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Signaling from central nervous system (CNS)-infiltrating lymphocytes and macrophages

is critical to activate microglia and cause tissue damage in multiple sclerosis

(MS). We combined laser microdissection with high-throughput real time RT-PCR to

investigate separately the CNS exogenous and endogenous inflammatory components

in postmortem brain tissue of progressive MS cases. A previous analysis of immune

infiltrates isolated from the white matter (WM) and the meninges revealed predominant

expression of genes involved in antiviral and cytotoxic immunity, including IFNγ and

TNF. Here, we assessed the expression of 71 genes linked to IFN and TNF signaling

and microglia/macrophage activation in the parenchyma surrounding perivascular cuffs

at different stages of WM lesion evolution and in gray matter (GM) lesions underlying

meningeal infiltrates. WM and GM from non-neurological subjects were used as controls.

Transcriptional changes in the WM indicate activation of a classical IFNγ-induced

macrophage defense response already in the normal-appearing WM, amplification of

detrimental (proinflammatory/pro-oxidant) and protective (anti-inflammatory/anti-oxidant)

responses in actively demyelinating WM lesions and persistence of these dual features at

the border of chronic active WM lesions. Transcriptional changes in chronic subpial GM

lesions indicate skewing toward a proinflammatory microglia phenotype. TNF receptor

2 (TNFR2) mediating TNF neuroprotective functions was one of the genes upregulated

in the MS WM. Using immunohistochemistry we show that TNFR2 is highly expressed

in activated microglia in the normal-appearing WM, at the border of chronic active WM

lesions, and in foamy macrophages in actively demyelinating WM and GM lesions. In

lysolecithin-treated mouse cerebellar slices, a model of demyelination and remyelination,

TNFR2 RNA and soluble protein increased immediately after toxin-induced demyelination

along with transcripts for microglia/macrophage-derived pro- and anti-inflammatory

cytokines. TNFR2 and IL10 RNA and soluble TNFR2 protein remained elevated during

remyelination. Furthermore, myelin basic protein expression was increased after selective

activation of TNFR2 with an agonistic antibody. This study highlights the key role
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of cytotoxic adaptive immunity in driving detrimental microglia activation and the

concomitant healing response. It also shows that TNFR2 is an early marker of microglia

activation and promotes myelin synthesis, suggesting that microglial TNFR2 activation

can be exploited therapeutically to stimulate CNS repair.

Keywords: multiple sclerosis, brain, laser microdissection, gene expression, microglia, interferon, TNF receptors,

remyelination

INTRODUCTION

Multiple sclerosis (MS) is the most common chronic
inflammatory disease of the central nervous system (CNS)
affecting young adults and causing progressive deterioration
of motor, sensory, and cognitive functions. To date, it remains
unclear whether it is self or non-self-antigens that stimulate
the CNS-targeted immune response. Despite extensive search,
MS-related autoantigens remain elusive (Willis et al., 2015; Reich
et al., 2018). The B-lymphotropic herpesvirus Epstein-Barr virus
(EBV) is strongly associated with MS and has been implicated in
disease development (Pender and Burrows, 2014). However, the
mechanisms linking EBV to MS pathology, including molecular
mimicry and immunopathology driven by a persistent EBV
infection in the CNS, are debated (Serafini et al., 2019).

Notwithstanding the knowledge gaps regarding MS specific
triggers, immune cell recruitment and activation inside the
CNS are the most important drivers of resident microglia
activation, demyelination and neurodegeneration (Becher et al.,
2017; Lassmann, 2019). Blood-derived lymphocytes, including
CD4+ T helper cells, CD8+ cytotoxic T cells, B cells and, to
a lesser extent, myeloid cells, accumulate predominantly in the
connectival spaces of the CNS: the venous perivascular spaces
in the white matter (WM) and more rarely in the gray matter
(GM) (Lassmann, 2019), and the subarachnoid space of the
meninges where ectopic lymphoid-like structures can develop
(Serafini et al., 2004). It has been proposed that soluble factors
produced by activated lymphocytes andmonocytes/macrophages
can diffuse into the tissue, inducing microglia activation and
CNS tissue damage (Magliozzi et al., 2007, 2010;Machado-Santos
et al., 2018). In turn, microglia activation can contribute to both
the pathological features of MS lesions and the healing response
attenuating inflammation and promoting functional recovery
(Butovsky and Weiner, 2018; Li and Barres, 2018).

Previously, we analyzed the expression of a large number of
immune-related and EBV genes in laser-cut immune infiltrates
from the WM and the meninges of post-mortem MS brain
samples (Veroni et al., 2018). We detected EBV genes associated
with activation of viral infection and showed an elevated,
coordinated expression of genes involved in antiviral immunity,
T helper 1 and CD8 T-cell effector functions; these included,
among others, genes encoding soluble factors like IFNγ, TNF
and lytic enzymes (perforin, granzyme B, metalloproteinases),
that are candidate triggers of glia limitans disruption, microglia
activation and neural cell injury (Agresti et al., 1996; Agrawal
et al., 2006; Sobottka et al., 2009; Denic et al., 2013). During
that study, we also microdissected the WM and GM parenchyma
contiguous to CNS immune infiltrates. We postulated that

studying gene expression changes in these microareas would
provide clear-cut information about the impact of peripheral
immune cell-derived signals on microglia activation status and
lesion evolution.

In this study we used enhanced, multiple target gene real
time RT-PCR to assess and compare gene expression in laser-
cut MS normal-appearing WM (NAWM), active WM lesions
and rim of chronic active WM lesions immediately adjacent to
WM perivascular cuffs, chronic subpial GM lesions adjacent to
prominent meningeal immune infiltrates, and non-pathological
WM and GM. This highly selective and sensitive approach
allowed to unravel previously unappreciated changes in the
expression of genes linked to IFN and TNF signaling, microglia
activation and healing responses in the above mentioned
areas. Having found that TNFR2, a receptor implicated in
TNF-mediated anti-inflammatory and regenerative processes in
the CNS, was upregulated at the transcriptional level in all
WM areas analyzed, we performed a detailed study of the
distribution and cellular localization of TNFR2 in the MS brain
using immunohistochemical techniques. The dynamic regulation
of TNFR2 RNA and the therapeutic potential of selective
TNFR2 stimulation were explored in an ex-vivo mouse model
of demyelination/remyelination.

MATERIALS AND METHODS

Human Post-mortem Brain Tissue
All post-mortem brain tissues were obtained from the UK
Multiple Sclerosis Tissue Bank at Imperial College London
(https://www.imperial.ac.uk/medicine/multiple-sclerosis-and-
parkinsons-tissue-bank). A total of 25 snap frozen tissue blocks
(2 × 2 × 1 cm) from the superior frontal gyrus, precentral gyrus
and middle temporal gyrus of 16 cases of progressive MS (1–3
blocks/case) and 5 brain tissue blocks from 5 non-neurological
control cases were selected for this study (Table 1). Based on the
available clinical histories, all patients had developed secondary
progressive MS, except MS121 and MS234 who had developed
relapsing progressive MS, and MS176 case who developed
primary progressive MS. All patients were wheelchair- or
bed-bound at the time of death [Expanded Disability Status Scale
(EDSS) > 7.5]. For some patients, information was also available
on immunotherapies received during the relapsing-remitting
phase of the disease, whereas no treatment was reported during
the progressive phase of MS. Use of human tissue for research
purposes was approved by the Ethics Committee of Istituto
Superiore di Sanità (CE 12/356). Brain specimens were analyzed
and classified by histopathological methods, as previously
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TABLE 1 | Demographic, clinical and neuropathological characteristics of the MS and control cases analyzed.

MS case/n◦

brain blocks

Sex/Age at

death

Disease

duration

(years)

Cause of death Immunotherapy Post-mortem

delay (hrs)

Use Number and type of

WM/GM areas used for

IHCa and IFb

Number and type of

laser-cut WM/GM areas

used for gene expression

analysis

MS56/1 M/63 39 Pneumonia, MS Age 44: ACTH 11 IHC, IF 2 chronic active WMLc;

1 chronic active GMLd
N.P.e

MS79/2 F/49 24 Bronchopneumonia,

MS

Age 28: ACTH, azathioprine

for 1 year

Until age 35, courses

of methylprednisolone

7 IHC, IF

LCMg

1 chronic active WML;

1 NAWM; 1 chronic active

GML; 1 chronic inactive GML

1 NAWMf; 1 active and

1 chronic active WML;

1 chronic active GML

MS92/3 F/37 17 MS Age 21: ACTH 26 LCM N.P. 6 NAWM; 2 chronic inactive

GML

MS100/1 M/46 8 Pneumonia, MS Age 38: prednisolone

Age 39: methylprednisolone

Age 41: cyclophosphamide

7 IHC, IF 1 NAWM; 1 chronic active

GML

N.P.

MS121/2 F/49 14 Pneumonia, MS Age 46: methylprednisolone 24 IHC, IF

LCM

1 NAWM; 1 active WML;

1 chronic inactive GML

4 NAWM; 2 active and

1 chronic active WML

MS154/2 F/35 11 Pneumonia, MS Not reported 12 IHC, IF 1 active WML; 1 chronic

active WML

N.P.

MS160/2 F/44 15 Aspiration

pneumonia, MS

Not reported 18 IHC, IF

LCM

1 NAWM; 1 chronic active

WML; 2 active GML

2 chronic active GML;

1 chronic inactive GML

2 chronic inactive GML

MS163/1 F/45 6 Sepsis, MS Not reported 28 IHC, IF 1 NAWM N.P.

MS176/1 M/37 27 Intestinal

obstruction, MS

Age 21: ACTH

Age 22:

methylprednisolone,

cyclophosphamide

12 IHC, IF

LCM

1 active WML 3 active WML; 1 chronic

active WML; 1 chronic

inactive GML

MS180/2 F/44 18 MS Not reported 7 IHC, IF

LCM

1 active WML; 1 chronic

active GML

1 NAWM; 5 active and

3 chronic active WML;

3 chronic active and 2

chronic inactive GML

MS200/1 F/44 19 Sepsis, MS Age 39: azathioprine for 11

months

20 IHC, IF 1 chronic active WML;

1 chronic active GML;

1 chronic inactive GML

N.P.

MS234/2 F/ 39 15 Pneumonia, MS Not reported 15 LCM N.P. 1 chronic active GML;

5 chronic inactive GML

MS 352/1 M/43 18 MS Age 32: methylprednisolone

Age 33: Campath-1H

26 LCM N.P. 1 chronic inactive GML

MS356/1 F/45 16 MS Not reported 10 IHC, IF 1 chronic active WML;

1 chronic active GML

N.P.

MS402/1 M/46 20 Bronchopneumonia,

MS

Not reported 12 LCM N.P. 1 active WML; 1 chronic

inactive GML

(Continued)
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TABLE 1 | Continued

MS case/n◦

brain blocks

Sex/Age at

death

Disease

duration

(years)

Cause of death Immunotherapy Post-mortem

delay (hrs)

Use Number and type of

WM/GM areas used for

IHCa and IFb

Number and type of

laser-cut WM/GM areas

used for gene expression

analysis

MS407/2 F/44 19 Septicemia,

pneumonia, MS

Age 32: interferon β-1a for

10 years

22 LCM N.P. 2 NAWM; 1 active and

1 chronic active WML;

1 chronic active GML;

4 chronic inactive GML

Control

cases

Sex/Age at

death

Cause of death Therapy Post-mortem

delay (hrs)

Use Main neuropathological

features

Number and type of

laser-cut WM/GM areas

used for gene expression

analysis

C14/1 M/64 Cardiac failure Not reported 18 IHC

LCM

Normal/History of transient

ischaemic attacks

1 WM; 1 GM

C25/1 M/35 Carcinoma of the

tongue

Not reported 22 IHC

LCM

Normal 1 WM; 2 GM

C28/1 F/60 Ovarian cancer Not reported 13 LCM Scarse inflammatory infiltrates 1 WM; 1 GM

C30/1 M/75 Cerebrovascular

accident

Not reported 17 IHC, IF

LCM

Aging, Alzheimer’s

disease-like pathology

1 WM; 1 GM

C45/1 M/77 Cardio pulmonary

degeneration

Not reported 22 IHC

LCM

Aging 1 WM; 1 GM

MS cases had developed secondary progressive MS, except MS121 and MS234, who developed relapsing progressive MS, and MS176 who developed primary progressive MS. a IHC, Immunohistochemistry; b IF, Immunofluorescence;
cWML, white matter lesion; dGML, gray matter lesion; eN.P., not performed; fNAWM, normal-appearing white matter; gLCM, laser capture microdissection.
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described (Serafini et al., 2006, 2010). Demographic, clinical and
neuropathological data, and post-mortem delay intervals are
summarized in Table 1.

Laser Capture Microdissection
Snap frozen brain tissue blocks from five control cases [median
post-mortem delay (PMD) = 18 h] and 10MS cases (median
PMD = 13.5 h) with RNA Integrity Number (RIN) values ≥ 6
(Veroni et al., 2018) were used for laser capture microdissection
(LCM) and subsequent gene expression analysis (Table 1).
RNA was extracted from each tissue block using RNeasy mini
kit (Qiagen, Valencia, CA) and RNA quality was evaluated
using Agilent 2100 Bioanalyzer. Brain sections (10-µm thick)
were stained with hematoxylin and eosin (H&E) to localize
WM perivascular and meningeal immune infiltrates and with
antibodies specific for myelin oligodendrocyte glycoprotein
(MOG) and MHC class II molecules (HLA-DP, DQ, DR) to
assess the extent of demyelination and inflammatory activity,
respectively, as described (Serafini et al., 2006, 2010). Eight-10
serial brain sections adjacent to those used for neuropathological
characterization were cut with a cryostat in RNAse-free
conditions, mounted on membrane-coated microscopy nuclease
and nucleic acid free slides (MMI AG, Glattbrugg, Switzerland),
and subjected to rapid nuclear staining and dehydration
procedures (Arcturus Histo Gene Staining Solution, Life
Technologies, Grand Island, NY). Sections were air-dried for
1 h and LCM was performed using a laser microdissector
SL Cut (MMI AG) equipped with a UV-Cut SL Microtest
software and a Nikon Eclipse TE2000-S microscope. CNS
immune infiltrates and the adjacent neural parenchyma were
collected consecutively (Figure 1). The procedure was performed
in RNase-free conditions to avoid RNA degradation. The WM
and GM parenchyma contiguous to WM perivascular cuffs
and sparse or lymphoid-like meningeal immune infiltrates,
respectively, included: NAWM with activated microglia and
apparently normal myelin; active and demyelinating WM
lesions, characterized by the presence of MOG-containing
macrophages throughout the lesion area; the hypercellular border
of chronic active WM lesions comprising macrophages and
activated microglia; subpial chronic active and inactive GM
lesions characterized by the presence and absence of a rim
of MHC class II+ microglia surrounding the demyelinated
area, respectively.

Each WM and GM sample was isolated from 3 to 5 serial
sections and the fragments were collected in a single cap.
The pooled tissue fragments of each series were incubated
immediately in 50 µl of RNA stabilizing extraction buffer
(PicoPure RNA isolation kit, Arcturus, Life Technologies) at
42◦C for 30min and centrifuged at 800×g for 2min. Lysates were
stored at−80◦C until use. The area of the pooled microdissected
parenchymal areas ranged from 162.000 to 1.168.000 µm2

(median value= 645.500 µm2) for the WM and from 194.000 to
1.000.000 µm2 (median value = 582.000 µm2) for the GM. The
final sample cohort included 35 WM and 24 GM samples from
10MS cases, and 5WMand 6GM samples from five control cases
(Table 1).

High-Throughput Real Time Reverse
Transcription PCR
Total RNA was extracted from the laser-cut WM and GM
samples using Picopure RNA isolation kit (Arcturus, Life
Technologies). The low amount of RNA extracted from laser-cut
samples did not allow to check for RNA quality and quantity.
The whole volume of purified RNA was reverse transcribed
immediately after extraction using the High Capacity Reverse
Transcription kit. RNase inhibitor (Life Technologies) was added
to minimize RNA degradation. cDNA was preamplified for a
total of 79 cellular transcripts (including the housekeeping gene
GAPDH) and 2 EBV genes (EBER1 and LMP1) using a pool
of TaqMan Gene Expression Assays (Supplementary Table 1)
and the TaqMan PreAmp Master Mix (Life Technologies).
The preamplification reaction was carried out at the following
thermal conditions: 50◦C for 2min and 95◦C for 10min,
followed by 95◦C for 15 s and 1min at 60◦C for 14 cycles.
The final product was diluted 1:5 in TE buffer and analyzed
using the high-throughput BioMark real time PCR nanofluidic
platform (Fluidigm, San Francisco, CA). For each sample, a
mix composed by 3 µl of TaqMan Gene Expression Master
Mix (Life Technologies), 0.3 µl of 20× sample loading reagent
(Fluidigm), and 2.7 µl of preamplified sample was prepared. For
each assay, 3 µl of the 2× assay loading reagent (Fluidigm) were
mixed with 3 µl of each TaqMan Gene Expression assay used
in the preamplification step (Life Technologies). After BioMark
48.48 Dynamic Array IFC chip (Fluidigm) priming, both the
sample and assay mix were loaded in duplicate into the chip
inlets (to have four independent reactions for each sample/assay
pair) using the IFC controller MX (Fluidigm). A no-template
preamplification control was always included in each chip. The
loaded 48.48 DA IFC chip was finally processed using the high-
throughput RT-PCR instrument (BioMark; Fluidigm) at the
following thermal conditions: 94◦C for 2min, followed by 40
cycles of 94◦C for 15 s, and 60◦C for 60 s. Data were acquired and
analyzed using the Biomark Real-Time PCR Analysis Software
(Fluidigm). Gene expression levels are expressed as 2−1Ct value
relative to the endogenous GAPDHmRNA.

Immunohistochemistry and
Immunofluorescence Staining of MS and
Control Brain Samples
Snap frozen brain tissue blocks from 11MS cases and four
control cases were used for immunohistochemical and
immunofluorescence experiments (Table 1). Ten-µm-thick
sections were cut and stored at −80◦C. Acetone- or methanol-
fixed (for MOG staining) sections were rehydrated with
phosphate buffered saline (PBS), pre-incubated with 10% normal
serum (NS) and immunostained overnight at 4◦C with the
following primary antibodies diluted in PBS containing 2%
bovine serum albumin (BSA): anti-MOG mouse monoclonal
antibody (mAb) (1:1,000, clone 2858; Novus Biologicals, Oxford,
UK), anti-HLA-DP, DQ, DR antigen mouse mAb (1:50, clone
CR3/43; DakoCytomation, Glostrup, Denmark), anti-CD68
mouse mAb (1:50; clone KP1, DakoCytomation), anti-
TNFRSF1B (TNFR2) rabbit polyclonal Ab (1:50; Sigma-Aldrich,
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FIGURE 1 | Immunohistochemical characterization and laser capture microdissection of the white matter and gray matter parenchyma adjacent to perivascular cuffs

and meningeal infiltrates in the MS brain. Brain sections were immunostained with anti-MOG and anti-MHC class II antigen (anti-HLA-DP, DQ, DR) antibodies and

counterstained with hematoxylin to assess the degree of demyelination and inflammation and identify the relevant brain areas (A,D,H,K and insets). Following rapid

nuclear staining of serial sections, immune infiltrates (F, and insets in B,I,L) and the adjacent NAWM (B,C), active WM lesions (E,G), border of chronic active WM

lesions (I,J), or subpial GM lesions (L,M) were cut consecutively and collected separately. The asterisks mark perivascular (A–J) and meningeal (K–M) immune

infiltrates before and after microdissection. The stainings shown in this figure were performed in brain samples of three MS cases. Bars = 500µm in the insets in

A,D,H; 200µm in A–D,F,H–K, insets in B,I,K; 100µm in E,G,L,M and inset in L.
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St. Louis, MO). After washing with PBS, sections were incubated
consecutively with 0.1% H2O2 in PBS for 20min in the dark to
eliminate endogenous peroxidase activity, biotinylated secondary
Abs (rabbit anti-mouse or goat anti-rabbit, final concentration
3µg/ml; Jackson ImmunoResearch Laboratories, West Grove,
PA) diluted in PBS containing 5% NS for 1 h, and avidin-biotin
horseradish peroxidase complex (ABC Vectastain Elite kit,
Vector Laboratories, Burlingame, CA) for 45min at room
temperature (RT). Staining reactions were performed with 3,3′-
diaminobenzidine (Sigma-Aldrich) or 3-amino-9-ethylcarbazole
(DakoCytomation) as chromogen. Negative controls included
the use of mouse IgG1 isotype control (control for mAbs) or
pre-immune rabbit serum (control for polyclonal Abs) (both
from Jackson ImmunoResearch Laboratories), omission of
primary Abs (control for all stainings), and pre-adsorption of
anti-TNFR2 Ab with TNFRSF1B PrEST Antigen (APrEST86776,
Sigma-Aldrich) following the manufacturer’s instructions.
Sections were counterstained with hematoxylin and analyzed
with an Axiophot microscope (Carl Zeiss, Jena, Germany)
equipped with a digital camera (Axiocam MRC); images were
acquired using Axiovision 4 AC software.

For double indirect immunofluorescence, brain sections were
incubated overnight at 4◦C with a mixture of anti-TNFR2 rabbit
polyclonal Ab and one of the following mAbs: anti-CD68, anti-
2′,3′-cyclic nucleotide-3′-phosphodiesterase (CNPase) (1:50;
clone 11-5B, GeneTex Inc., Irvine, CA) or anti-glial fibrillary
acidic protein (GFAP) (1:500, cloneGA-5, BioGenex, San Ramon,
CA) diluted in PBS containing 1% BSA. Sections were washed
three times in PBS plus Triton X-100 0.02%, and then incubated
for 1 h at RT with Alexa Fluor 488-conjugated goat anti-mouse
IgG (1:300, Invitrogen, Eugene, OR) and biotinylated goat anti-
rabbit IgG followed by tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated streptavidin (dilution 1:150). Sections were
sealed in ProLong Gold antifade reagent with 4′,6′-diamidino-2-
phenylindole (DAPI; Invitrogen) and images were acquired and
analyzed with a Leica fluorescencemicroscope (DM-4000B, Leica
Microsystems, Wetzlar, Germany). Cells co-expressing TNFR2
and CD68, GFAP or CNPase were counted in 5–10 random
fields within the areas of interest using a 20× objective by
two independent investigators (B.S. and B.R.). Cell counts were
performed in brain sections from 7MS cases. Data are expressed
as percentages of double positive cells in the total TNFR2+,
CD68+, GFAP+, or CNPase+ cell populations; ranges and
median values are presented.

Animals
CD1 Swiss mice were purchased from Harlan Laboratories (San
Pietro Al Natisone, Udine, Italy). The study was approved by
the National Center for Animal Research and Welfare of the
Istituto Superiore di Sanità and by the Italian Ministry of Health
(Authorization 271/SSA/2010).

Organotypic Mouse Cerebellar Slice
Cultures
For demyelination/remyelination experiments, 350 µm-thick
slices were prepared from the cerebellum of postnatal day 10
(P10) mice, as described (Eleuteri et al., 2017). P10 cerebellum

was used because at this developmental stage Purkinje cells have
a good survival rate in culture (Dusart et al., 1997). Slices were
cultured in 1ml of medium (50% basal medium with Earle’s
salts, 25% Hanks’ balanced salt solution, 25% horse serum, and
5 mg/ml glucose) at 35◦C in a 95% air-5% CO2 humidified
atmosphere, replacing fresh medium after 1 day and then every
2–3 days. After 1 week, when significant in vitro myelination
occurred, 0.5 mg/ml of lysolecithin (Sigma-Aldrich) was added to
the culture medium for 16 h to induce demyelination (Birgbauer
et al., 2004). For gene expression analysis, cerebellar slices were
collected at 0, 2, and 4 days after toxin removal and used for gene
expression analysis. To investigate the effect of TNFR2 selective
activation, slices were treated immediately after lysolecithin
removal with agonistic anti-TNFR2 rat mAb (2µg/ml; clone
HM102, Hycult Biotechnology, Uden, NL) or control isotype
rat IgG2a (2µg/ml; BD Pharmingen, Franklin Lakes, NJ) and
collected after 4 days for gene expression analysis and after 7 days
for double immunofluorescence stainings.

Real Time RT-PCR in Mouse Cerebellar
Slices
Cerebellar slices were washed in PBS, removed from the
inserts and centrifuged at 1,000 × g for 10min at 4◦C. Two
cerebellar slices were pooled for each experimental point.
Supernatants were discarded and total RNA was isolated from
the pellets using RNeasy Micro kit (QIAGEN) and measured
by Nanodrop (Thermo Fisher Scientific, Waltham, MA). Five-
hundred nanograms of RNA were reverse transcribed using the
High Capacity Reverse Transcription kit (Life Technologies);
cDNA was amplified on ABI PRISM 7500 Real-Time PCR
instrument, using the TaqMan Gene ExpressionMaster Mix (Life
Technologies) and inventoried FAM-labeled gene expression
assays (Life Technologies) for the following target genes:
platelet derived growth factor receptor α (PDGFRα; assay
ID Mm00440701_m1), UDP glycosyltransferase 8 (UGT8;
assay ID Mm00495930_m1), myelin basic protein (MBP;
assay ID Mm01266402_m1), TNFR1 (Mm00441889_m1),
TNFR2 (Mm00441875_m1), CD11b (Mm00434455_m1),
TNF (Mm00443258_m1), IL1β (Mm00434228_m1), and IL10
(Mm01288386_m1). Each sample was analyzed in triplicate. VIC
dye-labeled GAPDH was used as housekeeping gene (Veroni
et al., 2010) for all target genes. Gene expression levels were
calculated using the formula 2−1Ct or 2−11Ct, where 1Ct is
the difference in cycle threshold (Ct) between target mRNA and
GAPDH mRNA and 11Ct is the difference between 1Ct of
treated slices and 1Ct of untreated slices.

Quantification of Soluble Mouse TNFR1
and TNFR2
Cerebellar slices were cultured for 7 days and then incubated
without or with lysolecithin (0.5 mg/ml) for 16 h. Toxin-
containing medium was removed and replaced with fresh
medium. After 8, 24 and 48 h, 60 µl of medium were collected
from lysolecithin-treated and untreated slices, centrifuged and
stored at −20◦C until use. TNFR1 and TNFR2 secreted in the
culture supernatants were quantified using ELISA kits specific
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for mouse TNFR1 and TNFR2 (R&D Systems, Minneapolis,
MN), respectively.

Immunofluorescence Staining of Mouse
Cerebellar Slices
Cerebellar slices were analyzed using double
immunofluorescence staining for MBP and neurofilament
heavy chain (NFH), as described (Eleuteri et al., 2017). Slices
were fixed in 4% paraformaldehyde for 50min at RT and then
removed from the inserts. Free floating slices were incubated for
3 h with PBS, 10% donkey serum, 1% bovine serum albumin and
0.2% Triton X-100 at RT, and then with anti-MBP mouse mAb
(clone SMI 99, 1:1,000; Covance Research Products, Denver,
PA) and anti-NFH rabbit polyclonal Ab (1:500, AbD Serotec,
Oxford, UK) overnight at 4◦C. Incubation with secondary Abs
was carried out for 1 h at RT using Alexa Fluor 488-conjugated
donkey anti-mouse IgG (Invitrogen) and Cy3-coniugated
donkey anti-rabbit IgG (1:400, Jackson ImmunoResearch
Laboratories). Slices were mounted on slides in Vectashield
(Vector Laboratories) and images were acquired with a LSM 5
Pascal Laser Scanning Microscope (Carl Zeiss).

To evaluate the effect of TNFR2 agonistic mAb on myelin
protein expression in remyelinating cerebellar slices, we obtained
stacks of photographs of MBP and NFH immunofluorescence
stainings at 2µm intervals at 20X magnification using the
LSM 5 Pascal Laser Scanning Microscope. Five stacks for
each experimental point were analyzed, quantifying the mean
fluorescence intensity of each fluorochrome. The index of MBP
expression was calculated as the ratio between MBP and NFH
fluorescence intensities in three separate experiments.

Statistical Analysis
Univariate and multivariate statistical approaches were used
to test the study hypotheses. The analyses were mainly based
on nonparametric statistics to account for departure from
normality in the relatively small sample investigated. Between-
group comparisons for continuous variables were performed
using Mann-Whitney test and Kruskal-Wallis test with post-
hoc Dunn’s test in their cluster-adjusted version to account for
multiple (i.e., correlated) measures within cases. The problem
of multiple testing has been addressed using the Bonferroni
correction in order to reduce the chance of type I errors.
Continuous and categorical variables were summarized as means
and standard deviations or medians and interquartile ranges,
and percentages, respectively. In order to unravel coordinated
gene expression patterns, data from WM and GM areas of MS
cases were examined from a multivariate perspective by applying
factor analysis. Given the relatively low number of observations,
the set of variables (i.e., genes) to be used for this analysis was
reduced by the following procedure: (i) rarely expressed genes
were excluded; (ii) only genes with moderate to high Spearman
correlation with at least two other genes were considered (n =

40). Exploratory factor analysis (EFA) was carried out through
the principal factor extraction method with orthogonal varimax
rotation. The decision on the optimal number of factors to be
retained was guided by multiple criteria: eigenvalues exceeding
1.0, visual inspection of the scree plot, and explained variance.

In interpreting the factor solution, only those original variables
with factor loadings higher than 0.5 in absolute value were
considered. The scores of each subject in each of the EFA-
derived empirical factors were included as continuous variables
in subsequent analyses. The five-factor solution obtained from
WM data was exploited to derive the number of independent
statistical comparisons to be used for a post-hoc Bonferroni-
like correction for multiple testing in the comparisons between
control and MS WM samples (corrected p-value threshold of
0.01 (i.e., 0.05/5)]. Receiver operating characteristic (ROC) curve
analysis and related statistics—i.e., area under the curve (AUC)
and its 95% confidence interval (CI)—were used to evaluate the
power of empirical factors in discriminating groups. All analyses
were performed separately for the WM and GM using the Stata
software (Release 16).

In the experiments with mouse cerebellar slices, comparisons
for repeated measures over time were performed using two-
way ANOVA with post-hoc Bonferroni correction; comparisons
between two groups were performed using paired Student’s t-test
(p < 0.05).

RESULTS

Laser Capture Microdissection of White
Matter and Gray Matter Parenchyma From
MS and Control Brains
Serial brain sections for LCM and subsequent RNA analysis were
cut from 18 tissue blocks of 10 progressive MS cases (Table 1)
that were selected for presence of substantial immune infiltrates
in the WM and meninges and for good RNA quality (RIN ≥ 6,
as detailed in Veroni et al., 2018). For each series, the immune
infiltrates were microdissected first, followed by the nearby
neural parenchyma (Figure 1). The WM areas surrounding
medium to large size perivascular cuffs included: (i) NAWM (n
= 14) characterized by apparently normal myelin and activated
microglia (Figures 1A–C), possibly evolving into actively
demyelinating lesions; (ii) active WM lesions characterized
by myelin breakdown and presence of foamy macrophages
throughout the lesion area (n = 13) (Figures 1D–G); these
lesions usually evolve into chronic active lesions; (iii) the
edge of chronic active WM lesions, also denominated mixed
active/inactive WM lesions (Kuhlmann et al., 2017), defined as
the rim of activated microglia/macrophages surrounding the
demyelinated, inactive lesion core (n = 8) (Figures 1H–J). The
microdissected chronic active and inactive subpial GM lesions (n
= 24) were adjacent to large diffuse or lymphoid-like meningeal
infiltrates (Figures 1K–M). Non-infiltrated WM (n = 5) and
cortical GM (n = 6) areas were microdissected from brain
tissue blocks of non-neurological control cases. Age at death,
female:male ratio and postmortem interval were not significantly
different between MS and control cases (p = 0.075, p = 0.067,
and p= 0.78, respectively).

Multiple target gene, preamplification real time RT-PCR
was used to investigate the transcriptional profile of the
microdissected MS and control WM and GM samples. Besides
ensuring a high degree of specificity, this approach has the double
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FIGURE 2 | Levels of lymphocyte, astrocyte and myelin transcripts in laser-cut white matter and gray matter samples from control and MS brains. RNA was extracted

and reverse transcribed from microdissected brain samples and expression of the indicated genes was analyzed using preamplification real time RT-PCR. (A) Levels

of genes encoding T cell (CD8) and B cell (CD20) specific markers were assessed in samples microdissected from control WM (n = 5), control GM (n = 6), MS WM

parenchyma (n = 35; pooled data from NAWM, active WM lesions and chronic active WM lesion rim), subpial GM lesions (n = 24), WM perivascular (n = 35), and

meningeal (n = 24) infiltrates. Data obtained in the MS WM or GM were compared with those obtained in the control WM or GM and in the contiguous WM

perivascular or meningeal immune infiltrates, respectively, using the Mann-Whitney test. Statistically significant differences are shown (p< 0.025, after Bonferroni

correction). (B) Gene expression levels of astrocyte (GFAP) and myelin (MBP) specific markers in control WM (n = 5) and GM (n = 6) samples were compared with

those obtained in NAWM (n = 14), actively demyelinating WM lesions (n = 13), rim of chronic active WM lesions (n = 8) and subpial chronic GM lesions (n = 24),

respectively. Statistically significant differences are shown (p < 0.017, after Bonferroni correction, for WM comparisons; p < 0.05 for GM comparison). The lines inside

the boxes represent the median value; boxes extend from the 25th to the 75th percentile, covering the interquartile range (IQR), and whiskers extend from the 25th

percentile – 1.5 IQR to the 75th percentile + 1.5 IQR. Outliers outside the whiskers are represented by individual marks.

advantage of improving detection of low frequency transcripts
and enabling analysis of a large number of transcripts even with
very low amounts of starting RNA (Veroni et al., 2018). Among
the cellular genes analyzed (n= 78), some were selected to check
for peripheral blood cell contamination and pathologic status
of the microdissected areas. A preliminary analysis showed that
transcripts present in specific immune cell subsets, like T cells

(CD8, Fas ligand, IFNγ), B cells (CD20) and plasma cells (CD138)
were either undetectable (Fas ligand, IFNγ, CD138) (not shown)
or present at very low levels in 20–30% of the MS WM and GM
samples (CD8, CD20). As shown in Figure 2A, CD8 and CD20
gene expression levels in MS brain parenchymal samples did
not differ from those detected in control brain parenchyma and
were negligible compared to MS immune infiltrates. These data
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indicate that the microdissected MS brain parenchyma included
no or minimal amounts of blood-derived inflammatory cells. The
EBV latent transcripts EBER1 and LMP1 were not detected in
any of the microdissected MS WM and GM samples (data not
shown), a finding consistent with EBV infection being restricted
to B cells accumulating in the MS brain connectival spaces
(Serafini et al., 2007, 2010; Angelini et al., 2013; Veroni et al.,
2018). Differences in GFAP RNA levels between MS and control
samples were consistent with marked astrocyte activation in all
MS brain parenchymal areas analyzed (Figure 2B). Although
not statistically significant, a decrease in MBP gene expression
was found in WM and GM lesions as well as in the NAWM
relatively to control samples (Figure 2B), in line with previous
observations (Koning et al., 2007).

Gene Expression Analysis of White Matter
and Gray Matter Parenchyma From MS and
Control Brains
The genes selected to evaluate the local inflammatory response
in the microdissected MS brain parenchymal areas are
listed in Table 2 and include: genes that are primarily
or exclusively expressed in microglia and play a role in
signaling to microglia/macrophages (Zrzavy et al., 2017;
Butovsky and Weiner, 2018); transcription factors regulating
microglia/macrophage differentiation and activation (Gunthner
and Anders, 2013; Butovsky andWeiner, 2018); genes involved in
IFN (Langlais et al., 2016; Platanitis and Decker, 2018) and TNF
(Brenner et al., 2015) signaling, inflammation and anti-microbial
response [including genes encoding inflammasome components
and guanylate binding proteins (GBPs) (Kim et al., 2016; Tretina
et al., 2019)], antigen presentation (Aloisi, 2001), phagocytosis
(PrabhuDas et al., 2017), nitric oxide and oxygen radical
production (Schuh et al., 2014; Vilhardt et al., 2017), protection
from oxidative stress (Vilhardt et al., 2017), extracellular matrix
degradation (Huang et al., 2012) and pathogen recognition
(Hanke and Kielian, 2011); genes encoding cytokines/cytokine
receptors and chemokines/chemokine receptors expressed by
microglia/macrophages or regulating microglia/macrophage
functions (Aloisi, 2001; Arango Duque and Descoteaux, 2014;
Ruytinx et al., 2018; Viola et al., 2019). Many of the selected genes
are inducible by IFNγ (Langlais et al., 2016), which is a major
trigger of microglia/macrophage effector functions involved in
antimicrobial defenses and is produced by MS brain-infiltrating
immune cells (Serafini et al., 2007; Magliozzi et al., 2018; Veroni
et al., 2018).

The expression level and frequency of all the analyzed
immune-related genes in the total laser-cut sample cohort
are summarized in Supplementary Table 2; in this table fold-
changes in gene expression values between control and MS brain
samples are also shown. Among 71 genes, only TNF and GMCSF
were undetectable in all samples analyzed. Gene expression
levels in the different perivascular WM areas (NAWM, active
WM lesions, chronic active WM lesion rim) and in subpial
GM lesions were compared with those in control WM and
GM samples, respectively, using the Mann-Whitney test. We
identified numerous differentially expressed genes that were

TABLE 2 | Genes analyzed in the white matter and gray matter parenchyma from

control and MS brains.

Microglia-specific molecules TMEM119, P2RY12

Microglia/macrophage signaling

molecules

TREM2, CSF1R

Transcription factors RUNX1, IRF1, IRF4, IRF8

IFN-related genes IFNβ, IFNγR1, JAK2, STAT1, STAT2, IFI6,

IFI16, IFIT1, MXA, OAS1, OAS2

Antigen presentation, T-cell and

macrophage interaction

Cathepsin S, CIITA, RFX5, HLA-DRA, CD86,

CD40

Scavenger receptors/phagocytosis CD68, MSR1, MRC1, CD163, CXCL16

Inflammatory response GBP1, GBP2, GBP4, GBP5, NLRP3,

Caspase 1, COX2

Cytokines/receptors TNF, TNFR1, TNFR2, IL1α, IL1β, IL6, IL10,

IL16, IL18, BAFF, TGFβ, GMCSF,

MCSF/CSF1, SPP1

Chemokines/receptors CCL2, CCL4, CCL5, CXCL10, CCR1,

CCR2, CX3CR1

Pro-oxidant molecules iNOS, CYBB, CYBA

Anti-oxidant molecules NRF2, GPX1, HMOX1

Metalloproteinases MMP1, MMP2, MMP9

Pattern recognition receptors TLR2, TLR3, TLR7, TLR9

upregulated in MS brain-derived samples compared to control
brain samples (Table 3); no downregulated genes were found.
Box plots depicting the distribution of gene expression values in
each sample group are shown in Supplementary Figure 1; only
TNFR1 and TNFR2 gene expression data are plotted in Figure 4.

Genes that were significantly more expressed in the MS
NAWM than in control WM include: the transcription factors
IRF1 and IRF8 which play a key role in the amplification
of the macrophage response to IFNγ (Langlais et al., 2016;
Platanitis and Decker, 2018); IRF4, known to promote an anti-
inflammatory macrophage phenotype (Gunthner and Anders,
2013); IFNγ and IFNβ inducible genes (IFI16 and MxA,
respectively); genes involved in signaling to microglia (TREM2,
CSF1R) (Colonna and Butovsky, 2017), antigen presentation
(cathepsin S, RFX5, CIITA; HLA-DRA), T-cell costimulation
(CD86), antigen presenting cell (APC) activation (CD40), and
phagocytosis (CD68, MSR1); caspase 1, the enzyme involved
in IL1 and IL18 secretion and pyroptosis, a potent innate
immune effectormechanism used to clear intracellular pathogens
(Man et al., 2017); the proinflammatory cytokines IL16 and
IL18; TNFR1 and TNFR2 mediating pro-inflammatory and
neuroprotective TNF responses, respectively (Brenner et al.,
2015); the immunosuppressive cytokines IL10 and TGFβ1;
the IFNγ-inducible chemokines CXCL10 and CCL5 promoting
lymphocyte and myeloid cell recruitment; GPX1, a major
antioxidant enzyme (Vilhardt et al., 2017); IFNγ-inducible GBPs,
GBP2, GBP4, and GBP5, involved in anti-microbial responses
and inflammasome activation (Kim et al., 2016); the pattern
recognition receptor TLR2 (Table 3). These data indicate that
signals delivered by CNS-infiltrating immune cells stimulate
a complex innate immune response already in the NAWM,
which manifests with increased expression of genes involved in
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TABLE 3 | Genes upregulated in the MS white matter and gray matter parenchyma.

Gene NAWM vs. control WM Active WM lesion vs. control WM Chronic active WM lesion rim

vs. control WM

Subpial GM lesions

vs. control GM

TMEM119 n.s. n.s. n.s. < 0.0001

CSF1R < 0.0001 < 0.0001 n.s. n.s.

TREM2 < 0.0001 < 0.0001 < 0.0001 n.s.

RUNX1 n.s. 0.003 0.024 n.s.

IRF1 0.011 0.001 n.s. n.s.

IRF4 0.001 < 0.0001 0.005 n.s.

IRF8 < 0.0001 < 0.0001 < 0.0001 n.s.

IFNβ n.s. 0.001 n.s. < 0.0001

STAT1 n.s. < 0.0001 n.s. n.s.

STAT2 n.s. 0.022 n.s. n.s.

IFI6 n.s. 0.011 n.s. n.s.

IFI16 0.048 < 0.0001 < 0.0001 < 0.0001

MxA 0.023 < 0.0001 n.s. n.s.

OAS1 n.s. 0.006 n.s. n.s.

Cathepsin S < 0.0001 < 0.0001 < 0.0001 < 0.0001

CIITA 0.042 0.025 n.s. 0.004

RFX5 0.001 < 0.0001 n.s. n.s.

HLA-DRA < 0.0001 < 0.0001 < 0.0001 < 0.0001

CD86 < 0.0001 < 0.0001 0.003 n.s.

CD40 < 0.0001 < 0.0001 0.003 0.02

CD68 < 0.0001 < 0.0001 < 0.0001 0.045

MSR1 < 0.0001 < 0.0001 < 0.0001 n.s.

CD163 n.s. 0.044 n.s. 0.003

Caspase 1 < 0.0001 < 0.0001 < 0.0001 < 0.0001

IL1β n.s. n.s. n.s. < 0.0001

IL10 < 0.0001 < 0.0001 n.s. n.s.

IL16 0.045 0.005 n.s. n.s.

IL18 < 0.0001 n.s. n.s. 0.01

BAFF n.s. < 0.0001 n.s. 0.003

TGFβ1 0.03 < 0.0001 < 0.0001 n.s.

TNFR1 0.016 < 0.0001 n.s. 0.004

TNFR2 < 0.0001 < 0.0001 0.035 n.s.

CCL2 n.s. 0.022 n.s. < 0.0001

CCL5 < 0.0001 < 0.0001 0.001 < 0.0001

CXCL10 0.038 0.002 0.003 0.001

CCR1 n.s. < 0.0001 0.003 0.003

CYBA n.s. < 0.0001 n.s. n.s.

CYBB n.s. < 0.0001 0.044 n.s.

NRF2 n.s. 0.001 0.001 n.s.

GPX1 0.009 < 0.0001 0.006 0.006

HMOX1 n.s. < 0.0001 n.s. 0.002

GBP1 n.s. 0.001 0.022 n.s.

GBP2 < 0.0001 < 0.0001 < 0.0001 < 0.0001

GBP4 0.019 0.016 0.003 n.s.

GBP5 0.014 0.001 0.017 0.006

TLR2 < 0.0001 < 0.0001 0.001 n.s.

TLR7 n.s. < 0.0001 < 0.0001 n.s.

Gene expression data were obtained in samples microdissected from 5 non-pathological control brains (5 WM and 6 GM areas) and 10MS brains (14 NAWM, 13 actively demyelinating

WM lesions, 8 chronic active WM lesions and 24 subpial chronic GM lesions). Figures represent p values for statistically significant differences in gene expression between control and

MS brain parenchymal samples, as assessed by Mann-Whitney test (p < 0.05 without Bonferroni correction; when applying the Bonferroni correction, the significance threshold was p

< 0.017); n.s., not significant.
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classical microglia/macrophage anti-microbial functions and in
homeostatic functions.

A greater number of genes were upregulated in the active
WM lesion parenchyma surrounding a heavily infiltrated
central vein and containing myelin-engulfing macrophages
(Table 3). Except for IL18, all the genes upregulated in the
NAWM were also found to be significantly more expressed
in actively demyelinating WM lesions than in the control
WM. Additionally, active WM lesions were characterized by
increased expression of: RUNX1, a transcription factor activating
macrophage differentiation genes (Butovsky and Weiner, 2018);
IFNβ, STAT1, STAT2, IFI6, and OAS1 involved in IFN signaling
(Platanitis and Decker, 2018); the B-cell growth factor BAFF,
a cytokine produced by astrocytes (Krumbholz et al., 2005)
and microglia (Kim et al., 2009); the monocyte chemoattractant
CCL2; the CCL5 receptor CCR1; CYBA and CYBB, encoding
p22phox and gp91phox/NOX2, respectively, two components
of the superoxide-generating nicotinamide adenine dinucleotide
phosphate (NADPH) complex (Vilhardt et al., 2017); NRF2 and
HMOX1, counteracting production of reactive oxygen species
(Vilhardt et al., 2017); the IFNγ-inducible GBP1 and TLR7.
Collectively, the transcriptional profile of active WM lesions
suggests amplification of IFN-regulated microglia/macrophage
responses and induction of pro-oxidant activity in concomitance
with accentuated anti-inflammatory and anti-oxidant responses.

Although being considerably less numerous (Table 3), the
genes showing enhanced expression at the border of chronic
active WM lesions overlapped with those induced in active
WM lesions and included: TREM2; RUNX1; IRF4 associated
with an anti-inflammatory macrophage phenotype; IRF8 and
IFI16, involved in IFNγ pathway activation; caspase 1; genes
involved in antigen presentation (cathepsin S, HLA-DRA),
T-cell (CD86) and APC (CD40) stimulation, phagocytosis
(CD68, MSR1), immunosuppression (TGFβ1), TNF-mediated
neuroprotection (TNFR2), immune cell recruitment (CCR1,
CCL5, CXCL10), pro-oxidant (CYBB) and antioxidant (NRF2,
GPX1) activity, antimicrobial response (GBP2, GBP4, GBP5),
and pathogen recognition (TLR2, TLR7). These results suggest
reduced microglia/macrophage activation at the site of chronic
WM lesion expansion; still, the pattern of induced genes
is consistent with ongoing pro-inflammatory and counter-
regulatory functional states.

We next evaluated possible differences in gene expression
among the WM areas isolated from the MS brain. Using the
Kruskal-Wallis test and post-hoc Dunn’s test with Bonferroni
correction (significance threshold p < 0.0125), we identified
a few differentially expressed genes between the NAWM and
active WM lesions. Both genes involved in the pro-inflammatory
cascade [IL6 (p = 0.008), BAFF (p = 0.004), CCR1 (p = 0.011)]
and genes encoding molecules associated with a macrophage
healing response [IRF4 (p = 0.008), CD163 (p = 0.004), the
antioxidant molecules NRF2 (p = 0.004), GPX1 (p = 0.008),
HMOX1 (p= 0.011)] were significantly more expressed in active
WM lesions than in the NAWM. No differentially expressed
genes were identified between chronic active WM lesions and
NAWM or active WM lesions.

Genes that were upregulated in chronic subpial GM
lesions contiguous to prominent meningeal immune infiltrates

in comparison to the control GM include the microglia
homeostatic marker TMEM19 (Butovsky and Weiner, 2018);
IFNβ; the IFNγ-inducible transcriptional activator IFI16; genes
involved in antigen presentation (cathepsin S, CIITA, HLA-
DRA), APC activation (CD40), phagocytosis (CD163, CD68),
proinflammatory cytokine production (caspase 1, IL1β, IL18),
B-cell growth (BAFF), TNF-mediated pro-inflammatory activity
(TNFR1), lymphocyte and myeloid cell chemotaxis (CCR1,
CCL2, CCL5, CXCL10), anti-oxidant (GPX1, HMOX1), and
antimicrobial (GBP2, GBP5) activities (Table 3). Despite lack
of induction of many genes involved in microglia/macrophage
regulation and function is consistent with modest microglia
activation in chronic subpial GM lesions, the transcriptional
profile of this type of lesions suggests a distinctive microglia
phenotype, characterized by increased expression of genes
encoding pro-inflammatory cytokines and chemokines in the
absence of significant induction of anti-inflammatory genes.

Factor analysis on gene expression data obtained from control
and MS WM samples identified five artificial (or empirical)
factors that explained 28.2, 18.0, 11.2, 9.4, and 8.3% (in total
75.1%) of the variability in the dataset. Table 4 shows the genes
with the strongest correlation (factor loadings >0.5) with each
factor. Factor 1 comprised IRF1 and IRF4 and genes involved in
IFN signaling, antigen presentation, phagocytosis, anti-microbial
function, pro- and anti-inflammatory cytokine production and
pro- and anti-oxidant activities, highlighting the coordinated
expression of genes related to classical macrophage activation
and healing responses. Factor 2 comprised genes involved in
IFN signaling, antigen presentation and phagocytosis, as well as
caspase 1, TNFR2, CCR1, GPX1, and TLR7. Scores for Factor
1 and Factor 2 were higher in all MS WM areas analyzed than
in control WM, and both factors had a high discriminating
power in all comparisons (AUC > 0.80 by ROC curve analysis)
(Figure 3). Factor 3 comprised IFNβ, microglia/macrophage
chemokine receptors (CCR1, CCR2, CX3CR1) and TLR2 and
discriminated well the chronic active WM lesion rim from
control WM. Factor 4 comprised IRF8, CD86, CXCL16,
and CYBA and discriminated well NAWM and active WM
lesions from control WM, while Factor 5 comprised STAT1,
CCL5, and GBP1 and discriminated well active WM lesions
from control WM (Figure 3), highlighting the link between
IFNγ pathway activation and IFNγ-inducible genes mediating
pro-inflammatory and anti-microbial microglia/macrophage
responses. None of the five factors accurately discriminated
between NAWM, active WM lesions and chronic active WM
lesion rim, supporting absence of major differences in the
transcriptional programs activated in the differentMSWMareas.

Factor analysis on data obtained in laser-cut GM samples
yielded artificial factors with no discriminating power between
control GM and chronic subpial GM lesions (data not shown).

TNFR2 Protein Expression in the MS Brain
White Matter and Gray Matter
The above data highlighted NAWMand lesion-specific induction
of TNFR1 and TNFR2 gene expression in the vicinity of
CNS immune infiltrates (Table 3, Figure 4). Furthermore, only
TNFR2, but not TNFR1, correlated strongly with genes involved
in macrophage effector functions (Factor 2) (Table 4). Because
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TABLE 4 | Factor loadings derived from gene expression data of control and MS

WM parenchyma.

Gene Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

CSF1R

RUNX1 0.92

IRF1 0.81

IRF4 0.92

IRF8 0.7

IFNβ 0.92

JAK2 0.91

STAT1 0.8

STAT2 0.52 0.66

IFI16 0.68 0.54

MXA

OAS1 0.84

Cathepsin S 0.56 0.56

HLA-DRA 0.6

CIITA 0.88

CD86 0.87

CD68 0.59 0.68

MSR1 0.76

CD163 0.76

CXCL16 0.63 0.52

NLRP3

Caspase 1 0.53 0.77

GBP1 0.89

GBP2 0.81

GBP5

TNFR1

TNFR2 0.62

IL1β 0.93

TGFβ1 0.76

CCL5 0.87

CCR1 0.63 0.64

CCR2 0.93

CX3CR1 0.61

CYBB 0.89

CYBA 0.57

NRF2 0.63

GPX1 0.64 0.55

HMOX1 0.78

TLR2 0.93

TLR7 0.82

Factor loadings > 0.5 in absolute value are shown.

increasing evidence supports a neuroprotective role for TNFR2-
mediated TNF signaling in different experimental models of CNS
injury (Suvannavejh et al., 2000; Arnett et al., 2001; Fontaine
et al., 2002; Brambilla et al., 2011; Taoufik et al., 2011; Patel
et al., 2012; Probert, 2015; Dong et al., 2016; Madsen et al., 2016;
Gao et al., 2017), we deemed important to define precisely the
cellular localization of TNFR2 and its relation to lesion evolution
in the MS brain using immunohistochemical techniques. TNFR2

immunoreactivity was examined in the subcortical WM and in
the cortical GM of four cases without neurological disease and 11
cases with progressive MS, five of which were also included in the
gene expression study (Table 1).

In control brains, no TNFR2 immunoreactivity was observed
in the WM and GM without evidence of microglia activation
(Figures 5A,B). In MS brain samples, numerous TNFR2+
cells with a ramified morphology were observed in areas of
the NAWM characterized by massive microglia activation, as
assessed by MHC class II immunostaining, both close to and
far from perivascular immune cell infiltrates (Figures 5C–F).
Double immunofluorescence staining with anti-TNFR2 and
anti-CD68 confirmed that nearly all TNFR2+ cells (tentatively
93–97%) co-expressed CD68 (Figures 5G–I); the percentage
of CD68+ TNFR2+ cells in the CD68+ cell population was
more variable, ranging from 25 to 75% (median value 39%) in
different MS brain samples (n = 5). TNFR2 immunoreactivity
was also detected in many cells throughout active WM lesions
(n = 4) (Figures 6A–D). Double immunofluorescence staining
showed that TNFR2 immunoreactivity was restricted to CD68+
foamy macrophages (Figures 6E–M); the percentage of CD68+
TNFR2+ cells ranged between 24 and 39% (median value
26%) of the intralesional CD68+ cell population. TNFR2+
CD68+ cells with the morphology of activated microglia and
macrophages were also detected at the edge of chronic active
WM lesions (n = 7) (Figures 6N–T), representing 75–88%
(median value 84%) of TNFR2+ cells and 17–89% (median
value 36%) of CD68+ cells in different brain samples. The
staining intensity and the number of TNFR2+ microglia-like
cells markedly decreased from the rim toward the MHC class II-
negative, demyelinated center of the lesion (Figures 6N–Q). In
the inactive lesion center, TNFR2+ CD68+ cells represented 60–
73% (median value 63%) of TNFR2+ cells and 1.4–20% (median
value 5.6%) of CD68+ cells. TNFR2 immunoreactivity was not
detected in CNPase+ oligodendrocytes and GFAP+ astrocytes
in the NAWM (Figures 5H,I, respectively) and in active WM
lesions (not shown). Some TNFR2+ GFAP+ astrocytes were
only observed at the border of chronic active WM lesions,
representing 1 to 7% (median value 3%) of total GFAP+ cells
(Figure 6U).

TNFR2 immunoreactivity was almost absent in the NAGM
and in chronic inactive subpial GM lesions where microglia
was largely CD68-negative (data not shown). At the border of
chronic active subpial GM lesions (n = 7), a few TNFR2+ cells
were detected and identified as CD68+ foamy macrophages and
ramified microglia (Figures 7A,B). Twenty-four to 50% (median
value 42.8%) of CD68+ cells co-expressed TNFR2. TNFR2+
GFAP+ astrocytes were also present at the border of some
chronic active subpial GM lesions (Figures 7C,D) in four out of
seven MS cases examined. Quantification of TNFR2+ GFAP+
was however difficult; possibly, <15% of GFAP+ astrocytes co-
expressed TNFR2 in the lesion rim. Only within two active and
demyelinating subpial GM lesions of MS160 case, a very rare
finding in chronic MS, a high density of TNFR2+ CD68+ foamy
macrophages and activated microglia was observed (Figure 7E);
TNFR2+ CD68+ cells accounted for 29 to 50% (median value
43%) of intralesional CD68+ cells.
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FIGURE 3 | Discriminating power of artificial factors derived from gene expression data of microdissected white matter from control and MS brains. Differences in

factor scores between control and MS WM parenchymal samples are shown. Factor 1 and Factor 2 scores strongly discriminate between control WM and all the MS

WM areas analyzed [Factor 1: NAWM, AUC 0.84 (95% CI 0.66–1); active WM lesions, AUC 0.92 (95% CI 0.8–1); chronic active WM lesion rim AUC 0.85 (95% CI

0.62–1); Factor 2: NAWM, AUC 0.86 (95% CI 0.68–1); active WM lesions, AUC 0.88 (95% CI 0.71–1); chronic active WM lesion rim, AUC 0.9 (95% CI 0.72–1)]. Factor

3 well discriminates between control WM and chronic active WM lesion rim [AUC 0.88 (95% CI 0.63–1)]. Factor 4 discriminates between control WM and both NAWM

[AUC 0.81 (95% CI 0.55–1)] and active WM lesions [AUC 0.8 (95% CI 0.58–1)]. Factor 5 well discriminates between control WM and active WM lesions [AUC 0.8

(95% CI 0.59–1)]. Each dot represents the mean factor score value for each WM sample analyzed; the line marks the median value. Statistically significant differences

between groups were assessed by Mann-Whitney test (p < 0.05, without Bonferroni correction; p < 0.01 with Bonferroni correction).

TNFR2 Expression and Functionality
During Remyelination in an ex vivo

Demyelinating Model
The timing of TNFR2 expression in response to myelin damage
was studied in organotypic mouse cerebellar slices following
lysolecithin-induced demyelination. This experimental model
has the advantage of preserving the CNS cytoarchitecture while
showing spontaneous remyelination and microglia activation
after toxin removal (Barateiro et al., 2016). Cerebellar slices
from P10 mice were cultured for 7 days and then treated for
16 h with lysolecithin to induce demyelination, as previously
described (Eleuteri et al., 2017). In this model, the level of
transcripts associated with oligodendrocyte lineage development
(PDGFRα, UGT8, MBP) decreases immediately after treatment
with lysolecithin (day 0) and rapidly increases during the
following 4 days (Figure 8A). During this period, some degree of
remyelination occurs as shown by double immunostaining with
anti-MBP and anti-NFH antibodies (Figure 8B).

At the same time points, TNFR1 and TNFR2 transcripts were

analyzed together with transcripts for the microglia/macrophage

activation marker CD11b, the pro-inflammatory cytokines IL1β
and TNF, and the anti-inflammatory cytokine IL10. As shown in

Figure 9A, TNFR2, but not TNFR1, RNA levels were significantly

higher in toxin-treated cerebellar slices than in untreated slices

at all-time points examined (0, 2, and 4 days after toxin
removal). As to the microglia/macrophage response elicited by

lysolecithin, CD11b was significantly and stably induced at 2

and 4 days after toxin removal. Concomitantly, both pro- and

anti-inflammatory cytokines were up-regulated but with different
kinetics (Figure 9B). Transcripts for TNF and IL1β peaked at the

time of toxin removal and were no longer and barely detectable,

respectively, after 2 days, namely during the remyelination phase.

IL10 RNA was also rapidly induced but its level remained stable

until 2 days after toxin removal (Figure 9B).
Since release of soluble TNFR2 is an important component

of the anti-inflammatory response of macrophages (Jin
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FIGURE 4 | TNFR1 and TNFR2 gene expression in microdissected white matter and gray matter from control and MS brains. The graphs depict the differences in

TNFR1 and TNFR2 gene expression between the indicated control and MS brain parenchymal areas. Data are expressed as 2−1Ct relative to the housekeeping gene

GAPDH. Comparisons between control and MS WM and GM areas were performed using the Mann-Whitney test; statistically significant differences (p < 0.017 after

Bonferroni correction for WM comparisons and p < 0.05 for GM comparison) are shown. The lines inside the boxes represent the median value; boxes extend from

the 25th to the 75th percentile, covering the interquartile range (IQR), and whiskers extend from the 25th percentile−1.5 IQR to the 75th percentile + 1.5 IQR.

Maximum outliers outside the whiskers are represented by individual marks.

et al., 2000), regulatory T cells (van Mierlo et al., 2008)
and microglia (Veroni et al., 2010), shedding of both
TNFRs was investigated after myelin damage using specific
ELISA. The amount of soluble TNFR1 in the culture
medium did not differ between control and lysolecithin-
treated cerebellar slices at any time point examined
(Figure 9C). Conversely, the amount of soluble TNFR2
significantly increased between 8 and 48 h after toxin
removal (Figure 9C). These results confirmed absence
of TNFR1 regulation and sustained induction of TNFR2
that accompanies the shift from a mixed pro-/anti-
inflammatory microglia/macrophage phenotype to a
predominantly anti-inflammatory phenotype during the
recovery phase.

To investigate the functionality of TNFR2 in the cerebellar
slice model, we verified whether selective TNFR2 stimulation
could promote the spontaneous regenerative process after
myelin damage. Slices were exposed to lysolecithin and
then incubated in the presence of an agonistic TNFR2-
specific mAb (2µg/ml) that was previously shown to
induce neuroprotection in primary mouse cortical neurons
(Marchetti et al., 2004) and to increase expression of genes
encoding anti-inflammatory and neuroprotective cytokines
in cultured mouse microglia (Veroni et al., 2010). Rat IgG2a
was used as isotype control. After 4 and 7 days of treatment,
slices were examined for MBP gene and protein expression,
respectively. TNFR2 mAb caused a significant increase both
in MBP RNA level (Figure 10A) and in the index of MBP
expression (quantified as the ratio between MBP and NFH
immunofluorescence intensity) (Figure 10B), confirming the
stimulating activity of TNFR2 signaling on oligodendrocyte
maturation (Arnett et al., 2001).

DISCUSSION

Advanced analyses of MS genetic data implicate different
peripheral immune cell types and microglia as contributing
to the earliest events that trigger MS (International Multiple
Sclerosis Genetics Consortium, 2019). To understand more
on the cross-talk between the immune intruders and resident
microglia and on the contribution of the latter to CNS tissue
destruction and healing processes, in this study we assessed
changes in the expression of genes related to inflammation
and microglia/macrophage functions in the neural parenchyma
immediately adjacent to immune cell infiltrates in the MS brain.

To date, several studies have investigated the transcriptional
profile of manually or laser-cut microdissected NAWM (Koning
et al., 2007; Zeis et al., 2008; Hendrickx et al., 2017; Zrzavy
et al., 2017; Elkjaer et al., 2019), WM lesions (Hendrickx et al.,
2017; Zrzavy et al., 2017; Elkjaer et al., 2019), NAGM and GM
lesions (Fischer et al., 2013; Magliozzi et al., 2019) from the
brain of MS patients, using mainly unbiased approaches. None
of the published studies could exclude the contribution of CNS-
infiltrating immune cells to the reported RNA profiles. Indeed,
in some studies the most upregulated genes in the MS brain
samples were unequivocally lymphocyte-specific [for example,
IFNγ (Koning et al., 2007) and immunoglobulins (Elkjaer et al.,
2019;Magliozzi et al., 2019)].While focusing on a restricted panel
of genes involved in inflammation and microglia/macrophage
functions, the present study has allowed to generate novel,
clear-cut data on the CNS endogenous innate immune response
to signals originating from blood-derived immune cells that
accumulate and become activated inside the CNS.

A major finding of this study is that the transcriptional profile
of the NAWM surrounding perivascular immune infiltrates is
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FIGURE 5 | TNFR2 protein expression in the normal-appearing white matter in the MS brain. Immunostaining for TNFR2 (A) and double immunofluorescence for CD68

(green) and TNFR2 (red) (B) reveal absence of TNFR2 immunoreactivity in the non-pathological subcortical WM of two control cases (C25 and C30, respectively).

Immunostainings for MOG (C) and MHC class II antigen (D) show intact myelin and widespread microglial activation in the NAWM surrounding an inflamed blood

vessel (MS100 case); the inset in (D) shows a ramified MHC class II+ microglial cell at high magnification. Staining of an adjacent section for TNFR2 (E,F) shows

immunoreactivity in numerous cells with microglial morphology throughout the same area. Absence of staining after incubation of an adjacent brain section with

(Continued)
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FIGURE 5 | normal serum is shown in the inset in (E). The inset in (F) shows a TNFR2+ cell with a ramified morphology at high magnification. Double

immunofluorescence staining for CD68 (green) and TNFR2 (red) reveals presence of many CD68+ microglial cells co-expressing TNFR2 in the NAWM (G). In the inset

in (G), two CD68+ TNFR2+ microglial cells are shown at high magnification. Double immunofluorescence stainings for TNFR2 and CNPase (H) or GFAP (I) reveal

absence of TNFR2 immunoreactivity in oligodendrocytes and astrocytes in the NAWM. Sections in (A,C–F) are counterstained with hematoxylin. Nuclei are stained

with DAPI (blue) in (B,G–I). Bars: 500µm in the inset in (E); 200µm in (A,C,D); 100µm in (B,E,G); 50µm in (F); 20µm in (I) and insets in (D,F,G); 10µm in (H).

characterized by the enhanced expression of genes involved in a
classical antimicrobial macrophage response and in macrophage-
mediated tissue healing. Induction of genes involved in
antigen presentation, T-cell stimulation, phagocytosis, pathogen
recognition, antimicrobial activity, and leukocyte migration
indicates that already in the early stages of microglia activation,
and before active demyelination occurs, a typical macrophage
defense program is induced. Such a complex program aims
at stimulating recruitment and local activation of adaptive
immune cells, at directly eliminating invading pathogens or
infected cells, and at getting rid of dead cells and cell debris
to promote tissue remodeling. Notably, several genes induced
in the NAWM mediate IFNγ signaling (IRF1, IRF8) or are
IFNγ-regulated genes (cathepsin S, RFX5, CIITA, HLA-DRA,
IFI16, CD40, CD86, CCL5, CXCL10, GBP2, GBP4, GBP5)
(Langlais et al., 2016), suggesting that IFNγ released by CNS-
infiltrating, locally reactivated T cells plays a key role in driving
early microglia activation. On the other hand, the NAWM
close to perivascular cuffs is also characterized by upregulation
of genes that are known to be associated with a protective
microglia/macrophage phenotype, including TREM2 (Cantoni
et al., 2015), CSF1R (Verreck et al., 2004), MSR1 (Martinez
et al., 2006), IRF4 (Gunthner and Anders, 2013), TNFR2
(Veroni et al., 2010; Gao et al., 2017), IL10, TGFβ1, and GPX1
(Griess et al., 2020). These findings suggest that the extent
of local T-cell activation can determine whether inflammatory
or counter-regulatory microglial responses prevail in the non-
demyelinated NAWM and hence the evolution into highly
destructive demyelinating lesions.

While confirming increased expression of genes involved in
antigen presentation (HLA-DRA), phagocytosis (CD68, MSR1)
and immunoregulation (IL10) in the NAWM, this study differs
from previous studies showing more limited or no changes in
the expression of inflammation- and microglia-related genes
in NAWM samples isolated from the brain of acute (Zrzavy
et al., 2017), relapsing-remitting (Hendrickx et al., 2017) and
progressive (Koning et al., 2007; Zeis et al., 2008; Elkjaer
et al., 2019) MS cases, and in microglia isolated from the
NAWM of progressive MS cases (van der Poel et al., 2019).
A logical explanation for these discrepancies is the choice to
analyze only the NAWM surrounding inflamed blood vessels and
containing activated microglia, thus improving the detection of
inflammation-associated genes.

Besides the genes upregulated in the NAWM, more genes
linked to IFN pathway activation (IFNβ, STAT1, STAT2,
IFI6, OAS1) and microglia/macrophage effector functions, in
particular genes involved in lymphocyte activation (BAFF),
macrophage recruitment (CCL2), CCL5 chemoattractant activity
(CCR1), oxidative injury (CYBA, CYBB), and anti-microbial

activity (GBP1) were induced in actively demyelinating WM
lesions. The increased expression of genes encoding components
of the superoxide-generating NADPH complex is in line with
previous studies showing that inflammation-associated oxidative
burst in activated microglia and macrophages is implicated in
demyelination and free radical-mediated tissue injury in active
WM lesions (Fischer et al., 2012; Schuh et al., 2014; Zrzavy et al.,
2017). As shown previously (Zrzavy et al., 2017), iNOS RNA was
not induced in any of the WM areas analyzed.

IFNγ has a key role in the activation of macrophage oxidative
metabolism and antimicrobial activity (Nathan et al., 1983) and
is a potent inducer of NAPDH oxidases, including CYBA and
CYBB (Casbon et al., 2012; Hodny et al., 2015). IFNγ is mainly
produced by Th1 cells, CD8T cells and NK cells, all of which play
a key role in the host response against tumors and intracellular
pathogens. Because CD8+ T cells predominate, expand and have
an activated cytotoxic phenotype in the MS brain (Babbe et al.,
2000; Serafini et al., 2007; van Nierop et al., 2017; Machado-
Santos et al., 2018), it is likely that this immune cell subset
represents the major local source of IFNγ. Excessive IFNγ

production can lead to uncontrolled superoxide generation by
microglia/macrophages and this could be the major driving force
for demyelination and neurodegeneration (Fischer et al., 2012;
Schuh et al., 2014). Activated CD8T cells produce several other
solublemediators that can cause direct injury to oligodendrocytes
and neurons or prevent remyelination, including TNF (Agresti
et al., 1996; Denic et al., 2013; Magliozzi et al., 2019) and lytic
enzymes, in particular granzyme B (Haile et al., 2011). A local,
deleterious “cytokine storm” and ongoing cytotoxic activity are
both compatible with the concept that CD8+ T cells recruited to
the MS brain might be activated by a persistent EBV infection in
the CNS, more specifically by EBV-infected B cells accumulating
in the CNS connectival spaces (Serafini et al., 2007, 2019;
Veroni et al., 2018). Accordingly, EBV elicits very strong CD8T
cell responses that cause significant collateral tissue damage in
EBV-associated immunopathologic diseases (Taylor et al., 2015).
We propose that inappropriate activation of an anti-microbial
defense program in microglia by IFNγ-producing CD8T cells
that try to get rid of EBV plays a major role in the initiation and
amplification of bystander CNS tissue damage in MS.

Our study also shows that, despite ongoing demyelination
and the shift toward a more inflammatory and pro-oxidant
phenotype, genes encoding molecules associated with an anti-
inflammatory microglia/macrophage phenotype (IRF4, TREM2,
MSR1, TNFR2, TGFβ1, IL10) and with protection from
oxidative stress (NRF2, GPX1, HMOX1) were concomitantly
upregulated in active WM lesions compared to the control
WM. Some counter-regulatory molecules (IRF4, CD163, NRF2,
GPX1, HMOX1) were also found to be more expressed
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FIGURE 6 | TNFR2 protein expression in actively demyelinating and chronic active white matter lesions in the MS brain. Immunostainings for MOG (A), MHC class II

antigen (B), and TNFR2 (C) in serial MS brain sections (MS180 case) show an actively demyelinating WM lesion containing numerous TNFR2+ cells with a

macrophage-like morphology; the asterisk marks the perivascular immune infiltrate in the center of the lesion (barely visible in the section stained for TNFR2). The

frame in (C) marks the area shown at higher magnification in (D); the inset in (D) shows two macrophage-like TNFR2+ cells. Immunostainings for CD68 (E) and MOG

(Continued)
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FIGURE 6 | (F) in serial brain sections of case MS121 show the presence of foamy macrophages throughout a subcortical actively demyelinating WM lesion; the

frame in (E) marks the area shown at high magnification in the inset. Double immunofluorescence staining for MOG (green, G) and the macrophage marker Iba-1 (red,

H) shows Iba-1+ macrophages containing MOG (merge, I). Double immunofluorescence staining for CD68 (green) and TNFR2 (red) (J,K) reveals the presence of

numerous CD68+ macrophages expressing TNFR2 in the same area shown in (E,F); TNFR2+ CD68+ foamy macrophages are shown at high power magnification in

(L,M). Inset in (J) shows absence of staining in an adjacent brain section after replacement of primary antibodies with a mixture of preimmune rabbit serum and

unconjugated mouse IgG1. MOG (N), MHC class II antigen (O), and CD68 (P) immunostainings in brain sections of MS79 case identify a subcortical chronic WM

lesion with an active border (rim) and an inactive, demyelinated core (center). CD68 immunoreactivity is present throughout the lesion whereas MHC class II+ cells

localize in the lesion border. Immunostaining for TNFR2 (Q) reveals that this receptor is expressed in many cells with microglia and macrophage morphologies in the

lesion border; the inset in (Q) shows one TNFR2+ cell displaying the typical microglial morphology at high magnification. Double immunofluorescence staining for

CD68 (green, R) and TNFR2 (red, S) in a serial section confirms the expression of TNFR2 in numerous CD68+ microglial cells and macrophages in the active border

of the chronic WM lesion (merge, T); one CD68+ TNFR2+ cell with a bipolar morphology is shown at high magnification in the inset in (T). Double

immunofluorescence for GFAP (green) and TNFR2 (red) (U) reveals the presence of an occasional TNFR2+ astrocyte (arrow) in the rim of the same chronic active WM

lesion. Sections in (A–F) and (N–Q) are counterstained with hematoxylin; nuclei are stained with DAPI (blue) in (G–M) and (R–U). Bars: 200µm in (A–C,E,F,N–P) and

inset in (J); 100µm in (Q,R–T); 50µm in (D,J); 20µm in (G–I,K–M,U) and insets in (D,Q); 10µm in the inset in (T).

FIGURE 7 | TNFR2 protein expression in subpial gray matter lesions. Rare TNFR2+ CD68+ cells with macrophage (A, arrow) or microglia morphology (B, arrow) are

present at the edge of two different chronic active subpial GM lesions (MS160 and MS180 case, respectively). TNFR2 immunoreactivity is observed in cells resembling

reactive astrocytes in a chronic active subpial GM lesion (MS79 case) (C); a TNFR2+ GFAP+ astrocyte present in the same area is shown in (D). Double

immunofluorescence staining for CD68 (green) and TNFR2 (red) shows presence of many CD68+ TNFR2+ cells with a macrophage morphology in an active subpial

GM lesion (MS79 case) (E); a TNFR2+ CD68+ macrophage is shown at high magnification in the inset. Bars: 50µm in (A,C,E); 20µm in (B,D); 10µm in the inset

in (E).

in active WM lesions than in the NAWM. In agreement
with previous immunohistochemical studies showing expression
of anti-inflammatory cytokines in CD163+ myelin-engulfing
macrophages in MS lesions (Boven et al., 2006; Zhang
et al., 2011), these findings suggest that counter-regulatory
responses are active during the most destructive phase of CNS
inflammation to contain the inflammatory process and limit
lesion expansion.

The transcriptional changes detected at the edge of chronic
active WM lesions reveal some reduction in IFN-mediated
signaling and microglia/macrophage activation during chronic
lesion expansion. Infact, at variance with what observed in
active WM lesions, several genes linked to IFN pathway
activation (IFNβ, IRF1, STAT1, STAT2, IFI6, MxA, OAS1)
and to microglia/macrophage pro-inflammatory (IL16, BAFF,
CCL2)/pro-oxidant (CYBA) and anti-inflammatory (CSF1R,
CD163, IL10)/anti-oxidant (HMOX1) functions, were not
significantly induced in the chronic active WM lesion rim
compared to control WM. However, no significant differences
in gene expression were found between active and chronic

active WM lesions. The fact that genes related to both pro-
inflammatory and counter-regulatory microglia/macrophage
functions were still upregulated in chronic active WM lesions
suggests that their balancemay be crucial in determining whether
chronic WM lesions expand or evolve into inactive lesions.

The presence of abundant inflammatory infiltrates and
ectopic B-cell follicle-like structures in the subarachnoid space
of patients with progressive MS has been associated with
more severe GM damage, particularly in the subpial cortex,
and with an earlier disease onset and worst clinical course
(Magliozzi et al., 2007, 2010; Howell et al., 2011). Together with
extensive subpial demyelination, the findings of glia limitans
damage and of a gradient of neuronal loss and microglia
activation from the pial membrane in the cerebral cortex of
MS patients with prominent meningeal inflammation (Magliozzi
et al., 2010) are compatible with diffusion of large amounts
of pro-inflammatory cytokines and cytolytic enzymes produced
by CD8+ T cells accumulating in the subarachnoid space
and being continuously activated by a locally dysregulated
EBV infection (Serafini et al., 2007, 2019; Veroni et al.,
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FIGURE 8 | Demyelination and remyelination in mouse cerebellar slices. Mouse cerebellar slices maintained in vitro for 7 days were grown in the absence or presence

of lysolecithin (0.5 mg/ml) for 16 h and then cultured in normal medium for the indicated time. (A) Cerebellar slices were collected immediately (0 days), and at 2 days

and 4 days after toxin removal. RNA was extracted and reverse transcribed and the expression of the indicated oligodendrocyte differentiation-related genes was

investigated using real time RT-PCR. Data are expressed as 2−1Ct relative to GAPDH. Means ± SEM of five experiments are shown. *p < 0.05; ***p < 0.001 by 2-way

ANOVA with post-hoc Bonferroni correction. (B) Double immunostaining for MBP (green) and NFH (red). After 7 days in culture, a considerable myelin and axon

alignment is evident in control slices. At 2 days after lysolecithin removal, loss of MBP is observed; after 4 days of recovery, MBP immunoreactivity is increased and its

alignment with axons is evident. One representative experiment out of three performed is shown. Bars = 50µM.

2018). Our study shows that the transcriptional profile of
chronic subpial GM lesions isolated from MS brain samples
with prominent meningeal inflammation is consistent with
skewing toward a detrimental, proinflammatory environment
and microglia phenotype. This scenario is supported by
the increased expression of TNFR1 and of genes encoding
caspase 1, pro-inflammatory cytokines (IL1β, IL18), chemokines
(CCL2, CCL5, CXCL10), and the IFNγ-inducible GBPs GBP2
and GBP5, without concomitant induction of several genes
associated with a protective microglia/macrophage phenotype,
including CSF1R, MSR1, TREM2, IL10, TGFβ1, and TNFR2.
Absence of myelin phagocytic activity in the chronic GM
lesions analyzed could explain this finding since, as mentioned
above, phagocytosis induces an anti-inflammatory macrophage
phenotype (Boven et al., 2006). The present results are in
agreement with a recent study showing higher levels of
TNFR1, but not TNFR2 RNA in subpial GM lesions from
progressive MS cases with prominent meningeal inflammation
(Magliozzi et al., 2019). This latter study also shows that TNFR1
induction in subpial GM lesions is associated with increased
expression of genes involved in TNFR1-stimulated signaling
leading to necroptosis, a different form of necrotic cell death
(Magliozzi et al., 2019).

The effect of TNF in regulating inflammation and tissue
homeostasis depends on the complex activity of the TNF-
TNFR signaling system (Pegoretti et al., 2018). TNF is
produced predominantly by macrophages, monocytes and
some lymphocyte subsets, including T cells and NK cells;
it exists as a membrane bound form that can be released
as a soluble form through proteolytic processing (Yang
et al., 2018). The two forms of TNF differ in their cellular
distribution and ability to activate TNFR1 and TNFR2.
TNFR1 is ubiquitously expressed on nearly all cells of
the body and can be activated by both membrane and
soluble forms of TNF. Conversely, TNFR2 is restricted
and inducible in specific cell types, like lymphocytes and
monocytes/macrophages, and is fully activated by membrane
TNF only (Richter et al., 2012).

Despite we used an enhanced real time RT-PCR to
improve detection of low frequency transcripts, TNF RNA
was undetectable in all the MS WM and GM parenchymal
areas analyzed, while being readily detected in the adjacent
perivascular and meningeal immune infiltrates, respectively
(Veroni et al., 2018). This finding suggests absence or
very low level of TNF transcriptional activity in the MS
brain parenchyma and is in agreement with previous gene
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FIGURE 9 | Regulation of TNF receptors and microglia/macrophage markers during demyelination and remyelination in mouse cerebellar slices. Mouse cerebellar

slices maintained in vitro for 7 days were grown in the absence or presence of lysolecithin (0.5 mg/ml) for 16 h and then cultured in normal medium. (A,B) Slices were

collected immediately (0 days), at 2 days and 4 days after toxin removal. RNA was extracted and reverse transcribed and the expression of the indicated genes was

investigated using real time RT-PCR. Data are expressed as 2−1Ct relative to GAPDH. (C) Culture supernatants were collected at 8, 24, and 48 h after toxin removal

and the amount of soluble TNFR1 and TNFR2 was measured using specific ELISA. Means ± SEM of 3 experiments are shown. *p < 0.05; **p < 0.01; ***p < 0.001

by Student’s t-test.

expression studies of microdissected MS lesions (Koning
et al., 2007; Hendrickx et al., 2017; Elkjaer et al., 2019).
The fact that TNF is produced by activated macrophages
in many pathological conditions and by IFNγ-activated
human microglia in vitro (Bsibsi et al., 2014) suggests that
the CNS microenvironment exerts a tight control on TNF
expression in microglia. It is known that GMCSF promotes
the differentiation of TNF producing pro-inflammatory
macrophages whereas MCSF induces IL10-producing anti-
inflammatory macrophages (Verreck et al., 2004). In this
study, MCSF RNA was detected in both control and MS WM
and GM parenchyma, with no significant differences between
control and pathological samples. Conversely, GMCSF RNA
was not detected in any of the WM and GM samples analyzed
and was undetectable in almost 90% of the CNS immune
infiltrates analyzed previously (Veroni et al., 2018). These data

suggest that presence of MCSF and lack of GMCSF within
the CNS parenchyma may contribute to the generation of an
immunosuppressive environment regulating specific features of
microglia activation.

Given that the balance between pro- and anti-inflammatory
signals may affect the extension and evolution of MS lesions,
and that such a balance can be pharmacologically modified,
it is important to define the distribution and regulation of
molecules involved in CNS healing responses. In this respect,
TNFR2 is of particular interest since the specific activation of
TNFR2 signaling is highly effective in limiting tissue damage and
inflammation and in promoting tissue repair in animal models
of neuroinflammation (Brambilla et al., 2011; Taoufik et al.,
2011; Williams et al., 2014; Karamita et al., 2017; Steeland et al.,
2017) and neurodegeneration (Dong et al., 2016). Moreover, the
negative patient outcomes with non-selective anti-TNF therapies
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FIGURE 10 | Effect of selective TNFR2 activation on MBP expression in remyelinating cerebellar slices. Cerebellar slices from P10 mice were grown for 7 days in vitro

and then treated with lysolecithin (0.5 mg/ml) for 16 h. Medium was then replaced with fresh medium containing TNFR2 mAb (2µg/ml) or rat IgG2a (2µg/ml) as

isotype control. (A) After 4 days slices were collected, RNA was extracted and reverse transcribed and MBP RNA expression was assessed by real time RT-PCR.

Data are expressed as fold increase of each RNA (normalized to GAPDH) in TNFR2 mAb-treated slices relatively to isotype control slices (2−11Ct). (B) After 7 days in

vitro cerebellar slices were immunostained for MBP and NFH and the index of MBP protein expression was calculated as the ratio between the immunofluorescence

intensity of MBP and NFH; one representative experiment of 3 performed is shown. Means ± SEM of three independent experiments are shown; **p < 0.01 by

Student’s t-test.

(van Oosten et al., 1996; The Lenecercept Multiple Sclerosis
Study Group, 1999) suggest that the complete abrogation of TNF
signaling has no beneficial effects in MS.

This study shows higher TNFR2 gene expression in the
NAWM, actively demyelinating WM lesions and chronic active
WM lesion rim adjacent to perivascular cuffs, relatively to
non-pathological control WM. Using immunohistochemistry,
we show for the first time that TNFR2 expression in the MS
brain is restricted to areas of intense microglia/macrophage
activation, irrespective of myelin preservation or ongoing
myelin damage. Accordingly, TNFR2 was expressed in a
substantial proportion of activated microglia in the NAWM,
microglia/macrophages at the border of chronic active lesions,
and foamy macrophages in actively demyelinating WM lesions.
In the MS GM, TNFR2 immunoreactivity was detected mainly
in foamy macrophages within active and demyelinating GM
lesions, a very rare finding in progressive MS, suggesting
higher expression of this receptor on microglia/macrophages
during early disease phases when inflammatory cortical
demyelination is more prominent (Lucchinetti et al., 2011).
In agreement with previous studies (Brambilla et al., 2011),
TNFR2 immunoreactivity was not detected in oligodendrocytes.
Astrocyte TNFR2 expression in the MS brain was previously
shown but localization and frequency of TNFR2+ astrocytes
were not clearly defined (Brambilla et al., 2011). In the
present study, TNFR2+ astrocytes were observed only at the
border of chronic active WM lesions and of some chronic
active GM lesions, although this was not a consistent finding.
Overall, the present results clearly link TNFR2 expression
to microglia/macrophage activation whereas the astrocyte
subpopulation expressing TNFR2 in the MS brain remains to
be defined.

Since TNF RNA was undetectable in both the MS WM
and GM parenchyma, it can be argued that local TNF
availability mainly depends on soluble TNF produced
by CNS-infiltrating immune cells and diffusing from the
perivascular and subarachnoid spaces through the basal lamina
and pial membrane, respectively (Magliozzi et al., 2018; Veroni
et al., 2018). Because soluble TNF preferentially activates
TNFR1 signaling (Grell et al., 1998), it is likely that within
the CNS parenchyma TNFR1 would be mainly activated. As
it was shown that TNF-TNFR1 signaling induces TNFR2
shedding (Higuchi and Aggarwal, 1994), the increase in TNFR2
expression in microglia/macrophages in the MS brain could
be part of a homeostatic response regulating TNF activity,
as previously shown for regulatory T cells (van Mierlo et al.,
2008). Both the pattern of TNFR2 expression and the tight
control of TNF RNA expression in the MS brain parenchyma
suggest that a TNF-targeting therapeutic strategy for MS
should be oriented toward the development of TNFR2 selective
agonists rather than TNFR1 antagonists, as the latter would
not be effective in shifting TNF signaling toward TNFR2 in
the CNS.

To evaluate the temporal pattern of expression and the
functionality of TNFR2 during remyelination, we turned to
the model of lysolecithin-induced demyelination in mouse
cerebellar slices, which allows to study remyelination as
an independent event from demyelination (Doussau et al.,
2017). We found that a marked increase in TNFR2, but not
TNFR1, RNA level and protein shedding occurs concomitantly
with microglia/macrophage activation immediately after myelin
damage and during the remyelination phase, suggesting selective
and persistent transcriptional activation and translation of
TNFR2. Cytokine RNA analysis revealed rapid induction of
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both pro- (TNF, IL1β) and anti-inflammatory (IL10) cytokines
in response to toxin-induced damage. The temporal correlation
between TNFR2 and the anti-inflammatory cytokine IL10 is of
particular interest as it reveals for the first time a persistent
and coordinated transcriptional regulation of these molecules
during remyelination and is consistent with the involvement
of anti-inflammatory microglia in CNS repair (Miron et al.,
2013). The finding that TNF and IL1β RNA were only
transiently detected in cerebellar slice cultures (i.e., immediately
after toxin removal, but not 2 days later) supports the very
tight regulation of pro-inflammatory cytokine expression in
the CNS.

This study also shows that selective TNFR2 activation with
an agonistic antibody promotes oligodendrocyte maturation
in mouse cerebellar slices following toxin-induced myelin
damage, as assessed by MBP gene expression and MBP/NFH
imaging. These results demonstrate that TNFR2 ligation
and activation is an effective means to enhance myelin
protein expression and promote a neuroprotective milieu
in the CNS. Although evidence has been provided that
in the mouse brain TNFR2 is predominantly expressed
in microglia (Agresti et al., 1998; Veroni et al., 2010;
Zhang et al., 2014), several studies in genetically modified
mice suggest that TNFR2 expression in astrocytes and
oligodendrocytes might be involved in the stimulation of
oligodendrocyte maturation and remyelination (Patel et al.,
2012; Fischer et al., 2014; Madsen et al., 2016). Since ablation
of microglial TNFR2 was shown to increase demyelination
in experimental autoimmune encephalomyelitis (Gao et al.,
2017), analysis of cerebellar slices obtained from mice
with TNFR2 deletion in microglia should help clarify the
contribution of this glial cell population to TNFR2-activated
remyelinating pathways.

In conclusion, the results of this study strengthen the
concepts that adaptive cytotoxic immunity has a key role
in initiating and amplifying detrimental microglia activation
and that the balance between dysregulated inflammation and
microglia/macrophage-mediated healing responses determines
the extent of CNS tissue damage in MS. The findings that
TNFR2 is highly expressed in microglia/macrophages in the
MS WM both before and during active demyelination and
that TNFR2 can be activated by an exogenous compound
to promote endogenous myelin formation in an ex-vivo
experimental model has translational relevance for MS therapy
and may stimulate the development of drugs specifically
targeting TNFR2.
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