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Abstract

Multiple sclerosis (MS) is the most common inflammatory, demyelinating and neuro-

degenerative disease of the central nervous system in young adults. Chronic-

relapsing experimental autoimmune encephalomyelitis (crEAE) in Biozzi ABH mice is

an experimental model of MS. This crEAE model is characterized by an acute phase

with severe neurological disability, followed by remission of disease, relapse of neu-

rological disease and remission that eventually results in a chronic progressive phase

that mimics the secondary progressive phase (SPEAE) of MS. In both MS and SPEAE,

the role of microglia is poorly defined. We used a crEAE model to characterize micro-

glia in the different phases of crEAE phases using morphometric and RNA sequencing

analyses. At the initial, acute inflammation phase, microglia acquired a pro-

inflammatory phenotype. At the remission phase, expression of standard immune

activation genes was decreased while expression of genes associated with lipid

metabolism and tissue remodeling were increased. Chronic phase microglia partially

regain inflammatory gene sets and increase expression of genes associated with pro-

liferation. Together, the data presented here indicate that microglia obtain different

features at different stages of crEAE and a particularly mixed phenotype in the

chronic stage. Understanding the properties of microglia that are present at the

chronic phase of EAE will help to understand the role of microglia in secondary pro-

gressive MS, to better aid the development of therapies for this phase of the disease.
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1 | INTRODUCTION

Microglia are the tissue-resident macrophages of the central nervous

system (CNS) and recent genome-wide association analysis

(International Multiple Sclerosis Genetics Consortium, 2019) andIlia D. Vainchtein and Astrid M. Alsema contributed equally to this study.
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animal studies (Ajami et al., 2018; Clark et al., 2021; Heppner

et al., 2005; Joost et al., 2019; Masuda et al., 2019; Nissen

et al., 2018; Ponomarev et al., 2005; Voß et al., 2012) have increas-

ingly implicated microglia in the progression of multiple sclerosis (MS).

In the healthy CNS, microglia are highly ramified and dynamic cells

that survey the parenchyma to maintain tissue homeostasis. After

injury, microglia acquire an activated, more phagocytic phenotype in

response to cues from the environment (Keren-Shaul et al., 2017;

Krasemann et al., 2017; Kreutzberg, 1996). In MS, macrophages,

including microglia, phagocytose myelin debris, modulate the extracel-

lular matrix and secrete regenerative factors in order to create a favor-

able environment for oligodendrocyte progenitor cell (OPC)

recruitment and OPC maturation, and therefore are relevant to

remyelination (Forbes & Miron, 2021; Kotter et al., 2006; Lampron

et al., 2015; Lloyd & Miron, 2019; Robinson & Miller, 1999). However,

the extent to which microglia contribute to initiation and repair of MS

lesions, especially in the secondary-progressive phase has been poorly

defined (Geladaris et al., 2021). Defining the role of microglia during

secondary progressive MS could provide clues to novel therapies. This

is relevant as several drugs are effective in reducing neuroinflamma-

tion in relapsing remitting MS, but very few effective treatment

options are available for progressive MS (Compston & Coles, 2008;

Geladaris et al., 2021; Lassmann et al., 2012).

Multiple animal models have been developed to study MS pathol-

ogy, including demyelination models based on toxins that directly

target oligodendrocytes such as cuprizone and lysolecithin

(l-α-lysophosphatidylcholine or LPC) (Blakemore & Franklin, 2008;

Praet et al., 2014), and the widely used experimental autoimmune

encephalitis (EAE) model that is induced by eliciting an auto-immune

response against myelin in the periphery (Taylor, 1986). As no animal

model fully recapitulates all elements of MS pathology, it often

remains difficult to translate the findings to MS (Baker et al., 2011;

Baker & Amor, 2014). However, EAE has been instrumental to iden-

tify the mechanism of action of interferon-beta therapy and aided the

development of the drug Copaxone (Scheu et al., 2019; Weinstock-

Guttman et al., 2017).

In Biozzi ABH mice, chronic-relapsing EAE (crEAE) displays a multi-

phasic progression in contrast to the monophasic EAE models in

C57BL/6 mice (Baker et al., 1990; Brown et al., 1982; Cross

et al., 1987; Kozlowski et al., 1987; Lassmann & Wisniewski, 1978;

Lorentzen et al., 1995). Biozzi ABH crEAE mice develop a reproducible

relapsing–remitting disease course due to multiple episodes of demye-

lination and inflammation (Baker et al., 1990), followed by a progressive

increase in disability and a chronic phase (Baker et al., 1990; Pryce

et al., 2005). crEAE uniquely mimics the secondary progressive MS

phase (SPMS) where patients have accumulating physical disability and

neurological damage (Hampton et al., 2008; Jackson et al., 2009;

Lassmann et al., 2012). Of note, contrary to other EAE models, pertussis

toxin is not used (Baker et al., 1990; Hampton et al., 2008; Jackson

et al., 2009). This is relevant in view of the adverse effects of pertussis

toxin on microglia and blood brain barrier integrity (Yin et al., 2010).

Therefore, crEAE is a highly relevant model to study microglia in the

context of SPMS.

Microglia have been mostly studied in the context of acute EAE,

where extensive immune infiltration from the periphery is present

(Butovsky et al., 2014; Vainchtein et al., 2014; Wlodarczyk et al., 2014;

Yamasaki et al., 2014). In view of the more limited involvement of the

peripheral immune system in SPMS, microglia have received consider-

able attention as potential players in SPMS progression (Melief

et al., 2013; Peferoen et al., 2015). For this reason, we used the crEAE

model to delineate the transcriptional program of microglia during the

chronic, secondary progressive phase. We performed immunohisto-

chemistry, microglia morphometrics and RNA sequencing analyses in all

stages of the crEAE model to determine the phenotype of microglia at

the chronic, secondary progressive phase of EAE.

2 | MATERIALS AND METHODS

2.1 | Induction of crEAE and progression

A 8–10 weeks old male and female Biozzi ABH mice were housed at

the Queen Mary University of London and provided with ad libitum

access to food and water (Biozzi et al., 1972). To induce crEAE, Biozzi

ABH mice were inoculated as described previously (Al-Izki et al., 2012;

Baker et al., 1990). In brief, a sonicated emulsion of a lyophilized Biozzi

ABH mouse spinal cord homogenate with complete Freund's adjuvant

(CFA) was injected subcutaneously into the hind flanks on day 0 and

day 7. Mice were weighed and monitored for a clinical EAE score using

a 6-point scoring scale daily: 0 = no obvious changes (normal), 1 = limp

tail, 2 = limp tail and impaired righting reflex, 3 = limp tail and partial

paralysis of hind legs, 4 = limp tail and complete paralysis of hind legs,

5 = moribund, 6 = death. Mice were euthanized in the acute stage

when reaching score 4 (n = 19; days 17–20), remission score 0.5

(n = 18; days 27–30) and at the chronic stage (n = 15; days 80–90).

Age-matched, untreated (in other words, did not receive Biozzi ABH

mouse spinal cord homogenate with CFA) animals served as controls

(n = 22). For all experiments, the number of animals per experimental

condition is indicated in the respective figure legend. All experiments

were performed according to institutional and international guidelines

and approved by the London Animal Welfare Advisory Committee

(United Kingdom Animals Act 1986). Aspects of experimental design

and use of animals relevant to the ARRIVE guidelines (Amor &

Baker, 2012; Baker & Amor, 2012; Kilkenny et al., 2010) have been

reported previously (Al-Izki et al., 2012).

2.2 | Acute isolation of microglia

Mice were euthanized using CO2 and perfused with PBS. Subse-

quently, the spinal cord was isolated and collected in ice-cold isolation

medium (HBSS (PAA Laboratories) supplemented with 15 mM HEPES

(PAA) and 0.6% glucose (Sigma-Aldrich)). A single-cell suspension was

obtained as described previously (de Haas et al., 2008; Vainchtein

et al., 2014). In short, the spinal cords were mechanically dissociated

using a tissue homogenizer and the suspension was filtered using a

2 VAINCHTEIN ET AL.
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70 μm cell strainer (BD FALCON). Thereafter, cells were pelleted

(220 g, 4�C, acc: 9, brake: 9, 10 min), and after supernatant removal the

pellet was resuspended in a solution of 22% Percoll (GE Healthcare),

40 mM NaCl and 77% myelin gradient buffer (5.6 mM NaH2PO4˙H20,

20 mM Na2HPO4˙2H20, 140 mM NaCl, 5.4 mM KCl, 11 mM Glucose,

pH 7.4). A layer of PBS was placed on top, and this gradient was centri-

fuged (950 g, 4�C, acc: 4, brake: 0, 20 min) followed by removal of the

myelin layer and the remaining supernatant. The pellet was resus-

pended in Phenol Red deficient isolation medium (HBSS without Phenol

Red (PAA) supplemented with 15 mM HEPES (PAA) and 0.6% glucose

(Sigma-Aldrich)). All steps in the isolation procedure were performed

on ice.

2.3 | Fluorescence activated cell sorting

The cell suspension was Fc receptor blocked with anti-mouse CD16/

CD32 (eBioscience) for 10 min on ice. Subsequently, the cells were incu-

bated with CD11b PE (eBioscience), CD45 FITC (eBioscience), Ly-6C

APC (Biolegend) and CD3 PE/Cy7 (Biolegend) for 30 min. The cell sus-

pension was washed with Phenol Red deficient isolation medium, centri-

fuged (230 g, 4 �C, acc: 9, brake: 9, 3 min) and after passing through a

35 μm nylon mesh (BD Biosciences) collected in round bottom tubes.

Fluorescence activated cell sorting (FACS) was performed on a BD Biosci-

ences FACSAria II cell sorter. After gating for viable cells based on

40 ,6-diamidino-2-phenylindole (DAPI; 0.5 μM; Sigma-Aldrich), microglia

were defined as CD11bpos CD45int Ly-6Cneg and myeloid Ly-6Cpos infil-

trates as CD11bpos CD45high Ly-6Cpos. The cells were collected in Phenol

Red deficient isolation medium and used for further application. FACS

plot analysis was performed with Tree Star FlowJo software v10.

2.4 | Quantitative real-time PCR

After FACS the purified cell suspensions were centrifuged (500 g, 4�C,

acc: 9, brake: 9, 10 min) and the pellet was lysed in RLT+ buffer

(Qiagen). The RNA was extracted using the RNeasy Plus Micro kit

(Qiagen) according to the manufacturer's protocol. Subsequently,

reverse transcription was performed using a mixture of random hexam-

ers, dNTPs, M-MLV buffer, Ribolock™RNase Inhibitor and RevertAid™

M-MuLV Reverse Transcriptase (Fermentas). Quantitative real-time

PCR was performed in 384 well plates (Applied Biosystems) with iQ™

SYBR Green Supermix (Bio-Rad) on an ABI7900HT machine (Applied

Biosystems). All used primers (Table S1) were designed with NCBI

Primer-Blast and ordered from Biolegio (The Netherlands). Data were

quantified using the 2–ΔΔCt method where Hmbs (hydroxymethylbilane

synthase) was used as a housekeeping gene (Livak & Schmittgen, 2001).

2.5 | RNA sequencing and analysis

Sequencing libraries were generated from cDNA using a Nextera XT

Sample Prep Kit (Ilumina) according to the manufacturer's protocol.

cDNA fragment libraries were sequenced on an Illumina NextSeq500

using default parameters (single read, high output, 75 bp reagents).

Quality control was performed on the raw FASTQ files with

FastQC (0.11.4). Reads were trimmed with FastX Trimmer (0.013)

where base pairs 1–60 were kept. Alignment of the sequenced reads

was done with HiSat2 (Kim et al., 2019) using default parameters

(2.0.4) against the GRCm38 genome. Aligned data was sorted with the

use of Samtools (1.3.1) and Picard (2.6.4). Quantification was done

using HTSeq (0.6.1) and the quality of the processed data was evalu-

ated with RSeQC (2.6.4) (Anders et al., 2015; Wang et al., 2012).

Genes were filtered using a data-adaptive flag method for RNA-

sequencing (DAFS) to estimate the cut-off between lowly and highly

expressed genes per sample (George & Chang, 2014). Counts were

transformed using the vst function as implemented in DESeq2

(v1.26.0). Principal component analysis (PCA) was computed on vst-

transformed counts. Normalization and differential expression analysis

were performed with DESeq2 default settings (1.26.0) (Love

et al., 2014). Expression changes were adjusted with the function

lfcShrink type = apeglm and p-values were adjusted with the

Benjamini-Hochberg procedure. Genes were considered differentially

expressed when Log2 Fold Change >1 or <�1 and p-adjusted <.01.

The crEAE phase-specific genes were identified by comparing each

crEAE profile to control conditions, followed by selection of differen-

tial genes unique for each of the crEAE conditions.

GO enrichment analyses were performed on all differentially

expressed genes with clusterProfiler (3.14.3) function compareCluster

using default settings and the AnnotationDbi mouse genome (org.

Mm.eg.db 3.10.0) as background genes (Yu et al., 2012). GO enrich-

ment on signature genes was computed for each signature list using

the function enrichGO with identical parameters. In Figure 3b we con-

sidered the top five most significantly enriched GO terms per compar-

ison. For GO terms which were semantically highly similar

(e.g., “antigen processing and presentation of peptide antigen” and

“antigen processing and presentation of exogenous peptide antigen”)
the least significant GO term of the two terms was removed. The

Venn Diagram was computed by the intersection of three gene lists

described in the workflow of Figure S3b and plotted with the R pack-

age VennDiagram (1.6.20). The raw count files with cell-to-cluster

annotations provided by Masuda et al. (2019) were re-analyzed using

Seurat (3.1.5) (Butler et al., 2018). We excluded non-microglia clusters

HuC1 (lymphocytes), HuC9, HuC10 (monocytes). We applied the Fin-

dAllMarkers function with parameters only.pos = TRUE and test.

use = “negbinom”, to remain close to cluster marker calculation by

RaceID2 (Grün et al., 2016) and providing the RaceID2 cluster identi-

ties. We excluded HuC4 because it contained <20 single microglia

and provided only five cluster marker genes. For mouse microglia

from Masuda et al. (2019), we selected microglia isolated from the

corpus callosum of cuprizone mice and calculated cluster marker

genes with an identical FindAllMarkers procedure. For each set of clus-

ter markers in Table S7 we calculated enrichment of significant single

cell cluster markers (p-adjusted <.05) in the bulk RNAseq samples by

calculating the area under curve using the R package AUCell (1.8.0)

(Aibar et al., 2017). Genes in each bulk sample were ranked from

VAINCHTEIN ET AL. 3
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highest to lowest expression. At each rank, the number of overlapping

genes with the single cell gene set was determined. AUC values were

z-transformed across samples.

2.6 | Immunohistochemistry

Mice were perfused with saline followed by ice-cold 4% paraformal-

dehyde (PFA) and the spinal cord was extracted and post-fixed over-

night in the same solution. Tissues were transferred to 30% sucrose

solution for 2 days and subsequently embedded in Tissue Tek optimal

cutting temperature (OCT; Sakura) and 50 μm sagittal sections were

cut with a cryostat (Jung CM3000, Leica Biosystems). Immunohisto-

chemistry was performed on free-floating sections. In brief, tissue sec-

tions were washed in PBS and blocked for 1 h with 3% bovine

albumin serum (BSA) in PBS containing 0.1% TritonX-100 (PBST). Sec-

tions were incubated O/N at 4�C with rabbit anti-IBA1 (WAKO,

019-19741, 1:1000) and either goat anti-IL-1β (R&D Systems, AF-

401-NA, 1:40) or goat anti-AXL (Santa Cruz Biotechnology, sc-1096,

1:250) in PBST containing 3% BSA. The next day, sections were incu-

bated for 3 h with secondary antibodies (donkey anti-rabbit Alexa

594, donkey anti-goat Alexa 488; ThermoFisherScientific, all 1:500).

Triple staining was performed in 24-well plates and started with an

antigen retrieval procedure. Antigen retrieval consisted of 40-minute

incubation of the 50 μm thick free-floating sections in 10 mM sodium

citrate buffer (pH 6.0) at 70�C. Next, sections were incubated 30 min at

room temperature (RT) in freshly prepared 0.1% NaBH4. After rinsing

with PBS, sections were incubated for 1 h at RT on top of a multipur-

pose shaker in blocking buffer (0.5% gelatin and 5% normal donkey

serum in PBS with 0.01% Triton X-100). Next, section were incubated

overnight at 4�C in blocking buffer containing the primary antibodies. A

mixture of Ly-6C (AbD Serotec, MCA2389GA, 1:250) and IBA1

(WAKO, 019-19741, 1:1000 or Abcam, ab5076, 1:500) was used in

combination with Ki67 (Abcam, ab15580, 1:500), STAT1 (CST, #14995,

1:500) or IL1ß (R&D Systems, AF-401-NA, 1:70). The following day,

sections were thoroughly washed in PBS and incubated for 1.5 h at RT

in blocking buffer containing a mixture of secondary antibodies (donkey

anti rat, AF647, JacksonImmunoResearch 712-605-153, 1:300; donkey

anti rabbit, AF488, ThermoFisherScientific A21206, 1:300; donkey anti

goat, AF568, ThermoFisherScientific A11057, 1:300) and Hoechst

(f.c. 0.5 μM). After washing with PBS, sections were mounted with

Mowiol. Image acquisition was performed using the Leica SP2 AOBS or

the Leica TCS SP8 X confocal systems. For immunofluorescence results

in Figure S2 (nodules/non-lesion areas), S6-8, the images represent

maximal projections of a Z-stack of 9–12 μm thickness with 1 μm inter-

vals along the z-axis.

2.7 | Quantification of morphological parameters

The morphometric parameters were quantified from confocal Z-stack

images of 50 μm thickness with 1 μm intervals along the z-axis taken

from IBA1 and Ly-6C stained sections at 63x magnification. To

determine the process diameter, length, volume, total number, soma

volume, terminal endpoints, number of primary branches and total cell

volume, microglia were 3D reconstructed and retraced using the Fila-

ment Tracer function of Imaris 7.0 software (Bitplane). The number of

microglia analyzed varies as only microglia were quantified that were

fully captured by the Z-stack. A ramification index was calculated by

dividing the total number of terminal endpoints by the total number

of primary branches per cell. For further ramification quantifications,

maximal intensity projections were created with ImageJ and con-

verted to binary images. ImageJ was used to perform the Sholl analy-

sis (Sholl analysis plugin) with intersections of a 1-pixel radius step

size (original plugin developed by Ferreira et al., 2014).

2.8 | Statistical analysis and graphs

Graphs were created with Prism 9 (Graphpad Prism v9.3.0) and

arranged in Adobe Illustrator CC (Adobe). Statistical analysis was per-

formed with Prism 9 (Graphpad Prism v9.3.0) using one-way ANOVA.

Post hoc Tukey's multiple comparison tests were applied to identify

differences between groups. Differences were defined as significant

when the adjusted p-value was below .05.

3 | RESULTS

3.1 | Microglia increase in numbers and acquire
a hyper-ramified morphology in chronic EAE

To experimentally probe the contribution of microglia to SPMS, we

induced crEAE in Biozzi ABH mice. crEAE is characterized by an acute

phase, where mice develop hind limb paralysis and reach an EAE score

of 4, followed by almost complete remission to only minor tail paresis

with a score of 0.5 (Figure 1a). Subsequently, paralytic relapses occur

with variable degrees of remission and the accumulation of residual

deficit. The last phase is characterized by very slow deterioration (Al-

Izki et al., 2012; Pryce et al., 2005), culminating in hind limb paresis

with a score 3–3.5, termed here as the chronic phase (Figure 1a). We

deployed an optimized FACS-based protocol to identify and isolate

microglia and other immune cells from the indicated EAE stages

(Figure S1). Characterization of microglia has always been challenging

due to the overlap in cell surface markers between microglia and mac-

rophages. Addition of Ly-6C to established myeloid markers CD11b

and CD45 allowed for a more precise discrimination between micro-

glia and infiltrated monocytes/macrophages (Vainchtein et al., 2014).

This allowed us to collect three classes of immune cell types from spi-

nal cords during acute, remission and chronic EAE phases (Figure 1b).

Microglia were classified as CD11bpos, CD45pos, and Ly-6Cneg based

on a previously established protocol (Vainchtein et al., 2014)

(Figure S1). Peripheral myeloid infiltrates were defined as CD11bpos

CD45high Ly-6Cpos and contained macrophages and granulocytes

(Figures 1b and S1). Myeloid cells captured in gate 2 represent a het-

erogeneous population with varying levels of expression of CD45 and

4 VAINCHTEIN ET AL.
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CD11b. Furthermore, the relative abundance of myeloid subpopula-

tions in gate 2 varies over the different EAE stages. The myeloid cells

expressing high levels of CD11b are dominating the acute phase,

while myeloid cells with lower levels of CD11b are relatively highly

abundant in the chronic phase (Figure S1). In addition to myeloid cells,

we also quantified CD45high CD3pos T-lymphocytes (Figures 1b and

S1). In line with previous studies, the acute phase of EAE was

accompanied by extensive infiltration of innate immune cells and

T-lymphocytes (Allen et al., 1993; Baker et al., 1990; Jackson

et al., 2009) that were no longer present at remission (Figures 1b and

S1). At the chronic phase, a modest increase in the number of periph-

eral myeloid infiltrates was observed. These data strongly suggest that

peripheral immune cells are actively involved at the acute phase. At

later phases, even though the mice display chronic hind leg paresis,

F IGURE 1 Microglia increase in numbers and acquire a hyper-ramified morphology in chronic EAE. (a) Mice were sacrificed at the indicated
crEAE stages (dashed boxes) and as naïve controls. Controls (n = 22); acute phase (red, n = 19), remission (green, n = 18) and the chronic stage
(orange, n = 15). (b) Quantification of the number of sorted cells at crEAE stages. Three distinct cell populations were isolated by FACS gating:

microglia as CD11bpos CD45pos Ly-6Cneg, macrophages/monocytes/granulocytes as CD11bpos CD45high Ly-6Cpos, T-lymphocytes as CD45high

CD3pos. Significant differences between samples were determined based on one-way ANOVA and Tukey's multiple comparisons tests. ##p ≤ .01,
***/###p ≤ .001; * represents a significant difference with controls; # indicates a significant difference with acute EAE. Co = controls (n = 15),
ac = acute phase (n = 16), re = remission (n = 15), ch = chronic phase (n = 12). Error bars represent the standard deviation. (c) Representative
confocal Z-stack images of 50 μm sagittal spinal cord sections at crEAE stages stained against IBA1. Images represent spinal cord white matter
from Biozzi ABH mice. Scale bars indicate 50 μm. (d) Average soma volume, total cell volume, ramification index and Sholl analysis at all crEAE
stages. All conditions have been normalized to control microglia. For average soma volume and total cell volume: co = controls (n = 6;
n = number of microglia), ac = acute phase (n = 9), re = remission (n = 10), ch = chronic phase (n = 16). Sholl analysis result showing the number
of intersections depending on the distance from the soma for each crEAE stage. For ramification index and Sholl analysis: controls (n = 8), acute
(n = 12), remission (n = 12) and chronic phase (n = 24). Significant differences were detected based on one-way ANOVA and Tukey's multiple
comparisons tests. #p ≤ .05, **p ≤ .01, ***/###p ≤ .001; * represents a significant difference with controls, # indicates a significant difference with
acute EAE. Error bars represent the standard deviation.
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F IGURE 2 Legend on next page.
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the contribution of infiltrated immune cells is limited. In contrast, a

persistent increase in microglia numbers was observed at all crEAE

phases (Figure 1b).

Morphological changes of microglia have been associated with

functional changes in response to pathology (Dubbelaar et al., 2018;

van Olst et al., 2021; Zrzavy et al., 2017). To study whether crEAE

induction has a wide-spread effect on microglia, the morphology of

microglia in non-lesion white matter was analyzed (Figure 1c). Repre-

sentative examples of non-lesion white matter are provided in

Figure S2. Dramatic changes in microglia morphology were observed.

At the acute phase, microglia had shorter, thicker processes, a larger cell

body and an increased overall cell volume compared to control microglia

(Figures 1d and S3). In the remission and chronic stages, the soma size

decreased, while they became more ramified, reaching a hyper-ramified

state when compared to controls (Figure 1d), as exemplified by

increased total number of processes and processes terminal endpoints

(Figure S3). In brief, these data show that microglia numbers increase at

all crEAE stages over control, they retract their processes at the acute

phase and become more ameboid like, but acquire a hyper-ramified

morphology at remission and chronic EAE stages.

3.2 | Microglia acquire distinct functions
throughout crEAE and obtain tissue repair properties
in remission and chronic phases

To define the transcriptional changes that occur in microglia during the

progression of crEAE, we performed RNA sequencing on FACS-isolated

microglia from acute, remission and chronic phase EAE (Figure 2a and

Table S2). Microglia acquire a pro-inflammatory phenotype at the acute

phase (Ajami et al., 2018; Ponomarev et al., 2005) that is defined by an

increase in cytokine production, T-cell activation and cell–cell adhesion,

phagocytosis, antigen presentation and interferon signaling (C3, Cd74, Axl,

H2-D1, H2-Aa, Vim, Stat1, Irf1) (Figures 2b, S4a, and S5a, b, and Tables S3

and S4). This is accompanied by a loss of expression of microglial homeo-

static genes (e.g., Fcrls, P2ry12, Hexb, Tmem119) (Figure 2c) as described

before (Miedema et al., 2020). Throughout all stages of crEAE, microglia

show increased expression of phagocytosis related genes (Figure S5a, b).

Representative images of co-labelling of IBA1 positive microglia and AXL

confirmed this notion at the protein level (Figure S5c). In contrast, the

pro-inflammatory signature is lost after the acute phase, and genes

related to lipid metabolism (Trem2, Lpl, Plpp1), synapse organization

(Plxna4, Cacna1a, Disc1), tissue remodeling (Sparc, Lama3, and Serpine2)

and microglial homeostasis are increased in the remission and chronic

phase (Figure 2b, c). Interestingly, microglia from remission and chronic

EAE are quite similar in terms of gene expression and we only detected

96 differentially expressed genes (DEGs; FDR < 0.01; Figures 2a, S4a and

Table S3). Both stages are characterized by minimal infiltration of periph-

eral immune cells (Figure 1b), but animals in the chronic phase have a high

EAE score with obvious paralysis symptoms. Similarities between remis-

sion and chronic EAE microglia include interleukin-1 signaling as part of

the overlapping signature genes (Figures 2d, e, S4b,c and Tables S5 and

S6). This was confirmed at the protein level, where dense clusters of

IL-1β positive microglia were identified in nodules at the remission and

chronic phase (Figure S6). This is reminiscent of previously described hot

spots of proliferating microglia that express the IL1 receptor and depend

on IL1 signaling for proliferation (Bruttger et al., 2015). A clear prolifera-

tive profile was overall most prominent in the chronic phase (cell cycling;

Kif14, Kif4, Kif11, Cdca8, andMki67) (Figure 2b) and chronic EAE microglia

also expressed more genes involved in interferon signaling (Stat1, Irf1,

Acod1, Iigp1) compared to remission EAE microglia (Figure 2b). Ki67+

proliferating microglia were mostly found in the acute and chronic phase

at the protein level, and to a lesser extent in remission (Figure S7). As for

interferon signaling, we stained tissues for STAT1, a protein downstream

of IFN in the signaling pathway (Regis et al., 2008). Most microglia were

STAT1+ in the acute and chronic phase, both in the lesions and surround-

ing white matter, whereas in remission STAT1 was only found in microglia

nodules and lesions (Figure S8). This is relevant to crEAE progression, as

interferon signaling has been shown to be important for tissue repair and

remodeling (Dorman et al., 2021; Julier et al., 2017). Summarizing, these

data suggest that microglia display a tissue supportive phenotype follow-

ing the acute phase.

3.3 | Chronic EAE microglia likely acquire a mix
of phenotypes

In recent years, major efforts have been conducted to characterize

the full range of states that microglia can assume during demyelin-

ation, MS pathology, development, and aging (Hammond et al., 2019;

F IGURE 2 Microglia acquire distinct functions throughout crEAE and obtain tissue repair properties in remission and chronic phases.
(a) Schematic overview of the FACS gating strategy and principal component analysis plot representing the variance of microglia transcriptomes at
different crEAE stages, n = 3 per condition. Arrows and numbers in the PCA plot indicate the chronological order of crEAE stages. SSC = side-
scatter. (b) Significantly enriched gene ontology (GO) terms associated with differentially enriched genes in the pairwise comparison indicated.
(c) Average counts per million (CPM) expression of a gene set across microglia samples (dark line) and minimal and maximal expression (borders) are
indicated. In blue: median expression of 25 microglia homeostatic genes published by (Butovsky et al., 2014). In red: median expression of genes

enriched in acute vs control and annotated to the GO term “positive regulation of cytokine production”. In green: median expression of genes
enriched in remission vs acute and annotated to the GO term “synapse organization” and “wound healing”. In orange: median expression of genes
enriched in chronic vs remission and annotated to the GO term “nuclear division”. (d) crEAE stage-specific genes were determined by comparing
gene expression levels of microglia per crEAE stage to microglia from controls. Signature genes (numbers in bold) were defined as enriched with log2
fold change >1 and p-adjusted <.01 for one stage, but not any other stage. Genes enriched in all crEAE stages compared to control were combined in
a core EAE profile (purple). (e) The top five significant GO terms that are associated with signature genes identified in (d) are depicted. Dark gray
areas in the Venn diagrams (small insets on the left) indicate which gene set is represented. Significant GO terms were ranked by gene count.
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Maggi et al., 2021; Masuda et al., 2019; Miedema et al., 2022;

Safaiyan et al., 2021). Using single-cell RNA sequencing the cluster

markers of different microglia states have been identified (Table S7). To

detect the presence of gene expression signatures representing these

microglia subsets in chronic EAE, we investigated if cluster markers

were enriched in chronic EAE relative to other crEAE stages. Hammond

et al. (2019) defined microglia clusters IR2 and IR1 from mice injected

with a demyelinating agent LPC or saline, respectively. The injury-

response microglia gene set from cluster 2 (IR2) was expressed in both

acute and chronic EAE microglia (Figure 3a). Axon-tract associated

microglia are detected in the corpus callosum at the time of extensive

myelination in the early postnatal mouse brain (P4/5) and characterized

by expression of genes such as Spp1, Igf1, and Lpl (Figure 3a). The

marker genes of the axon-tract associated microglia are also enriched in

the crEAE acute and chronic phase. Similarly, a white matter-associated

microglia expression (WAM) profile (Safaiyan et al., 2021) was observed

in both acute and chronic microglia (Figure 3a). The WAM gene set is

associated with microglia that form dense nodules and phagocytose

damaged myelin in aging wild-type mice (Safaiyan et al., 2021). Masuda

et al. (2019) described microglia clusters from the corpus callosum of

mice during cuprizone-induced toxic demyelination and remyelination

(Figure 3b). Cuprizone-enriched genes are strongly enriched in the acute

and chronic phase of EAE, but show a low expression in remission

(Figure 3b). Masuda et al. (2019) and Miedema et al. (2022) described

human microglia clusters associated with MS. In addition, spatial analy-

sis of white matter lesions identified two microglia subsets, MIMS-

foamy and MIMS-iron, with an increased abundance at the lesion rim

(Absinta et al., 2021). Most of the marker genes representing

MS-associated microglia subsets showed the highest expression in the

acute EAE stage, whereas chronic EAE demonstrated a variable enrich-

ment for gene sets representing MS-associated microglia subsets

(Figures 3b and S9a). The human microglia Hu-C8 cluster markers were

most enriched in microglia in the acute and chronic EAE stage

(Figure 3b). In remission and chronic EAE microglia the most prominent

enrichment in human microglia gene sets was identified for MIMS-

foamy (Figure 3b). This gene set is representing a microglia subset at

the rim of chronic-active MS lesions with an attributed role in myelin

clearance (Absinta et al., 2021). Next, to prioritize the most relevant

genes in gene sets from single-cell studies, we intersected the 90 genes

enriched in chronic compared to remission EAE microglia (Figure S4a)

with gene sets from single-cell clusters (Table S7). Genes occurring at

least three times as single-cell cluster markers and with enriched

expression in chronic EAE microglia were Spp1, Gpnmb, Dab2, andMsr1

(Figures S9b and 3c). Taken together, it seems that chronic EAE micro-

glia are composed of a mixed population, where previously described

gene expression profiles overlap partly with acute and injury-responsive

gene expression and partly with remission and homeostatic gene

expression profiles.

4 | DISCUSSION

Here we describe the morphological changes and the transcriptional

profile of microglia during crEAE induced in the Biozzi ABH mouse. In

this mouse model, disease progresses through an acute phase with

severe disability, followed by a remission phase with significant

improvement of symptoms, finally resulting in a chronic phase where

paralysis is returned (Baker et al., 1990). We found that microglia

express genes involved in debris clearance and antigen presentation

at all crEAE stages. Looking at distinct disease stages, the acute EAE

microglia acquire an immune activated pro-inflammatory gene expres-

sion signature. This has been described previously in multiple neuro-

degenerative diseases including MS (Jordão et al., 2019; Masuda

et al., 2019; Zrzavy et al., 2017). During remission, the inflammatory

response in microglia is reduced and there is an increase in some

genes involved in lipid metabolism and tissue remodeling. Between

remission and chronic phases, we observed a large overlap in gene

expression signatures for microglia. However, microglia in chronic

EAE partially regain an inflammatory gene signature in conjunction

with increased proliferation.

For microglia isolated from the chronic stage of EAE, gene expres-

sion signatures and morphological analyses first pointed at an inter-

mediate phenotype between remission and acute microglia. However,

when comparing our RNA sequencing data with previously published

findings on microglia gene signatures associated with myelination or

myelin degradation/regeneration, we observed that the chronic phase

has a different enrichment score for each gene signature (Absinta

et al., 2021; Hammond et al., 2019; Masuda et al., 2019; Miedema

et al., 2022; Safaiyan et al., 2021). This is in contrast to, for example,

acute phase microglia that show a consistent enrichment for gene

F IGURE 3 Chronic EAE microglia acquire a mix of phenotypes. (a) Heatmap depicting AUCell enrichment of gene sets representing microglia
subsets in different mouse models, including injury-response microglia cluster markers (IR1 = 43 genes; IR2 = 154 genes), axon tract-associated
microglia cluster markers (140 genes), white matter-associated microglia cluster marker genes (WAMs = 35 genes; homeostatic cluster = 25
genes) and cuprizone microglia cluster markers from corpus callosum (C12 demyelination-enriched = 84 genes; C13 remyelination-enriched = 69
genes) reported by Hammond et al., 2019; Safaiyan et al., 2021 and Masuda et al., 2019 at crEAE stages. Heatmap colors indicate the column
z-scores of AUCell enrichment. LPC = l-α-lysophosphatidylcholine. (b) Heatmap depicting AUCell scores of human microglia cluster marker genes,
including the single-cell RNA sequencing clusters reported by Masuda et al., 2019 (Hu-C2 = 149 genes, Hu-C3 = 18 genes, Hu-C8 = 40 genes)
and Absinta et al., 2021 (MIMS-foamy = 100 genes). Heatmap colors indicate the column z-scores of AUCell enrichment. (c) Gene expression

levels in microglia at crEAE stages for selected cluster marker genes. The selected genes occurred at least three times in the investigated single-
cell gene sets and are enriched in chronic EAE microglia compared to remission EAE microglia. C, cluster; CPM; counts per million; Hu, human;
MIMS, microglia inflamed in MS; MS, multiple sclerosis
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signatures detected in a broad range of contexts (WAMs, develop-

ment, focal demyelination, and cuprizone-induced demyelination).

Recent single-cell RNA sequencing studies have demonstrated micro-

glial heterogeneity in both health and disease, with particular micro-

glia subsets arising in disease (Hammond et al., 2019; Masuda

et al., 2019; Prinz et al., 2021; Safaiyan et al., 2021). Possibly, the par-

tial or inconsistent overlap of chronic EAE microglia suggests that

they are a mix of multiple and partly opposing subsets of microglia:

some microglia are involved in repair and remission, some proliferate,

while other subsets regain an activated state. A high diversity in mye-

loid subsets already exists in the context of acute EAE (Jordão

et al., 2019), and we can only expect myeloid heterogeneity to expand

after a remission and relapse phase.

One transcript, Spp1, showed large increases in chronic EAE

microglia compared to remission and was reported multiple times as

marker for mouse microglia subpopulations associated with MS

pathology (Absinta et al., 2021; Hammond et al., 2019; Masuda

et al., 2019; Miedema et al., 2022; Safaiyan et al., 2021). Spp1 tran-

scripts encode the multi-functional protein osteopontin, which can be

cleaved into multiple functional fragments, immobilized in the extra-

cellular matrix to modulate cell-to-cell signaling, or can be secreted as

soluble cytokine (Rosmus et al., 2022). In EAE, after cleavage of osteo-

pontin by thrombin, osteopontin-integrin signaling inhibits apoptosis

of autoreactive T-cells (Hur et al., 2007; Steinman, 2009), possibly

driving further tissue injury. Osteopontin also stimulates the expres-

sion of Th1 and Th17-type cytokines controlling T-cell differentiation

(Steinman, 2009). In MS patients, three studies reported an increase

in osteopontin levels in the CSF and blood during relapses

(Chowdhury et al., 2008; Comabella et al., 2005; Vogt et al., 2004).

Additionally, the presence of osteopontin-autoantibodies in a sub-

group of MS patients was correlated with a reduced number of

relapses (Clemente et al., 2017). Our results indicate that compared to

acute EAE microglia, expression of osteopontin is much more pro-

nounced in chronic EAE microglia, the phase when neurodegenerative

damage and clinical disability are accumulating. We speculate that

osteopontin might not only be associated with glial-derived inflamma-

tion, but may also drive tissue injury. For future studies, it would be

highly relevant to investigate possible inhibition of osteopontin in

microglia during the chronic, neurodegenerative phase of EAE to

develop future therapies against MS.

Transcriptionally, microglia from chronic and remission stages of

EAE are quite similar, however, as described above, we did observe

some relevant differences. The differences are mainly related to

immune activation and proliferation. With regard to immune activa-

tion, we hypothesize that a possible cause for this lies in the commu-

nication with other (immune) cells. Microglia communicate extensively

with other cells through direct cellular interactions, ligand-receptor

interactions and extracellular vesicles. Harmonious intercellular com-

munication involving microglia is important to maintain a healthy state

of the tissue environment and to overcome pathology including neu-

roinflammation (Borst et al., 2021; Forbes & Miron, 2021; Ronzano

et al., 2021). Our FACS analysis indicated that, during remission, the

majority of myeloid and T cells that infiltrated from the periphery in

the acute stage had been cleared from the CNS. However, in the

chronic stage there is a certain level of re-entry of cells in the CNS, in

particular of myeloid cells. Studies that distinguish between resident

microglia and infiltrating monocyte-derived macrophages have been

complicated by the difficulties in separating these two populations,

though recent advances have helped to segregate them, also in case

of MS (Masuda et al., 2019). In this study, we have used Ly-6C to sep-

arate microglia from monocyte-derived macrophages in EAE

(Vainchtein et al., 2014). One limitation of the current FACS-gating

strategy is that we cannot exclude that a small population of CNS-

resident perivascular, meningeal and choroid plexus associated macro-

phages, collectively known as border-associated macrophages, might

be included in the captured cell population (Kierdorf et al., 2019).

However, given that CD45 expression varies between microglia and

BAMs, the latter showing higher CD45 levels by FACS (Masuda

et al., 2020), it is more likely that BAMs are localized to gate 2 and not

a major contaminant in gate 1 (Figure S1). More importantly, it has

become clear that there is extensive crosstalk between monocytes

and microglia that affects their function (Greenhalgh et al., 2018;

Plemel et al., 2020). Microglia have been found to modulate the entry

of monocytes into the CNS (Plemel et al., 2020) and, at least in vitro,

monocyte-derived macrophages have immuno-modulatory influence

on microglia (Greenhalgh et al., 2018). Therefore, we think it is possi-

ble that the signaling-based interaction between infiltrating cells and

microglia results in the induction of a mild inflammatory response in

all microglia, or, a more likely scenario, an inflammatory response in a

subset of the microglia.

We furthermore observed an increase in the microglial expression

of genes related to proliferation in the chronic stage of EAE. In case of

CNS pathology, microglia proliferate through a process of selective

clonal expansion (Tay et al., 2017). Previous work has demonstrated

that also in a classical EAE model, local proliferation of resident mac-

rophages occurred alongside continuous monocytic infiltration up to

the peak of disease, followed by apoptosis of resident macrophages

(Jordão et al., 2019). Similarly, we observed a significant increase in

the number of sorted microglia in the acute stage of EAE that was

decreased during remission. Based on Ki67, we detected proliferating

microglia, mostly present in the acute phase and chronic phase. Inter-

estingly, we identified the presence of small nodules of microglia

expressing IL-1B in both remission and chronic stages. Similar micro-

glial nodules marked by expression of IL-1B have been previously

observed in animal models for MS and in the CNS of MS patients

(Burm et al., 2016;Singh et al., 2013; van Horssen et al., 2012). In MS,

axonal degeneration is detected at the sites of microglial nodules and

both pro- and anti-inflammatory properties have been ascribed to the

associated microglia (Singh et al., 2013; van Horssen et al., 2012).

Considering the hypothesis that distinct microglia subtypes

emerge in chronic EAE, in the future, single-cell RNA-sequencing for

chronic phase EAE microglia and other immune cells could delineate

the processes underlying the slow, clinical deterioration during chronic

EAE. Analyzing single human microglia from MS donors is complicated

due to (a) scarcity of brain tissue, (b) aging bias in control tissue,

(c) (anti-inflammatory) medication, (d) post-mortem artifacts, (e) the
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fact that samples are derived from end-stage disease, and

(e) difficulties to obtain high numbers of microglia per donor (Masuda

et al., 2019; Miedema et al., 2022). For example, cluster marker re-

analysis of human single microglia by Masuda et al., 2019 was ham-

pered because clusters with limited cell numbers were formed. Hu-C8

and Hu-C4 consisted of 34 and 17 single microglia, respectively (the

latter was excluded from re-analysis). The Biozzi ABH mouse model

would offer the possibility to investigate pathological events using

high numbers of immune cells. Detailed single-cell RNA sequencing

analysis of immune cells at distinct crEAE scores would allow for the

correlation of gene sets and immune subtypes to progression in clini-

cal crEAE. The data presented here indicates that microglia obtain var-

ious features in different stages of crEAE and in particular in the

chronic stage, which might mean that specific targeting of these

microglia to modulate disease outcome in the progressive phase might

be feasible. Further analysis of microglia and other immune cells in

crEAE will contribute to our understanding of the role of microglia in

later disease stages. In the future, this helps to determine if subtypes

of microglia might be stimulated to perform beneficial roles in repair

and to restore CNS homeostasis.
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