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Abstract: In addition to disease-associated microglia (DAM), microglia with MHC-II and/or IFN-I
signatures may form additional pathogenic subsets that are relevant to neurodegeneration. However,
the significance of such MHC-II and IFN-I signatures remains elusive. We demonstrate here that these
microglial subsets play intrinsic roles in orchestrating neurotoxic properties of neurotoxic Eomes+ Th
cells under the neurodegeneration-associated phase of experimental autoimmune encephalomyelitis
(EAE) that corresponds to progressive multiple sclerosis (MS). Microglia acquire IFN-signature
after sensing ectopically expressed long interspersed nuclear element-1 (L1) gene. Furthermore,
ORF1, an L1-encoded protein aberrantly expressed in the diseased central nervous system (CNS),
stimulated Eomes+ Th cells after Trem2-dependent ingestion and presentation in MHC-II context by
microglia. Interestingly, administration of an L1 inhibitor significantly ameliorated neurodegenerative
symptoms of EAE concomitant with reduced accumulation of Eomes+ Th cells in the CNS. Collectively,
our data highlight a critical contribution of new microglia subsets as a neuroinflammatory hub in
immune-mediated neurodegeneration.

Keywords: microglia; neurodegeneration; progressive multiple sclerosis

1. Introduction

Neurodegeneration is the status/process of neuronal cell death or the functional
breakdown of neuronal cells as part of the progressive failure of the nervous system in
neurodegenerative diseases [1,2]. Intriguingly, neurodegeneration not only occurs in typical
neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and Alzheimer’s
disease (AD) but also in chronic neuroinflammatory diseases [3] including secondary
progressive multiple sclerosis (SPMS). Genetic approaches have identified a number of
target molecules related to protein misfolding/aggregation, impaired RNA metabolism,
mitochondrial dysfunction, dysregulated epigenetics, etc. [4–7]. Despite much research,
the authentic causes of neurodegeneration are still undetermined. Mechanisms discerned
from both human and animal studies of neurodegeneration are at best speculative and
retrospective, thus yielding no possible prospect of therapeutic intervention. Recently, glial
cells have been revealed as an intrinsic component in neurodegeneration [8], leading to
acceptance as a possible cause or trigger of neuronal cell death [9–11], thereby establishing
a non-cell autonomous hypothesis of neurodegeneration.

Microglia are neuro glia cells that function as resident macrophages in the CNS and
form more than 10% of brain cellularity. These cells are involved in the active defense of
the central nervous system (CNS) under physiological conditions by responding to and
eliminating exogenous insults [12]. In addition, microglia are essential for the maintenance
of brain architecture by clearing damaged neurons and pruning synapses during brain
development [13]. Due to the broad range of tasks linked to CNS homeostasis, microglia
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are extremely sensitive to pathological fluctuations in the CNS [14]. Recent single cell-RNA
seq-based analyses point out that the context-dependent heterogeneity of microglia during
neurodegeneration [15–18] and disease-associated microglia (DAM), a microglial subset
with highly pathogenic properties, has attracted attention in a mouse model of AD [18].
In addition to DAM, two microglial subsets with high expression of MHC-II and IFN-I-
induced genes are highlighted in neurodegeneration, and these microglia may precede
the final differentiation of DAM and could help unravel the pathogenic characteristics
of microglia [19,20]. However, the pathogenic features of such microglial subsets remain
undetermined, as the enhanced IFN-I signature and upregulated MHC II expression in
themselves do not have any explicable relevance to neurodegeneration.

SPMS presents with progressive symptoms of brain atrophy, higher brain dysfunction,
gait disturbance, and cognitive disorder and develops in MS patients following a period
of times with an acute type of disease, relapsing remitting MS (RRMS) [21,22]. Immune
responses were not previously though to contribute to SPMS pathogenesis; however there
is growing evidence of an important role for active immune functions in SPMS. We have
previously demonstrated that a unique population of T helper cells expressing Eomes
(Eomes+ Th cells) are expanded in the CNS in a mouse model of SPMS, late, chronic
EAE [23]. Furthermore, Eomes+ Th cells are increased in the peripheral blood and cere-
brospinal fluid (CSF) of SPMS patients where the level of these cells was associated with
actively progressing disease and so acted as a biomarker to predict SPMS patients at risk of
developing worsening disease [24]. Eomes+ Th cells were also found at high levels in the
CNS of brain autopsy samples from SPMS [24]. We have demonstrated in mouse models
of amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) that Eomes+ Th cells
infiltrate into the CNS during neurodegenerative disease where they secrete neurotoxic
granzyme B after encountering ectopically expressed ORF1 antigen encoded by L1 retro-
transposon [25]. Ectopic derepression of nucleic acids such as L1 may cause a massive
induction of IFN-I expression, forming a foundation of chronic inflammation, but the
potential pathogenic significance of IFN-I during neurodegeneration is not well character-
ized. Although IFN-I is associated with reduced conventional RRMS and its mouse model
acute EAE [26], constitutive IFN-I production in the CNS causes inflammatory symptoms
designated as interferonopathies represented by Aicardi–Goutières syndrome and related
diseases [27]. Furthermore, prolonged microglial IFN-I production exacerbates EAE at
its chronic phase [28], and microglial upregulation of MHC II expression is associated
with many neuroinflammatory and neurodegenerative diseases [29]. In conventional EAE,
microglia do not play a role as effective APCs [30], but their involvement in the chronic
phase of the CNS diseases has not been extensively studied.

In this study, we demonstrated that primed microglia orchestrate late EAE via rein-
forcement of IFN-I and MHC II driving induction and functional activation of pathogenic
Eomes+ Th cells. Furthermore, we identified L1 as a dominant prototypic antigen rec-
ognized by CNS Th cells, suggesting a previously unappreciated function of microglia
in neurodegeneration.

2. Materials and Methods
2.1. Mice

All mice used were maintained in specific pathogen-free conditions in accordance
with institutional guidelines. C57BL/6 mice were purchased from CLEA Japan, Inc. (Tokyo,
Japan) C57BL/6 CD4-Cre NR4A2 fl/fl (NR4A2 cKO) mice were generated in house as
described recently [23]. CX3CR1CreERT2, Trem2 fl/fl, IFN-α/βR KO, CX3CR1-GFP, and
Granzyme B KO mice were obtained from The Jackson Laboratory, USA. CX3CR1CreERT2

mice were crossed with Trem2 fl/fl mice to generate Tamoxifen-inducible, microglia-specific
Trem2-deficient mice. Five-week CX3CR1CreERT2Trem2 fl/fl mice were i.p. injected with
1 mg of Tamoxifen dissolved in sunflower oil for 5 consecutive days. All animal experiments
were approved by the Committee for Small Animal Research and Animal Welfare (National
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Center of Neurology and Psychiatry). All efforts were made to minimize animal suffering
in clinical disease experiments.

2.2. EAE Induction and Scoring

Female mice, aged 6–8 weeks, were immunized subcutaneously with 50 mg MOG35–55
peptide (synthesized by Toray Research Center, Japan) containing 1 mg heat-killed My-
cobacterium tuberculosis H37RA emulsified in complete Freund’s adjuvant (Difco, Franklin
Lakes, NJ, USA). The mice were injected intraperitoneally (i.p.) with 100 ng of Pertussis
toxin (List Biological Laboratories, Campbell, CA, USA) at the time of immunization and
2 days later. Neurological deficits were evaluated on a scale from 0 to 5 (0, no clinical signs;
0.5, tail weakness; 1, partial tail paralysis; 1.5, severe tail paralysis; 2, flaccid tail; 2.5, flaccid
tail and hind limb weakness; 3, partial hind limb paralysis; 3.5, severe hind limb paralysis;
4, total hind limb paralysis; 4.5, hind and fore leg paralysis; 5, dead.).

2.3. Treatment of Animals

200 µg anti-mouse IFNAR or isotype control (all from BioLegend, San Diego, CA, USA)
were administrated i.p. into MOG35–55 peptide immunized mice from the day of disease
onset for 3 consecutive days; then, 100 µg anti-mouse IFNAR were administrated i.p. every
4 days. A quantity of 500 µg 3TC (TCI, Tokyo, Japan) or PBS control was administrated
by oral gavage into MOG35–55 peptide immunized mice from the day of disease onset for
5 days/week. A quantity of 50 mg/kg minocycline hydrochloride (WAKO, Osaka, Japan)
or PBS control was administrated i.p. into MOG35–55 peptide immunized mice from the
day of disease onset for consecutive 2 days; then, 25 mg/kg minocycline was continuously
administrated i.p. every 2 days.

2.4. Cell Isolation

Single cell suspensions of splenocytes were generated by mechanical disruption of
tissues. To obtain CNS immune cell, the spinal cord was flushed out with PBS, and the brain
was removed from the skull. Brain and spinal cord were cut into small pieces, followed by
digestion with 1.4 mg/mL Collagenase H and 100 µg/mL DNase I (Roche, Tokyo, Japan)
in RPMI for 40 min at 37 ◦C. The single cell suspension was obtained by filtration through
a 70 µm cell strainer and was enriched by a discontinuous 37%/70% percoll gradient
centrifugation (GE Healthcare Life Sciences, Tokyo, Japan). To obtain neurons, we first
followed the manual of Adult Brain Dissociation Kit (Miltenyi Biotech, Bergisch Gladbach,
Germany) by using gentleMACS Octo Dissociator (Miltenyi Biotech). The obtained single
cell suspension was then subjected to neuron purification by using a neuron isolation kit
with MACS (Miltenyi Biotech).

2.5. BMDC Culture

Ly5.1 B6 mice derived bone merrow cells were culture with 20 ng/mL GM-CSF. Half of
culture medium was replaced with fresh GM-CSF on day 3 and 6. On day 8, the suspended
cells and loosely attached cells were collected. The cells were maturated by 100 ng/mL
lipopolysaccharide (LPS) and 20 ng/mL IL-4, for 24 h. CD11c+ MHC II hi F4/80- DCs were
sorted by Aria II and then pulsed with indicated antigen for 6–12 h as indicated.

2.6. Calcium Flux Assay

The sorted CNS Th cells as responders were loaded with 1 µm Fluo-4 AM and 1 µm
Fura-Red AM for 30 min at 37 ◦C prior to flow cytometric analysis. Both the APCs (BMDC
or microglia) and T cells were washed. Intracellular Ca2+ elevation was assessed upon
engagement of T cells with APC at a ratio of 1:4 following a quick spin down. Mixed cells
were kept at 37 ◦C for 10 min prior to Ca2+ flux analysis on a Canto II flow cytometer.
Fluo-4 AM and Fura-Red AM emission on Th cells were measured at 488 nm/530 nm and
488 nm/670 nm, respectively. Data were recorded over 5 min. In a pilot experiment, iono-
mycin stimulation of the CNS Th cells was used as a positive control. Data were analyzed
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using FlowJo Kinetics Module software V10.7 (Tree Star, Ashland, OR, USA). Using a ratio
of Fluo-4 and Fura-Red to reflect the changes in intracellular Ca2+ concentration, plots were
generated by Prism 8 (GraphPad, San Diego, CA, USA).

In the indicated experiment, Calcium Flux Assay was carried out by Fluo-4 Direct™
Calcium Assay Kit (Thermo Fisher, Waltham, MA, USA). In brief, isolated whole CNS
cells or sorted CNS Vβ5.1/5.2 or Vβ8 Th cells were incubated in Fluo-4 Direct calcium
reagent loading solution with 5 mM probenecid for 60 min and were then co-incubated
with peptide loaded BMDCs at an E:T ratio of 1:4 for 1.5 h. Fluorescence is measured using
Promega Glomax for excitation at 490 nm and emission at 510–570 nm. Data are processed
using Prism 8.

2.7. Flow Cytometry

Cells were treated with anti-mouse CD16/CD32 (BioLegend) to block Fc receptors
before staining. Staining was performed in PBS solution containing 5% FCS. For all ex-
periments, dead cells were excluded using an Aqua Live/Dead fixable staining reagent
(Invitrogen, Waltham, MA, USA). Monoclonal antibodies CD4 (GK1.5), CD5 (53-7.3), CD8
(53-6.7), CD11b (M1/70), CD11c (N418), CD19 (6D5), CD45 (30F11), CD107a (1D4B), Cx3cr1
(SA011F11), Vβ5.1 (MR9-4), Vβ8 (F23.1), Eomes (Dan11Mag), TCRβ (H57-597), and MHC
II I-A/I-E (M5/114.15.2) were obtained either from BD, BioLegend, or eBioscience (San
Diego, CA, USA). For surface staining, cells were incubated with monoclonal antibodies
for 30 min on ice. In the cases of Eomes intracellular staining for CNS cells, fresh isolated
cells were used without re-stimulation. Flow cytometric analysis was carried out on using
a FACS Canto II (BD) with a FACS Diva software, and data were analyzed using a FlowJo
(Tree Star, Waltham, MA, USA) software V10.7.

2.8. Cell Sorting

From splenocytes, T cells and B cells were isolated using a CD4 T cell MACS isolation
kit, respectively, with an AutoMACS separator according to the manufacturer’s instructions
(Miltenyi Biotech, Bergisch Gladbach, Germany). For CNS cells, CD45hi CD19- MHC II+

CD11c+ CD317hi B220+ pDC, CD45hi TCRβ+ CD4+ T cells, and CD45int CD11b+ Cx3cr1+

microglia cells were sorted using a FACS Aria IIu (BD).

2.9. Mouse Vβ TCR Analysis

Groups of NR4A2 cKO and control mice were immunized with MOG35–55 to induce
EAE. During the late phase of EAE (day 26–28), single cell suspensions were prepared from
CNS tissue. Cells were stained with antibodies against TCRβ and CD4 combined with the
Mouse Vβ TCR screen panel kit (BD Biosciences), before fixation and permeabilization with
an intracellular transcription factor staining reagent kit (eBioscience). Subsequently, intra-
cellular staining with antibody against Eomes was conducted for flow cytometer analysis.

2.10. Real Time qPCR

Total RNA was extracted from cell populations using an RNeasy Mini kit (Qiagen,
Germantown, MD, USA) and was then transcribed into cDNA using a first-strand cDNA
Kit (Takara, Osaka, Japan) according to the manufacturer’s instructions. Gene expression
was measured by real-time q-RT-PCR analysis using a LightCycler instrument (Roche
Diagnostics, Tokyo, Japan) with SYBR Green Master (Roche). Primers of ORF-1 and ORF-2
were synthesized as previous described [31]. The other primers were purchased from
Qiagen. Expression levels were normalized to the expression of Rplp0 or β2M.

2.11. Microarray Analysis

Expression microarrays were carried out on FACS sorted CNS microglia using GeneChip
Mouse Genome 430 2.0 Arrays (Affymetrix, Tokyo, Japan) prepared using an RNeasy Mini
kit (Qiagen) and a GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) according
to manufacturer’s instructions. Arrays were washed using a GeneChip Fluidics Station
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450 and scanned using a GeneChip Scanner 3000 7G. Array data were compiled using an
Affymetrix GCOS software. Differential gene expression analysis was performed using
MultiplotStudio of GenePattern. Gene Ontology analysis was firstly performed using
PANTHER [32]; the readouts were further analyzed by REVIGO (revigo.irb.hr (accessed on
15 January 2021)) to remove redundant GO terms; the remains were visualized in semantic
similarity-based or group-compared scatterplots using ggplot2.

In another setting, all upregulated DEGs of LM as compared with IM were processed
by FunSet (http://funset.uno (accessed on 14 April 2021)). Significant enriched GO terms
(FDR < 0.01) were classified based on semantic similarity; the terms with the largest average
semantic similarity with respect to all terms in the cluster were automatically selected as
cluster representatives (medoid terms).

2.12. Single-Cell Capture, Imaging, and qPCR Analysis

In brief, sorted microglia from intact or EAE mice were suspended with C1 Suspension
Reagent. This cell suspension was then loaded on a (10–17 µm) C1 Single-Cell AutoPrep
integrated fluidic circuit (IFC) microfluidic chip designed to capture cells and preampli-
fication. Brightfield (10× magnification) images of each capture site were acquired by a
BZ-X710 automated microscope using a BZ-X Viewer software (Keyence, Osaka, Japan).
Reagent mixes were prepared according to the Fluidigm protocol including harvest reagent,
lysis mix, RT mix, and Preamp mix. Spike 1, 4, and 7 were added to the lysis mix for
normalization and quality control purposes. (Fluidigm, San Francisco, CA, USA). The IFC
was loaded into the C1 system, running Preamp overnight.

Sso Fast EvaGreen Supermix with Low ROX (Bio-Rad, Hercules, CA, USA) was used
for qPCR. The 96.96 Dynamic Array IFC was primed using IFC Controller HX and loaded
according to Fluidigm protocol. The qPCR was performed using the high-throughput
platform BioMark™ HD System (Fluidigm). Data were collected using the BioMark Data
Collection software with GE Fast 96 × 96 PCR + Melt v2 protocol (A thermal mixing
protocol of 70 ◦C for 40 min and 60 ◦C for 30 s and then a hot start protocol of 95 ◦C for
60 s, followed by 30 qRT-PCR cycles of 96 ◦C for 5 s and 60 ◦C for 20 s. A melting protocol
of 60 ◦C for 3 s followed using a 1 ◦C increase every 3 s up to 95 ◦C). Single-cell qPCR data
were initially processed by the Fluidigm Real-Time PCR Analysis to generate Ct values.

All subsequent analysis of the gene expression data, including tSNE analysis, hierarchi-
cal clustering, and volcano plot, were performed using the SINGuLAR Analysis Toolset 3.0
(Fluidigm) in R platform.

2.13. Immunohistochemistry

In brief, cryosections were collected using a Cryostar NX70 cryostat (Thermo Fisher)
and fixed in 4% PFA at room temperature. Next, sections were processed by microwave
and defatted in 0.2% Triton. Then, sections were blocked in 3% BSA at room temperature.
Primary antibody incubations were carried out overnight at 4 ◦C. The following antibodies
were used: rabbit anti-L1 ORF1p (polyclone, Novusbio, Englewood, CO, USA) and Alexa
Fluor 488 rabbit anti-NeuN (clone EPR12763, Abcam, Boston, MA, USA). Alexa Flour
647-conjugated AffiniPure Mouse Anti-Rabbit IgG (Jackson ImmunoResearch, West Grove,
PA, USA) was used for ORF-1 antibody detection. Sections without primary antibodies
were processed in parallel. Sections were mounted with Fluoromount (Southern Biotech,
Birmingham, AL, USA) and imaged with a BZ-X710 automated microscope using a BZ-X
Viewer software (Keyence).

2.14. In Vitro Translation Protein Expression

Isolated total RNA from sorted cell types were in vitro translated into proteins by
using Rabbit Reticulocyte Lysate System (Promega, Madison, WI, USA). Expressed pro-
teins were applied for Ca2+ flux experiments. Regarding to ORF-1 expression, full-length
of ORF-1 was inserted the expression plasmid pRSET vector (Invitrogen) as previously
described [33,34]. ORF-1 protein was translated in vitro by using TNT T7 Quick Coupled
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Transcription/Translation System (Promega). Quality of expressed protein is determined
by using TranscendTM tRNA (Promega). Protein size is confirmed on an SDS-PAGE gel.

2.15. ORF-1 Peptide Library

An ORF-1 peptide library containing 72 overlapping peptides (length: 15 amino acids,
offset: 5 amino acids, purity 70%, 1–3 mg/peptide, Supplemental Table S1) and spanning
the entire ORF-1 molecule was synthesized (Eurofins, Yokohama, Japan). Peptides were
dissolved in dimethyl sulfoxide (Sigma, Kanagawa, Japan).

2.16. Statistical Analysis

Statistical analysis was performed using a Prism 8 Software (GraphPad, San Diego,
CA, USA) by unpaired Student’s t test, one-way or two-way ANOVA as specified, with
Tukey’s or Dunnett’s multiple comparisons. A p value < 0.05 was considered as significant
difference. ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

3. Results
3.1. Inhibition of Microglia Activation Attenuates Clinical EAE

We have previously shown that IFN-I has a capacity to drive the development of
neurotoxic Eomes+ Th cell that appear in the neurodegenerative phase of EAE (“late
EAE” hereafter) [35]. Besides DAM, the late, chronic phase of neurodegeneration in
a mouse model of AD was also characterized by CNS accumulation of microglia with
IFN-I/MHC-II signatures [18], which may precede the final DAM differentiation. We have
recently demonstrated that Eomes+ Th cells infiltrated into the CNS of mouse models
of amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) secrete neurotoxic
granzyme B after encounter with ectopically expressed ORF1 antigen encoded by L1
retrotransposon [25]. As a massive accumulation of cytoplasmic nucleic acids such as L1
DNA/RNA induces IFN-I production and upregulates surface MHC-II that might present
ORF1 antigens, these observations prompted us to investigate whether microglia subsets
with IFN-I/MHC-II signatures act as an intrinsic hub connecting CNS inflammation to
immune-mediated neuronal cell death during the neurodegenerative processes in late EAE.

To evaluate any requirement for microglia in late EAE pathogenicity, we first block
microglia activation. Minocycline, a microglial activation inhibitor [36,37], abolished clinical
symptoms of late EAE (Figure 1A), with reduced infiltration of CD4+ and CD8+ T cells
into the CNS (Figure 1B,C). In particularly, the proportion of Eomes+ Th cells in the CNS
was significantly reduced after minocycline treatment (Figure 1D). Although the inhibition
of microglial activation did not alter numbers of microglia in the CNS (Figure 1E), the
expression of IFN-I genes by microglia was significantly decreased (Figure 1F). These results
suggest that activated microglia under chronic neuroinflammation play an important role
in driving pathogenic Eomes+ Th cell development which cause CNS damage and resulting
clinical signs in late EAE.

3.2. Differential Gene Expression in Late EAE Microglia

We divided EAE into two stages, early (E) and late (L), based on clinical course
(Figure 2A). Microglia isolated from CNS at early stage (EM) or late stage (LM) were
profiled for compressive gene expression and compared with microglia from naïve mice
(IM). IFN-I signature was modest in microglia from early EAE (EM) but in in late microglia
(LM) showed an apparent upregulation of IFN-I related gene expression (Figure 2B,C and
Supplementary Figure S1A). A STRING networks analysis from these data highlights the
functional enrichment of interacting genes in IFN-I-linked pathways (Figure 2D). Further-
more, we investigated the kinetics of EAE-associated IFN-I expression by microglia. Rep-
resentative IFN-Is (IFN-α2 and IFN-β1) were increased in microglia during the late stage
(Figure 2E,F). The relevance of IFN-I production by microglia in late EAE was confirmed
by comparing IFN-I expression level to that professional IFN-I producers, CNS-derived
plasmacytoid dendritic cells (Supplementary Figure S1B). Furthermore, Gene Ontology
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(GO) enrichment analysis indicated that enrichment of PANTHER GO terms including
“immune system” and “response to stimuli” is more enriched differentially expressed
genes (DEGs) and more statistically significant in LM, suggesting a temporal activation of
microglia during late EAE (Supplementary Figure S2).

Figure 1. Interfering activation of microglia attenuates EAE disease. (A) EAE-induced CD4-Cre Nr4a2
cKO mice were treated with i.p. injections of minocycline or PBS control at indicated time points (See
also Method section). One representative experiment out of two is shown. Clinical EAE scores are
shown via error bars representing SEM. In the bottom panel, solid lines represent cumulative disease
scores; dashed lines indicate the 95% confidence intervals; linear regression analysis; ****, p < 0.0001.
(B–D) Freshly isolated CNS cells were stained and detected by a flow cytometry. Flow cytometric
plots show representative data. The cell number was shown using a bar plot (C). Error bars represent
the mean ± SD values; Student’s t-test; **, p < 0.01. (D) Eomes Th cells were analyzed by FACS. The
cell number was shown using a bar plot (right). Error bars represent the mean ± SD values; Student’s
t-test; **, p < 0.01. (E) Data for the cell number of microglia were shown as a bar graph. Error bars
represent the mean ± SD values; Student’s t-test; NS, no significant differences. (F) The expression
levels of IFN-I in microglia were determined by qPCR. Error bars represent the mean ± SD values;
Student’s t-test; *, p < 0.05; **, p < 0.01.
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Figure 2. Differential gene expression in late EAE microglia. (A) A diagram of the time points in
EAE mouse model. E, early EAE, day 10–12; M, peak or mid EAE, day 16–18; L, late EAE, day 26–28
post immunization. (B,C) Gene expression in microglia. At different time points (intact, early, and
late), Cx3cr1+ CD45 int microglia were isolated from CNS of intact or EAE Cx3cr1−GFP mice for
expression microarray analysis. Two different time point samples were compared and analyzed
using a scatter plot. DEGs were highlighted by fold change ≥2. The genes that were related with
this study were labeled. IM, intact microglia; EM, early EAE microglia; LM, late EAE microglia.
(D) Interaction of enriched GO “type I interferon response” genes are shown by STRING. (E,F) The
bar graph of the kinetics of IFN−I expression in microglia detected by qPCR is combined with the
line graph of clinical scores. Experiment was repeat performed three times; representative data of
IFN−I expression in microglia are shown.
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3.3. Functional Heterogeneity of EAE-Associated Microglia

As microglia are suggested to be heterogenous by function and phenotype during
neurodegeneration, we performed single cell analysis to further investigate microglial
diversity in late EAE. Analysis of obtained gene sets using t-SNE dimensional reduction
shows that whilst IM and EM cluster together, LM form a distinct separate cluster by on
gene expression (Figure 3A). This differential gene expression suggests that LM acquires
entirely different characteristics from those in earlier phases of EAE. Individual inflam-
matory gene modules, such as H2-Eb1, Spp1, Apoe, and C1qa, are clearly enhanced in LM
as well as IFN-I-related gene modules, such as Lgals3bp, Gbp2, and Clec7a (Figure 3B).
In contrast, the expression level of microglial core genes such as P2ry12 and Fcrls was
significantly downregulated in LM compared with IM and EM. The C-type lectin receptor
Clec7a (also known as Dectin-1, CD369) is one of the most differentially expressed genes in
LM, with significant upregulation by microglia in late disease versus in early disease or
unimmunized mice (Figure 3C–E). Clec7a expression is previously reported as a feature of
DAM during Alzheimer disease [17,18], and in our studies the kinetics Clec7a expression by
microglia is well correlated with the clinical course of EAE (Supplementary Figure S3A). As
Dectin-1-Syk-IRF5 signaling induces IFN-I production in dendritic cells [38], we compared
the gene expression profile of microglia with high Clec7a-expression (Clec7a-hi) and those
with low Clec7a expression (Clec7a-lo). Although global gene expression is similar between
Clec7a-hi and Clec7a-lo microglia in early EAE (Supplementary Figure S3B), Clec7a-hi
microglia from late EAE mice represented a more activated and pathogenic phenotype
based on expression of key inflammatory genes (Figure 3F), including complement-related,
IFN-I-related, and ApoE-Trem2 signaling genes (Supplementary Figure S3C). Next, we
sorted microglia from naïve mice by flow cytometry based on Clec7a levels and stimu-
lated with the Clec7a-binding glucan, zymosan. Stimulation led to a higher expression of
IFN-α2/β1 in Clec7a-hi IM compared with Clec7a-lo microglia, as well as increased expres-
sion of IFN-I-related genes such as Gbp2 and Rtp4 (Supplementary Figure S3D). Zymosan
also promoted antigen presenting properties (H2-Eb1 and MHC II) in Clec7a-hi but not in
Clec7a-lo microglia (Supplementary Figure S3E). Therefore, Clec7a expression is a good
marker for identifying inflammation-primed microglia with IFN-I or MHC-II signature.

3.4. IFN-I Is Critical for Induction of Eomes+ Th Cells and Development of Late EAE

As late disease was associated with microglia with an IFN-I signature and microglia
were critical for full late disease, we wished to the importance of IFN-I signals for pathogenic-
ity in late disease. However, it has been reported that IFN-I has anti-inflammatory proper-
ties in the acute phase of EAE [39,40], which raises this mechanism as a potential confound-
ing factor when considering mechanisms in late disease. Therefore, we tested the effect
of IFN-I blockade immediately after EAE onset. Anti-IFNAR mAb treatment significantly
ameliorated late EAE symptoms without affecting early disease course (Figure 4A). Inter-
estingly, IFNAR treatment also inhibited the accumulation of Eomes+ Th cells in the CNS
(Figure 4B). Similarly, IFNAR KO mice showed attenuated clinical symptoms especially in
the chronic stage of EAE, with reduced Eomes+ Th cell infiltrating the CNS (Figure 4C,D).
These data suggest that IFN-I may have a direct effect on driving pathogenic Eomes+ Th
cells in the CNS.



Cells 2023, 12, 868 10 of 20
Cells 2023, 12, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 3. Gene expression profile of microglia associated with EAE pathogenesis. Single−cell anal-
ysis of microglia. Isolated microglia from the whole brain of intact and EAE Cx3cr1−GFP mice. IM, 
intact; EM, early EAE (Day 10–12 post immunization); LM, late EAE (Day 26–28 post immunization) 
(A) tSNE plot of intact and microglia from EAE. (B) Gene sets of detected genes. Red circle, activa-
tion markers; blue circle, IFN−I response genes. (C) Volcano plots for intact and EAE microglia. 
Average log 2 (fold change) versus−log 10 (p−value) for all genes. (D) The expression level of 

Figure 3. Gene expression profile of microglia associated with EAE pathogenesis. Single−cell analysis
of microglia. Isolated microglia from the whole brain of intact and EAE Cx3cr1−GFP mice. IM,
intact; EM, early EAE (Day 10–12 post immunization); LM, late EAE (Day 26–28 post immunization)
(A) tSNE plot of intact and microglia from EAE. (B) Gene sets of detected genes. Red circle, activation
markers; blue circle, IFN−I response genes. (C) Volcano plots for intact and EAE microglia. Average
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log 2 (fold change) versus−log 10 (p−value) for all genes. (D) The expression level of inflammatory
panel or (E) IFN−I related genes was shown as the violin plots. (F) Microglia from late EAE were
divided into Clec7a hi and Clec7a lo subsets. Distribution of Clec7a expression in LM is shown
as a violin plot. Expression of detected genes are shown by a bar graph. Error bars represent the
mean ± SD values. Student’s t−test; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 4. Blocking IFN−I signals brings clinical benefits. (A,B) EAE-induced WT B6 mice were
treated with i.p. injections of anti−IFN−αR antibodies or control IgG at indicated time points.
(A) Clinical EAE scores are shown via error bars representing SEM. In the right panel, solid lines
represent cumulative disease scores; dashed lines indicate the 95% confidence intervals; linear
regression analysis, **, p < 0.01 (B) Freshly isolated CNS CD4+ T cells were intracellularly stained
for Eomes. Flow cytometric plots show representative data. Summary data were shown using
a scatter plot (right). Error bars represent the mean ± SD values. Student’s t−test; **, p < 0.01.
(C,D) EAE using IFNα/βR KO mice or WT littermates. (C) Clinical EAE scores are shown via error
bars representing SEM. In the right panel, solid lines represent cumulative disease scores; dashed
lines indicate the 95% confidence intervals; linear regression analysis, ****, p < 0.0001. (D) FACS plots
show representative data of Eomes staining (left). Summary data of frequency of Eomes+ CD4+ Th
cell (right). Error bars represent the mean ± SD values. Student’s t−test; **, p < 0.01.

3.5. CNS Antigens Act as Trigger for Pathogenesis in Late EAE Disease

Previously we have reported that Eomes+ CNS Th cells may be stimulated locally
to damage neurons via production of granzyme B [23]; we also observe that granzyme
B-deficient mice are protected from late EAE (Supplementary Figure S4A). In addition,
Eomes+ Th cells are also observed to accumulate in the CNS during neurodegenerative
diseases in mouse models and secreted granzyme B following stimulation by putative
CNS antigens [25]. This raises the tantalizing possibility that microglia may act as antigen
presenting cells to stimulate Eomes+ Th cell leading to local activation and downstream CNS
inflammatory damage. Functional enrichment gene ontogeny analysis (FunSet) indicated
an increase in the microglia capacity to uptake, process, and present antigen during late
EAE (Supplementary Figure S5), and MHC II levels expressed by microglia were increased
over the course of disease (Figure 5A).

As late disease microglia could act as potential antigen presenting cells, we carried
out further investigation into putative CNS antigens that may drive Eomes+ Th cell acti-
vation. Protein derived from not only neurons, but also from LM, was able to active CNS
Th cells using bone marrow-derived dendritic cells (BMDC) as antigen presenting cells
(Supplementary Figure S4B).
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L1 has been previously highlighted as a possible candidate for endogenous antigens 

Figure 5. Miscellaneous CNS antigens stimulate CNS-infiltrating Th cells in late EAE. (A) The
kinetic of MHC II expression in microglia was evaluated by FACS. Represented FACS plots (left)
and correlation with clinical score (right) are shown. Experiment was repeat performed three times;
representative data are shown. (B,C) Sorted WT CNS Th cells from peak EAE were stimulated by
antigen-loaded BMDCs. Ca2+ flux of CNS Th cells was measured by FACS, a liner graph was shown
as ratio of Fluo 4 vs. Fura Red. ivT, in vitro translation regent; LNivT, in vitro translated protein of
neuron from late phase of EAE (Day 28); LMivT, in vitro translated protein of microglia from late
phase of EAE (Day 28) (B) BMDCs were pulsed with in vitro translated protein of microglia or neuron
from late EAE. (C) Sorted WT CNS Th cells from peak EAE were stimulated by antigen−loaded
BMDCs in presence or absence of anti−MHC II mAb. (D) CNS Th cells and microglia from Trem2
cKO or WT of late EAE were isolated. CNS Th cells were shortly stimulated by microglia. Ca2+ flux
of CNS Th cells was measured by a FACS Canto II, a liner graph was shown as ratio of Fluo 4 vs.
Fura Red.

Such assays may be influenced by cell intrinsic antigen presentation factors despite
using model antigen presenting cells in the form of BMDC. Therefore, we generated CNS
antigens using an in vitro translation (IVT) system with RNA isolated from LM. Identical
BMDC were pulsed with the resulting CNS antigens which were used in turn to stimulate
CNS-derived Th cells. CNS Th cells were preloaded with a Ca indicator that allowed the
visualization of early T cell activation by monitoring Ca2+ flux. Both LM and neuron-
derived IVT products yielded a Ca2+ flux response (Figure 5B). This stimulation was
MHC II-dependent as shown its attenuation by MHC II blockade (Figure 5C).

As the CNS Th cell responses to LM-derived IVT products were similar to neuron-
derived IVT products, we investigated the possibility that these findings could result
from products that LM had previously collected from neurons. Microglia are known to
phagocytose CNS debris including dying neurons via a Trem2-dependent manner [17].
Thus, microglia derived from either Trem2KO or control mice were used to stimulate CNS
Th cells from late EAE that had been preloaded with a Ca indicator to monitor immediate
T cell activation. Late disease microglia induced Ca2+ flux, indicating Th cell activation
(Figure 5D), whereas this ability of LM to stimulate CNS Th cells was diminished in the
absence of TREM2.

Taken together, these data suggest that microglia incorporate putative CNS antigens
via Trem2-dependent manner and present them to CNS-derived Th cells in an MHC II-
dependent manner.
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3.6. ORF-1, an Encoded Protein of L1 Retrotransposon May Contribute to CNS Th Cell Activation

Some oligoclonality of T cell receptor (TcR) repertoire in Eomes+ Th cells is indicated
by Vβ repertoire skewing [35], implying the presence of putative predominant antigen(s).
L1 has been previously highlighted as a possible candidate for endogenous antigens under
neurodegeneration [41]. We have also recently reported that Eomes+ CNS Th cells in a
mouse model of neurodegenerative diseases may be responsive to ORF1 antigen [25].

Therefore, we hypothesized that ORF1 protein could directly activate CNS Th cell
or not. Firstly, we confirmed that L1 ORF1 protein, a product of L1 gene (Figure 6A), is
expressed in the olfactory bulb, hippocampus, subventricular zone, and cortex layers of the
brain during EAE (Supplementary Figure S6A). Next, we tested if L1 ORF1 protein could
stimulate CNS Th cells. ORF1-pulsed BMDC induced a clear oscillation of Ca2+ flux in CNS
Th cells, which was abolished in the presence of anti-MHC II blocking mAb (Figure 6B).
Interestingly, kinetic analysis revealed that Th cells at early EAE respond poorly to ORF1
peptide, compared with strong responses by late CNS Th cells (Supplementary Figure S6B).
These data suggest that a set of ORF1-recognizing Th cells develop in the CNS during
transition toward late EAE. To scrutinize possible cellular responses of CNS Th cells against
ORF1 protein, we performed an epitope mapping analysis using a 15-mer synthetic peptide
library, covering the whole open reading frame of ORF1 with a five amino acid overlap
between adjacent peptides (Supplementary Table S1). CNS Th cell activation as indicated
by Ca2+ flux was diverse across individual peptide with several islands of antigenicity
observed suggesting that multiple instances of ORF1 protein epitopes driving Th cell
activation may occur (Figure 6C), although this would be dependent on the physiologic
antigen processing. Collectively, at least a part of CNS Th cells in late EAE mice were
recognized and were stimulated by L1-derived ORF1 protein, with a great range of potential
antigens across the whole protein.
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Figure 6. ORF−1, an encoded protein of L1 retrotransposon, may contribute to CNS Th cell activation.
(A) Genetic structure of murine L1. (B) Quality of in vitro translated protein was confirmed (left).
1: ORF1; 2: mock. In the right panel, sorted WT CNS Th cells from peak EAE were stimulated with or
without ORF1−loaded BMDCs in presence or absence of anti−MHC II mAb. Ca2+ flux of CNS Th
cells was measured by FACS, shown as ratio of Fluo 4 vs. Fura Red. (C) CNS Th cells were shortly
co−cultured with BMDCs that were pulsed with synthesized ORF1 peptide library. Ca2+ flux of CNS
Th cells was shown as a bar graph determined by OD value. See also the Method section.

3.7. Blockade of L1 Activation Ameliorates Late EAE

To further explore the significance of L1 activation in the pathogenic process of late
EAE, we treated mice with lamivudine (3TC), a non-toxic reverse transcriptase inhibitor
that effectively blocks the activity of L1 retrotransposase [42]. Although 3TC treatment
had no impact on the onset of acute EAE, late EAE was significantly attenuated and with
increased recovery from disease symptoms (Figure 7A). Accordingly, 3TC treatment also
suppressed the accumulation of Eomes+ Th cells (Figure 7B), and those cells found in
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the CNS had reduced pathogenic potential as measure by surface CD107a+ recruitment.
A significant reduction in ORF-1 expression by neuron and microglia was also observed
(Figure 7C). Eomes+ Th cells in the CNS at late EAE have a somewhat oligoclonal TcR
repertoire with increased proportions of particular Vβ usage such as Vβ5.1/5.2 [35]. The
3TC treatment prevented the skewing of the CNS Th cell repertoire, including the Vβ5.1/5.2
subset (Supplementary Figure S7). This alteration in oligoclonality indicators is even more
apparent in the Eomes+ Th cell subset, with the dominance of Vβ3, Vβ4, Vβ5.1/5.2,
Vβ7, and Vβ11 chains significantly reduced after 3TC treatment (Figure 7D). Finally, we
examined the cellular response of Vβ5 and Vβ8 Th cells against pooled peptide mixtures
derived from the ORF1 sequence. As shown in Figure 7E, differential T cell responses
were observed against different peptide pools, suggesting a diverse range of CNS Th cells
recognizing ORF1 proteins. Taken together, these results suggest that ORF1 protein a potent
antigen recognized by a broad range of CNS Th cells, including the Eomes-expressing Th
subset, and this endogenous antigen can drive local pathogenic Th cells responses leading
to neuroinflammation.

Cells 2023, 12, x FOR PEER REVIEW 14 of 20 
 

 

3TC treatment prevented the skewing of the CNS Th cell repertoire, including the 
Vβ5.1/5.2 subset (Supplementary Figure S7). This alteration in oligoclonality indicators is 
even more apparent in the Eomes+ Th cell subset, with the dominance of Vβ3, Vβ4, 
Vβ5.1/5.2, Vβ7, and Vβ11 chains significantly reduced after 3TC treatment (Figure 7D). 
Finally, we examined the cellular response of Vβ5 and Vβ8 Th cells against pooled peptide 
mixtures derived from the ORF1 sequence. As shown in Figure 7E, differential T cell re-
sponses were observed against different peptide pools, suggesting a diverse range of CNS 
Th cells recognizing ORF1 proteins. Taken together, these results suggest that ORF1 pro-
tein a potent antigen recognized by a broad range of CNS Th cells, including the Eomes-
expressing Th subset, and this endogenous antigen can drive local pathogenic Th cells 
responses leading to neuroinflammation. 

  
Figure 7. Blocking L1 activity ameliorates late EAE. (A) EAE-induced CD4−Cre Nr4a2 cKO B6 mice 
were treated with 3TC or PBS control (oral garage) as described in Method section. Clinical EAE 
scores are shown via error bars representing SEM. In the bottom panel, solid lines represent cumu-
lative disease scores; dashed lines indicate the 95% confidence intervals; linear regression analysis. 
***, p < 0.001. (B) Expression level of Eomes and CD107a is measured by FACS. FACS plots (left) 
show the representative data. Summary data are shown as bar graphs (right). Student’s t−test; *, p < 
0.05; ***, p < 0.001. (C) Expression of ORF1 in neuron and microglia from control and 3TC-treated 
EAE mice was shown as bar graphs determined by qPCR. Student’s t−test; *, p < 0.05. (D) Sorted 
CNS Th cells were surface stained using mouse Vβ TCR screen panel kit. Then intracellular staining 
was performed against Eomes. Frequency of each Vβ subset in Eomes+ and Eomes− CD4+ T cells are 

P B S 3T C
A B

E

D

0 10 20 30
0

1

2

3

4

5

Days post im m unization

c
li
n
ic
a
l 
s
c
o
re
s 3TC

PBS

0 10 20 30
0

10

20

30

40

Days post im m unization

c
u
m
u
la
ti
v
e
 s
c
o
re

3TC
PBS

***

P B S 3T C

Total=266.36

Vβ2
Vβ3
Vβ4
Vβ5.1/5.2
Vβ6
Vβ7
Vβ8.1/8.2
Vβ8.3
Vβ9
Vβ10b
Vβ11
Vβ12
Vβ13
Vβ17

Total=228.79

Vβ2
Vβ6
Vβ8.1/8.2
Vβ8.3
Vβ9
Vβ10b
Vβ12
Vβ13
Vβ17

Total=64.89

Vβ2
Vβ3
Vβ4
Vβ5.1/5.2
Vβ6
Vβ7
Vβ8.1/8.2
Vβ8.3
Vβ12
Vβ13
Vβ14
Vβ17 Total=49.79

Vβ3
Vβ4
Vβ6
Vβ7
Vβ8.1/8.2
Vβ8.3
Vβ12
Vβ13
Vβ14
Vβ17

E o m e s+  T h

E o m e s- T h

PBS 3TC
0.0

5.0×105

1.0×106

1.5×106

2.0×106

2.5×106

re
la
ti
v
e
 e
x
p
re
s
s
io
n
 

ORF-1 (Neuron)

PBS 3TC
0

1×106

2×106

3×106

4×106

5×106

re
la
ti
v
e
 e
x
p
re
s
s
io
n
 

ORF-1 (Microglia)

*

C

1 2 3 4 5 6 7
1.0

1.1

1.2

ra
la

tiv
e 

ra
tio

Vβ5.1/5.2
Vβ8

**
* *

1 2 3 4 5 6 7
1.0

1.1

1.2

ra
la

tiv
e 

ra
tio *

*

PBS 3tc

1

2

3

4

0

Eo
m

es
+ %

 

*

PBS 3tc

0.5

1.0

1.5

2.0

2.5

0

Eo
m

es
+  C

D
10

7a
+ 

%

***

Vβ2Vβ3
Vβ4

Vβ5.1/
5.2 Vβ6

Vβ7

Vβ8.1/
8.2Vβ8.3 Vβ9

Vβ10bVβ11Vβ1
2
Vβ13

Vβ14
Vβ17

0

20

40

60 PBS

3TC

Vβ
%

 (E
om

es
+  

Th
)

Vβ2
Vβ3

Vβ4

Vβ5.1/
5.2 Vβ6

Vβ7

Vβ8.1/
8.2Vβ8.3 Vβ9

Vβ10bVβ11
Vβ12

Vβ13
Vβ14

Vβ17
0

5

10

15

20 PBS

3TC

Vβ
%

 (E
om

es
-  T

h)

2.84 1.75

1.1794.2

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 1.72 0.17

1.1297.0

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

96.4 3.59

00

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 98.4 1.64

00

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

C
D
4

E om es

C D 107a

E
o
m
es

E
o
m
es

C
D
4

Figure 7. Blocking L1 activity ameliorates late EAE. (A) EAE-induced CD4−Cre Nr4a2 cKO B6
mice were treated with 3TC or PBS control (oral garage) as described in Method section. Clinical
EAE scores are shown via error bars representing SEM. In the bottom panel, solid lines represent
cumulative disease scores; dashed lines indicate the 95% confidence intervals; linear regression
analysis. ***, p < 0.001. (B) Expression level of Eomes and CD107a is measured by FACS. FACS plots
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(left) show the representative data. Summary data are shown as bar graphs (right). Student’s t−test;
*, p < 0.05; ***, p < 0.001. (C) Expression of ORF1 in neuron and microglia from control and 3TC-treated
EAE mice was shown as bar graphs determined by qPCR. Student’s t−test; *, p < 0.05. (D) Sorted
CNS Th cells were surface stained using mouse Vβ TCR screen panel kit. Then intracellular staining
was performed against Eomes. Frequency of each Vβ subset in Eomes+ and Eomes− CD4+ T cells are
summarized and shown as pie graphs. See also Supplementary Figure S7. (E) Sorted Vβ5.1/2 and
Vβ8 CNS Th cells were shortly co-cultured with BMDCs that were pulsed in presence or absence
of three mixed synthesized ORF−1. Ca2+ flux of CNS Th cells was shown as a bar graph using the
relative ratio of OD510 by comparing with negative control. Error bars represent the mean ± SD
values. Student’s t-test; *, p < 0.05; **, p < 0.01.

4. Discussion

In this study, we reveal microglia play pivotal roles in triggering cytotoxic Th cell-
mediated pathogenesis of neurodegeneration in late EAE via augmented production of
IFN-I and MHC II-dependent presentation of endogenous antigens. These processes are
generated by two microglial subsets with IFN-I-induced genes or high expression of MHC II
that develop under conditions of chronic neuroinflammation. Furthermore, we revealed
that retrotransposon L1 ectopically activated in the inflamed CNS may play a crucial role
both as a potent IFN-I inducer through their replication intermediate and as a source
of endogenous antigens recognized by CNS Th cells through its encoded protein, ORF1.
Inhibition of microglial activation by minocycline or IFN-I signal blockade resulted in an
amelioration of clinical sign with fewer Eomes+ Th cells infiltrating CNS. Thus, primed
microglia are a pathogenic hub of neurodegeneration in late EAE.

Although RRMS is a demyelinating disease caused by autoimmune-mediated oligo-
dendroglial damage, the clinical symptoms of neurodegenerative complication in SPMS are
indistinguishable from those observed in neurodegenerative diseases [21]. Due to the low
number and sparse distribution of immune cells in the CNS [43], there has been limited
evidence for the functional relevance of acquired immunity in neurodegenerative diseases.
Our current data suggest that immune-mediated pathology is involved in a number of
neurodegenerative CNS disorders. In support of the above argument, we have revealed
that the frequency of peripheral Eomes+ Th cells (Eomes frequency) acted as a reliable
biomarker for SPMS patients at risk of worsening disease (i.e., neurodegeneration) [24].
Accordingly, we have demonstrated that Eomes+ Th cells infiltrated the CNS during dis-
ease in mouse models of amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD)
where they can secrete neurotoxic granzyme B after encounter with ectopically expressed
ORF1 antigen encoded by L1 retrotransposon [25].

Neurodegeneration has long been considered as a consequence of neuron-intrinsic
homeostatic failure with cytosolic accumulation of noxious protein aggregate. However,
a growing body of evidence points the critical roles of glial cells as accomplices to the
development of neurodegenerative diseases [8]. In addition, single cell-RNA sequencing
and mass cytometry analysis revealed functional heterogeneity of microglia during neu-
rodegeneration [19,20]. In the brain of a mouse model of Alzheimer’s disease, DAM cells
were marked by their overexpression of IFN response genes and components of the MHC
II pathway [18]. In this study, microglial upregulation of IFN-I signatures and MHC II
are shown to be crucial for the development and activation of neurotoxic Eomes+ Th
cells. As progressive neuron loss leading to motor dysfunction and cognitive impairment
are common characteristics of SPMS, the disease-associated microglia may widely bridge
neuroinflammation and neurodegeneration via Eomes+ Th cells.

Further single cell analysis revealed the heterogeneity of LM in two gene sets, inflam-
mation and IFN-I responses, suggesting that dynamic and diverse alteration of microglial
phenotype contributes to entangled pathology of neurodegeneration. Interestingly, DAM-
related genes are enriched in Clec7a+ microglia, with the Clec7a ligand zymosan inducing
microglial IFN-I production. Galectin-9, an endogenous Clec7a ligand and a biomarker for
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the interferon signature in SLE [44], may be involved in induction of IFN-I under pathologic
conditions [45]. Overall, the parallel action of neuroinflammation and neurodegeneration
leading to the complex pathology in late EAE could be understood by the activation profiles
of LM.

Although IFN-I has been clinically prescribed for preventing RRMS relapses, pro-
longed neuroinflammatory features of IFN-I are observed in Aicardi–Goutières syndrome
(AGS) [27], a rare hereditary disease with a constitutive overexpression of IFN-I due to
a monogenic mutation in IFN signal-related genes. However, the neuroinflammatory
function of IFN-I has not been previously indicated in a wide variety of neurodegenera-
tive diseases. A recent study suggests that IFN-I response drives neuroinflammation and
synapse loss in the Alzheimer disease model [46], implying a neurodegeneration-promoting
property of this cytokine. We demonstrated that the attenuation of late EAE together with
a clear reduction in the CNS accumulation of Eomes+ Th cells after IFN signal blockade,
suggesting that prolonged IFN-I expression is harmful for CNS homeostasis.

We demonstrate that CNS Th cells respond to neuron- or microglia-derived antigens
but not to those expressed in splenocytes. Intriguingly, Trem2-deficient microglia are
blunted to activate CNS Th cells, and late EAE-derived microglia directly induce Ca2+

influx responses in CNS Th cells, suggesting that both neuron and microglia act as sources
of the antigens. Presentation of endogenous antigens to MHC II in microglia may embed
autophagy for recruitment of proteins to MIIC compartment, in which IFN-I-induced
autophagy may be involved in [47]. Although antigen presenting capacity of microglia is
not necessarily well characterized, our data clearly indicate that microglia acquire MHC II
expression upon stimulation and become efficient antigen presenters under pathogenic
conditions with neurodegeneration. Noncoding regions are shown to be the main source
of targetable tumor-specific antigens due to the alteration of epigenetic landscape un-
der chronic inflammation [48], and aberrantly expressed endogenous retroelements draw
special attention [49], because a different set of retroelement aberrantly expressed under
chronic inflammation provides potentially immunogenic neoantigens [50]. Accordingly,
skewed TCR Vβ repertoire between Eomes+ and Eomes- Th [35] prompted us to explore
predominant antigen(s) recognized by Eomes+ T cells. In this regard, massive and con-
tinuous production of IFN-I without an apparent trace of microbial infection commonly
observed in SLE [51], interferonopathy AGS [52], ALS [53], and aging [54] hinted at a dys-
regulated activation of L1. There are about half million copies of L1 gene that occupy ~18%
of whole human genome, and 100 copies and 3000 copies of them are retrotransposition-
competent in the human and mouse genome, respectively. L1 is strongly suppressed in
most somatic cells under physiological conditions via epigenetic and non-epigenetic mech-
anisms. Indeed, L1-induced IFN-I production in glial cells is required to counteract on
propagation of L1 [55]. Under chronic inflammation, epigenetic dysregulation allows ec-
topic L1 expression encoding the ORF1/ORF2 protein, and the RNP complexes translocate
to the nucleus. Then, ORF2 with endonuclease and reverse transcriptase activity induces
target-primed retrotransposition in a copy-and-paste manner. Although the detrimental
effect of L1 retrotransposon has been exclusively highlighted for disruption of functional
genes or dysregulated expression of neighboring genes after germline insertions, the cur-
rent study demonstrated that nucleic acid intermediates and protein product of the L1
may have additional immune-mediated roles that promote neurodegeneration. In fact, the
ORF1 protein expressed in either neuron or microglia is able to stimulate CNS Th cells. L1
overexpression induces hyper IFN-I production via detection of nucleic acid intermediates
after RIG-I/MDA5-mediated RNA sensing or cGAS/STING-mediated DNA sensing [56].
Reverse transcriptase inhibitor 3TC that inhibits L1 retrotransposition attenuates late EAE
disease with a suppression of Eomes+ Th cells in the CNS, suggesting that ectopic L1
expression promotes Eomes+ Th cells-dependent neurodegeneration. Furthermore, in vitro-
translated ORF1 protein enhanced TcR-mediated Ca2+ influx in CNS Th cells. It is not
clear whether host immunity establish tolerance against ORF1 or not; antibodies against
ORF1 were detectable in a population of SLE patients with severe and active disease [57],
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suggesting ORF1 may be recognized as an antigen under chronic inflammation. To our
knowledge, this is the first report describing retrotransposition-independent and immune
response-mediated detrimental action of L1 in neurodegeneration. Cellular response of
CNS Th cells to ORF1 peptides library revealed that the overall Th cell-stimulating property
was gradually increased over the course of disease progression. Similarly, Vβ repertoire
skewing in CNS Th cells, especially that usually manifest in Eomes+ Th cells [35], was
diminished after 3TC treatment, further supporting a link between ORF-1 and CNS Th cells.
As the abolished Vβ repertoire was not limited to Vβ5.1/5.2, further study will unveil a
more detailed mechanisms of ORF1-mediated priming of CNS Th cells.

This current study demonstrated that chronic inflammation provoked a functional
fluctuation in microglia and Eomes+ Th cells in the CNS, mutual exchange of which forms a
previously unappreciated vicious network that leads to neurodegeneration through upregu-
lation of IFN-I and antigen presentation of CNS proteins (Supplementary Figure S8). To sum
up, our data highlight a critical contribution of microglia with IFN-I or MHC II signature as
a neuroinflammatory hub that is essential for immune-cell mediated neurodegeneration.
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www.mdpi.com/article/10.3390/cells12060868/s1.

Author Contributions: C.Z., B.R., F.T., T.-w.Y. and H.H. performed experiments; C.Z., B.R. and S.O.
designed experiments, C.Z., B.R., S.O. and T.Y. analyzed data, C.Z., S.O. and T.Y. wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Health and Labor Sciences Research Grants, Research on rare
and intractable diseases, JSPS KAKENHI Grant Numbers 18H04045 and 20K07895 and 20K16294
and the Practical Research Project for Rare/Intractable Diseases from Japan Agency for Medical
Research and Development, AMED (17ek0109097, 17ek0109155). Intramural Research Grant (30-5)
for Neurological and Psychiatric Disorders of NCNP.

Institutional Review Board Statement: All animal experiments were approved by the Committee
for Small Animal Research and Animal Welfare (National Center of Neurology and Psychiatry). All
efforts were made to minimize animal suffering in clinical disease experiments.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available from the corresponding author Shinji Oki upon
reasonable request.

Acknowledgments: The authors would like to thank W. Li, A. Takeo and C. Koto for excellent
illustration design, technical assistance and animal care.

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

References
1. Przedborski, S.; Vila, M.; Jackson-Lewis, V. Neurodegeneration: What is it and where are we? J. Clin. Investig. 2003, 111, 3–10.

[CrossRef] [PubMed]
2. Gan, L.; Cookson, M.R.; Petrucelli, L.; La Spada, A.R. Converging pathways in neurodegeneration, from genetics to mechanisms.

Nat. Neurosci. 2018, 21, 1300–1309. [CrossRef] [PubMed]
3. Chitnis, T.; Weiner, H.L. CNS inflammation and neurodegeneration. J. Clin. Investig. 2017, 127, 3577–3587. [CrossRef] [PubMed]
4. Soto, C.; Pritzkow, S. Protein misfolding, aggregation, and conformational strains in neurodegenerative diseases. Nat. Neurosci.

2018, 21, 1332–1340. [CrossRef]
5. Sun, W.Y.; Samimi, H.; Gamez, M.; Zare, H.; Frost, B. Pathogenic tau-induced piRNA depletion promotes neuronal death through

transposable element dysregulation in neurodegenerative tauopathies. Nat. Neurosci. 2018, 21, 1038–1048. [CrossRef]
6. Area-Gomez, E.; Guardia-Laguarta, C.; Schon, E.A.; Przedborski, S. Mitochondria, OxPhos, and neurodegeneration: Cells are not

just running out of gas. J. Clin. Investig. 2019, 129, 34–45. [CrossRef]
7. Nativio, R.; Donahue, G.; Berson, A.; Lan, Y.; Amlie-Wolf, A.; Tuzer, F.; Toledo, J.B.; Gosai, S.J.; Gregory, B.D.; Torres, C.; et al.

Dysregulation of the epigenetic landscape of normal aging in Alzheimer’s disease. Nat. Neurosci. 2018, 21, 497–505. [CrossRef]
8. Stevenson, R.; Samokhina, E.; Rossetti, I.; Morley, J.W.; Buskila, Y. Neuromodulation of Glial Function during Neurodegeneration.

Front. Cell Neurosci. 2020, 14, 278. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12060868/s1
https://www.mdpi.com/article/10.3390/cells12060868/s1
http://doi.org/10.1172/JCI200317522
http://www.ncbi.nlm.nih.gov/pubmed/12511579
http://doi.org/10.1038/s41593-018-0237-7
http://www.ncbi.nlm.nih.gov/pubmed/30258237
http://doi.org/10.1172/JCI90609
http://www.ncbi.nlm.nih.gov/pubmed/28872464
http://doi.org/10.1038/s41593-018-0235-9
http://doi.org/10.1038/s41593-018-0194-1
http://doi.org/10.1172/JCI120848
http://doi.org/10.1038/s41593-018-0101-9
http://doi.org/10.3389/fncel.2020.00278


Cells 2023, 12, 868 18 of 20

9. Hong, S.; Beja-Glasser, V.F.; Nfonoyim, B.M.; Frouin, A.; Li, S.; Ramakrishnan, S.; Merry, K.M.; Shi, Q.; Rosenthal, A.;
Barres, B.A.; et al. Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 2016, 352,
712–716. [CrossRef]

10. Hakim-Mishnaevski, K.; Flint-Brodsly, N.; Shklyar, B.; Levy-Adam, F.; Kurant, E. Glial Phagocytic Receptors Promote Neuronal
Loss in Adult Drosophila Brain. Cell Rep. 2019, 29, 1438–1448.e3. [CrossRef]

11. Werneburg, S.; Jung, J.; Kunjamma, R.B.; Ha, S.K.; Luciano, N.J.; Willis, C.M.; Gao, G.; Biscola, N.P.; Havton, L.A.; Crocker, S.J.; et al.
Targeted Complement Inhibition at Synapses Prevents Microglial Synaptic Engulfment and Synapse Loss in Demyelinating
Disease. Immunity 2020, 52, 167–182.e7. [CrossRef] [PubMed]

12. Bachiller, S.; Jimenez-Ferrer, I.; Paulus, A.; Yang, Y.; Swanberg, M.; Deierborg, T.; Boza-Serrano, A. Microglia in Neurological
Diseases: A Road Map to Brain-Disease Dependent-Inflammatory Response. Front. Cell Neurosci. 2018, 12, 488. [CrossRef]
[PubMed]

13. Hammond, T.R.; Dufort, C.; Dissing-Olesen, L.; Giera, S.; Young, A.; Wysoker, A.; Walker, A.J.; Gergits, F.; Segel, M.;
Nemesh, J.; et al. Single-Cell RNA Sequencing of Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals
Complex Cell-State Changes. Immunity 2019, 50, 253–271.e6. [CrossRef] [PubMed]

14. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo.
Science 2005, 308, 1314–1318. [CrossRef] [PubMed]

15. Masuda, T.; Sankowski, R.; Staszewski, O.; Bottcher, C.; Amann, L.; Sagar; Scheiwe, C.; Nessler, S.; Kunz, P.; van Loo, G.; et al.
Spatial and temporal heterogeneity of mouse and human microglia at single-cell resolution. Nature 2019, 566, 388–392. [CrossRef]

16. Cho, C.E.; Damle, S.S.; Wancewicz, E.V.; Mukhopadhyay, S.; Hart, C.E.; Mazur, C.; Swayze, E.E.; Kamme, F. A modular analysis of
microglia gene expression, insights into the aged phenotype. BMC Genom. 2019, 20, 164. [CrossRef]

17. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e17. [CrossRef]

18. Mathys, H.; Adaikkan, C.; Gao, F.; Young, J.Z.; Manet, E.; Hemberg, M.; De Jager, P.L.; Ransohoff, R.M.; Regev, A.; Tsai, L.H.
Temporal Tracking of Microglia Activation in Neurodegeneration at Single-Cell Resolution. Cell Rep. 2017, 21, 366–380. [CrossRef]

19. Chen, Y.; Colonna, M. Microglia in Alzheimer’s disease at single-cell level. Are there common patterns in humans and mice?
J. Exp. Med. 2021, 218, e20202717. [CrossRef]

20. Paolicelli, R.C.; Sierra, A.; Stevens, B.; Tremblay, M.E.; Aguzzi, A.; Ajami, B.; Amit, I.; Audinat, E.; Bechmann, I.; Bennett, M.; et al.
Microglia states and nomenclature: A field at its crossroads. Neuron 2022, 110, 3458–3483. [CrossRef]

21. Correale, J.; Marrodan, M.; Ysrraelit, M.C. Mechanisms of Neurodegeneration and Axonal Dysfunction in Progressive Multiple
Sclerosis. Biomedicines 2019, 7, 14. [CrossRef] [PubMed]

22. Schirmer, L.; Velmeshev, D.; Holmqvist, S.; Kaufmann, M.; Werneburg, S.; Jung, D.; Vistnes, S.; Stockley, J.H.; Young, A.;
Steindel, M.; et al. Neuronal vulnerability and multilineage diversity in multiple sclerosis. Nature 2019, 573, 75–82. [CrossRef]
[PubMed]

23. Raveney, B.J.; Oki, S.; Hohjoh, H.; Nakamura, M.; Sato, W.; Murata, M.; Yamamura, T. Eomesodermin-expressing T-helper cells
are essential for chronic neuroinflammation. Nat. Commun. 2015, 6, 8437. [CrossRef]

24. Raveney, B.J.E.; Sato, W.; Takewaki, D.; Zhang, C.; Kanazawa, T.; Lin, Y.; Okamoto, T.; Araki, M.; Kimura, Y.; Sato, N.; et al.
Involvement of cytotoxic Eomes-expressing CD4+ T cells in secondary progressive multiple sclerosis. Proc. Natl. Acad. Sci. USA
2021, 118, e2021818118. [CrossRef] [PubMed]

25. Takahashi, F.; Zhang, C.; Hohjoh, H.; Raveney, B.; Yamamura, T.; Hayashi, N.; Oki, S. Immune-mediated neurodegenerative trait
provoked by multimodal derepression of long-interspersed nuclear element-1. iScience 2022, 25, 104278. [CrossRef] [PubMed]

26. Javed, A.; Reder, A.T. Therapeutic role of beta-interferons in multiple sclerosis. Pharmacol. Ther. 2006, 110, 35–56. [CrossRef]
27. Crow, Y.J.; Manel, N. Aicardi-Goutières syndrome and the type I interferonopathies. Nat. Rev. Immunol. 2015, 15, 429–440.

[CrossRef]
28. Goldmann, T.; Zeller, N.; Raasch, J.; Kierdorf, K.; Frenzel, K.; Ketscher, L.; Basters, A.; Staszewski, O.; Brendecke, S.M.;

Spiess, A.; et al. USP18 lack in microglia causes destructive interferonopathy of the mouse brain. EMBO J. 2015, 34, 1612–1629.
[CrossRef]

29. Schetters, S.T.T.; Gomez-Nicola, D.; Garcia-Vallejo, J.J.; Van Kooyk, Y. Neuroinflammation: Microglia and T Cells Get Ready to
Tango. Front. Immunol. 2017, 8, 1905. [CrossRef]

30. Wlodarczyk, A.; Lobner, M.; Cedile, O.; Owens, T. Comparison of microglia and infiltrating CD11c(+) cells as antigen presenting
cells for T cell proliferation and cytokine response. J. Neuroinflamm. 2014, 11, 57. [CrossRef]

31. Bundo, M.; Toyoshima, M.; Okada, Y.; Akamatsu, W.; Ueda, J.; Nemoto-Miyauchi, T.; Sunaga, F.; Toritsuka, M.; Ikawa, D.;
Kakita, A.; et al. Increased l1 retrotransposition in the neuronal genome in schizophrenia. Neuron 2014, 81, 306–313. [CrossRef]

32. Mi, H.; Huang, X.; Muruganujan, A.; Tang, H.; Mills, C.; Kang, D.; Thomas, P.D. PANTHER version 11: Expanded annotation
data from Gene Ontology and Reactome pathways, and data analysis tool enhancements. Nucleic Acids Res. 2017, 45, D183–D189.
[CrossRef] [PubMed]

33. Hohjoh, H.; Singer, M.F. Cytoplasmic ribonucleoprotein complexes containing human LINE-1 protein and RNA. EMBO J. 1996,
15, 630–639. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aad8373
http://doi.org/10.1016/j.celrep.2019.09.086
http://doi.org/10.1016/j.immuni.2019.12.004
http://www.ncbi.nlm.nih.gov/pubmed/31883839
http://doi.org/10.3389/fncel.2018.00488
http://www.ncbi.nlm.nih.gov/pubmed/30618635
http://doi.org/10.1016/j.immuni.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30471926
http://doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://doi.org/10.1038/s41586-019-0924-x
http://doi.org/10.1186/s12864-019-5549-9
http://doi.org/10.1016/j.cell.2017.05.018
http://doi.org/10.1016/j.celrep.2017.09.039
http://doi.org/10.1084/jem.20202717
http://doi.org/10.1016/j.neuron.2022.10.020
http://doi.org/10.3390/biomedicines7010014
http://www.ncbi.nlm.nih.gov/pubmed/30791637
http://doi.org/10.1038/s41586-019-1404-z
http://www.ncbi.nlm.nih.gov/pubmed/31316211
http://doi.org/10.1038/ncomms9437
http://doi.org/10.1073/pnas.2021818118
http://www.ncbi.nlm.nih.gov/pubmed/33836594
http://doi.org/10.1016/j.isci.2022.104278
http://www.ncbi.nlm.nih.gov/pubmed/35573205
http://doi.org/10.1016/j.pharmthera.2005.08.011
http://doi.org/10.1038/nri3850
http://doi.org/10.15252/embj.201490791
http://doi.org/10.3389/fimmu.2017.01905
http://doi.org/10.1186/1742-2094-11-57
http://doi.org/10.1016/j.neuron.2013.10.053
http://doi.org/10.1093/nar/gkw1138
http://www.ncbi.nlm.nih.gov/pubmed/27899595
http://doi.org/10.1002/j.1460-2075.1996.tb00395.x
http://www.ncbi.nlm.nih.gov/pubmed/8599946


Cells 2023, 12, 868 19 of 20

34. Hohjoh, H.; Singer, M.F. Sequence-specific single-strand RNA binding protein encoded by the human LINE-1 retrotransposon.
EMBO J. 1997, 16, 6034–6043. [CrossRef] [PubMed]

35. Zhang, C.; Raveney, B.J.E.; Hohjoh, H.; Tomi, C.; Oki, S.; Yamamura, T. Extrapituitary prolactin promotes generation of Eomes-
positive helper T cells mediating neuroinflammation. Proc. Natl. Acad. Sci. USA 2019, 116, 21131–21139. [CrossRef]

36. Fan, R.; Xu, F.; Previti, M.L.; Davis, J.; Grande, A.M.; Robinson, J.K.; Van Nostrand, W.E. Minocycline reduces microglial activation
and improves behavioral deficits in a transgenic model of cerebral microvascular amyloid. J. Neurosci. 2007, 27, 3057–3063.
[CrossRef]

37. Kobayashi, K.; Imagama, S.; Ohgomori, T.; Hirano, K.; Uchimura, K.; Sakamoto, K.; Hirakawa, A.; Takeuchi, H.; Suzumura, A.;
Ishiguro, N.; et al. Minocycline selectively inhibits M1 polarization of microglia. Cell Death Dis. 2013, 4, e525. [CrossRef]

38. Del Fresno, C.; Soulat, D.; Roth, S.; Blazek, K.; Udalova, I.; Sancho, D.; Ruland, J.; Ardavin, C. Interferon-beta production via
Dectin-1-Syk-IRF5 signaling in dendritic cells is crucial for immunity to C. albicans. Immunity 2013, 38, 1176–1186. [CrossRef]

39. Prinz, M.; Schmidt, H.; Mildner, A.; Knobeloch, K.P.; Hanisch, U.K.; Raasch, J.; Merkler, D.; Detje, C.; Gutcher, I.; Mages, J.; et al.
Distinct and nonredundant in vivo functions of IFNAR on myeloid cells limit autoimmunity in the central nervous system.
Immunity 2008, 28, 675–686. [CrossRef]

40. Kocur, M.; Schneider, R.; Pulm, A.K.; Bauer, J.; Kropp, S.; Gliem, M.; Ingwersen, J.; Goebels, N.; Alferink, J.; Prozorovski, T.; et al.
IFNbeta secreted by microglia mediates clearance of myelin debris in CNS autoimmunity. Acta Neuropathol. Commun. 2015, 3, 20.
[CrossRef]

41. Richardson, S.R.; Morell, S.; Faulkner, G.J. L1 retrotransposons and somatic mosaicism in the brain. Annu. Rev. Genet. 2014, 48,
1–27. [CrossRef] [PubMed]

42. Banuelos-Sanchez, G.; Sanchez, L.; Benitez-Guijarro, M.; Sanchez-Carnerero, V.; Salvador-Palomeque, C.; Tristan-Ramos, P.;
Benkaddour-Boumzaouad, M.; Morell, S.; Garcia-Puche, J.L.; Heras, S.R.; et al. Synthesis and Characterization of Specific Reverse
Transcriptase Inhibitors for Mammalian LINE-1 Retrotransposons. Cell Chem. Biol. 2019, 26, 1095–1109.e14. [CrossRef]

43. Shimada, A.; Hasegawa-Ishii, S. Histological Architecture Underlying Brain-Immune Cell-Cell Interactions and the Cerebral
Response to Systemic Inflammation. Front. Immunol. 2017, 8, 17. [CrossRef] [PubMed]

44. Matsuoka, N.; Fujita, Y.; Temmoku, J.; Furuya, M.Y.; Asano, T.; Sato, S.; Matsumoto, H.; Kobayashi, H.; Watanabe, H.;
Suzuki, E.; et al. Galectin-9 as a biomarker for disease activity in systemic lupus erythematosus. PLoS ONE 2020, 15, e0227069.
[CrossRef] [PubMed]

45. Daley, D.; Mani, V.R.; Mohan, N.; Akkad, N.; Ochi, A.; Heindel, D.W.; Lee, K.B.; Zambirinis, C.P.; Pandian, G.S.B.;
Savadkar, S.; et al. Dectin 1 activation on macrophages by galectin 9 promotes pancreatic carcinoma and peritumoral immune
tolerance. Nat. Med. 2017, 23, 556–567. [CrossRef]

46. Roy, E.R.; Wang, B.; Wan, Y.W.; Chiu, G.; Cole, A.; Yin, Z.; Propson, N.E.; Xu, Y.; Jankowsky, J.L.; Liu, Z.; et al. Type I interferon
response drives neuroinflammation and synapse loss in Alzheimer disease. J. Clin. Investig. 2020, 130, 1912–1930. [CrossRef]

47. Schmeisser, H.; Fey, S.B.; Horowitz, J.; Fischer, E.R.; Balinsky, C.A.; Miyake, K.; Bekisz, J.; Snow, A.L.; Zoon, K.C. Type I interferons
induce autophagy in certain human cancer cell lines. Autophagy 2013, 9, 683–696. [CrossRef]

48. Laumont, C.M.; Vincent, K.; Hesnard, L.; Audemard, E.; Bonneil, E.; Laverdure, J.P.; Gendron, P.; Courcelles, M.; Hardy, M.P.;
Cote, C.; et al. Noncoding regions are the main source of targetable tumor-specific antigens. Sci. Transl. Med. 2018, 10, eaau5516.
[CrossRef]

49. Minati, R.; Perreault, C.; Thibault, P. A Roadmap Toward the Definition of Actionable Tumor-Specific Antigens. Front. Immunol.
2020, 11, 583287. [CrossRef]

50. Kong, Y.; Rose, C.M.; Cass, A.A.; Williams, A.G.; Darwish, M.; Lianoglou, S.; Haverty, P.M.; Tong, A.J.; Blanchette, C.;
Albert, M.L.; et al. Transposable element expression in tumors is associated with immune infiltration and increased antigenicity.
Nat. Commun. 2019, 10, 5228. [CrossRef]

51. Mavragani, C.P.; Sagalovskiy, I.; Guo, Q.; Nezos, A.; Kapsogeorgou, E.K.; Lu, P.; Zhou, J.L.; Kirou, K.A.; Seshan, S.V.; Moutsopou-
los, H.M.; et al. Expression of Long Interspersed Nuclear Element 1 Retroelements and Induction of Type I Interferon in Patients
With Systemic Autoimmune Disease. Arthritis Rheumatol. 2016, 68, 2686–2696. [CrossRef] [PubMed]

52. Benitez-Guijarro, M.; Lopez-Ruiz, C.; Tarnauskaite, Z.; Murina, O.; Mian Mohammad, M.; Williams, T.C.; Fluteau, A.; Sanchez, L.;
Vilar-Astasio, R.; Garcia-Canadas, M.; et al. RNase H2, mutated in Aicardi-Goutieres syndrome, promotes LINE-1 retrotransposi-
tion. EMBO J. 2018, 37, e98506. [CrossRef] [PubMed]

53. Pereira, G.C.; Sanchez, L.; Schaughency, P.M.; Rubio-Roldan, A.; Choi, J.A.; Planet, E.; Batra, R.; Turelli, P.; Trono, D.;
Ostrow, L.W.; et al. Properties of LINE-1 proteins and repeat element expression in the context of amyotrophic lateral scle-
rosis. Mob. DNA 2018, 9, 35. [CrossRef]

54. De Cecco, M.; Ito, T.; Petrashen, A.P.; Elias, A.E.; Skvir, N.J.; Criscione, S.W.; Caligiana, A.; Brocculi, G.; Adney, E.M.;
Boeke, J.D.; et al. L1 drives IFN in senescent cells and promotes age-associated inflammation. Nature 2019, 566, 73–78. [CrossRef]
[PubMed]

55. Yu, Q.; Carbone, C.J.; Katlinskaya, Y.V.; Zheng, H.; Zheng, K.; Luo, M.; Wang, P.J.; Greenberg, R.A.; Fuchs, S.Y. Type I interferon
controls propagation of long interspersed element-1. J. Biol. Chem. 2015, 290, 10191–10199. [CrossRef]

http://doi.org/10.1093/emboj/16.19.6034
http://www.ncbi.nlm.nih.gov/pubmed/9312060
http://doi.org/10.1073/pnas.1906438116
http://doi.org/10.1523/JNEUROSCI.4371-06.2007
http://doi.org/10.1038/cddis.2013.54
http://doi.org/10.1016/j.immuni.2013.05.010
http://doi.org/10.1016/j.immuni.2008.03.011
http://doi.org/10.1186/s40478-015-0192-4
http://doi.org/10.1146/annurev-genet-120213-092412
http://www.ncbi.nlm.nih.gov/pubmed/25036377
http://doi.org/10.1016/j.chembiol.2019.04.010
http://doi.org/10.3389/fimmu.2017.00017
http://www.ncbi.nlm.nih.gov/pubmed/28154566
http://doi.org/10.1371/journal.pone.0227069
http://www.ncbi.nlm.nih.gov/pubmed/31986153
http://doi.org/10.1038/nm.4314
http://doi.org/10.1172/JCI133737
http://doi.org/10.4161/auto.23921
http://doi.org/10.1126/scitranslmed.aau5516
http://doi.org/10.3389/fimmu.2020.583287
http://doi.org/10.1038/s41467-019-13035-2
http://doi.org/10.1002/art.39795
http://www.ncbi.nlm.nih.gov/pubmed/27338297
http://doi.org/10.15252/embj.201798506
http://www.ncbi.nlm.nih.gov/pubmed/29959219
http://doi.org/10.1186/s13100-018-0138-z
http://doi.org/10.1038/s41586-018-0784-9
http://www.ncbi.nlm.nih.gov/pubmed/30728521
http://doi.org/10.1074/jbc.M114.612374


Cells 2023, 12, 868 20 of 20

56. Terry, D.M.; Devine, S.E. Aberrantly High Levels of Somatic LINE-1 Expression and Retrotransposition in Human Neurological
Disorders. Front. Genet. 2019, 10, 1244. [CrossRef]

57. Carter, V.; LaCava, J.; Taylor, M.S.; Liang, S.Y.; Mustelin, C.; Ukadike, K.C.; Bengtsson, A.; Lood, C.; Mustelin, T. High Prevalence
and Disease Correlation of Autoantibodies Against p40 Encoded by Long Interspersed Nuclear Elements in Systemic Lupus
Erythematosus. Arthritis Rheumatol. 2020, 72, 89–99. [CrossRef]

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

http://doi.org/10.3389/fgene.2019.01244
http://doi.org/10.1002/art.41054

	Introduction 
	Materials and Methods 
	Mice 
	EAE Induction and Scoring 
	Treatment of Animals 
	Cell Isolation 
	BMDC Culture 
	Calcium Flux Assay 
	Flow Cytometry 
	Cell Sorting 
	Mouse V TCR Analysis 
	Real Time qPCR 
	Microarray Analysis 
	Single-Cell Capture, Imaging, and qPCR Analysis 
	Immunohistochemistry 
	In Vitro Translation Protein Expression 
	ORF-1 Peptide Library 
	Statistical Analysis 

	Results 
	Inhibition of Microglia Activation Attenuates Clinical EAE 
	Differential Gene Expression in Late EAE Microglia 
	Functional Heterogeneity of EAE-Associated Microglia 
	IFN-I Is Critical for Induction of Eomes+ Th Cells and Development of Late EAE 
	CNS Antigens Act as Trigger for Pathogenesis in Late EAE Disease 
	ORF-1, an Encoded Protein of L1 Retrotransposon May Contribute to CNS Th Cell Activation 
	Blockade of L1 Activation Ameliorates Late EAE 

	Discussion 
	References

