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Graphic abstract | MS nodules might be first stage of MS lesion formation. Both stroke and MS
microglial nodules express phagocytic (MSR1, CD11c) and lysosomal (CHIT1) proteins, indicative
for demyelination. Furthermore, both stroke and MS nodules contain proliferating microglia (PCNA)
but appear in higher frequency in MS. In particular for MS, we found that nodules are in close contact to proliferating T cells, plasma cells, B cells and identified production of antibodies (IgG) in MS
nodule tissue.

Abstract
Microglia are phagocytic cells of the brain involved in multiple sclerosis (MS) pathology, but their
contribution to lesion formation is not yet defined. Microglia can form small cell clusters, known
as nodules, in MS tissue, which may initiate lesion formation. However, similar nodules are found
also after stroke. To identify characteristics related to MS lesion formation, we here characterized
nodules in post-mortem normal-appearing white matter stroke (n=4) and MS (n=4) tissue by immunohistochemistry. In MS tissue, the number of HLA-DR+ nodules was higher as compared to stroke
tissue, and the majority of nodules contained proliferating microglia. Microglia within nodules in
stroke and MS expressed proteins implicated in phagocytosis (MSR1 and CD11c), lipid metabolism
(CHIT1), or T-cell regulation (CD86), but the frequency of nodules expressing these molecules was
higher in MS. Interestingly, only in MS, proliferating lymphocytes were present in the parenchyma
near some nodules, and expression of genes for antibody production was only found in MS nodule
tissue. Additionally, looking at the pathology of 121 MS donors, cases with nodules had a higher load
of reactive sites and white matter lesions and a higher proportion of active lesions, as compared to
donors without nodules, suggesting an association between the presence of nodules and the initiation of MS lesions. Altogether, molecular and cellular patterns as well as clinical associations suggest
a role for nodules in MS lesion formation.
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Introduction
Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized by demyelination and
axonal damage that leads to the development of lesions throughout the brain and spinal cord1,2.
Microglia are innate phagocytic immune cells of the brain that play an essential role in brain homeostasis3,4. Moreover, microglia are also key players in MS pathology, as they appear as HLA-DR+ cells
that have phagocytosed myelin in active and mixed active/inactive (mixed) lesions1,5. Despite many
studies focusing on the role of microglia in MS, their exact role in MS lesion development and particularly their role in lesion initiation is not defined yet.
HLA-DR+ ramified microglia can accumulate in MS normal-appearing white matter
(NAWM) tissue, forming clusters or so-called nodules6,7. Recently, we identified subtle transcriptional changes in microglia in normal-appearing tissue, using bulk RNA-sequencing8. These changes were indicative for demyelination by microglia that we also observed in active MS lesions and
are therefore considered early signs of MS pathology. However, since microglia appear as a heterogeneous population in the central nervous system (CNS)9–11, only a subset, presumably those nodules, might contribute to MS pathology in NAWM. Therefore, we here focused on nodule-forming
microglia, to further study microglia activation in NAWM and their contribution to initial events in
MS lesion formation. Previously, expression of both pro- and anti-inflammatory proteins, such as
tumor necrosis factor (TNF), interleukin (IL)-1β, and, IL-10 was found in MS nodules12,13. Moreover,
van Horssen and colleagues also found expression of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases by nodules that promote the production of radical oxygens that can contribute to
axonal damage13. In sum, nodules express molecules involved in immune regulation and oxidative
stress. However, nodules are not restricted to MS, since they are also found in brain donors with
traumatic brain injury, ischemia, or stroke6,14, and line up around complement-opsonized axons7,14,15.
To assess the contribution of nodules to MS lesion formation, we characterized nodules
in progressive MS (n=4) and compared these to nodules in stroke brain donors (n=4) by immunohistochemistry for MS lesion-enriched proteins16, including phagocytic, lysosomal, and T-cell costimulatory proteins. We also determined the number, size, and proliferation state of nodules in
stroke and MS as well as the nearby presence and characteristics of lymphocytes. Finally, we analyzed the relation between nodules and clinical and neuropathological parameters in 121 MS brain
donors, to assess their association with MS pathology.

Materials and methods
Post-mortem brain tissue selection
Post-mortem NAWM tissue from MS and stroke brain donors was provided by the Netherlands
Brain Bank (NBB, Amsterdam, The Netherlands, www.brainbank.nl). Donors gave informed consent
to perform autopsy and for the use of clinical and pathological information by researchers, approved
by the medical ethics committee of the VU medical center (Amsterdam, The Netherlands). The diagnoses were confirmed by a neuropathologist (Supplemental Tables 1-2).
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MS and stroke brain donors with HLA-DR+ nodules in NAWM tissue sections were matched
for age, sex, and post-mortem delay (PMD). Normal appearance of tissue was identified by intact
proteolipid protein (PLP) myelin staining, and nodules were determined as minimally 4 HLA-DR+
accumulating microglia. MS brain donors that had experienced any brain infarct during life were
excluded. The WM tissue of stroke brain donors did not contain infarct region(s). The experimental
design to characterize nodules in stroke and MS is visualized in Supplemental Figure 1.
The number and size of HLA-DR+ nodules was determined in NAWM tissue from matching
stroke and MS brain donors. Stroke cases had an infarct on average 26.2 ± 31.3 months before they
died. All MS cases had progressive MS, 2 with primary progressive (PP) and 7 with secondary progressive (SP) MS. Average disease duration was 35.8 ± 13.9 years (mean ± standard deviation) and
time to EDSS6 (expanded disability status scale score 6.0) was 22.4 ± 16.5 years. Autopsy and disease
parameters are provided in Table 1 and Supplemental Table 1.
For phenotyping of microglial nodules by immunohistochemistry, NAWM tissue was used
from stroke brain donors which had an infarct on average 72.8 months before they died. Matching
progressive MS brain donors, 1 with PPMS and 4 with SPMS, were used. MS cases had an average
disease duration of 38.2 ± 12.7 years, and time to EDSS6 was 32 ± 17.2 years. Clinical and neuropathological data is provided in Table 1 and Supplemental Table 1.
To determine the relation between MS nodules and clinical/neuropathological MS parameters, we analyzed the presence of HLA-DR+ nodules in both NAWM and perilesional tissue in
any WM tissue block dissected at autopsy. For each tissue block, one tissue section was analyzed.
For each MS brain donor, on average 23.5 ± 9.7 tissue blocks were dissected at autopsy. In addition,
we also analyzed the presence of HLA-DR+ nodules at a location that is standardly taken-out during
autopsy; the medulla oblongata in the brain stem, which allowed us to compare the same brain region among donors. Disease parameters are provided in Supplemental Table 2.

Characterization of MS lesions
MS lesions were characterized as described by Luchetti and colleagues5. All tissue blocks (on average
23.5 ± 9.7) that were dissected during autopsy of in total 121 MS brain donors upon magnetic resonance imaging (MRI) or macroscopical appearance of lesions were immunohistochemically stained
for HLA-DR/PLP to assess the MS lesion type. The proportions of active or mixed lesions were defined in all tissue blocks dissected during autopsy. Active lesions were defined by partial loss of myelin staining (PLP) and presence of HLA-DR+ cells throughout the lesion. Mixed lesions were defined
by an inactive demyelinated center with absence of PLP staining and HLA-DR+ cells were present at
the border of the lesion. In addition, since sampling bias may arise when lesions are identified macroscopically or by MRI, we determined lesion load in brainstem tissue blocks as these are dissected
at standard locations, which allowed us to compare the same brain region among donors5. The load
of reactive sites was defined as groups of HLA-DR+ cells in normal-appearing brainstem tissue, and
total lesion load was defined as all active, mixed, inactive, remyelinated but not reactive sites in the
brainstem tissue. Information on reactive sites and lesion load at a standard location in the brainstem,
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together with proportions of lesion subtypes in all tissue blocks dissected during autopsy, for MS
brain donors with/without nodules in the medulla oblongata and for donors with/without nodules
in any WM tissue block, is provided in Supplemental Table 2.

Nodule visualization by immunohistochemistry
NAWM tissue from MS (n=9) and stroke (n=8) brain donors was stained for HLA-DR to visualize
clusters of activated microglia. Sections were cut from paraffin-embedded (8 µm) or frozen tissue (20
µm) blocks. For paraffin tissue, antigen retrieval was performed in Tris-buffered saline, pH 7.6 (TBS)
for 10 min in the microwave at 700 W. Frozen tissue sections were fixed in 4% paraformaldehyde
for 15 min at room temperature (RT). Sections were incubated overnight at 4°C with primary antibodies against HLA-DR (1:100 for paraffin, 1:1,000 for frozen sections; CR3, Dako, Jena, Germany)
or myelin proteolipid protein (PLP, 1:3,000, MCA839G; Serotec, Oxford, UK) diluted in incubation
buffer (for paraffin tissue: 0.5% gelatin and 0.5% Triton X-100 in TBS; for frozen tissue: 1% bovine serum albumin and 0.5% Triton X-100 in Phosphate-buffered saline, pH 7.6). HLA-DR-stained sections
were incubated with secondary biotinylated anti-mouse antibody (1:400; Vector Laboratories, Burlingame, CA, USA) in incubation buffer for 1 hr at RT, followed by incubation with avidin-biotinylated
HRP complex (ABC, 1:800; Dako) in TBS for 45 min at RT. PLP-stained sections were incubated with
HRP-labelled mouse antibody (K5007, Dako Real EnVision detection system; Dako) for 1 hr at RT.
Immunostaining was visualized with 3’3-diaminobenzidine (1:100; Dako) incubation for 10 min at
RT, followed by counterstaining in haematoxylin for 30 sec. Sections were mounted in entellan (Merck, Kenilworth, NJ, USA). HLA-DR+ nodules were visualized with an Axioplan2 microscope (Zeiss,
Oberkochen, Germany). The entire tissue section was scanned to manually count nodule numbers
in each section and corrected for size of the tissue section. To determine the size of nodules, a picture was made of each nodule and a macro to automatically determine nodule size was developed
using Image-Pro software (MediaCybernetics, Bethesda, MD, USA). An outline of each nodule was
drawn manually, and an area mask was placed to capture HLA-DR-stained nodules using a greyscale intensity threshold higher than 50 for HLA-DR/PLP stainings and a threshold higher than 110
for HLA-DR stainings. The total area of HLA-DR-stained nodules was automatically calculated and
expressed as µm2.

Phenotyping of nodules using immunohistochemistry
Paraffin-embedded or frozen NAWM tissue sections from MS and stroke brain donors (Supplemental Table 1), containing nodules, were stained for markers identifying T cells (CD3, CD4, CD8), B
cells (CD20), and plasma cells (CD138) as well as T cell costimulatory molecule (CD86), proliferation
marker (PCNA), lipid metabolism enzyme (CHIT1), and phagocytic/microglial activation receptors
(MSR1, CD11c). Double stainings were performed for HLA-DR or IBA1 to visualize microglial nodules. Triple stainings for PCNA or CD11c were performed with HLA-DR and CD3 to visualize both
nodules and T cells, respectively. Antibodies used for immunohistochemistry are provided in Supplemental Table 3.
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Frozen sections were fixed for 15 min in 4% paraformaldehyde at RT, and for paraffin
sections, antigen-retrieval was performed for 10 min in microwave at 700 W. The antigen-retrieval
method for each primary antibody is indicated in Supplemental Table 3. Primary antibodies were
incubated overnight at 4°C, followed by incubation with secondary biotinylated (1:400; Vector Laboratories) or fluorescent-labelled antibodies (1:400; Jackson ImmunoResearch, West Grove, PA, USA)
in incubation buffer for 1 hr at RT. Antibodies that target CD11c, CD138, CD20, CD4, CD8, CD86,
and MSR1 were incubated with 10% normal-horse serum to block non-specific binding, before primary antibody incubation. Nuclear staining was detected by Hoechst (1:750; Invitrogen, Carlsbad,
CA, USA) and sections were mounted in mowiol (Tris pH 8.5, 25% glycerol and 10% mowiol). Each
antibody was optimized separately and for negative controls the same staining protocol was used
omitting primary antibody incubation.
Immunofluorescent stainings were visualized using a confocal laser-scanning microscope
(SP8; Leica, Wetzlar, Germany) with the software LASX, magniﬁcation 40x. Each tissue section is
scanned for HLA-DR+ or IBA1+ nodules and pictures were made with each nodule present in the
middle to detect immune cells around nodules in a radius of 150-180 µm. Pictures were processed
and analyzed using Fiji plugin for ImageJ1 software.

Tissue collection and RNA isolation
Frozen tissue section (20 µm) was cut from stroke (n=6) and MS (n=6) NAWM tissue containing
nodules and lysed in 800 µl TRisure (Bioline, London, UK). RNA was isolated according to manufacturer’s instructions (Bioline). Briefly, chloroform (1:5) was added to each TRisure sample and after
centrifugation the aqueous phase was collected, followed by incubation with 1 µg glycogen (Roche,
Basel, Switzerland) for 30 min in ice-cold isopropanol at -20˚C. Precipitated RNA was washed in icecold 75% ethanol and diluted in 20 µl deionized water.

cDNA synthesis and RT-qPCR
Synthesis of cDNA was performed according to manufacturer’s instructions, using the Qiantitect Reverse Transcriptation kit (Qiagen, Hilden, Germany). 50 ng RNA was mixed with 1 µl gDNA Whipeout buffer and incubated for 2 min at 42°C, followed by incubation with QuantiTect Buffer, RT Primer Mix, and Quantitect Reverse Transcriptase for 30 min at 42°C and incubation for 3 min at 95°C.
To determine gene expression of immunoglobulin genes, quantitative polymerase chain reaction (qPCR) was performed. Control WM tissue and tissue collected from MS lesions and lymph
node was used as negative and positive control samples, respectively. Primers were designed at
the Integrated DNA Technologies website (eu.ifdna.com). Optimal primers were selected based on
dissociation curve and specificity, examined on cDNA derived from control, MS NAWM and MS lesioned tissue. Gene expression was normalized on the mean of two housekeeping genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and elongation factor-1 alpha (EEF1A1). For each gene,
the relative expression was calculated using the 2-ΔΔCT method. Primers used for reverse transcription
(RT)-qPCR are provided in Supplemental Table 4.
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Table 1 | Characteristics of the studied brain donors with stroke and MS nodules
Analysis

Nodule
number
and size

Nodule
phenotyping by IHC

Diagn.

Age
(yrs)

Sex

PMD
(h:min)

MS type

Disease
duration
(yrs)

Time to
EDSS6
(yrs)

Time of
stroke
(months)

Stroke

78.4 ± 13

4F / 4M

5:30 ± 1

-

-

-

26.2 ± 31.3

MS

65.4 ± 12

5F / 4M

8:18 ± 1:24

2 PP
7 SP

35.8 ± 13.9

22.4 ± 16.5

-

p-value

ns

ns

p=0.0004

-

-

-

-

Stroke

78.3 ± 13.2

3F / 1M

5:46 ± 1:10

-

-

-

72.8 ± 54.7

MS

61 ± 10.5

2F / 3M

8:11 ± 1:42

1 PP
4 SP

38.2 ± 12.7

32 ± 17.2

-

p-value

ns

ns

ns

-

-

-

-

6

Diagn. = diagnosis; EDSS6 = expanded disability status score 6; F = female; IHC = immunohistochemistry; M = male; MS = multiple sclerosis; PMD = post-mortem delay; PP = primary progressive; SP = secondary progressive; Time to EDSS6 = time in years
until patient reached expanded disability score 6.0; Time of stroke = number of months donor had infarct before dead; Yrs = years.
Data is presented as mean with standard deviation. Statistical testing: Age, PMD = unpaired t-test, Sex = Fisher’s exact test, ns =
not significant.

Statistical analysis
Data obtained from immunohistochemistry and RT-qPCR was tested for normality by a Shapiro-Wilk
normality test, followed by parametric or non-parametric tests to define p-values using GraphPad
Prism software version 7.03 (GraphPad Inc., La Jolla, CA, USA). In the figure legends, the statistical
tests performed for each experiment are indicated.

Results
MS NAWM tissue contains more and larger nodules
NAWM tissue of stroke and MS brain donors contained HLA-DR+ microglial nodules (Figure 1A).
We observed a significantly higher number of nodules in MS NAWM tissue sections (18 ± 15.5; mean
± standard error of mean) as compared to stroke (4.8 ± 2.2; Figure 1B). Moreover, several MS brain
donors showed larger nodules as compared to nodules in stroke, although not significant (p=0.09;
Figure 1C and Supplemental Figure 2). The MS and stroke brain donor groups did not differ in age
and gender, but in PMD (Table 1). Since PMD and number or size of nodules did not correlate, differences in PMD did not account for the identified differences (Supplemental Figure 3). Furthermore,
in contrast to stroke NAWM tissue with nodules, the majority of MS NAWM tissue with nodules
showed many HLA-DR+ ramified microglia throughout the whole tissue section. Combined, we detected more nodules in MS NAWM tissue, and some of these nodules were bigger in size, as compared to stroke nodules.
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Figure 1 | MS brain donors with nodules have more reactive sites and WM lesions. A) Representative pictures of NAWM
tissue sections stained for myelin protein PLP or microglial activation marker HLA-DR, and a zoom-in to show HLA-DR+
microglial nodules in tissue of a stroke and MS brain donor. B) Total number of nodules in NAWM tissue sections was determined in stroke (n=8) and MS (n=9) brain donors. Mann-Whitney test, *p<0.05 . C) Size of each nodule (in µm2) present in
NAWM tissue sections was determined in stroke (n=8) for 33 nodules and MS (n=9) for 164 nodules, visualized for stroke and
MS group (median with minimum/maximum) or visualized per donor. Each dot represents a nodule. D) Reactive site load
and total lesion load in standard locations in the brainstem (BRS) dissected during autopsy, proportions of active and mixed
lesions in all tissue blocks dissected during autopsy were determined for MS brain donors without (n=44) and with (n=77)
nodules present in all WM tissue blocks dissected during autopsy. Mann-Whitney test, **p<0.01, ***p<0.001. Data is plotted
as mean with SEM.

MS brain donors with nodules have more reactive sites and WM lesions
To determine if nodules in MS brain tissue are associated with MS disease characteristics, we analyzed HLA-DR-stained WM tissue blocks (on average 23.5 ± 9.7 blocks per donor) dissected during
autopsy on appearance of normal-appearing WM or lesions (referred to as WM tissue blocks in this
article) of in total 121 MS brain donors. Nodules were detected in NAWM and/or perilesional tissue
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in at least one of the WM tissue blocks of 77 MS brain donors, while the remaining 44 MS brain donors did not contain any nodules in the WM tissue blocks. If nodules were observed in one of the
WM tissue blocks, these donors had overall a higher number of reactive sites, a higher total lesion
load, and a higher proportion of active and mixed lesions (Figure 1D and Supplemental Table 2).
No association was observed between disease duration or severity (defined by EDSS6) and nodules
in MS (Supplemental Figure 4A and Supplemental Table 2).
We also analyzed nodules at a standard location at the level of the medulla oblongata in the
brainstem, which allowed us to compare the same brain region among donors. Out of 91 MS brain
donors, 50 donors showed no nodules and 41 MS brain donors showed nodules in the brainstem
blocks. Again, brain donors with nodules had a significantly higher number of reactive sites and
total WM lesions, and a significantly higher proportion of active lesions (Supplemental Figure 4B
and Supplemental Table 2). However, we did not observe an association between nodules and the
proportion of mixed lesions, disease duration, or disease severity (Supplemental Figure 4B and
Supplemental Table 2). Concluding, MS brain donors with nodules in the WM tissue blocks or the
brainstem had a higher number of reactive sites and total WM lesions as well as a higher proportion
of active MS lesions.

Part of nodules contain proliferating microglia and show phagocytic activity
Next to nodule numbers and size, we studied the phenotypic profile of microglia within nodules by
immunohistochemistry. Previous studies identified nodules located near damaged axons6,14, suggesting that the nodules in MS and stroke might respond to axonal injury. Microglia respond to local
tissue damage by increasing their cell numbers17. Therefore, we studied if microglia within nodules
proliferate, by staining for the proliferating cell nuclear antigen (PCNA), and showed the majority
of microglia within nodules to express PCNA in 3 out of 4 stroke donors (51% of all nodules) and in
all 4 MS donors (82% of all nodules) and (Figure 2A-B and Table 2), demonstrating that microglial
nodules in both stroke and MS are proliferating.
Recently, we showed changes in the expression of genes implicated in phagocytosis and lipid metabolism, such as CD11c, MSR1 and CHIT1, around and in the rim of mixed lesions, indicating
demyelinating events16 and a role for these genes in early MS pathology. Here, expression of the lipid
metabolism enzyme CHIT1 was found in a few nodules (10%) in 2 out of 4 stroke donors and in 31%
of all nodules in NAWM found in all 4 MS donors (Figure 2C-D and Table 2).
Besides CHIT1, we stained microglia within nodules in both stroke and MS NAWM tissue
for MSR1 and CD11c, receptors implicated in phagocytosis16,18–20. Figure 2E-F and Table 2 showed
expression of MSR1 by nodules in both stroke and MS tissue, however in MS, the frequency was
higher (61% in all 4 MS donors) as compared to stroke nodules (13% in 2 out of 4 stroke donors).
MSR1 expression was not restricted to microglia within nodules, since a few ramified microglial cells
around nodules also express this receptor. Next to MSR1, CD11c was expressed by the majority of
nodules in MS (53% in 3 out of 4 donors), but by a much smaller fraction of stroke nodules (22% in 1
out of 3 donors) (Figure 2G-H and Table 2).
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Figure 2 | Part of nodules contain proliferating microglia and show phagocytic activity. Immunohistochemical stainings for
PCNA (proliferation marker) (A-B), CHIT1 (lipid metabolism enzyme) (C-D), MSR1 (scavenger receptor) (E-F), and CD11c
(phagocytic and microglial activation marker) (G-H) were performed in stroke (n=4) and in MS (n=4) NAWM tissue containing nodules as identified by IBA1 or HLA-DR staining. Representative pictures for nodules in stroke and MS tissue are shown.
Graphs show total percentage of nodules that are positive for the indicated marker. Each dot represents a donor, number of
nodules that are detected in each group is indicated (n) and data is plotted as mean with SEM. MSR1 is significantly higher
expressed in MS as compared to stroke nodules; Mann-Whitney test p=0.03. Scale bar is 20 µm.

Taken together, microglia in the majority of nodules in both stroke and MS are proliferating,
determined by PCNA expression. Moreover, in both stroke and MS, the phagocytic receptors MSR1
and CD11c, and lipid metabolism enzyme CHIT1, were expressed by microglia within several nodules which are more frequent in MS.
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Parenchymal lymphocytes are present in close proximity to MS nodules
Since several nodules in stroke and MS NAWM tissue contained microglia that express phagocytic
markers, we additionally gained further insight into other cell types near nodules, which might be
linked to MS lesion formation. Since plasma and B cells are implicated in MS pathogenesis2,21,22 and
secrete antibodies, which are detected as oligoclonal bands (OCBs) in the cerebrospinal fluid (CSF) in
95% of MS patient23–25, we performed immunohistochemical stainings to detect CD138+ plasma cells
or CD20+ B cells situated close to nodules in NAWM tissue. An image of each nodule was taken with
the nodule located in the middle, to detect plasma or B cells around a nodule within a radius of 150180 µm. Plasma cells were detected near 7% of the total nodules in 2 out of 4 MS brain donors, often
1 or 2 plasma cells in the parenchyma, whereas we did not encounter plasma cells near nodules in
all 4 stroke donors (Figure 3A-B and Table 2). Next to plasma cells, some CD20+ B cells were found
near several MS nodules (5% in 1 out of 4 donors), but not near any of the nodules in all 4 stroke brain
donors (Figure 3C-D and Table 2), demonstrating that plasma and B cells are only present in close
proximity to nodules in MS.
Next to plasma and B cells, T cells also play an important role in MS pathology21,26,27. Here,
we immunohistochemically stained the NAWM tissue of both stroke and MS for CD3 and HLA-DR,
and made an image of each nodule in the middle, to detect T cells around a nodule within a radius
of 150-180 µm. Interestingly, T cells were identified in close contact to 15% of all nodules in 3 out
of 5 MS brain donors, and only one T cell was found near one nodule (5% of all nodules) in 1 out
of 4 stroke donors (Figure 3E-F and Table 2). Except for one or two nodules per MS donor, where
nearby-present T cells resided in the perivascular space, most T cells that were in close contact to MS
nodules reside in the parenchyma outside the blood vessels. For 3 nodules in 1 MS donor, we found
that T cells were in direct contact with microglial cells in the nodules. Next to expression of HLA-DR,
expression of the co-stimulatory molecule CD86 by antigen-presenting cells is necessary to regulate
T cell activation. The majority of nodules in all 4 stroke donors (64% of all nodules) and in all 4 MS
donors (78% of all nodules) expressed CD86 (Figure 3G-H and Table 2).
Furthermore, since microglia within MS nodules express the phagocytic and activation
marker CD11c (Figure 2H), which is also highly expressed on disease-associated microglia identified
in mice28,29, we examined if microglia within nodules express this receptor when they are in close
proximity to T cells, stained by CD3. However, MS nodules did express CD11c irrespective of CD3
presence near these nodules (Supplemental Figure 5). To conclude, the majority of microglia in both
stroke and MS nodules express CD86. Only in MS and not in stroke, lymphocytes are situated in the
parenchyma in close contact to several nodules. In addition, CD11c is expressed by microglia within
MS nodules irrespective of T-cell presence.

MS nodules reside in an inflammatory environment
To identify the phenotype of T cells found near MS nodules, we stained for CD4 or CD8 together
with HLA-DR in adjacent sections of the 3 MS donors that showed T cells in close contact to nodules,
119
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Figure 3 | Lymphocytes are present in close proximity to MS nodules. Immunohistochemical stainings for CD138 (plasma
cell marker) (A-B), CD20 (B cell marker) (C-D), CD3 (T cell marker) (E-F), and CD86 (T cell co-stimulatory molecule) (G-H)
were performed in stroke (n=4) and in MS (n=4) NAWM tissue containing nodules as identified by HLA-DR or IBA1 staining.
Representative pictures for nodules in stroke and MS tissue are shown. Arrow indicates presence of lymphocyte. Graphs
show total percentage of nodules that are positive for the indicated marker. Each dot represents a donor, number of nodules
that are detected in each group is indicated (n) and data is plotted as mean with SEM. Scale bar is 20 µm.

displayed in Figure 3E-F. Approximately one third of T cells near MS nodules was CD4-positive
and approximately two thirds were CD8-positive (Figure 4A-B and Table 2), which is in line with
our previous observations of CD4:CD8 T cell ratio in the CNS30. When T cells encounter a non-self
antigen, they proliferate and become activated. Here, PCNA was used to detect activated T cells in close
proximity to stroke and MS nodules. 42% of all T cells that are in close contact to nodules of all 3 MS
donors were PCNA-positive (Figure 4C and Table 2), and are therefore activated. In contrast, the T
cell near one nodule in one stroke donor was PCNA-negative.
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Recently, we found upregulation of immunoglobulin genes in MS NAWM tissue as compared
to control WM tissue31. In line with the presence of B and plasma cells in close proximity to MS but not
near stroke nodules, we found a significant upregulated expression of the immunoglobulin genes
IGKC, IGHG1, IGHG2, and IGKV3-15 in MS nodule tissue as compared to stroke (Figure 4D), showing that immunoglobulin secretion only takes place in nodule MS tissue. The level of immunoglobulin expression highly varied between MS brain donors, with two MS cases showing the highest
expression of these immunoglobulins genes. Control WM tissue without nodules and pooled tissue
from mixed MS lesions and lymph node were used as negative and positive control, respectively
(Supplemental Figure 6). In sum, almost half of the T cells that are in close proximity to nodules in
MS NAWM are proliferating, and the majority of T cells near MS nodules express CD8. Moreover,
immunoglobulin genes were only found in MS nodule-containing tissue.

6

Figure 4 | MS nodules reside in an inflammatory environment. Immunohistochemical stainings for CD4 (T helper cell) (A),
CD8 (cytotoxic T cell) (B) and CD3 (T cell) together with PCNA (proliferation marker) (C) were performed in MS NAWM
tissue (n=3), which contains nodules identified by HLA-DR staining, that are in close contact to T cells (see Figure 2E-F). Representative pictures for nodules in MS NAWM tissue are shown. Arrow indicates CD4 or CD8 positive T cell. Graphs show
total number or percentage of T cells that are positive for indicated marker. Number of nodules that are detected in each group
is indicated (n). Scalebar is 20 µm. D) Gene expression of immunoglobulins IGKC, IGHG1, IGHG2 and IGKV3-15 in stroke
(n=6) and MS (n=6) NAWM tissue, determined by RT-qPCR. Mann-Whitney test, *p<0.05. Each dot represents a donor and
data is plotted as mean with SEM.
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Table 2 | Protein expression by/around nodules in both stroke and MS NAWM tissue
Cell type

Receptor/
molecule

Stroke nodules

Plasma cells

CD138

No

In all 4 donors

Yes

In 2 out of 4 donors (7%)*

B cells

CD20

No

In all 4 donors

Yes

In 1 out of 4 donors (5%)*

CD3

Yes

In 1 out of 4 donors (5%)*

Yes

In 3 out of 5 donors (15%)*

CD4

-

-

Yes

In 3 donors (8%) #

CD8

-

-

Yes

In 3 donors (18%) #

PCNA

No

In 1 donor with T cell around
nodule

Yes

In all 3 donors with T cells
around nodules (42%)*

PCNA

Yes

In 3 out of 4 donors (51%)*

Yes

In all 4 donors (82%)*

CHIT1

Yes

In 2 out of 4 donors (10%)*

Yes

In all 4 donors (31%)*

MSR1

Yes

In 2 out of 4 donors (13%)*

Yes

In all 4 donors (61%)*

CD11c

Yes

In 1 out of 3 donors (22%)*

Yes

In 3 out of 4 donors (53%)*

CD86

Yes

In all 4 donors (64%)*

Yes

In all 4 donors (78%)*

T cells

Microglia

MS nodules

* average percentage of total nodules found in all stroke (n=4) or all multiple sclerosis (MS; n=4/5) brain donors
# average number of total CD4 or CD8 positive cells found closely situated to nodules of 3 MS brain donors

Discussion
Microglial nodules might play an essential role in MS lesion formation, but they are not restricted to
MS, as they are also found after stroke. Here, we characterized nodules in NAWM tissue and showed
that more nodules appear in MS and that the majority of nodules contain proliferating microglia. Microglia within nodules express lesion-enriched proteins CHIT1, MSR1 or CD11c in both stroke and
MS. These proteins are more frequently expressed by MS nodules and are related to myelin uptake
and degradation and may be an early sign of MS pathology. Moreover, microglia within nodules
in both stroke and MS expressed the co-stimulatory molecule CD86, suggesting that these nodules
can regulate T cell activation. Interestingly, only in MS but not in stroke, activated, proliferating
lymphocytes were present in the parenchyma close to several nodules. On top of that, expression of
immunoglobulin genes was only found in MS nodule tissue. Finally, looking at the overall pathology
of 121 MS donors studied, nodule presence correlated with a higher number of reactive sites and total
WM lesions, and a higher proportion of active lesions. Altogether, these findings corroborate the idea
that nodules could be the first stage of MS lesion formation.
Reactive sites have been described to be a first stage of MS lesion formation, as they show
signs of oligodendrocytic stress and accumulating HLA-DR+ microglia32,33. Nodule presence indeed
correlated with more reactive sites, further supporting a role for nodules in MS lesion initiation. In
spite of the fact that a higher number of reactive sites and WM lesions and a higher proportion of
active and mixed lesions were found in MS cases with nodules, the disease course or duration was
similar to MS cases without nodules. This is surprising, since a more severe disease course correlates
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with a higher proportion of mixed lesions or total WM lesions5. Notably, nodules were not detected
in all MS cases, which might be explained by the lower number of active lesions detected in these
donors; therefore, the chance of detecting nodules is reduced when a lower number of lesions were
dissected during autopsy.
Microglia contribute to demyelination in MS1 and upregulate phagocytic receptors in and
around mixed lesions16,34. One of these receptors is MSR1, which is involved in myelin uptake16,18.
Another lesion-enriched gene encodes the lipid metabolism enzyme CHIT116, which is a marker for
lysosomal stress that is high expressed by lipid-laden macrophages in Gaucher disease and atherosclerosis35,36. CHIT1 expression is increased after uptake of MS myelin16 and is also a prognostic
biomarker for MS37. Interestingly, we found expression of both MSR1 and CHIT1 proteins in some
microglial nodules in stroke, but more frequent in MS, suggesting that several nodules contribute to
phagocytosis and degradation of cellular/myelin debris in both stroke and MS. Another phagocytic
marker is CD11c, which is upregulated by activated microglia around amyloid-β plaques in Alzheimer’s disease19 and in the rim of mixed MS lesions16. CD11c is also expressed by the majority of MS
microglial nodules, but hardly on stroke nodules. Together with MSR1, CD11c has been described
as marker for disease-associated microglia in mice28,29 and expression by several nodules might
therefore indicate early microglial activation. MSR1 and CHIT1 are particularly expressed by
nodules in MS NAWM, as ramified microglia in NAWM tissue hardly express these markers16,34.
Importantly, expression of phagocytic markers by some microglial nodules suggests that not all nodules contribute to myelin uptake, and they are likely not all implicated in MS lesion formation, which
is in line with previous studies13,3.
Several MS nodules expressed phagocytic and lysosomal proteins, which are also highly
expressed in and around active MS lesions16, suggesting that these nodules are implicated in demyelination. Since these proteins are also found on stroke nodules, nodules might have a general role
in debris clearing. In MS, we observed more nodules as compared to stroke and the majority of MS
nodules contained proliferating microglia. Since microglial proliferation might start in response to
local tissue damage17, the high percentage of MS nodules that contain proliferating microglia suggests extensive tissue damage in MS, which is in line with the presence of apoptotic neurons/ oligodendrocytes and early myelin damage in normal-appearing MS tissue32,38,39. Moreover, axonal damage was also observed in normal-appearing MS tissue, which might be a consequence of Wallerian
degeneration as a result of lesions located in adjacent brain regions40,41. Similar, several studies have
shown that the presence of nodules is associated with axonal damage, as they appear near damaged
and complement-opsonized axons6,14. Thus, nodules might respond to axonal damage and Wallerian
degeneration in both stroke and MS. However, we here show that in contrast to stroke, nodules in
MS receive additional stimuli, such as immunoglobulins, that might induce MS lesion formation.
A fraction of MS microglial nodules produces pro- and anti-inflammatory cytokines and,
in addition, also viral response proteins12,13,42. This points to a role for MS nodules in immune regulation, which might be necessary for MS lesion formation. Since lymphocytes are implicated in MS
pathogenesis2,21,22,26,27, we focused on the presence of these immune cells near nodules, and strikingly, we found presence of T cells near nodules in 3 out of 5 MS brain donors. Most of these T cells
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appeared in the parenchyma and, surprisingly, a high percentage (42%) was proliferating. Microglial
nodules express CD86, suggesting that they can regulate T cell activation. We detected only one T cell
near one stroke nodule, which is in line with previous studies that also hardly encountered T cells in
or near stroke lesions43,44. T cells in non-MS tissue reside mostly in the perivascular space30 and only
enter the parenchyma in active MS lesions27. It is of high interest to investigate what attracts T cells
to enter the parenchyma already in NAWM tissue containing nodules. One possible explanation
might be that, since the majority of T cells near MS nodules are CD8+, which are implicated in viral
clearance, these T cells might be attracted by a virus. Altogether, we found activated T cells, of which
the majority was CD8+, in the parenchyma in close contact to MS nodules, possibly triggering MS
lesion formation.
Besides T cells, we also encountered plasma and CD20+ B cells near some MS nodules and
found expression of immunoglobulin genes in nodule-containing MS tissue. Notably, neither plasma
nor B cells were detected near stroke nodules, and immunoglobulin gene expression was absent,
which is in line with previous data where CD20+ B cells were absent in or near stroke lesions43,44.
However, in stroke, lymphocytes might infiltrate the CNS by passing a damaged blood-brain
barrier. In our study, stroke donors experienced an infarct on average 72.8 months before they died;
that might explain why lymphocytes are not detected near stroke nodules in post-mortem tissue
anymore and could be key to explain the difference between stroke and MS nodules. In MS, B cells
are associated with pathology45–47 and intrathecal antibodies, detected as OCBs in the CSF, are a key
hallmark for diagnosis23,25. Our data demonstrate plasma and B cells near MS nodules and identified
antibody expression in MS nodule tissue, which could target MS myelin48, induce microglial immune
activation (van der Poel et al, submitted for publication) and demyelination49.
It is important to note that only several MS nodules contained phagocytic active microglia and even a lower fraction is in close proximity to lymphocytes. This might indicate that not all
nodules may give rise to demyelinating lesions, and possibly a process that requires circumstances
present only in MS patients results in lesion formation. In stroke, initial clustering of microglia occurs
as well, but microglia do not encounter lymphocytes or antibodies, which may prevent their development into local inflammatory spots as seen in MS donors.

Conclusions
We here identified traits that suggest a contribution of a majority of microglial cell clusters in MS
CNS in the formation of lesions. MS nodules were phagocytic and lysosomal active, some were situated next to proliferating lymphocytes, and antibody genes were expressed in the surrounding
tissue. Furthermore, the presence of nodules in MS tissue correlated with a higher number of reactive
sites and active lesions. Since nodules were previously associated with axonal damage, and lymphocytes do not appear near stroke nodules, nodule formation is probably not triggered by lymphocytes.
Instead, activated lymphocytes near MS nodules possibly could trigger lesion initiation. Blocking
nodule formation may not be optimal, since phagocytic active microglia within nodules can clear cellular debris to promote tissue repair and remyelination50,51. Rather, future studies should focus on the
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interaction between microglial nodules and lymphocytes with the aim to prevent local inflammation
and the formation of new MS lesions.
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Supplemental Material
Supplemental

Table

1

|

Characteristics

Donor
NBB

Diagn.

Age
(yrs)

Sex

PMD
(h:m)

2007-034

PP MS

76

F

9:45

of

brain

Location stroke

donors
Time of
stroke

with

nodules

–

MS

and

stroke

Duration
(yrs)

Time
EDSS6
(yrs)

Cause of
death

20

6

U

Count

Exp.

2009-076

SP MS

75

M

7:45

55

55

Euthanasia

Count,
IHC

2011-089

SP MS

64

M

7:30

35

35

Euthanasia

Count,
IHC

2012-032

SP MS

80

M

9:45

45

10

Cachexia,
pneumonia
in advanced
MS

Count

2013-019

SP MS

53

F

7:15

17

8

Euthanasia

Count

2014-007

PP MS

51

F

9:45

35

21

Euthanasia

Count,
IHC

2014-058

SP MS

74

F

7:50

49

27

Euthanasia

Count

2015-064

SP MS

50

M

10:50

21

17

Euthanasia

Count,
IHC

2016-030

SP MS

65

F

6:25

45

U

Euthanasia

Count,
IHC

-

Respiratory
insufficiency

Count,
IHC

February
1994;
>9
months

6:40

Right striatum,
left caudate head,
right occipital
and parietal, left
temporoparietal

M

5:30

Right hemisphere
temporo-occipital, occipital
border mediaanterior

November 1994;
<1 month

-

Pneumonia
and respiratory insufficiency

Count,
IHC

56

M

5:00

Thalamus and
cerebellum

U

-

U

Count,
IHC

CON with
ischemic
changes

81

M

4:30

Substantia nigra

February
2004; >6
years

-

Terminal
carcinoma

Count,
IHC

2011-029

CON with
ischemic
changes

86

F

7:05

Basal nuclei and
amygdala infarct
right hemisphere

July
2005; >5
years

-

Heart
failure

Count,
IHC

2011-036

CON with
CVA

88

M

5:40

Pons

January
2011; >3
months

-

Heart
failure

Count,
IHC

2013-022

CON with
ischemic
changes

92

F

4:40

Cerebellum (big
infarct), basal
ganglia, pons

U

-

Palliative
sedation

Count,
IHC

2013-034

CON with
ischemic
changes

89

F

6:30

Parietal right
hemisphere,
caudate, hippocampus

July
2011; >1
year

-

Euthanasia

Count

1994-116

CON with
CVA

1994-124

CON with
vascular
encephalopathy

63

1998-021

CON with
ischemic
changes

2010-008

72

F

CON = control brain donor; Count = quantification of total number of nodules; CVA = cerebrovascular accident; Diagn. = diagnosis; Duration = disease duration; Time EDSS6 = time in years until patient reached expanded disability score 6.0; Exp. = experiment
performed; F = female; IHC = immunohistochemistry; M = male; MS = multiple sclerosis; NBB = Netherlands Brain Bank; PMD =
post-mortem delay in hours:minutes; PP = primary progressive; SP = secondary progressive; U = unknown; Yrs = years.

129

6

Supplemental
Nodules
present

Table

2

|

Characteristics

of

MS

brain

donors

MS
type

8:36 ± 2:17

2 RR
25 PP
3 PR
42 SP
5 NA

29.2 ± 13.6

16.3 ± 12.4

1.8 ± 2.4

8.4 ± 7.2

0.23 ± 0.21

0.31 ± 0.21

22 F
23 M

9:24 ± 5:14

3 RR
15 PP
2 PR
22 SP
2 NA

30.3 ± 13.3

17.1 ± 12.8

0.6 ± 1.3

5.3 ± 8

0.13 ± 0.17

0.22 ± 0.24

ns

ns

-

ns

ns

p<0.001

p<0.001

p<0.01

p<0.01

31.8 ± 13.3

18.8 ± 14

1.7 ± 2.5

8.4 ± 6.9

0.23 ± 0.23

0.27 ± 0.22

Sex

Yes (in
all WM
blocks)

63 ± 14.7

51 F
26 M

No (in
all WM
blocks)

61.1 ±
16.4

p-value

ns

Reactive site
load

nodules

PMD
(h:m)

Age
(yrs)

Time to
EDSS6
(yrs)

with/without

Disease
duration
(yrs)

Lesion
load

Prop.
active
lesions

Prop.
mixed
lesions

Yes (in
BRS)

65.9 ± 13

28 F
13 M

9:18 ± 5:54

2 RR
15 PP
22 SP
2 NA

No (in
BRS)

65 ± 11.1

33 F
17 M

7:39 ± 1:54

7 RR
16 PP
26 PP
1 NA

29.8 ± 15.3

17.4 ± 12.3

0.86 ± 2.1

4.3 ± 5.1

0.18 ± 0.26

0.26 ± 0.29

p-value

ns

ns

ns

-

ns

ns

p<0.05

p<0.001

p<0.05

ns

Provided is the mean ± standard deviation, data is visualized in Figure 1 and Supplemental Figure 4. BRS = brainstem; EDSS6 =
expanded disability status scale score 6; F = female; M = male; NA = not available; ns = not significant; PMD = post-mortem delay;
PP = primary progressive; PR = primary relapsing; Prop. = Proportion; RR = relapsing-remitting; SP = secondary progressive; WM
= white matter.

Supplemental Table 3 | Antibodies used for immunohistochemistry
Antibody

Host

Clone

Dilution

Company

Antigen-retrieval method

CD11c

rabbit

polyclonal

1:250

Invitrogen

TRIS-EDTA buffer pH9

CD138

mouse

B-A38

1:250

Biorad

Citrate buffer pH6

CD20

mouse

L26

1:100

Dako

Citrate buffer pH6

CD3

rabbit

polyclonal

1:100

Dako

Citrate buffer pH6

CD3

rat

CD3-12

1:100

Abcam

Citrate buffer pH6

CD4

rabbit

4B12

1:200

Dako

Citrate buffer pH6

CD8

rabbit

polyclonal

1:100

Abcam

Citrate buffer pH6

CD86

mouse

BU63

1:100

NSJ Bioreagents

-

CHIT1

rabbit

polyclonal

1:20

Novus Biologicals

-

HLA-DR

mouse

CR3

1:100

Dako

Citrate buffer pH6

IBA1

rabbit

polyclonal

1:500

Wako

Citrate buffer pH6

MSR1

mouse

SRA-C6

1:100

Abnova

Citrate buffer pH6

PCNA

mouse

PC10

1:1,000

Santa Cruz

Citrate buffer pH6

Supplemental Table 4 | Primers used for RT-qPCR on nodule tissue
Gene name

Forward sequence (5’-3’)

Reverse sequence (5’-3’)

EEF1A1

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

IGKC

CCATCTGTCTTCATCTTCCCG

ATCCACCTTCCACTGTACTTTG

IGHG1

GGTCAAAGGCTTCTATCCCAG

AGGCGTGGTCTTGTAGTTG

IGHG2

GGAGATGACCAAGAACCAGG

GGAGGTGTGGTCTTGTAGTTG

IGKV3-15

CCTCATCTATGGTGCATCCAC

TGCTGATGGTGAGAGTGAAC
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Supplemental Figure 1 | Experimental design to characterize nodules in stroke and MS. HLA-DR+ nodules in NAWM tissue
of stroke and MS brain donors was analyzed to determine: 1) number and size of nodules in both stroke and MS, 2) relation between nodules in MS brainstem or MS WM tissue blocks dissected during autopsy and clinical/pathological disease parameters,
3) phenotype of nodules in stroke and MS by immunohistochemistry. The figures or tables that display the results are indicated.
Image of the brain was adapted from Servier Medical Art by Servier, licensed under Creative Commons Attribution 3.0 Unported
License.

Supplemental Figure 2 | Some MS brain donors show larger nodules. HLA-DR immunohistochemistry was performed to
visualize nodules and determine their size. Two representative pictures for large nodules in 2 MS brain donors are shown. Scale
bar is 50 µm.

Supplemental Figure 3 | No effect of post-mortem delay on size or number of nodules. Post-mortem delay (in hours:minutes)
for each stroke (n=8) or MS (n=9) brain donor was plotted for total nodule number or average nodule size (in µm2). Pearson correlation test.
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Supplemental Figure 4 | Relation between nodules and clinical/ pathological MS parameters. A) Disease duration or severity
(defined as time to EDSS6 (expanded disability status scale score 6.0)), both in years, were visualized for MS brain donors without
(n=44) and with (n=77) nodules present in all WM tissue blocks dissected during autopsy. B) Reactive site load and total WM
lesion load in a standard location dissected during autopsy (the medulla oblongata in the brainstem (BRS)), proportions of active
and mixed lesions in all tissue blocks dissected during autopsy were determined for MS brain donors without (n=50) and with
(n=41) nodules present in the brainstem. Disease duration or severity (EDSS6), both in years, were visualized for MS brain donors
with and without nodules present in the brainstem. Mann–Whitney test, * p<0.05, ** p<0.01. Data are plotted as mean with SEM.

Supplemental Figure 5 | CD11c is expressed by microglia within nodules irrespective of T cell presence. Immunohistochemical stainings for CD11c (phagocytic and microglial activation marker) and CD3 (T cell marker) on MS NAWM tissue (n=3)
containing nodules, determined by HLA-DR. Representative pictures for CD11c-positive nodules in MS NAWM tissue with or
without T cell presence are shown. Arrow shows CD3-positive cell. Graph shows total percentage of CD11c-positive nodules that
are in close proximity to CD3 or show no CD3 around them. Each dot represents a donor and number of nodules that are detected
in each group is indicated (n). Data is plotted as mean with SEM and scale bar is 20 µm.
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Supplemental Figure 6 | Immunoglobulin expression determined by RT-qPCR. Gene expression of immunoglobulins IGKC,
IGHG1, IGHG2, and IGKV3-15 in control WM (n=3), stroke (n=6) nodule tissue, MS (n=6) nodule tissue, and pooled tissue from
mixed MS lesions and lymph node (n=1) determined by RT-qPCR. Each dot represents a donor and data is plotted as mean with
SEM.
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