinson’s Disease, MSA-P Multiple System Atrophy-Parkinsonism, * Starting from first
diagnosis, NAGM normal appearing grey matter, NAWM normal appearing white matter, (WML chronic white matter lesion, aWML active white matter lesion, sGML

subpial grey matter lesion, aGML active grey matter lesion

in a conventional steam cooker. When cooled down
to RT, sections were washed in TBS (pH7.6) and
incubated in TBS with 1% H202 for 20 min. to
block endogenous peroxidase activity. Subsequently,
after washes with TBS, the sections were incubated
for 30 min. in TBS containing 0.5% Triton (TBS-T)
and 5% milk powder (Campina, Zaltbommel, The

Netherlands; block buffer) to block non-specific
antibody binding.

Primary antibodies were diluted in block buffer as in-
dicated in Table 2, and the sections were incubated with
the antibodies overnight at 4°C. Then, sections were
washed in TBS and incubated in block buffer containing
corresponding biotinylated goat anti mouse IgGs (1:400,
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Primary antibody Ab Dilution Antigen Retrieval Source (article number)

Rabbit anti TMEM119 C-terminus 1:500 Tris/EDTA pH9 Atlas Antibodies, Sweden (HPA051870)
Rabbit anti Human P2Y12R C-terminus 1:200 Tris/EDTA pH9 Anaspec, Netherlands (AS-55042A)
Mouse anti MHC-Il (HLA-DR) 1:1000 Tris/EDTA pH9 Clone LN3, Pierce, ThermoFisher (MA5-11966)
Rabbit anti Iba-1 1:1000 Citrate pH 6 WAKO Chemicals US.A. (019-19,741)
Mouse anti PLP 1:250 Tris/EDTA pH9 Serotec (MCA839G)

Rabbit anti CD3 1:100 Citrate pH 6 DAKO, Denmark (A04520)

Mouse anti CD20 1:200 Tris/EDTA pH9 DAKO, Denmark (M0755)

Mouse anti IL-4 1:500 Citrate pH 6 BioMatik (CAU29167)

Mouse anti IFN-y 1:000 Tris/EDTA pH9 Abcam, UK. (ab218426)

Goat anti Iba-1 1:500 Tris/EDTA pH9 Abcam, UK. (ab5076)

Ab antibody

Jackson laboratories, Cambridge, UK) or biotinylated
donkey anti rabbit IgGs (1:400, Jackson laboratories) at
RT for 2 h. Subsequently, sections were washed in TBS
and incubated for 1h with horseradish peroxidase-
labeled avidin-biotin complex (ABC complex, 1:400,
Vector Labs) in TBS-T at RT. Finally, after washes in
TBS and Tris-HCl, immunoreactivity was visualized by
adding 3,3-diaminobenzidine (DAB, Sigma, St. Louis,
USA) or NovaRED (Vector Labs, Peterborough, UK),
and sections were counterstained with hematoxylin. Sec-
tions were subsequently dehydrated in graded series of
ethanol, cleared in xylene and mounted with Entellan.

Identification of multiple sclerosis lesion types

MS lesion types were identified in post-mortem brain
material by immunohistological staining for myelin pro-
teolipid protein (PLP) and staining for the HLA-DR
marker MHC-IIL. Lesion location was determined by the
relative absence of PLP immunoreactivity indicating de-
myelinating/demyelinated areas. WML types were classi-
fied according to Kuhlmann et al. (2017) [9]. WML
types were characterized as active when immunoreactiv-
ity for PLP was lost and a large number of amoeboid
MHC-II" cells was present in the demyelinating or
demyelinated lesion (Fig. 1a, b). WMLs showing a ‘rim’
of MHC-II"cells around the demyelinated lesion with
less, but still apparent amoeboid MHC-II* cells in the
center of the demyelinated lesion were deemed chronic-
active WMLs (or mixed active/inactive according to
Kuhlmann et al, (2017) (Fig. 1c, d). In contrast to
WMLs, characterization of lesions in the GM is based
on location rather than MHC-II" activity [28]. Lesions
showing loss of myelin (as indicated by reduced PLP
staining) from the outer layer into the cortex were
deemed subpial lesions [9, 29]. They often present with
little MHC-II" cells (Fig. 1g, h) [23]. Lesion activity in
GMLs is defined by the presence or absence of a rim of
activated microglia surrounding the lesion area as

defined by Peterson et al., (2001) [30]. One case showed
a subpial GML with a clear rim of activated MHC-II*
cells, this lesion was deemed an active subpial GML
(Fig. 1e, f) [23]. Type 1 (leukocortical) lesions featured a
chronic-active white-matter demyelinated area, charac-
terized by a rim of MHC-II" cells and a grey-matter
demyelinated area with a comparatively low amount of
MHC-II* cells similar to subpial GMLs (Additional file 1:
Figure S1) [9]. In addition, WM areas with MHC-II" micro-
glial nodules, but no demyelination and not in close prox-
imity to blood vessels were deemed pre-active lesions [10].

Double-labeling immunohistochemistry

Sections were pretreated as described for single labeling
above. Sections were incubated overnight at 4°C with
both primary antibodies (either TMEM119, P2RY12 or
Iba-1, for dilutions see Table 2) diluted in block buffer.
Sections were washed in TBS and incubated with alka-
line phosphatase ImmPRESS anti-Rabbit IgG polymer
detection kit (Vectorlabs) for 30 min. at RT. Subse-
quently, slides were washed again and incubated for 2 h
at RT with a biotinylated donkey anti goat IgG’s (Iba-1;
1:400, Jackson laboratories). Subsequently, sections were
washed in TBS and incubated for 1 h at RT with horse-
radish peroxidase labeled avidin-biotin complex (ABC
complex, 1:400 Vectashield). Afterwards, slides were
washed in TBS and immunoreactivity of TMEM119 or
P2RY12 was then visualized by adding Liquid Permanent
Red (LPR, DAKO) and Iba-1 immunoreactivity was visu-
alized using the Vector SG Peroxidase kit (Vectorlabs).
Subsequently, sections were washed and dried on a
heated plate at 37 °C before being cleared in xylene and
mounted with Entellan.

Separation of color signals from double-labeled sections

Pictures of double labeled sections were taken at wave-
lengths ranging from 480 nm to 680 nm at 60x magnifi-
cation using the Nuance multispectral imaging system
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Fig. 1 Representative images of lesion types used in this study. Lesions are characterized by loss of PLP staining and amount of MHC-II+ cells. A

large amount of of MHC-II+ cells can be observed in the demyelinated area (a) in active WMLs (b). Chronic-active demyelinated WMLs (c) feature

a 'rim” of MHC-I cells (d) which is also visible in demyelinated active GMLs (e, f). Subpial demyelinated (g) GMLs hardly show MHC-lI+ cells (h).
Scalebar (a-h) = 200 um. Dashed lines indicate the edge of the lesion

A\

(PerkinElmer). LPR stained cells and Vector SG stained  Using the open source software Image] [31], composi-
cells were separated based on their light emission which  tions of the separated signals were then made to
yields images similar to fluorescently labeled antibodies.  visualize co-localization.
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Semi-quantitative analysis of immunoreactivity
Immunoreactivity detected in active and chronic-active
WMLs, NAWM, subpial GMLs and NAGM was ana-
lyzed using Image]. Per lesion, depending on the lesion
size, 1-2 images were made at 20x magnification using a
Leica DM5000B microscope. Per NAWM and NAGM
area, 2 images were made. All images analyzed had a re-
gion of interest (ROI) of 622 x 466 pm. Within these
ROIs, signals from DAB and hematoxylin were separated
using the color deconvolution plug-in [32]. From the
subsequently acquired DAB images without heamatoxy-
lin signal, an auto-threshold method was applied. The
measured area fraction (percentage of DAB stained area
per ROI) obtained when 2 images were taken, was aver-
aged. If one tissue block featured several lesions of the
same type, these values were averaged. If multiple tissue
blocks from the same patient featured the same lesion
types, measurements from these lesions were considered
separate independent values.

Cell counts were conducted using an Olympus BX45
microscope with a U-OCMSQ 10/10 eyepiece microm-
eter (Olympus Lifescience) featuring a square of 10 x 10
mm?2. Cells positive for CD3, CD20, IL-4 or IFNy in le-
sions or NAM were counted in three random squares of
10 x 10 mm?2 at 20x magnification and counts were aver-
aged and expressed as number of positive cells/mm?2.

Isolation, culture and treatment of primary human
microglia

Normal appearing human white and grey matter (5-10g
per isolation) were obtained at autopsy and stored at
4°C in medium consisting of equal amounts of Dulbec-
co’s Modified Eagle Medium (DMEM; Gibco, Life Tech-
nologies, Breda, The Netherlands) and Ham’s F12
nutrient mix (Gibco, Life Technologies, Breda, The
Netherlands) supplemented with 50 pg/ml gentamycin
(Invitrogen, Eugene, USA). Isolation of primary micro-
glia was conducted either directly after tissue collection
or within 12h thereafter. Subsequently, tissue was
washed in collection medium and chopped using a ster-
ile razor blade. Tissue was trypsinized for 30 min at
37 °C using 0.25% trypsin (Difco) dissolved in a trypsini-
zation buffer (8 g/l NaCl (Sigma), 0.4 g/l KCl (Sigma,
Darmstadt, Germany), 0.84 g/l NaHCO3 (Merck, Darm-
stadt, Germany), 0.2g/l EDTA (Promega, Madison,
USA), 4.8 g/l HEPES (Sigma), and 1 g/1 glucose dissolved
in MilliQ water, pH set at 7.6). After incubation, culture
medium consisting of equal amounts of DMEM and
Ham’s F12 supplemented with 10% fetal calf serum
(Gibco, Life Technologies), 1% Penicillin/Streptomycin
(Invitrogen) and 1% L-glutamine (Invitrogen) was added
to de-activate the trypsin and the tissue homogenate was
further dissociated using titration with a 10 ml pipette
into a homogenous suspension which was filtered using
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a 100 pm mesh (Greiner-bio-one, Alphen aan de Rijn,
The Netherlands). The suspension was centrifuged and
the cell pellet was resuspended in 30% Percoll diluted in
a gradient buffer (3.56 g/l of Na2HPO42H20 (Merck),
0.78g/l of NaH2PO4H20 (Merck), 8g/l of NaCl
(Merck), 4 g/l of KCl (Merck), 2.0g/l of d-(+)-glucose,
and 2.0g/l of BSA, pH7.4) supplemented with 2.5%
NaCl (1.5mol/l) (GE Healthcare Biosciences AB, Upp-
sala, Sweden). The suspended cells were subsequently
overlaid with the aforementioned gradient buffer and
centrifuged for 35 min at 450xg at 18 °C with no acceler-
ation or brake. After centrifugation, a myelin layer was
formed at the interphase and microglial cells are pel-
leted. This cell pellet was treated with erythrocyte shock
buffer (8.3 g/l of NH4Cl (Merck) and 1 g/l of KHCO3
(Merck), pH 7.4) for 15 min at 4 °C. Subsequently, cells
were centrifuged and the pellet resuspended in 7.2 ml
culture medium as described above and 600 pl cell sus-
pension/well was added to a 24 well plate coated with
15 ug/mL Poly-L-Lysine (Sigma). After one day of cul-
turing, cells were cultured in culture medium + 25 ng/ml
human recombinant granulocyte-macrophage colony-
stimulating factor (GM-CSF; Peprotech, London, the
UK). Medium was changed every three days by replacing
half of the medium with culture medium. After 7-10
days of culturing, cells were treated with recombinant
human interleukin (IL)-4 (10 ng/ml; Biolegend, San
Diego, USA) for 48h or with recombinant human
interferon (IFN)y (10ng/ml; Biolegend) for 24h
followed by addition of 10ng/ml lipopolysaccharide
(LPS, derived from E.coli O55:B5; Difco) for 24 h [33]
or left untreated.

Semi-quantitative RT-PCR

Per treatment condition, 3—5 wells containing microglial
cells were lysed in a total of 1 ml TRIzol (Invitrogen). To
the combined sample, 200 pl chloroform was added and
tubes were centrifuged at 12,000xg for 15 min. at 4°C.
After the phenol-chloroform-extraction, RNA was puri-
fied and cleaned up using the E.Z.N.A. MicroElute RNA
Clean Up kit (Omega Bio-Tek, Norcross, USA) and ana-
lyzed for quality and quantity using a NanoDrop spec-
trophotometer (Thermo Scientific). Input of RNA for
¢DNA synthesis for all samples was normalized based
on the sample with the lowest concentration of RNA.
Per sample, 250 ng total RNA of sufficient quality (260/
230 ratio of >2 and 260/280 ratio >1.8) was reverse-
transcribed into ¢cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Bleiss-
wijk, The Netherlands) with oligo-d(T) primers (50 uM,
Invitrogen) according to the manufacturer’s description.
Semi-quantitative RT-PCR was performed in a total vol-
ume of 10ul per sample consisting of 3 pul of Power
SYBR Green Master Mix (Life Technologies, Carlsbad,
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USA), with 50 uM of each forward and reverse primers
(see Table 3), and 6 ng/ul cDNA in a MicroAmp Optical
96-well Reaction Plate (Applied Biosystems, Foster
city, USA). The PCR reaction was performed using
the StepOnePlus Real-Time PCR system (Applied
Biosystems). The PCR protocol was adapted from the
manufacturers description and featured 40 cycles with
an annealing temperature of 60°C, followed by a
melt curve analysis. The relative expression level of
the target genes was determined by the LinReg PCR
software (version 2014 4.3 (July 2014); website:
http://www.hfrc.nl) using the following calculation
NO = Nq/ECq (NO = target quantity, Nq = fluorescence
threshold value, E = mean PCR efficiency per ampli-
con, Cq=threshold cycle). In total 7 housekeeping
genes were tested, of which SDHA and POLR2F ex-
pression were selected for gene expression
normalization using NormFinder [34]. Data analysis
was performed on the normalized NO values.

Statistical analysis

Statistical analysis was conducted using SPSS Statis-
tics 22 (IBM, Armonk, USA). None of the semi-
automatically quantified DAB stained signal datasets
showed a normal distribution and were therefore ana-
lyzed using a Kruskall-Wallis test with pairwise com-
parisons, using the Bonferroni correction for multiple
testing. P-values <0.05 were considered statistically
significant. Data from the semi-quantitative RT-PCR
also did not show a normal distribution. In order to
compare differences on a group level within WM- or
GM-derived conditions, a Friedman’s test was used
with post-hoc testing done manually by comparing in-
dividual data sets within WM- and GM-derived
microglia with the Wilcoxon Signed Ranks test. Dif-
ferences between GM and WM conditions were indi-
vidually compared with the Wilcoxon Signed Ranks
test, p values were adjusted with the Bonferroni
correction. P values <0.05 were considered statisti-
cally significant.

Table 3 Primer sequences used for gPCR
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Results

TMEM119 and P2RY12 immunoreactivity was absent in
WMLs but not in pre-active WMLs

Compared to NAWM, where MHC-II" microglia
showed a ramified appearance (Fig. 2a), active WMLs
showed numerous amoeboid, MHC-II* cells (Fig. 2b).
Chronic-active WMLs showed MHC-II' cells with a
more reactive phenotype (Fig. 2c). Iba-1 showed a simi-
lar pattern of immunoreactivity as MHC-II" cells
(Fig. 2d,e,f). In contrast, TMEM119" cells were present
in ramified microglia in the NAWM (Fig. 2g), but its im-
munoreactivity was absent in active WMLs and chronic-
active WMLs (Fig. 2h, i). P2RY12" cells were present in
ramified cells similarly to what was observed for MHC-
II" and Iba-1* cells in the NAWM (Fig. 2j), but they
were virtually absent in active WMLs. In contrast to
TMEM119, P2RY12 immunoreactivity reappeared in the
center of chronic-active WMLs, showing a reactive
phenotype similar to Iba-1 and MHC-II+ cells in those
lesions (Fig. 2k, 1). In preactive WMLs which appeared
in white matter that showed no demyelination (Fig. 2m)
but did show MHC-II immunoreactivity (Fig. 2n),
TMEM119 (Fig. 20) and P2RY12 (Fig. 2p) immunoreac-
tivity was present.

TMEM119 and P2RY12 immunoreactivity was present in
subpial GMLs

To verify that TMEM119 and P2RY12 were markers for
GM microglia in addition to WM microglia, we ob-
served that both markers completely overlap with Iba-1*
microglia in white- and grey normal appearing matter
(Additional file 1: Figure S2). Compared to NAGM,
where MHC-II immunoreactivity was present in a small
amount of ramified microglia, MHC-II* microglia
showed a more reactive phenotype in the active subpial
GML (Fig. 3a, b). Subpial GMLs without an active rim
showed limited MHC-II immunoreactivity similar to
NAGM (Fig. 3c). Iba-1 immunoreactivity in the NAGM
was present in ramified microglia (Fig. 3d). Similar to
MHC-II immunoreactivity, active subpial GML showed
Iba-1 immunoreactivity in microglia with a more

Primer Primer sequence forward (5* 3') Primer sequence reverse (3"-5')
TMEM119 TCCAGGGTCAGATTACAAGAGCAC ACTGTTGATTCTGGAGGGTTTGA
P2RY12 ACTCTCTCTTCCAGCCCAGGT CCAGGACCAGTTCCTTGGCGTA
AlF-1 CCCTCCAAACTGGAAGGCTTCA CTTTAGCTCTAGGTGAGTCTTGG
GFAP GCAGATTCGAGAAACCAGCC GCTCCTGCTTGGACTCCTTA
IL-18 TACAGCTGGAGAGTGTAGATC CAAATTCCAGCTTGITATTG
MRC AGTGATGGGACCCCTGTAACG CCCAGTACCCATCCTTGCCTTT
SDHA? CCAGGGAAGACTACAAGGTGCGGA AGGGTGTGCTTCCTCCAGTGCT
POLR2F® GAACTCAAGGCCCGAAAG TGATGATGAGCTCGTCCAC

@ selected as housekeeping gene
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Fig. 2 Representative images of MHC-Il (a, b, ¢), Iba-1 (d, e, f), TMEM119 (g, h, i) and P2RY12 (j, k, I) immunoreactivity in normal appearing matter
and in the demyelinated center of active WMLs and chronic-active WMLs and in pre-active lesions (m, n, o, p). Scalebars (a-l and m-p) =50 um

P2RY12

reactive phenotype (Fig. 3e) whereas Iba-1 immunore-
activity in less inflammatory subpial GMLs often was
visible in rod-like microglia (Fig. 3f). Immunoreactiv-
ity for TMEM119 was found in ramified microglia in
the NAGM (Fig. 3g), more reactive TMEM119"
microglia were present in active subpial GMLs
(Fig. 3h) and in rod-like microglia in subpial GMLs
(Fig. 3i). P2RY12 immunoreactivity was clearly present
in microglia in NAGM (Fig. 3j), in active subpial
GMLs (Fig. 3k) and in (rod-like) microglia in subpial
GMLs (Fig. 3l).

TMEM119 and P2RY12 microglial immunoreactivity is
decreased in WMLs, but not in subpial GMLs and
leukocortical GMLs

Semi-automatic quantification of the DAB stained area
for MHC-II, Iba-1, TMEMI119 and P2RY12 was
conducted on all lesion types, including leukocortical
(type 1) lesions. The type 1 lesions were added to the
analysis to exclude that the differences in immunoreac-
tivity found between GMLs and WMLs were either due
to location, or due to time of lesion development. Ana-
lysis of MHC-II immunoreactivity revealed a significant
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Fig. 3 Representative images of MHC-Il (a, b, c), Iba-1 (d, e, f), TMEM119 (g, h, i) and P2RY12 (i, k1) immunoreactivity in NAGM, active subpial
GMLs and non-active subpial GMLs. Arrows indicate rod-shaped microglia visible in subpial GMLs in Iba-1+ cells (f), TMEM119 + cells (i) and
P2RY12+ cells (I). Scalebar =50 um
J

difference between all lesion types (Fig. 4a, X%(6) =
49.459, p <0.01). MHC-II immunoreactivity was sig-
nificant between NAWM and NAGM (p <0.05) and
NAWM and active WML (p<0.05, Fig. 4a). Iba-1
immunoreactivity was also significantly different be-
tween all lesion types (Fig. 4b, X*(6)=21.202, p<
0.01). Post-hoc testing revealed a significant differ-
ence in immunoreactivity between chronic-active
WMLs and active WMLs (Fig. 4b, p <0.05), likely
reflecting the decrease in cell numbers observed in
chronic-active WMLs compared to NAWM and ac-
tive WMLs. TMEM119 immunoreactivity showed sig-
nificant differences between lesion types (Fig. 4c,
X?(6) = 42.728, p<0.01). Post-hoc testing revealed a
significant decrease in active WMLs (p<0.01),
chronic-active WMLs (p<0.01) and leukocortical
WMLs (p<0.01) compared to NAWM. Similarly to
TMEM119, P2RY12 immunoreactivity showed signifi-
cant differences between lesion types (X*(6) = 31.705,
p<0.01) primarily driven by differences between

NAWM and active WMLs (p <0.01), and chronic ac-
tive WMLs (p < 0.05).

TMEM119 and P2RY12 immunoreactivity in the rim of
active subpial GMLs and the rim of active WMLs

appeared similar

MHC-II * cells and Ibal™ cells were present in the rim
of active WMLs, chronic-active WMLs and active sub-
pial GMLs (Fig. 5a-f). Even though immunoreactivity for
TMEM119 was absent in the center of active WMLs
(Fig. 2h), TMEM119 * cells were visible at the edge of
active WMLs and active subpial GML, but not in the
rim of chronic-active WMLs (Fig. 5g-i). P2RY12" cells
were absent along the rim of active WMLs but present
in the rim of chronic-active WMLs (Fig. 5j-k), where im-
munoreactivity for P2RY12 was also visible in the center
of the lesion (Fig. 2I). Similar to the edge of active
WMLs, P2RY12" cells were absent in the edge of active
subpial GMLs (Fig. 51).
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Regulation of TMEM119 and P2RY12 expression by pro-
or anti-inflammatory mediators in primary human
microglia

To determine whether the differences in microglial
TMEMI119 and P2RY12 immunoreactivity between
WMLs and GMLs were due to differences in microglial
responsiveness, we isolated primary human microglia
from WM (corpus callosum) and GM (cortex) tissue ob-
tained at autopsy and treated those with IFNy+LPS or

IL-4 as representatives of a pro- or anti-inflammatory
stimulus, respectively. Seven out of twelve patients from
which microglia were isolated were diagnosed with MS
(Table 1). The mRNA levels observed of various genes
expressed in microglia of these patients did not differ
from that of the five patients with other diagnoses (data
not shown). The levels of TMEMI119 and P2RY12
mRNA did not differ between untreated microglia de-
rived from WM or GM. When treated with IFNy+LPS
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Fig. 5 Representative images of immunoreactivity for MHC-II (a, b, ¢), Iba-1 (d, e, f), TMEM119 (g, h, i) and P2RY11 (j, k, ) along the rim of

TMEM119 P2RY12

or IL-4, primary human microglia derived from WM
and GM showed upregulation of P2RY12 expression
(WM: X*>=10.9, df=2, p<0.01; GM: X*=12, df=2, p<
0.01) while TMEM119 mRNA levels were only regulated
in microglia derived from the WM (X2=7.8, df=2, p<
0.05). Post-hoc testing revealed that TMEM119 mRNA
was reduced after IL-4 treatment in WM-derived micro-
glia (p <0.05) (Fig. 6). P2RY12 mRNA level was attenu-
ated after treatment with IFNy+LPS in both WM- and
GM-derived microglia (WM: p<0.05, GM: p<0.05),
while after IL-4 treatment, P2RY12 expression was en-
hanced in the GM only (p <0.05) (Fig. 6). However, it
must be noted that variation in P2RY12 and TMEM119
mRNA levels was high in all conditions studied (see Fig. 6).
Expression of AIF-1 (gene for Iba-1) did not differ be-
tween WM and GM derived microglia (Additional file 1:
Figure S3). In addition our microglial cultures were not
contaminated with astrocytes as shown by the lack of
amplification of GFAP (Additional file 1: Figure S3).
Microglia derived from both WM and GM showed down-
regulation of the anti-inflammatory marker mannose

receptor (MRC) after treatment with IFNy+LPS and up-
regulation of the pro-inflammatory marker interleukin
(IL)-1B whereas treatment with IL-4 did not affect these
markers (Additional file 1: Figure S3) [11, 15, 18].

WMLs feature more infiltrated lymphocytes and
lymphocyte-secreted cytokines than subpial GMLs

Based on the observed regulation of TMEM119 and
P2RY12 in microglia by IENy+LPS and IL-4, we studied
the presence of lymphocytes that can produce IFNy or
IL-4 in WMLs and GMLs. A cell count of CD3" (T-
cells), CD20" (B-cells), IL-4* and IFNY" cells was con-
ducted in WMLs, GMLs, NAWM and NAGM (Table 4).
All immunohistochemical markers showed significance
at the group level (CD3: X2 =37.06, p <0.0001; CD20:
X2=11.26, p<0.05; IL-4: X2 =27.13, p<0.0001; IFNy:
X2 =21.78, p <0.0002). Subsequent post-hoc analysis re-
vealed that active WMLs had more CD3" (p <0.01) and
IFNy * (p<0.05) cells compared to NAWM while
chronic-active WMLs presented with more CD3" (p <
0.01) and IL-4"cells (p < 0.05) (Fig. 7, Table 4). Although
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Fig. 6 Graphs of TMEM119 and P2RY12 mRNA levels in cultured primary human microglia derived from WM enriched areas or GM enriched areas
treated with IFNy+LPS or with IL-4 compared to untreated WM microglia. mRNA levels from GM derived cells are represented in the grey-
coloured box. Data are presented as individual patient-derived microglia measurements and means (bars). N =10 for all WM-derived microglia
conditions, N=7 for IL-4 treated GM-derived microglia N =8 for IFNy+LPS treated GM-derived microglia and N =9 for untreated GM-derived
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CD20" cell counts were significantly different at the
group level in the Kruskal-Wallis test pairwise compari-
sons, there was no significant difference between groups.
When comparing immunoreactivity present in GMLs
versus NAGM, no differences were found.

In addition, we studied whether the absence or pres-
ence of CD3" and CD20" cells in the meninges close to
the subpial GMLs is of relevance for TMEM119 and
P2RY12 immunoreactivity in subpial GMLs. We ob-
served that TMEM119 and P2RY12 immunoreactivity in
subpial GMLs was present irrespective of lymphocytes
being present in meninges close to the lesions (Fig. 8).

Discussion

The present study is the first to identify that in post-
mortem material for MS patients, immunoreactivity for
TMEM119 and P2RY12 in MS GMLs is different to that
in WMLs. The level of TMEM119 and P2RY12 immu-

NAGM whereas clearly less immunoreactivity of both
homeostatic markers was observed in WMLs compared
to NAWM. Our subsequent in vitro observations of hu-
man microglia showed that TMEM119 and P2RY12
mRNA from WM and GM microglia is regulated by
IFNy+LPS and IL-4. Subsequent analysis of lymphocyte
infiltration, and IFNy and IL-4 immunoreactivity in le-
sions revealed lower presence of lymphocytes in GMLs
than in WMLs coinciding with less IFNy and IL-4 im-
munoreactivity in GMLs. We conclude that the observed
difference in immunoreactivity for TMEMI119 and
P2RY12 in GMLs and WMLs could be due to the ab-
sence or presence of lymphocytes and inflammatory me-
diators in the parenchyma.

Recently, TMEM119 and P2RY12 expression in the
brain is considered to represent microglia, maintaining
homeostasis of the CNS [11, 12, 30]. Contrary to Iba-1
and MHC-II, TMEM119 and P2RY12 are exclusively

noreactivity hardly changes in GMLs compared to expressed by microglia and not by infiltrated
Table 4 Distribution of CD3 (+), CD20 (+), IL-4 (+) and IFNy (+) cells/mm? in MS brain tissue

NAWM Active WML Chronic-active WML NAGM Subpial GML
[@DX) 20+10 456 £ 14.5%* 194 +4.2%% 02+0.1 0.7+04
CD20 1.1+£04 43+25 21+£06 04+02 05+03
IL-4 05+04 1121 23+06* 00£00 0.0+£00
IFN-y 02+0.1 57+28* 1.1+£05 0.0+00 00+00

Counts of CD3, CD20 and IL-4 (+) and IFNy (+) cells in the NAWM (N = 18), active WMLs (N = 10), chronic-active WMLs (N =7), NAGM (N = 15), subpial GMLs (N =9).

Data is presented as mean +/— SEM
*=p<0.05 *<p<0.01
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Fig. 8 Representative images of CD3, CD20, TMEM119 and P2RY12 immunoreactivity in subpial GMLs showing meningeal infiltration and in
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macrophages [11, 12, 35]. Therefore, in this study we uti-
lized TMEM119 and P2RY12 expression to study micro-
glia in WMLs and GMLs compared to normal appearing
matter. Whereas we observed that in (active) WMLs,
TMEM119 and P2RY12 immunoreactivity is largely absent
compared to NAWM, which is in line with previous find-
ings [16, 35], we now show that the level of TMEM119
and P2RY12 immunoreactivity is not affected in GMLs
compared to NAGM. To exclude the possibility that this
difference is due to distant locations of the lesions (cortical
GM compared to more inflammatory WM) or due to time
of development of the lesions (e.g. GML develop earlier on
in the disease and are therefore less inflammatory), we
verified and confirmed that in leukocortical (type 1) le-
sions, encompassing both WML and GML, this difference
in TMEM119 and P2RY12 immunoreactivity is also
present. In addition, preactive lesions in the white matter
show immunoreactivity for TMEM119 and P2RY12.

Whereas in the center of active WMLs TMEM119 and
P2RY12 immunoreactivity is absent, TMEM119" micro-
glia are visible surrounding the lesion, and both
TMEM119" and P2RY12" microglia are visible in the
rim of chronic-active WMLs. These findings correspond
with previous observations that also showed microglial
TMEM119 and P2RY12 immunoreactivity along the
edge of (chronic-)active WMLs [15, 17]. Of interest is
that in a subpial GML with a clear rim of MHC-II*
microglial cells, we observed that these microglia are
TMEM119" but not P2RY12". This observation was
similar to what was seen in the edge of active WMLs.
However, immunologically active GMLs are rarely found
in post-mortem MS brain material and are mostly repre-
sented by leukocortical lesions [23]. Therefore, although
we cannot conclude that inflammation as seen in WMLs
is present in GMLs during ongoing MS, our data suggest
that the status and possible role of microglia along the
edge of demyelinating lesions might be similar in active
WMLs and active GMLs. In addition, we found that in
subpial GMLs, rod-shaped microglia were present which
were TMEM119" and P2RY12". Rod-shaped microglia
have been proposed to play a role in synaptic stripping,
representing neurodegeneration which is not necessarily
mediated by inflammation [36, 37], but is present in
various neurodegenerative diseases [38]. The presence of
rod-shaped microglia in GMLs suggests that these cells
are responsive irrespective of the relative absence of
lymphocytes, and low MHC-II immunoreactivity.

We subsequently questioned whether this different ex-
pression of TMEM119 and P2RY12 of microglia in the
center of GMLs versus WMLs could be explained by in-
trinsic differences in responsivity of WM and GM de-
rived microglia. Indeed, P2RY12 mRNA is reduced by
IENy+LPS in microglia from WM and GM. While
studying WM-derived microglia, others have shown
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similar results upon IFNy+LPS treatment, but also in-
creased expression upon IL-4 treatment which we ob-
served to be significantly altered in GM-derived microglia
only [15, 18]. As we are not aware of any other observa-
tions on TMEMI119 regulation in human microglia
in vitro, we are the first to find that IL-4 treatment signifi-
cantly reduced its mRNA level in WM-derived microglia.
Moreover, there is a clear tendency that IFNy+LPS re-
duces TMEM119 expression in microglia from both ori-
gins. Therefore, it seems that, in general, microglia
derived from human WM or GM can change expression
of TMEM119 or P2RY12 upon exposure to inflammatory
mediators, although not entirely in a similar fashion.

Based on these in vitro observations, we next explored
the possibility that the presence of IL-4 and IFNy immu-
noreactivity varies between GMLs and WMLs, which
would affect microglial expression of TMEMI119 and
P2RY12 in both lesion types. As shown in active WMLs,
more IFNy" cells were found compared to the other lesion
subtypes or normal-appearing matter while in chronic-
active WMLs more IL-4" cells were observed, but in
GMLs no IL-4 or IFNy positive cells were found. This ob-
servation is in line with our observed increased infiltration
of CD3" T-cells and CD20" B-cells in WMLs which were
relatively absent in subpial GMLs similar to as was shown
before [22, 23]. Even in subpial GMLs close to meninges
containing infiltrated CD3" and CD20" cells, we did not
observe a difference in the level of immunoreactivity for
TMEM119 and P2RY12. This indicates that, although re-
cent evidence points to a role for meningeal infiltration in
neuronal loss and glial activation status in MS cortex [5],
microglial homeostatic status as indicated by expression
of TMEM119 and P2RY12 in demyelinated subpial GM is
not altered by the presence of meningeal lymphocytes and
still ongoing meningeal inflammation.

The observation that P2RY12 and TMEM119 immuno-
reactivity is downregulated in MS WMLs and not in
GMLs raises the question as to whether that has func-
tional consequences. The ligand for P2RY12 is Adenosine
diphosphate (ADP) [18] and it has been proposed that
P2RY12 is involved in microglial process motility in the
response of the CNS to injury [39] and upon damage to
the blood-brain barrier [40]. Downregulation of P2RY12
would suggest down-tuning of microglial involvement in
injury-related processes. TMEM119 was originally re-
ported to be expressed in the plasma membrane of mouse
osteoblasts and later found to be expressed in human
bone tissue, dendritic cells and lymphoid tissues [16]. The
presence of TMEM119 in osteosarcoma cells is related to
cell invasion and migration [41], yet its function in micro-
glia remains unknown. The recent development of micro-
glia specific TMEM119 knock-in and CreERT2 mice [28]
will be a useful tool to gain more knowledge on the func-
tional role of TMEM119.
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Thus, in conclusion, these data suggest that the con-
tinued presence of TMEM119 and P2RY12 immunore-
activity in subpial GMLs could reflect the absence of IL-
4 and IFNy and low presence of infiltrating lymphocytes
in the lesion parenchyma (and not meninges) compared
to WMLs. However, in subpial GMLs, where lympho-
cytes are absent from the lesion parenchyma and
TMEM119 and P2RY12 immunoreactivity is therefore
still present, TMEM119 and P2RY12 immunoreactivity
is observed in rod-like microglia, showing a response of
homeostatic microglia to demyelination in these lesions.
Furthermore, immunoreactivity for TMEM119 and
P2RY12 is observed in preactive lesions in the NAWM
as well as along the edge of active WMLs and GML.
Though it is plausible that differences in microglial re-
sponse in WMLs and GMLs could be due to a difference
in time of lesion development, analysis of TMEM119
and P2RY12 immunoreactivity in leukocortical lesions
spanning both WM and GM reveal a similar pattern of
immunoreactivity as WMLs and subpial GMLs. It is
therefore plausible that blocking the entrance of lym-
phocytes into the CNS of MS patients may not interfere
with all possible effects of microglia in both WMLs and
GMLs.
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1186/540478-019-0850-z.

[ Additional file 1. Figures S1-S3. J

Acknowledgements
This work was financially supported by the Dutch MS Research Foundation
(grant no. 15-904MS received by A-M van Dam).

Disclosures

T.A. van Wageningen: Nothing to discloseE. Vlaar: Nothing to discloseG.
Kooij: Nothing to discloseC.AM. Jongenelen: Nothing to disclose).).G. Geurts:
is an editor of MS journal and serves on the editorial boards of Neurology
and Frontiers of Neurology and is president of the Netherlands organization
for health research and innovation and has served as a consultant for Merck-
Serono, Biogen, Novartis, Genzyme and Teva Pharmaceuticals.A-M. van Dam:
Nothing to disclose.

Authors’ contributions

TvW performed and analyzed the experiments, interpreted the data and
wrote the draft version of the manuscript; EV, GK and CJ contributed to
experiment performance, JG contributed to the intellectual content and AvD
concepted the study. All authors contributed to and approved the final
manuscript. The datasets during and/or analysed during the current study
available from the corresponding author on reasonable request.

Competing interests
The authors declare that they have no competing interest.

Author details

'Amsterdam UMC, Vrije Universiteit Amsterdam, Department of Anatomy
and Neurosciences, Amsterdam Neuroscience, MS Center Amsterdam,
Amsterdam, The Netherlands. 2Present Address: Erasmus MC, Erasmus
University Rotterdam, Center of lysosomal and metabolic diseases, Dept.
Pediatrics and Clinical Genetics, Rotterdam, The Netherlands. >Amsterdam
UMC, Vrije Universiteit Amsterdam, Dept. Molecular Cell Biology and

(2019) 7:206

Page 15 of 16

Immunology, Amsterdam Neuroscience, MS Center Amsterdam, Amsterdam,
The Netherlands. “Amsterdam UMC, location VUM, Department of Anatomy
and Neurosciences, De Boelelaan 1108, 1081 HZ Amsterdam, The
Netherlands.

Received: 14 November 2019 Accepted: 14 November 2019
Published online: 11 December 2019

References

1. Feinstein A, Freeman J, Lo AC (2015) Treatment of progressive multiple
sclerosis: what works, what does not, and what is needed. Lancet Neurol 14:
194-207. https://doi.org/10.1016/51474-4422(14)70231-5

2. Mahad DH, Trapp BD, Lassmann H (2015) Pathological mechanisms in
progressive multiple sclerosis. Lancet Neurol 14:183-193. https://doi.org/10.
1016/51474-4422(14)70256-X

3. Haider L, Zrzavy T, Hametner S, Hoftberger R, Bagnato F, Grabner G, Trattnig
S, Pfeifenbring S, Briick W, Lassmann H (2016) The topograpy of
demyelination and neurodegeneration in the multiple sclerosis brain. Brain
139:807-815. https.//doi.org/10.1093/brain/awv398

4. Lassmann H (2014) Mechanisms of white matter damage in multiple
sclerosis. Glia 62:1816-1830. https://doi.org/10.1002/glia.22597

5. Magliozzi R, Howell OW, Reeves C, Roncaroli F, Nicholas R, Serafini B, Aloisi
F, Reynolds R (2010) A gradient of neuronal loss and meningeal
inflammation in multiple sclerosis. Ann Neurol 68:477-493. https.//doi.org/
10.1002/ana.22230

6. Remington LT, Babcock AA, Zehntner SP, Owens T (2007) Microglial
recruitment, activation, and proliferation in response to primary
demyelination. Am J Pathol 170:1713-1724. https://doi.org/10.2353/ajpath.
2007.060783

7. van Wageningen TA, van Dam A-M (2018) Much, if not all, of the cortical
damage in MS can be attributed to the microglial cell - yes. Mult Scler J 24:
895-896. https://doi.org/10.1177/1352458517739139

8. McFarland HF, Martin R (2007) Multiple sclerosis: a complicated picture of
autoimmunity. Nat Immunol 8:913-919. https://doi.org/10.1038/ni1507

9. Kuhlmann T, Ludwin S, Prat A, Antel J, Briick W, Lassmann H (2017) An
updated histological classification system for multiple sclerosis lesions. Acta
Neuropathol 133:13-24. https://doi.org/10.1007/500401-016-1653-y

10. Van Der Valk P, Amor S (2009) Preactive lesions in multiple sclerosis. Curr
Opin Neurol 22:207-213. https://doi.org/10.1097/WCO.0b013e32832b4c76

11. Bennett ML, Bennett FC, Liddelow SA, Ajami B, Zamanian JL, Fernhoff NB,
Mulinyawe SB, Bohlen CJ, Adil A, Tucker A, Weissman IL, Chang EF, Li G,
Grant GA, Hayden Gephart MG, Barres BA (2016) New tools for studying
microglia in the mouse and human CNS. Proc Natl Acad Sci U S A 113:
E1738-E1746. https.//doi.org/10.1073/pnas.1525528113

12. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
Koeglsperger T, Dake B, Wu PM, Doykan CE, Fanek Z, Liu L, Chen Z, Rothstein
JD, Ransohoff RM, Gygi SP, Antel JP, Weiner HL (2014) Identification of a
unique TGF-B-dependent molecular and functional signature in microglia. Nat
Neurosci 17:131-143. https//doi.org/10.1038/nn.3599

13. Healy LM, Perron G, Won SY, Rao VTS, Guiot MC, Moore C, Bar-Or A,
Antel JP (2018) Differential transcriptional response profiles in human
myeloid cell populations. Clin Immunol 189:63-74. https://doi.org/10.
1016/j.clim.2016.04.006

14.  Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang LC, Means TK, El
Khoury J (2013) The microglial sensome revealed by direct RNA sequencing.
Nat Neurosci 16:1896-1905. https://doi.org/10.1038/nn.3554

15. Beaino W, Janssen B, Kooij G, van der Pol SMA, van Het Hof B, van Horssen J,
Windhorst AD, de Vries HE (2017) Purinergic receptors P2Y12R and P2X7R:
potential targets for PET imaging of microglia phenotypes in multiple sclerosis.
J Neuroinflammation 14:1-16. https://doi.org/10.1186/512974-017-1034-z

16. Ichi SJ, Kino Y, Asahina N, Takitani M, Miyoshi J, Ishida T, Saito Y (2016)
TMEMT119 marks a subset of microglia in the human brain. Neuropathology
36:39-49. https;//doi.org/10.1111/neup.12235

17. Zrzavy T, Hametner S, Wimmer |, Butovsky O, Weiner HL, Lassmann H
(2017) Loss of "homeostatic” microglia and patterns of their activation
in active multiple sclerosis. Brain 140:1900-1913. https://doi.org/10.1093/
brain/awx113

18. Moore CS, Ase AR, Kinsara A, Rao VTS, Robinson MM, Leong SY, Butovsky O,
Ludwin SK, Seguela P, Bar-Or A, Antel JP (2015) P2Y12 expression and
function in alternatively activated human microglia. Neurol Neuroimmunol
Neurolnflammation 2:¢80. https.//doi.org/10.1212/NXI.0000000000000080


https://doi.org/10.1186/s40478-019-0850-z
https://doi.org/10.1186/s40478-019-0850-z
https://doi.org/10.1016/S1474-4422(14)70231-5
https://doi.org/10.1016/S1474-4422(14)70256-X
https://doi.org/10.1016/S1474-4422(14)70256-X
https://doi.org/10.1093/brain/awv398
https://doi.org/10.1002/glia.22597
https://doi.org/10.1002/ana.22230
https://doi.org/10.1002/ana.22230
https://doi.org/10.2353/ajpath.2007.060783
https://doi.org/10.2353/ajpath.2007.060783
https://doi.org/10.1177/1352458517739139
https://doi.org/10.1038/ni1507
https://doi.org/10.1007/s00401-016-1653-y
https://doi.org/10.1097/WCO.0b013e32832b4c76
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1038/nn.3599
https://doi.org/10.1016/j.clim.2016.04.006
https://doi.org/10.1016/j.clim.2016.04.006
https://doi.org/10.1038/nn.3554
https://doi.org/10.1186/s12974-017-1034-z
https://doi.org/10.1111/neup.12235
https://doi.org/10.1093/brain/awx113
https://doi.org/10.1093/brain/awx113
https://doi.org/10.1212/NXI.0000000000000080

van Wageningen et al. Acta Neuropathologica Communications

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

van der Poel M, Ulas T, Mizee MR, Hsiao C-C, Miedema SSM, Adelia SKG,
Helder B, Tas SW, Schultze JL, Hamann J, Huitinga | (2019) Transcriptional
profiling of human microglia reveals grey-white matter heterogeneity and
multiple sclerosis-associated changes. Nat Commun 10:1139. https://doi.org/
10.1038/541467-019-08976-7

Doorn KJ, Brevé JJP, Drukarch B, Boddeke HW, Huitinga I, Lucassen PJ, van
Dam AM (2015) Brain region-specific gene expression profiles in freshly
isolated rat microglia. Front Cell Neurosci 9:1-11. https://doi.org/10.3389/
fncel.2015.00084

Grabert K, Michoel T, Karavolos MH, Clohisey S, Baillie JK, Stevens
MP, Freeman TC, Summers KM, Mccoll BW (2016) Microglial brain
region-dependent diversity and selective regional sensitivities to
ageing. Nat Neurosci 19:504-516. https://doi.org/10.1038/nn.4222.
Microglial

Bo L, Vedeler CA, Nyland H, Trapp BD, Merk SJ (2003) Intracortical multiple
sclerosis lesions are not associated with increased lymphocyte infiltration.
Mult Scler 9:323-331. https://doi.org/10.1191/1352458503ms9170a
Peterson JW, Bo L, Mérk S, Chang A, Trapp BD (2001) Transected neurites,
apoptotic neurons, and reduced inflammation in cortical multiple sclerosis
lesions. Ann Neurol 50:389-400. https://doi.org/10.1002/ana.1123

Prins M, Schul E, Geurts J, van der Valk P, Drukarch B, van Dam AM (2015)
Pathological differences between white and grey matter multiple sclerosis
lesions. Ann N'Y Acad Sci 1351:99-113. https://doi.org/10.1111/nyas.12841
Geurts JJ, Barkhof F (2008) Grey matter pathology in multiple sclerosis.
Lancet Neurol 7:841-851. https.//doi.org/10.1016/51474-4422(08)70191-1
Kutzelnigg A, Faber-Rod JC, Bauer J, Lucchinetti CF, Sorensen PS, Laursen H,
Stadelmann C, Briick W, Rauschka H, Schmidbauer M (2007) Widespread
demyelination in the cerebellar cortex in multiple sclerosis. Brain Pathol 17
38-44

Kutzelnigg A, Lucchinetti CF, Stadelmann C, Briick W, Rauschka H,
Bergmann M, Schmidbauer M, Parisi JE, Lassmann H (2005) Cortical
demyelination and diffuse white matter injury in multiple sclerosis. Brain
128:2705-2712

Kaiser T, Feng G (2019) Tmem119-EGFP and Tmem119-CreERT2 transgenic
mice for labeling and manipulating microglia. eNeuro 6:ENEURO.0448-18.
2019. https://doi.org/10.1523/ENEUR0O.0448-18.2019

Kooi EJ, Strijbis EMM, Van Der Valk P, Geurts JJG (2012) Heterogeneity of
cortical lesions in multiple sclerosis: clinical and pathologic implications.
Neurology 79:1369-1376. https.//doi.org/10.1212/WNL0b013e31826¢1b1c
Mildner A, Huang H, Radke J, Stenzel W, Priller J (2017) P2Y12 receptor is
expressed on human microglia under physiological conditions throughout
development and is sensitive to neuroinflammatory diseases. Glia 65:375-
387. https;//doi.org/10.1002/glia.23097

Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, Eliceiri
KW (2017) ImageJ2: ImageJ for the next generation of scientific image data.
BMC Bioinformatics 18:529. https://doi.org/10.1186/512859-017-1934-z
Ruifrok AC, Johnston DA (2001) Quantification of histochemical staining by
color deconvolution. Anal Quant Cytol Histol 23:291-299

Peferoen LAN, Vogel DYS, Ummenthum K, Breur M, Heijnen PDAM,
Gerritsen WH, Peferoen-Baert RMB, Van Der Valk P, Dijkstra CD, Amor S
(2015) Activation status of human microglia is dependent on lesion
formation stage and remyelination in multiple sclerosis. J Neuropathol Exp
Neurol 74:48-63. https://doi.org/10.1097/NEN.0000000000000149
Andersen CL, Jensen JL, @rntoft TF (2004) Normalization of real-time
quantitative reverse transcription-PCR data: a model-based variance
estimation approach to identify genes suited for normalization, applied to
bladder and colon cancer data sets. Cancer Res 64:5245-5250. https://doi.
0rg/10.1158/0008-5472.CAN-04-0496

Lassmann H, van Horssen J (2016) Oxidative stress and its impact on
neurons and glia in multiple sclerosis lesions. Biochim Biophys Acta Mol
basis Dis 1862:506-510. https://doi.org/10.1016/j.bbadis.2015.09.018

Trapp BD, Wujek JR, Criste GA, Jalabi W, Yin X, Kidd GJ, Stohlman S,
Ransohoff R (2007) Evidence for synaptic stripping by cortical microglia. Glia
55:360-368. https://doi.org/10.1002/glia.20462

Ziebell JM, Taylor SE, Cao T, Harrison JL, Lifshitz J (2012) Rod microglia:
elongation, alignment, and coupling to form trains across the
somatosensory cortex after experimental diffuse brain injury. J
Neuroinflammation 9:1-11. https://doi.org/10.1186/1742-2094-9-247

Au NPB, Ma CHE (2017) Recent advances in the study of bipolar/Rod-
shaped microglia and their roles in Neurodegeneration. Front Aging
Neurosci 9:128

(2019) 7:206

39.

Page 16 of 16

Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, Gan W8, Julius D
(2006) The P2Y12 receptor regulates microglial activation by extracellular
nucleotides. Nat Neurosci 9:1512-1519. https://doi.org/10.1038/nn1805
Lou N, Takano T, Pei Y, Xavier AL, Goldman SA, Nedergaard M (2016)
Purinergic receptor P2RY12-dependent microglial closure of the injured
blood-brain barrier. Proc Natl Acad Sci U S A 113:1074-1079. https://doi.org/
10.1073/pnas.1520398113

Jiang Z-H, Peng J, Yang H-L, Fu X-L, Wang J-Z, Liu L, Jiang J-N, Tan Y-F, Ge
Z-J (2017) Upregulation and biological function of transmembrane protein
119 in osteosarcoma. Exp Mol Med 49:329-e329. https://doi.org/10.1038/
emm.2017.41

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1038/s41467-019-08976-7
https://doi.org/10.1038/s41467-019-08976-7
https://doi.org/10.3389/fncel.2015.00084
https://doi.org/10.3389/fncel.2015.00084
https://doi.org/10.1038/nn.4222.Microglial
https://doi.org/10.1038/nn.4222.Microglial
https://doi.org/10.1191/1352458503ms917oa
https://doi.org/10.1002/ana.1123
https://doi.org/10.1111/nyas.12841
https://doi.org/10.1016/S1474-4422(08)70191-1
https://doi.org/10.1523/ENEURO.0448-18.2019
https://doi.org/10.1212/WNL.0b013e31826c1b1c
https://doi.org/10.1002/glia.23097
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1097/NEN.0000000000000149
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1016/j.bbadis.2015.09.018
https://doi.org/10.1002/glia.20462
https://doi.org/10.1186/1742-2094-9-247
https://doi.org/10.1038/nn1805
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1073/pnas.1520398113
https://doi.org/10.1038/emm.2017.41
https://doi.org/10.1038/emm.2017.41

	Abstract
	Introduction
	Methods
	Post-mortem human brain tissue
	Immunohistochemistry
	Identification of multiple sclerosis lesion types
	Double-labeling immunohistochemistry
	Separation of color signals from double-labeled sections
	Semi-quantitative analysis of immunoreactivity
	Isolation, culture and treatment of primary human microglia
	Semi-quantitative RT-PCR
	Statistical analysis

	Results
	TMEM119 and P2RY12 immunoreactivity was absent in WMLs but not in pre-active WMLs
	TMEM119 and P2RY12 immunoreactivity was present in subpial GMLs
	TMEM119 and P2RY12 microglial immunoreactivity is decreased in WMLs, but not in subpial GMLs and leukocortical GMLs
	TMEM119 and P2RY12 immunoreactivity in the rim of active subpial GMLs and the rim of active WMLs appeared similar
	Regulation of TMEM119 and P2RY12 expression by pro- or anti-inflammatory mediators in primary human microglia
	WMLs feature more infiltrated lymphocytes and lymphocyte-secreted cytokines than subpial GMLs

	Discussion
	Supplementary information
	Acknowledgements
	Disclosures
	Authors’ contributions
	Competing interests
	Author details
	References
	Publisher’s Note

