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Abstract 

Microglia are the resident mononuclear phagocytes of the central nervous system (CNS) 

parenchyma, sequestered behind the blood brain barrier (BBB). Microglia research has 

exponentially surged in the past decade as advanced genetic and omics tools are being 

constantly refined. However, exact functional contributions of microglia in CNS pathologies 

remain unclear due to difficulties in discriminating resident microglia from infiltrating 

monocyte-derived macrophages. In my first PhD project, I implemented a new powerful tool 

by utilizing the RiboTag method, which enables the pulldown of ribosome-attached mRNA 

from microglia in Cx3cr1CreER:Rpl22HA mice. A side-by-side comparison of microglia 

translatomes to total transcriptomes obtained from sorted microglia showed that the RiboTag 

allowed to discriminate isolation-related artifacts, as well as non-translated and phagocytosed 

mRNA originating from neighboring cells. In my second main project, I then used the RiboTag 

for a longitudinal analysis of microglial translatomes throughout the stages of a Relapsing-

Remitting Experimental Autoimmune Encephalomyelitis (RR-EAE) model of multiple 

sclerosis (MS) in (SJL*B6) F1 hybrid mice challenged with PLP peptide. We provide evidence 

that microglia functionally contribute to remission and transient recovery. Specifically, using 

advanced image-stream analysis, multicolor immunofluorescence and flow cytometry, we 

found, evidence for cognate microglia interactions with T cells, and preferentially T regulatory 

(Treg) cells. Depletion of microglia in Cx3cr1CreER:Rosa26iDTR mice impaired remission and 

led to accumulation of T cells in the brain. Microglia-specific gene deletion of the Wiskott-

Aldrich Syndrome gene led to a similar delay in recovery. To further pinpoint the mechanism 

of microglia-T cell interactions and its implications in RR-EAE we used CRISPR-Cas9 

mutagenesis to generate mice that harbor microglia-specific deletions of MHC-II and IFNγR1. 

Collectively, our data suggest that microglia act as critical local antigen presenting cells (APC) 

that promote Treg proliferation and activity, and allow for remission.  
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Introduction  

Microglia in homeostasis  

Microglia are the tissue resident macrophages of the central nervous system (CNS)1. As 

part of their homeostatic functions, microglia use highly ramified processes to constantly scan 

the surrounding extracellular space2,3 and communicate with neurons and astrocytes. Microglia 

have been recognized as critical players in CNS development, homeostasis, and nearly all CNS 

pathologies. Intrinsic microglia deficiencies can result in neuropsychiatric or neurologic 

disorders. More specifically, during development microglia engulf neuronal precursor cells, 

regulate the size of the progenitor pool in the developing cerebral cortex and thereby orchestrate 

cortical development4,5. Accordingly, factors that alter the number or activation state of 

microglia in utero, for instance during maternal immune activation (MIA), are believed to affect 

neural development and affect behavior6,7. Microglia also regulate neuronal circuit plasticity by 

digesting synapses, a process called synaptic pruning8. The latter is important for proper brain 

development as it controls the number of neuronal synapses. Disruption of these interactions 

can have a severe negative impact on CNS development and function9.  

 

Microglia ontogeny 

Microglia are derived from myb-independent primitive macrophages that emanate from 

the embryonic yolk sac (YS) during development (prior to embryonic day 8.5, (E8.5)) and enter 

the brain rudiment via the circulatory system10,11,12. These progenitors surround the neuro-

epithelium of the developing brain around E9.5 and one day later enter and colonize the CNS 

parenchyma13.  

In the adult CNS, sequestered behind the blood-brain barrier (BBB), microglia are 

characterized by relative radio-resistance and longevity, and are maintained by self-

renewal14,15,16 with no contribution of adult hematopoiesis and circulating blood monocytes. 

For example, upon their depletion, microglia repopulate from the internal residual pool, but not 

from blood monocytes15. Microglia and CNS border associated macrophages (BAMs) are 

unique with this respect among tissue macrophages, which receive varying contributions form 

a second hematopoietic wave and even adult HSC16, like the gastrointestinal tract17. 

Nevertheless, HSC-derived cells, including monocytes, can infiltrate the CNS under specific 

experimental settings (irradiation and bone marrow transplantation (BMT)) or under disease 
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conditions (multiple sclerosis (MS) and other neuropathological disorders). In the murine MS 

model, Experimental autoimmune encephalomyelitis (EAE), for example, monocytes infiltrate 

the parenchyma but do not persistently contribute to the microglial compartment18. However, 

upon irradiation and BMT, when the BBB is compromised, CX3CR1neg hematopoietic 

precursors enter and seed the brain and finally differentiate into microglia-like cells. The latter 

cells persist and acquire characteristic microglia morphology and relative radio-resistance, but 

remain transcriptionally and epigenetically distinct from microglia even after a prolonged CNS 

residency19,20. Microglia are thus a unique macrophage population of the CNS with distinctive 

developmental and functional characteristics that are either linked to their YS origin, or 

acquired early during their development in the CNS and cannot be mimicked by other immune 

cells.  

 

Microglia in pathology 

In the context of pathologies, microglia sense the damaged tissue and respond by retraction 

of their long processes, and transform into an activated amoeboid morphology21. Microglia 

proliferate in response to damage22 and can migrate to sites of injury3, where they phagocytose 

dead cells and cell debris, produce pro-inflammatory molecules and cytokines and start to 

express molecules allowing interactions with other immune cells, such as MHC-II and CD4023. 

In many pathologies microglia are considered neurotoxic, as their activation was found to 

correlate with degenerated neurons and demyelination24, although this remains largely ‘guilt by 

association’. In contrast, in demyelinating disorders, microglia need to phagocytose and clear 

dead cells and debris from the damaged tissue in order to enable remyelination25. In 

Alzheimer’s Disease (AD), activated microglia co-localize with toxic amyloid beta plaques and 

degenerated neurons26,27. In multiple sclerosis (MS), activated microglia co-localize with 

lesions of demyelination and immune infiltrates28,29. However whether the activation of 

microglia is the cause or the consequence of the pathological conditions, and what is their 

relative contribution, remains to be determined30. 

Upon aging, microglia become dysfunctional, lose a part of their homeostatic molecular 

signature and show functional impairments, such as increased production of proinflammatory 

cytokines and impaired phagocytosis31,32. Moreover, the cells accumulate lipid droplets that 

interfere with their phagocytic function and lead to the secretion of ROS and pro-inflammatory 

cytokines33. Impaired phagocytosis of aging microglia has been linked to their expression of 
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CD22, blockade of which can re-stimulate phagocytosis by microglia and delay age-related 

cognitive decline34.  

 

Multiple sclerosis  

Multiple sclerosis (MS) is the most common chronic inflammatory disease of the CNS and 

affects ∼2.5 million people worldwide35. Clinical MS manifestations are diverse and include 

sensory and visual problems, fatigue, cognitive defects, and motor disturbances35. The variation 

in clinical manifestations correlates with the location of lesions within the CNS36,37. These 

lesions are a hallmark of MS and result from immune cell infiltration across the BBB that 

promotes inflammation, demyelination, gliosis and neuroaxonal degeneration, leading to 

disruption of neuronal signaling38. T cells appear early in lesion formation, and the disease is 

considered to be autoimmune, initiated by autoreactive lymphocytes that mount aberrant 

responses against CNS autoantigens, the precise nature of which, however, remains unknown. 

The individual disease course of MS patients can considerably vary: the majority of 

patients (85%) display a relapsing-remitting (RR) form, where recurrent episodes of 

neurological dysfunction are followed by remission periods of clinical recovery35. Relapses are 

characterized by lesions of inflammation and demyelination in the CNS white matter. After 

years of RR episodes, damage gradually accumulates, resulting in secondary progressive MS 

with no recovery, where patients display atrophy of the CNS and decreased brain volume. 

About 10% of patients display primary progressive MS form (PPMS) that is characterized by 

gradual decline from onset with no recovery35. 

The exact etiology of MS is still unknown, but it is widely accepted to be induced by both 

genetic and environmental factors. Genome wide association studies (GWAS) identified more 

than 100 genetic regions to be associated with MS39, many of which are related to the immune 

system. This includes the Major Histocompatibility Complex class II (MHC-II)40, Interleukin-

2 Receptor alpha (IL2RA)41 and Interleukin-7 Receptor alpha (IL7R)41, and collectively points 

at defects in central or peripheral tolerance and T cell functions. Potential environmental factors 

include viral of bacterial infections that might trigger autoreactive T cells through molecular 

mimicry. In addition, high levels of EBV-specific antibodies were found to correlate with 

increased risk of MS42, and it was suggested that also B cell dysregulation during EBV infection 

might lead to T cell activation43,44. Surprisingly, some MS patients were for instance shown to 

significantly benefit from anti-CD20/ Rituximab mediated B cell depletion45,46. 
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Infiltration of immune cells from the periphery, which is particularly prominent in the 

common relapsing-remitting form of the disease, has been the main target of currently available 

MS therapies47. Although these broad-spectrum immunomodulatory drugs reduce immune cell 

activity and entry into the CNS and decrease relapse frequency, they do not substantially halt 

the disease, and neurological damage as well as physical disability continue to accumulate and 

become permanent47.  

 

Experimental Autoimmune Encephalomyelitis (EAE) 

Seminal work of Avraham Ben-Nun at the Weizmann Institute and studies by others have 

led to the establishment of a mouse model for MS: Experimental autoimmune 

encephalomyelitis (EAE) 48,49,50. 

EAE is induced by peripheral immunization of mice with myelin-specific proteins or 

peptides in combination with complete Freund’s adjuvants (CFA), and Pertussis toxin (PTx) 

injections51. EAE shares an autoimmune etiology with MS and is characterized by BBB 

disruption and infiltration of immune cell into the CNS52,53,54. EAE models vary with respect 

to mouse strains used (C57BL/6, SJL, NOD), and the regimen of the myelin component 

immunized with (proteolipid protein (PLP), myelin basic protein (MBP), myelin 

oligodendrocyte glycoprotein (MOG)), presenting different patterns of disease55. One of the 

most commonly used MS models involves the challenge of C57BL/6 mice (H-2b) with MOG35-

55 peptide that yields chronic EAE with no recovery. This model allows to investigate the 

underlying mechanisms of peripheral autoimmunity induction and disease onset. It enabled for 

instance to define the critical role of autoreactive Th17 and monocyte infiltrates for disease 

development56,57. However, the monophasic EAE observed in this model does not allow the 

study of mechanisms involved in recovery and relapse that are characteristic of MS. Study of 

these processes require alternative models that display a RR-EAE disease course, such as SJL 

(H-2s) mice or (B6*SJL) H-2b/s hybrids, immunized with PLP peptide58.  

 

T cells in EAE  

In EAE, naïve CD4+ T cells are primed in peripheral lymph nodes, and differentiate locally 

into T helper (Th) subsets. Type 1 (Th1) cells are controlled by the transcription factor (TF) 

Tbet and produce IFNγ, while Th17 express the TF RORγt and produce IL-17. Pathogenicity 

of Th17 cells requires further differentiation into so-called Th17* cells59, that produce GM-
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CSF57,60. Generation of Th17* cells require interleukin-23 receptor (IL-23R) and IL-1R, but 

not IL-6R signaling for their maintenance and pathogenicity57. 

Both Th1 and Th17* cells have been linked to CNS autoimmunity in active MS lesions61,62. 

Transfer experiments of in-vitro primed CD4+ T cells taken from lymph nodes of MOG 

immunized mice, as well as from naive mice harboring a MOG specific TCR transgene (2D2), 

revealed that both Th1 (primed with IL-12) and Th17 (primed with IL-23) individually 

encompasses pathogenic potential to infiltrate the CNS and induce EAE63,64,65. Interestingly, 

even though injections of IFNγ alone can cause EAE-like symptoms66,67, IFNγ is not essential 

for this process, since IFNγ KO mice were not only able to develop EAE, but actually developed 

an exacerbated disease68,69,70,71. This suggests a more complex role of IFNγ in EAE72,73. In 

contrast, GM-CSF produced by pathogenic Th17* cells has a non-redundant encephalitogenic 

property by promoting recruitment of monocytes and neutrophils that further enhance tissue 

destruction56,57. 

The control of inflammation is largely mediated by T regulatory (Treg) cells74. Treg 

depletion in 2D2 mice triggers EAE75. Treg cells can be generated in the thymus or induced 

peripherally in the course of T cell activation76. Both thymic and peripherally-induced Treg 

(tTreg, pTreg) are controlled by the Foxp3 transcriptional program and are characterized by the 

ability to control inflammation, partially by producing the anti-inflammatory cytokine IL-10. 

Recently it was shown that Foxp3+ Tregs rely on the transcription factor Blimp1 in order to 

stabilize Foxp3 expression to enable the production of IL-10 for the control of EAE77. 

Following infiltration into the CNS, Tregs undergo TCR selection and clonal 

expansion78,79. In order to propagate regulatory functions, Treg cells depend on TCR 

signaling80,81. Blimp1+ Treg cells are enriched in the CNS compared to the spleen and lymph 

nodes, further supporting the idea of local proliferation of these cells77. However, which local 

antigen presenting cells (APCs) mediate the Treg expansion and selection process and what 

molecular mechanisms govern Treg responses in EAE is not known.  

 

The role of mononuclear phagocytes in EAE 

The pathological features of EAE, i.e. the demyelination and ensuing neurodegeneration, 

are known to be caused by autoreactive T cells82. However, also pro-inflammatory monocytes 

are crucial for EAE development, as depletion of these cells prevents or delays EAE 

induction83,84. As monocytes infiltrate the CNS, they differentiate into macrophages and 

become with time indistinguishable from resident microglia with respect to morphology and 
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cell surface markers85. For this reason histopathology analysis, but also genetic targeting of 

myeloid cells, generally failed to differentiate between microglia and monocyte-derived 

macrophages28, despite the fact that the two are distinct with respect to ontogeny and function16. 

This led to the probably erroneous assumption that microglia are pathogenic, since 

microglia/macrophages co-localized with degenerated neurons, secreted proinflammatory 

molecules and seemed to present antigens, which were considered to reactivate T cell in the 

CNS86. In addition, microglia/macrophages could also be found in nodules in MS patients and 

were associated with degenerated neurons87. However it remains unclear whether these nodules 

are the cause or the consequence of the degeneration, whether they comprise microglia or 

monocyte-derived macrophages, and what are the specific contributions of the latter two cell 

types.  

 

Microglia in EAE 

As the resident myeloid cell in the brain parenchyma and with the ability to present antigen 

and secrete cytokines and chemokines88, microglia are a natural prime suspect for involvement 

in MS pathology. The main challenge in studying microglia specific contributions in EAE and 

MS, is their discrimination from infiltrating monocyte-derived macrophages89.  

Histological examination of CNS tissues of MS patients indicate that focal lesions of active 

demyelination and neurodegeneration are characterized by microgliosis28. TMEM119+ 

microglia can be found at the rim of active MS lesions, and microglia are proposed to be 

responsible for phagocytosis of myelin debris and dead cells, an essential process to enable 

remyelination90. Activated microglia can also be found in normal appearing white matter as 

clusters, termed as “microglial nodules”, associated with degenerated neurons and are therefore 

proposed to be pre-active lesions87.  

In mice, microglia-specific ablation of the MAPK kinase TAK1, that is critical for IL1 and 

TLR signaling, was shown to attenuate EAE development91, suggesting a pathogenic role of 

microglia. Beneficial microglia contributions are suggested by the fact that microglia-specific 

ablation of the deubiquitinating enzyme A20, that controls NFB activation, worsened EAE 

through hyperactivation of the NLRP3 inflammasome and enhanced IL-1b secretion92. 

Moreover, phagocytosis of myelin debris and dead cells by microglia is important for 

remyelination25. 

The upregulation of MHC-II expression and expression of costimulatory molecules upon 

activation of microglia, suggested that microglia might act as local APC that re-activate 
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pathogenic T cells upon entry to the CNS93. However, our laboratory established that microglial 

MHC-II is dispensable for EAE induction in the chronic model in C57BL/6 mice94.  

Collectively, the role of microglia in EAE and MS remains to be defined. Questions remain 

as to whether microglia are more than just phagocytes? Whether, as the only CNS immune cells 

and keepers of brain homeostasis, microglia interact with immune infiltrates to shape immune 

responses? And if so, what is their specific contribution? For instance, it is yet to be determined 

if microglial MHC-II has a role in EAE at later stages, and whether microglial antigen 

presentation is critical in the context of recovery. 

 

Limitations of bulk and single cell transcriptome profiling  

In the recent years, there has been an exponential growth of single cell (sc) transcriptome 

data in the field of microglia in pathologies and specifically in EAE95,96,97,98,99,100 and 

concomitantly “new” sub-populations of microglia or “new” myeloid cell populations have 

emerged. However, despite the detailed gene expression data, so far little evidence for 

functional significance of these findings is available. Of note, transcriptomics, including the 

single cell approach, encompass several technical shortcomings: (1) transcriptomes reflect the 

mRNA repertoire but not the protein expression; (2) not all of the mRNAs contained in the cell 

are translated, rather some are sequestered in organelles, such as the nucleus or processing 

bodies (P-bodies), and therefore do not necessarily reflect a functional contribution101; (3) when 

analyzing phagocytes, such as macrophages, the cellular mRNA can include ‘foreign 

transcripts’ originating from phagocytosed material102; (4) particularly, single cell (sc) RNAseq 

analysis is technically limited with the depth of sequencing, with often only ~10% of the cellular 

mRNA sequenced, resulting incomplete coverage103,104; (5) bulk and sc transcriptomics of 

specific primary cells require cell isolation, which induces cell activation105,106. The above 

concerns have led researchers to develop alternative technologies, such as TRAP and 

RiboTag107,108, that take advantage of genetic approaches to isolate bona fide translated, 

ribosome-associated mRNAs, i.e. the translatome, from tissue context without prior cell 

isolation.  

 

In this work we aimed to better characterize microglia and study their specific role in EAE, 

an autoimmune demyelination and neurodegeneration disease modeling MS. In the first part of 

our study, we implemented the RiboTag approach, a method for the isolation of ribosome-

attached translatome107, to more specifically characterize the microglial expression profile. In 
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this (published) work102 we show the superiority of RiboTag translatome analysis over classical 

transcriptome directed strategies that encompass non-translated and engulfed mRNA. In the 

second part of this thesis, we took advantage of the additional genetic fate map feature of the 

RiboTag approach to profile microglia throughout the stages of a relapsing and remitting EAE 

disease. The translational profile of microglia strongly suggested interactions of the cells with 

T cells, a notion that is also supported by immune-histochemistry and advanced flow cytometry. 

To directly probe for functional contributions of microglia to remission and relapse, we have 

generated mutant mouse lines that enabled specific conditional deletion of Mhc-II, Ifngr1 and 

Was. Analysis of these animals is in progress. 
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Objectives 

1. Implementation of RiboTag-based translatome analysis of microglia.  

Current sort-based mRNA-sequencing strategies allow the retrieval and sequencing of 

whole cell transcriptomes. The latter include, on top of the translated mRNA, regulatory 

long-non-coding (lnc) mRNAs, as well as incompletely spliced nuclear pre-mRNAs. In 

addition, and in particular in phagocytic cells such as microglia, transcriptomes are 

contaminated by mRNA from ingested neighboring cells. Isolation of cells from tissue 

context can be challenging, moreover tissue dissociation into single cell suspension, 

which is required for cell sorting, results in transcriptional changes and cellular 

reprogramming. All of the above can lead to misleading information when analyzing 

transcriptomes retrieved from sorted cells. We therefore decided to establish in our lab 

the RiboTag system, in which Cre recombinase-mediated recombination induces 

expression of HA-Tagged ribosomes in specific cells in the tissue, that can with their 

attached mRNA be immunoprecipitated from crude tissue homogenates. To establish 

the RiboTag approach for microglia research we used CX3CR1CreER mice and 

systematically compared retrieved translatomes to transcriptomes of sorted microglia, 

and studied the impact of cell dissociation on mRNA expression. The results of this 

study have been published. (Haimon et al. Nat. Immunology, 2018). 

 

2. Defining functional contributions of microglia in relapsing remitting EAE.  

The role of microglia in multiple sclerosis (MS) and its mouse model experimental 

autoimmune encephalomyelitis (EAE) remains unclear. One reason for this is the 

difficulty to discriminate resident microglia from monocyte-derived macrophages 

(MoMf), that infiltrate the CNS in MS and EAE. Although these cells share some 

surface markers and are morphologically similar, microglia and MoMf differ with 

respect to ontogeny and function and their distinction is hence crucial for the 

understanding of the mechanisms that govern EAE and MS. The majority of MS 

patients display a relapsing and remitting form of MS, in which recurrent episodes of 

disability are followed by remission. Monocytes and monocyte-derived cells play a key 

pathogenic role in the initiation of EAE. Microglia/macrophages phagocytose cell 

debris and clear the environment from dead cells. However, microglia functions beyond 
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phagocytosis, and potential contributions in MS/EAE in relapse and remission remain 

to be defined. We used a relapsing-remitting model of EAE (RREAE), based on 

immunization of (SJL*B6) mice with PLP151-179 peptide. The use of Tamoxifen-treated 

Cx3cr1CreER:Rpl22HA F1 mice and their fate map feature allow us to analyze the 

translatome of microglia throughout the different stages of EAE, including remission 

and relapse. The detailed analysis of microglial translatomes during the RR-EAE 

pathology will provide insights into the mechanisms that govern EAE, and might enable 

the design of more accurate therapeutics for MS.  
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Results  

Part I: Re-evaluating Microglia Expression Profiles Using RiboTag 

and Cell Isolation Strategies  

Definition of cell type specificity of Cx3cr1Cre and Cx3cr1CreER transgenic mice  

The RiboTag strategy is a two-component approach relying on the combination of a floxed 

Rpl22HA allele with a cell type-specific Cre recombinase transgene107. Microglia display a 

unique high expression of CX3CR1 and transgenic mice harboring a GFP reporter gene under 

the promoter of this chemokine receptor have been instrumental to study microglia morphology 

and dynamics2,3,109. GFP expression in brains of adult Cx3cr1gfp mice is restricted to microglia 

and non-parenchymal macrophages109. More recently, we introduced two mouse strains that 

display Cre recombinase activity under the control of the Cx3cr1 promoter, either constitutively 

(Cx3cr1Cre mice), or following Tamoxifen (TAM) - mediated activation of an estrogen receptor-

fused latent Cre recombinase (Cx3cr1CreER mice)110 (Figure 1A). To implement the RiboTag 

method for the study of microglia, we generated Cx3cr1Cre:Rpl22HA and Cx3cr1CreER:Rpl22HA 

mice. We then performed high-throughput RNAseq on mRNA isolated from whole brain tissue 

(input), and mRNA retrieved by immunoprecipitation (IP) of brain extracts with either a control 

isotype IgG (IP IgG) or with a specific anti-HA (IP HA), from the two mouse strains (Figure 

1B). To assess the cell type specificity of the obtained translatomes, we compared them to 

published neuron and glia-specific gene expression signatures111. Translatomes retrieved from 

Cx3cr1Cre:Rpl22HA and TAM-treated Cx3cr1CreER:Rpl22HA mice showed an enrichment for 

mRNAs encoding microglial proteins, such as Sall1, Csf1r, Trem2, Aif1 (Iba-1) and CD11b, 

that represent a small fraction in the total input, confirming rearrangement of the 'floxed' 

Rpl22HA allele in microglia (Figure 1C). Conversely, key astrocyte and oligodendrocyte 

transcripts, such as Gfap, Aldh1l1, Aqp4 and Mbp, Mog, Olig1, Plp1, respectively, were de-

enriched in both translatomes as expected (Figure 1C). Translatomes retrieved by ribosome IP 

from brain homogenates of Cx3cr1Cre:Rpl22HA but not TAM-treated Cx3cr1CreER:Rpl22HA mice, 

also exhibited a prominent neuronal signature, including mRNAs encoding Calbindin 2, 

CX3CL1 and CELF (Figure 1C). This suggested activation of RPL22-HA expression in 

neuronal cells of Cx3cr1Cre: Rpl22HA mice. Histological analysis of Cx3cr1Cre:Rosa26YFP 

animals that harbor a 'floxed' reporter allele revealed prominent neuronal labeling, comparable 

to that recently reported for LysM2Cre mice112 (Figure 1D). Moreover, immunohistochemical 
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analysis of Cx3cr1Cre:Rpl22HA animals detected neuronal staining by anti-HA antibodies in 

spinal cord and brain sections, including Purkinje cells in the cerebellum, in line with the 

observed Calb2 expression (Figure 1E). In contrast, RPL22-HA expression in TAM-treated 

Cx3cr1CreER:Rpl22HA mice was restricted to microglia, as demonstrated by co-staining for IBA-

1 (Figure 1E). Since Cx3cr1gfp mice lack GFP labeling of adult neurons109,113, rearrangements 

in Cx3cr1Cre mice are likely due to a transient and further-to-be-defined window of Cx3cr1 

promoter activity during neuronal development. In support of this notion, one of the 

Cx3cr1Cre:Rpl22HA mice analyzed, also displayed astrocyte and oligodendrocyte transcripts, in 

line with the shared neuroectodermal origin of these glia cells and neurons (Figure 1C). Of 

note, rearrangements in neurons of Cx3cr1Cre:Rpl22HA animals were observed irrespective of 

whether the floxed allele and the Cre transgene went together through the germline (data not 

shown).  

Cx3cr1CreER:Rpl22HA mice that were TAM-treated postnatally displayed brain 

macrophage-restricted activation of the RiboTag. Some enrichment for the microglia 

translatome was also observed without TAM treatment in these mice and rare YFP+ cells could 

be detected in non-treated Cx3cr1CreER:Rosa26YFP animals (Figure 1C, 1D middle panel), 

corroborating reports of leakiness of the CreER system114,115,116. However, as confirmed by 

flow cytometric analysis (Figure 1F), robust rearrangement and microglial expression of the 

HA epitope-tagged ribosome subunit in Cx3cr1CreER: Rpl22HA mice were dependent on TAM 

induction in our facility.  

 Collectively, these data illustrate the value of the RiboTag profiling approach to assess 

the accuracy of Cre transgenic mouse models, and to investigate specific cell types, including 

fate mapping and conditional mutagenesis. 



 

 

 

21 

 

Figure 1. RiboTag analysis reveals that Cx3cr1Cre mice but not Cx3cr1CreER animals display rearrangements 
in neurons. (A) Scheme of Cx3cr1Cre and Cx3cr1CreER systems. (B) Scheme describing the immuno-precipitation 
protocol, including brain homogenization, centrifugation to remove cell debris and incubation with magnetic beads and 
relevant antibodies. (C) Heat maps of RNAseq data comparing IPs obtained from brains of Cx3cr1Cre:Rpl22HA and 
Cx3cr1CreER:Rpl22HA mice, represented by lists of genes of microglia (115), neurons (97), astrocytes (95) and 
oligodendrocytes (98) showing enrichment and de-enrichment of mRNAs of specific cell types in the different samples. 
Reference data sets111. Each column represents an individual mouse, n=2 for Cx3cr1CreER no TAM, n=3 for Cx3cr1Cre and 
Cx3cr1CreER with TAM. (D) Microscopic analysis of cortex brain sections from Cx3cr1Cre:R26-YFP mice (left panel) and 
Cx3cr1CreER:R26-YFP mice (TAM treated (right panel) or untreated controls (middle panel)), stained for IBA-1, YFP and 
DAPI, showing neuronal expression of YFP in Cx3cr1Cre brains and microglia-restricted YFP expression in Cx3cr1CreER 
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brains. The animals analyzed are F1 offspring of the intercross of homozygote Cx3cr1CreER or Cx3cr1Cre animals and 
homozygote R26-YFP mice. Representative of 2 independent experiments. (E) Immuno-fluorescent staining of tissue 
sections of Cx3cr1Cre:Rpl22HA (left) and TAM-treated Cx3cr1CreER:Rpl22HA (right) mice, stained for IBA1, HA and Hoechst, 
showing neuronal expression of HA in Cx3cr1Cre cortex, and microglia-restricted HA expression in Cx3cr1CreER spinal 
cord. Scale bars: 200µm (left), 50µm (right) Representative of 2 independent experiments. (F) Flow cytometry analysis 
showing HA staining in microglia (CD11b+ CD45int, gated on Ly6C/G– DAPI–) of Rpl22HA TAM-treated mice (black line), 
Cx3cr1CreER:Rpl22HA mice, untreated (blue line) and TAM-treated (red line). Shadowed histogram represents isotype 
(IgG) control. Representative data of 3 repeats. 

 

Comparison of RiboTag profiling to cell sort-based transcriptomics 

Having established the value of Cx3cr1CreER:Rpl22HA mice, we next compared translatomes 

and transcriptomes of sorted and unsorted microglia. Specifically, individual brains of TAM-

treated Cx3cr1CreER:Rpl22HA mice were divided: one hemisphere underwent direct tissue 

homogenization followed by IP with anti-HA (IP-HA) or an isotype control antibody to define 

the method-related background (IP-IgG). The second hemisphere was subjected to the classical 

microglia isolation protocol involving tissue digestion followed by cell sorting of microglial 

cells (defined as DAPI– Ly6C/G (Gr1)– CD11b+ CD45int) (Figure 2A). A fraction of the sorted 

microglia was taken for direct mRNA isolation to yield the whole transcriptome (Sort); another 

fraction was lysed and subjected to the anti-HA IP to retrieve the translatome of sorted cells 

(Sort-IP) (Figure 2A). This experimental set-up allowed comparison of translatomes of sorted 

and unsorted microglia alongside whole transcriptomes of sorted microglia from the same 

brain, and thus to investigate the impact of the isolation protocol on gene expression. 

Unbiased K-means clustering of the significantly differentially expressed genes between 

at least two sample groups (IP-HA vs IP-IgG, IP-HA vs Sort, IP-HA vs Sort-IP and Sort vs 

Sort-IP, fold change>2, p<0.05), revealed 2508 differentially expressed genes, which could be 

divided into four clusters (Figure 2B).  

Cluster IV was discerned as RiboTag method-related background, since mRNA reads in 

the non-specific IP-IgG were higher than in the specific IP-HA and absent from sorted samples. 

IP specific genes were selected for being significantly higher in IP-HA than IP-IgG (fold 

change>2, p<0.05), and all genes below this threshold were removed from the analysis.  

Cluster I comprised 913 mRNAs enriched in the specific IP-HA compared with IP-IgG 

and present in both samples of sorted microglia. This cluster includes established microglia 

signature genes, such as Aif1, Irf8, Sall1, Cx3cr1, Tgfbr, Tmem119 and Hexb (Figure 2B), 

indicating that the retrieval methods we used are comparable. Cluster II was represented by 525 

mRNAs that were highly abundant in sorted samples (both in translatome and transcriptome), 

but not present in the direct IP-HA. Cluster III comprised 282 mRNAs prominently enriched in 

the direct IP-HA, but less abundant in the sorted microglia. Cluster II and III highlight 
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differences between the retrieval methods, as well as discrepancies between transcriptomes and 

translatomes and will be the focus of the remainder of this section. 

 

Transcripts overrepresented in microglia translatomes  

Cluster III (Figure 2B) is defined by genes highly expressed in ‘IP-HA’ samples relative 

to ‘Sort’ samples and could be further subdivided according to transcript abundance in the 

‘Sort-IP’ samples (Figure 2C): Cluster III-a (72 mRNAs) were low in both samples of the 

sorted cells ('Sort' and 'Sort-IP'); Clusters III-b and III-c (210 mRNAs) were low in the ‘Sort’ 

samples but highly expressed in the ‘Sort-IP’ samples (Figure 2C). 

Cluster III-a can be largely explained by the presence of non-parenchymal macrophage 

mRNAs. Non-parenchymal brain macrophages, including perivascular, meningeal and choroid 

plexus macrophages, can be discriminated from CD11b+ CD45int microglia as CD11b+ CD45hi 

cells and therefore be excluded by fluorescence-activated cell sorting (Figure 2D). CX3CR1 is 

expressed both in microglia and in non-parenchymal brain macrophages (Figure 2D)114. 

Accordingly, both CD45int microglia and CD45hi macrophages of TAM-treated 

Cx3cr1CreER:Rpl22HA mice express the HA-tagged Rpl22 isoform (Figure 2E). Moreover, some 

of the non-parenchymal brain macrophages are long-lived, similar to microglia, and hence do 

not lose the rearranged alleles as monocytes do114. Single cell transcriptomics have shown that 

non-parenchymal brain macrophages differ in gene expression from microglia117. Accordingly, 

cluster III-a included Cd163, F13a1, Cbr2, Mrc1 and Lyve1 (Figure 2F, 2G).  

 The combined clusters III-b and III-c comprise mRNAs that are enriched in both IP-HA 

and Sort-IP translatomes over the whole transcriptomes, suggesting their functional importance 

for the cells. These include mRNAs encoding proteins related to metabolism (Gpx1, Sdhc), 

vesicular transport (Clta, Kdelr1, Ykt6), sphingolipid metabolism (Gm2a, Psap) and lipids 

(Apoe), as well as components of the GABA-receptor signaling cascade (Gabarap, Gnai2) 

(Figure 2H). Specific functions of these genes in microglia remain to be explored.  

Collectively, these results highlight the value of a multifaceted approach, combination of 

the RiboTag and cell sorting strategies to improve cell type specificity. In addition, the RiboTag 

approach allows us to focus specifically on genes that are actively being translated and 

contributing to the cellular proteome at a particular time and location. 
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Figure 2. Comparison of cell sort-based protocol and the RiboTag method to profile microglia (A) Scheme 
describing the experimental protocol comparing RiboTag and cell sort-based strategies. (B) Heat map of RNAseq data 
of samples obtained in (A). Genes selected by maximum value>100 normalized reads (3,186 out of 17,406 genes), 
significantly changed (fold change>2, p-value<0.05) between: IP-HA vs IP-IgG, Sort vs IP HA, Sort-IP vs IP HA and Sort 
vs Sort-IP, Representing 2,508 genes. n=3, individual mice. Statistical test was part of the DESeq2 package, using p-
adjusted. (C) Heatmap representing K-means re-clustering of genes from cluster III from Figure 2B, showing genes high 
in IP-HA and low in Sort samples. (D) FACS dot plot (left panel) showing separation of microglia (CD45int) from other 
brain macrophages (MΦ) (CD45hi) by flow cytometry. Histogram (right panel) of microglia and MΦ isolated from 
Cx3cr1GFP mice indicating high CX3CR1/GFP expression in both populations. Representative of 3 independent 
experiments. (E) FACS histogram of HA staining in microglia (left panel) and other brain macrophages (MΦ) (right 
panel) in control Rpl22HA mice (grey) or TAM-treated Cx3cr1CreER:Rpl22HA mice (blue/red). Representative of 2 
independent experiments. (F) Heatmap of RNA-seq data of representative non-parenchymal brain macrophages genes, 
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showing enrichment in IP-HA, but not in sorted samples. (G) Graphs showing normalized reads of example genes from 
Figure 2F. Each dot represents an individual mouse, n=3, line represents mean. (H) Graphs showing normalized reads 
of example genes from cluster III-b and III-c in Figure 2C, showing functional genes enriched in IP and Sort-IP. Each dot 
represents an individual mouse, n=3, line represents mean. 

 

Transcripts overrepresented in transcriptome cluster I: Isolation artifacts  

Cluster II (Figure 2B) defines 525 mRNAs that were high in Sort, but low in IP-HA. This 

cluster can be further subdivided according to transcript abundance in the Sort-IP samples 

(Figure 3A). Cluster II-a comprised 190 transcripts similarly expressed in Sort-IP and Sort 

samples and was found to include mRNAs that are related to immune activation, such as Cd86, 

Cd53, Tlr4, and Tlr7 (Figure 3B). Ingenuity Pathway Analysis (IPA) of significantly 

upregulated genes in Sort vs. IP-HA (>2 fold change, p<0.05) showed upregulation of pathways 

such as 'Production of NOS and ROS', 'Phagocytosis' and 'TLR signaling' (Figure 3C). Since 

these transcripts are high in both translatomes and transcriptomes of sorted cells, we assume 

that they reflect cell activation resulting from the isolation process, as recently reported from 

another system118.  
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Figure 3. Microglia isolation results in cell activation. (A) Heatmap representing K-means re-clustering of 
genes from cluster II from Figure 2B, showing mRNAs high in Sort and low in IP-HA samples. (B) Graphs showing 
normalized reads of example genes from cluster II-a in Figure 3A, showing high level expression of immune-activation-
related genes in sorted samples. Each dot represents an individual mouse, n=3, line represents mean. (C) Ingenuity 
Pathway Analysis (IPA) of genes significantly higher (>2 fold change, p-value<0.05, according to DESeq2 statistical 
analysis) in Sort compared to IP-HA (n=3), showing activated pathways related to immune response represented by 
activation Z-score as calculated by IPA software. 

 

 Commonly used macrophage isolation protocols, such as the one we applied for the 

microglia retrieval, include enzymatic tissue digestion at 37°C, i.e. a step that could cause cell 

activation and transcriptome alterations. Moreover, enzymes employed in these digests might 

contain endotoxin contaminations that could activate cells. To probe for the potential impact of 

these manipulations, we compared transcriptomes of sorted cells that were isolated from the 

same brain with or without collagenase and DNase digestion, and the RiboTag approach. 

Surprisingly, both isolation procedures resulted in comparable transcriptional profiles, 

indicated by differential expression of 472 and 267 genes (cluster II and III, respectively) as 

compared to the relevant IP samples (Figure 4A). Global correlation of gene expression of the 
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samples retrieved with or without incubation was high (r2 = 0.99), as compared to the 

correlation of sorted and IP samples (r2 = 0.1) (Figure 4B). Similarities were also apparent in 

a correlation matrix compiled from data of independent experiments (Figure 4C). Collectively, 

these data establish that the artifact is reproducible and suggest that it is introduced by extraction 

of the cells from their native environment, rather than subsequent manipulation. 

  

 

Figure 4. Microglia activation signature is robust, reproducible and induced by cell extraction form tissue 
(A) Heatmap clustered by K-means clustering, comparing direct IP to whole mRNA retrieved from sorted cells 
extracted with (+coll) or without (-coll) enzymatic digestion in the isolation protocol, revealing 4 clusters similar to 
figure 2B. n=4 individual mice (one repeat of IP-HA was removed due to technical reasons). (B) Correlation plots of 
average of log2 normalized reads (n=4) plotting sorted cells with enzymatic digestion on the Y axis and sorted cells 
without enzymatic digestion on the X axis (left panel) or IP on the X axis (right panel). (C) Correlation matrix 
combining two independent experiments, showing high reproducibility of the results. 
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Transcripts overrepresented in the transcriptome cluster II: Cargo contaminants 

and sequestered RNAs 

Cluster II-b spanned 335 genes that were low in the Sort-IP compared with Sort samples 

(Figure 3A), suggesting translatome-transcriptome differences.  

Microglia are specialized phagocytes that like other macrophages take up dead cells and 

cell debris for clearance118. Although we did not formally rule out other sources of 

contaminations, whole cell transcriptomes could hence include genetic material from recently 

ingested neighboring cells. Indeed, almost half of the mRNAs in cluster II-b (157 out of 335 

genes) are likely to be derived from such external sources (Figure 5A). Examples include 

Arhgap5, Son and Pisd-ps1, which are reportedly transcribed in astrocytes and neurons111 

(Figure 5B). 

Long non-coding mRNAs (lncRNAs) were shown to be enriched in nuclei119, where some 

of them act in transcriptional regulation. As expected, representatives of these lncRNAs, such 

as Malat1 and Neat1, were identified in the whole cell transcriptomes, while absent from 

translatomes, and appeared in Cluster II-b (Figure 5C).  

Gene expression is controlled at the level of transcription and translation. The latter 

comprises specific mechanisms that prevent mRNAs from their integration into ribosomes, 

including nuclear retention and sequestration into dedicated membrane-less cytosolic 

ribo-nucleoprotein complexes120,121. The content of these organelles, such as processing bodies 

(P-bodies) and stress granules is only beginning to be defined101,121. However, sequestered 

mRNAs have been reported to be longer and to comprise extended 3’UTRs, as well as to display 

lower splicing efficiencies121,122. When analyzed for these three parameters, mRNAs defined 

by Cluster II-b, showed significant presence of these hallmarks, as compared to all other 

clusters (Figure 5D). Moreover, transcripts of cluster II-b also showed significant overlap with 

the list of nuclear retained mRNAs reported for other cellular systems123 (Figure 5E). Among 

the protein-coding mRNAs that seem sequestered from immediate translation, we found Fos, 

Jun, Egr1 and Zfp36l1 (Figure 5F), which are immediate early genes that have been described 

to be induced within minutes after activation. Of note, these mRNAs appear also in the 

translatome of the sorted cells, suggesting that they move to the ribosomes during the isolation 

procedure. Collectively, discrepancies we observed between microglia translatomes and whole 

cell transcriptomes can be explained by the inclusion of cargo-derived transcripts and mRNAs 

sequestered to nuclei or P-bodies (Figure 5G). These data highlight the value of the RiboTag 

approach to retrieve functionally relevant mRNAs. 
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Figure 5 Microglia transcriptomes, but not translatomes include cargo-derived mRNAs and mRNAs 
sequestered in nuclei and P-bodies. (A) Venn diagram of overlapping genes of cluster II-b (Figure 2C) (yellow) with 
genes of non-microglial cells, as selected according to111. Non-microglia genes were selected by being with max value > 
10, microglia reads < 30 and max value is > 3 fold change over microglia. Genes fitting these criteria represent cargo of 
ingested cells. (B) Graphs showing normalized reads of example genes from list of shared genes from Figure 4A, 
showing high levels cargo contamination in Sort samples, but not in IP. Each dot represents an individual mouse, n=3 
(upper panels); Expression of genes above in different brain cells, data obtained from111 (lower panels). FKPM, 
fragments per kilobase of exon per million reads mapped. (C) Graphs showing normalized reads of example genes of 
long non coding RNAs that reside within the nucleus and are presented only in Sort but not IP samples. Each dot 
represents an individual mouse, n=3, line represents mean. (D) Violin plot representing splicing efficiency (left panel) 
and gene length (right panel) of genes in cluster II-b (orange) compared to genes not in II-b (green), showing that genes 
in cluster II-b are less efficiently spliced and have longer genes and longer 3’UTRs compared with the rest of genes in 
the dataset, suggesting nuclear retention. Splicing efficiency was computed by comparing intron-spanning and intron-
crossing reads 28. Statistics was performed using Wilcoxon test, FDR correction was performed for right panel. * Splicing 
efficiency p=4.124*10-7, exon length p=6.636*10-63, Intron length p=1.575*10-27, UTR length p=1.865*10-35. (E) Violin 
plot representing cellular localization of genes in other tissues (left panel Liver, right panel – MIN6 pancreatic beta cell 
line) with established nuclear and cytoplasmic fractions. Genes in cluster II-b (orange) are more nuclear compared to 
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other genes (green). Statistics was performed using Wilcoxon test and FDR correction. * Liver p=7.731*10-49, MIN6 
p=2.980*10-17. n (number of genes) = 316 (Liver 2b), 1970 (Liver not-2b), 306 (MIN6 2b), 1846 (MIN6 not-2b). Liver 
and MIN6 datasets were based on 2 independent experiments 22. (F) Graphs showing normalized reads of immediate-
early genes found in Sort but not in IP-HA (in cluster II-b, microglial genes), suggesting sequestration from translation 
in unsorted cells. Each dot represents an individual mouse, n=3, line represents mean. (G) Diagram representing 
different states of mRNAs in the cell: nuclear retention, sequestration from translation in P-bodies or active translation 
in the ribosomes. 

RiboTag analysis of microglial response to peripheral LPS challenge  

Arguably, method-related artifacts, like the ones associated with microglia isolation, could 

be neutralized, if controls and experimental samples are prepared using the same approach. 

However, this assumes that artifacts introduced by the isolation are not affected by biological 

treatments and challenges. To examine this issue, we performed the RiboTag protocol on TAM-

treated Cx3cr1CreER: Rpl22HA mice following an intra-peritoneal lipopolysaccharide (LPS) 

injection (2.5 mg/kg). Brain hemispheres of individual LPS- and PBS-treated animals were 

subjected to either homogenization or microglia isolation and sorting, and processed (Figure 

2A) and used to generate a summary heat map of the RNAseq data (Figure 6).  

 

 

Figure 6. Analysis of microglia isolated from mice challenged with LPS. (A) Heatmap of RNA-seq data 
comparing RiboTag to sorting with LPS treatment, taking significantly changed genes (fold change>2, p-value<0.05, as 
calculated by DESeq2 statistical analysis). n=3 for PBS group, n=4 for LPS group. (B) Graphs showing normalized reads 
of example genes taken from cluster I from figure S6A, showing similar levels of microglia signature genes among 
samples. Each dot represents an individual mouse, n=3 for PBS group, n=4 for LPS group, lines represent mean.  
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To define the effect of the isolation method on microglia of LPS-treated and PBS-treated 

mice, we performed separate analyses for differentially expressed genes between PBS and LPS 

treatment in each method and then assessed the respective overlap. The majority of genes 

detected as up- or down-regulated by the endotoxin challenge in the IP sample were shared with 

the sorted samples (Figure 7A, 7C). Mutual genes correlated between methods, and showed a 

similar trend of up and downregulation (Figure 7B, 7D), indicating that bona fide LPS-induced 

changes are seen with both methods. Upregulated genes included Il4ra, Ch25h and Il1b (Figure 

7B), while microglia signature genes such as Tgfbr1, Sall1 and Cx3cr1, were down regulated 

(Figure 7D).  

 Notably, a considerable number of mRNAs changed upon LPS treatment only in the 

sorted samples, but not in the anti-HA IP from whole brain extract (46% of the upregulated and 

71% of the downregulated genes) (Figure 7A, 7C). Transcripts that were detected as changed 

upon LPS treatment in sorted samples (both Sort and Sort-IP) but not in IP-HA included genes 

related to immune activation like Il1a, Ccl2 and Vcam1 that were upregulated (Figure 7E) and 

Tlr4, Siglech and Cd48 that were downregulated (Figure 7E). Since they were found in the 

Sort-IP samples as well, these mRNAs are likely translated in sorted, but not in unsorted 

microglia. These data establish that the artifact introduced by the cell isolation is affected by 

the state of the animals from which the cells are retrieved. Moreover, mRNAs that are defined 

as 'cargo' contamination, due to their presence in the transcriptomes but absence from IPs of 

the sorted cells, changed following the LPS challenge (Figure 7F). For example Pisd-ps1, 

Arhgap5 and Tia1 were downregulated and Ranbp2, Tet2 and Gas5 were upregulated upon LPS 

challenge (Figure 7F). All of these genes were reported to be more highly expressed by other 

brain cells, rather than microglia (Figure 8)111, and are absent from the translatomes of either 

sorted or unsorted microglia in our dataset. 

 Collectively, these results indicate that data retrieved from sorted microglia include false 

information that originates from sorting-related immune activation and cargo contamination of 

ingested cells. Importantly, our data establish that identical processing of control and test 

samples does not necessarily neutralize these artifacts, since they themselves are affected by 

the biological treatment. Taken together our study highlights the advantages and disadvantages 

of classical sort-based cell isolation protocols and the RiboTag approach (Table 1).  
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Figure 7. Analysis of microglia isolated from mice challenged with LPS. (A) Venn diagram of overlapping genes 
upregulated by LPS treatment in IP-HA (blue) and in Sort (yellow), showing 54 genes upregulated in IP-HA only, 247 
genes shared between methods and 214 genes upregulated by sorting only. (B) Correlation analysis of 247 shared genes 
(from Figure 5A) upregulated due to LPS in both methods, representing log2 fold change of significantly changed genes 
(log2 fold change>1, pValue<0.05, as calculated by DESeq2 statistical analysis) in LPS vs PBS in each of the methods 
(left panel); Graphs showing normalized reads of example genes detected as upregulated with LPS by both methods 
(right panels). Each dot represents an individual mouse, n=3 in PBS group, n=4 in LPS group, line represents mean. For 
IP-HA genes were selected by first being enriched over control IP-IgG, and then by LPS>PBS. (C) Venn diagram of 
overlapping genes downregulated by LPS treatment in IP-HA (blue) and in Sort (yellow), showing 10 genes 
downregulated in IP-HA only, 104 genes shared between methods and 250 genes downregulated by sorting only. (D) 
Correlation analysis of 104 shared genes (from Figure 5C) downregulated due to LPS in both methods, representing 
log2 fold change of significantly changed genes (log2 fold change<-1, p-value<0.05, as calculated by DESeq2 statistical 
analysis) in LPS vs PBS in each of the methods (Left panel); Graphs showing normalized reads of example genes detected 
as downregulated with LPS by both methods (Right panels). Each dot represents an individual mouse, n=3 in PBS group, 
n=4 in LPS group, lines represent mean. For IP-HA genes were selected by first being enriched over control IP-IgG, and 
then by LPS<PBS. (E) Graphs showing normalized reads of example genes related to immune activation that were up- 
(upper panels) or down- (lower panels) regulated due to LPS treatment in sorted samples only but not detected in IP-
HA, showing differential susceptibility of biologically treated samples to artifacts introduced by isolation method. Each 
dot represents an individual mouse, n=3 in PBS group, n=4 in LPS group, lines represent mean. (F) Graphs showing 
normalized reads of example genes originated from ingested cargo that were up- (upper panels) or down- (lower 
panels) regulated due to LPS treatment in Sort only but not detected in IP-HA or Sort-IP, showing that the whole 
translatome includes LPS-dependent changes that do not originate in microglia thus introducing false information. Each 
dot represents an individual mouse, n=3 in PBS group, n=4 in LPS group, lines represent mean. 
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Figure 8. Expression profiles of selected genes across brain cell populations Non-microglia mRNAs suggesting 

cargo contamination Data obtained from (http://www.brainrnaseq.org/ )111. 

 

 

Table 1. Advantages and Limitations of the Ribotag approach and Cell-isolation based methods 
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Part II: Probing the role of microglia in Relapsing- Remitting EAE  

After establishing the RiboTag system for the study of microglia, and showing its 

superiority over sorting, we aimed to utilize it to tackle the long standing question of the role 

of microglia in EAE. Microglia were shown to be dispensable as APCs for the onset of 

MOG-induced EAE in C57BL/6 mice94. However, contributions of microglia to disease 

progression remain undefined. 

Surprisingly, while the majority of MS patients display a relapsing and remitting form of 

disease, the most common mouse model used is the chronic model of EAE in C57BL/6 mice 

(B6, expressing the MHC-II haplotype H-2b) that leads to a monophasic disease with no 

recovery. This model is appropriate to study mechanism of autoimmunity that control the 

induction of EAE. However, mechanisms that contribute to remission or relapse cannot be 

studied in this model. Immunization of SJL mice (expressing the MHC-II haplotype H-2s) with 

myelin peptides results in RR-EAE, however the study of gene- or cell-specific contributions 

is challenging due to lack of appropriate genetic models in this strain. Crossing SJL to B6 mice 

allows to combine the advantages of the two mouse strains and utilize genetic models in the 

RR-EAE in the resulting H-2s/b F1 hybrids. 

EAE development is associated with prominent monocyte infiltrates that critically drive 

the initial pathology83,84,18. Discrimination of monocyte-derived macrophages from activated 

microglia is crucial and challenging85. In the past years, our laboratory hence developed a 

number of new tools that allow to focus on the study of microglia and exclude monocytes and 

monocyte-derived macrophages. Using a TAM-inducible Cx3cr1CreER approach, we take 

advantage of the longevity and self-renewal of microglia to permanently target these cells in 

adult animals91,110. By 6 weeks post TAM treatment, short lived monocytes that also express 

CX3CR1 are replaced by WT cells, while only long lived cells will remain targeted throughout 

time91,110. It should however be noted that some non-parenchymal CNS border associated 

macrophages (BAMs) are long lived and are targeted as well102,114. Nonetheless, the proportion 

of long lived CNS BAMs is minimal compared to microglia and can therefore be mostly 

neglected. 

Here, we use advanced genetic approaches to specifically dissect the contribution of 

microglia to RR-EAE. Along with RiboTag translatome data analysis, we provide insights into 

specific microglia / T cell interactions, as well as preliminary functional evidence that microglia 

contribute to recovery, using newly generated SJL KO mouse lines.  
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Longitudinal microglia analysis in a relapsing remitting EAE model 

In order to establish the RiboTag in a relapsing-remitting EAE (RR-EAE) model, we 

crossed C57Bl/6 Cx3cr1CreER/CreER:Rpl22HA/HA animals (B6, H-2b) with WT SJL mice (H-2s), 

and used their TAM-treated F1 Cx3cr1CreER/WT:Rpl22HA/WT H-2b/s offspring 8 weeks post TAM 

treatment (Figure 9A). Immunization with PLP139-151 peptide resulted in RR-EAE with full 

recovery being achieved after a first wave of disease, followed by a relapse (Figure 9B). We 

aimed to profile microglia over the entire course of RR-EAE, and collected brains from mice 

according to their clinical scores, at all stages of RR-EAE (i.e. initiation, max, remission, cure 

and relapse), as well as from TAM-treated non-immunized controls (Figure 9B, C).  

Flow cytometry analysis of HA expression in immune cells revealed that microglia are the 

prominent cell type labeled, representing 90-100% of HA+ cells (Figure 9D, gating strategy in 

Figure 10A, 10B). In contrast, HA staining was absent from CD45hi immune cells, including 

short-lived monocytes (Figure 9D). On top of that, the microglia population remained stable 

with ~100% of microglia expressing HA-tagged ribosomes throughout the RR-EAE disease 

course (Figure 10C, 10D). BAMs, namely perivascular, meningeal and choroid plexus 

macrophages, are targeted with the Cx3cr1CreER system as well102,114. However, these cells are 

rare as compared to microglia and their turnover rate in EAE has not been described. It is 

therefore possible that BAMs are replaced by WT cells during RR-EAE. From our results we 

can conclude that microglia are the main population that is stably labeled with HA throughout 

RR-EAE. 
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Figure 9. Establishing Relapsing-Remitting EAE in (B6*SJL) F1 RiboTag mice (A) Scheme describing mouse 

genotypes and crossing strategy (B) RR EAE course in F1 mice. Red arrows mark the stages at which mice were collected 

for RiboTag analysis. Init = initiation, Max = maximal score, Rem = remission, Cure = clinical recovery, Rel = relapse. (C) 

Clinical scores (left) and day post immunization (right) of individual mice at day of collection. (D) The prevalence of 

different populations from HA+ cells throughout RR-EAE stages, showing that >90% of HA+ cells are microglia. Pre = 

pre onset, Init = initiation, Max = maximal score, Rem = remission, Cure = clinical recovery, Rel = relapse, chronic = 

chronic stage, no recovery. Lower panels are representative histogram of each population stained for HA. Dashed line 

= secondary only control, filled gray = mice without TAM treatment stained with aHA antibody, color = TAM treated 

animals stained with anti HA antibody. N= 2-4 mice in each timepoint (E) Scheme of RiboTag immunoprecipitation (IP), 

with an anti-HA antibody (IP HA) or with isotype control (IP IgG), input is total brain lysate without IP.  
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Figure 10. Analysis of RiboTag expression. (A) Gating strategy for live CD45+ population from which following 
gating in B and C is taken. (B) Gating strategy for Figure 1D, the percent of each population (GR1(Ly6C/G)+, 
Mg=Microglia, Mf = macrophages, Lymph = Lymphocytes) from total HA+ cells, gated from live CD45+. Most left panel 
shows the secondary only control (without aHA antibody). All other gating is from +aHA sample. (C) Gating strategy for 
S1D, calculating the percent of HA+ within each population. Upper three right panels are secondary only control for 
each population, compared to +aHA staining in lower three panels for each population. (D) Summary of HA+ cells from 
each population (as gated in S1C), at all stages as well as in non-TAM treated mice (No Tam). NI = non immunized, Pre 
= pre onset, Init = initiation, Max = maximal score, Rem = remission, Cure = clinical recovery, Rel = relapse, chronic = 
chronic stage, no recovery  
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Microglial translatome analysis  

After confirming that microglia remain HA+ throughout RR-EAE, and monocytes and their 

descendants are not labeled, we subjected brains to IP of ribosome-attached-mRNA with either 

a specific anti-HA antibody or an isotype IgG control, followed by RNA-seq alongside with 

the total input RNA (Figure 9E). By comparing the specific anti-HA pulldown to the IgG 

control and to the total input, we selected the IP-specific genes as significantly enriched in the 

anti-HA fraction. We focused our analysis on genes with a maximal value>50 (to exclude 

background genes with low reads), genes IP specific in at least one condition (log2fold-

change>2, p<0.05 compared to IgG control and input), and finally significantly changed 

(log2fold-change>2, p<0.05) genes between the HA fraction of at least two conditions.  

Selected genes from this stringent filter (716 genes) are represented in a heatmap showing 

the average of aHA-IP samples in each condition (Figure 11A). Genes were grouped using k-

means clustering into 5 main clusters: Cluster I included microglial steady state genes (Cst3, 

P2ry12, Siglech) that are highly expressed in NI mice and are significantly downregulated 

throughout the disease (Figure 11A, 11C). 

Expression of genes in Cluster II peaked at initiation and gradually decreased. As 

indicated by Gene Ontology (GO) enrichment analysis, this list mostly comprises genes related 

to proliferation (e.g. Aurkb, Mki67, Top2a, Birc5, Pola2, Lig1), (Figure 11C, 11B upper panel) 

and is in line with the earlier notion that microglia proliferate at the onset of EAE14. 

Cluster III is composed of genes that peak at the Max stage (score 3-3.5) and genes 

comprised in Cluster IV peaked at remission. GO term enrichment analysis of genes in the 

clusters III and IV together revealed pathways related to immune response, such as ‘antigen 

processing and presentation’, ‘response to interferon gamma’ and ‘leucocyte cell-cell 

adhesion’ (Figure 11B, lower panel). Interestingly, among the assigned GO terms for cluster 

III+IV, we found also ‘negative regulation of immune response’ (Figure 11B). Closer 

inspection of cluster III revealed genes encoding chemokines, such as CXCL9, CXCL16, 

CXCL13, CCL8, CCL5, as well as immune synapse-related molecules, such as ICAM1, CD40, 

ICOS ligand and MHC-II (H2-Ab1). Intriguingly, microglia also translated mRNAs encoding 

molecules with established inhibitory activity, such as IL-18bp, Lag3, CD274 and the member 

of the leukocyte immunoglobulin-like receptor (LIR) family Lilrb4a, that might play a 

regulatory role (Figure 11C).   
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Figure 11. Microglial express immune-interaction and inhibitory molecules at the peak of RR-EAE. (A) 

Heatmap of 716 genes selected as maximal value >50, IP-specific (2 fold increase and p<0.05 of HA vs IgG and input in 

each stage) and differentially expressed (2 fold change and p<0.05) between each two IP-HA stages. Each column is an 

average of 4-8 individual biological replicate of the HA-IP. Genes were clustered using K-means clustering. (B) 

Metascape analysis of genes in cluster II (upper panel) and genes in cluster II+IV (lower panel), representing enriched 

GO terms and biological processes. (C) Representative genes from each cluster. Light gray circles = input, dark grey 

triangles = IP IgG, light blue squares = IP HA. 
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Microglia contributions to remission and relapse  

The initial response of microglia to EAE was characterized by significant changes in gene 

expression, with 551 differentially expressed genes (DEG) between NI and initiation (Figure 

11, 12A, left). In stark contrast, microglia essentially did not change their translatome in the 

second induction, with only 1 DEG between cure and relapse (Figure 12A, middle). Principal 

component analysis (PCA) of the data revealed that while microglia in diseased mice differed 

from that of NI mice with a spatial trajectory for the disease stages, it is evident that cure and 

relapse stages overlap (Figure 12B). These findings establish that microglia change 

significantly with the first induction of EAE, but are hardly responding in the relapse. 

To better understand why microglia do not respond to the relapse, we compared the two 

clinically healthy states, i.e. ‘NI’ and ‘Cure’. The PCA plot (Figure 12B) revealed that NI and 

Cure microglia cluster far from each other, with 193 DEG between the two groups (Figure 

12A, right panel). The significantly downregulated genes in Cure vs NI (44 genes) were all 

related to cluster I (Figure 12C, lower panel), which represented microglia steady-state genes 

that were downregulated and not restored to steady-state levels – suggesting that microglia do 

not return to steady state even upon clinical recovery. 

Interestingly, when we related the upregulated genes in Cure vs NI (149 genes) to the 

clusters originally compiled in the heatmap (Figure 11A), we found two thirds (100 genes) to 

be assigned to cluster III+IV that were related to immune responses, and 47 genes were assigned 

to cluster II, which was related to proliferation (Figure 12C, upper panel). Accordingly, GO 

enrichment analysis of these 149 genes revealed their relation to cytokine signaling, response 

to interferon gamma and antigen presentation (Figure 12D), indicating that microglia retain 

high expression of immune-related genes. 

Closer examination of these genes by re-clustering clusters II and III generated in Figure 

11A, revealed groups of genes, namely clusters 2a and 3a (Figure 12E), that although they 

were higher than NI, they were lower compared to initiation or max, i.e an intermediate 

expression between NI and max (or initiation). To conclude, even upon clinical recovery 

microglia do not return to ground state; rather they remain activated with an intermediate 

expression of immune molecules that is higher than at steady state, but lower than at the peak 

of EAE. 
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Figure 12. Microglia remain activated upon recovery and do not respond to relapse. (A) Volcano plots 

comparing differentially expressed genes between (left) non-immunized and initiation, (middle) cure vs relapse, and 

(right) NI vs cure. (B) PCA plot of IP HA of all the mice in the stages of RR-EAE. Each dot represents a mouse. Each color 

represents a different stage of RR-EAE (gray = NI, red = initiation, blue = max, yellow = rem, pink = cure, green = relapse). 

(C) Venn diagrams of lists of genes (UP) downregulated at cure compared to NI (orange, 44 genes) and genes from 

cluster I (purple, 124 genes) ; (DOWN) upregulated at cure compared to NI (pink, 149 genes), genes from clusters III+IV 

from figure 2A (green, 285 genes) and genes from cluster II from figure 2A (blue, 292 genes). (D) GO analysis of 149 

genes upregulated in cure vs NI, showing that immune related pathways are still activated in microglia from cure mice. 

(E) Re-clustering clusters II and III from figure 2A. Right graphs represent the groups of genes in each cluster as z-

scores on y axis and disease stages on the x axis.  
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Microglia depletion delays remission and results in T cell accumulation 

To independently investigate contribution of microglia to the RR-EAE disease course we took 

advantage of a genetic microglia depletion model15. TAM treatment of Cx3cr1CreER:Rosa26iDTR 

mice results in expression of the Diphtheria Toxin Receptor (DTR) on microglia, rendering 

them sensitive to depletion by Diphtheria Toxin (DTx)15. Eight weeks post TAM treatment, we 

challenged Cx3cr1CreER:Rosa26iDTR F1 (B6*SJL) mice with PLP to induce RR-EAE, and 

treated the animals with either DTx, or PBS (as control), from day 3 post immunization and 

onwards, every other day throughout the disease course (Figure 13A). While the initial course 

of the disease was not significantly different between groups, mice treated with DTx fail to 

recover, as compared to controls (Figure 13B). This corroborated the earlier notion that 

microglia are not actively involved in the induction of the disease, but rather suggests that they 

might play a role in remission. Flow cytometry analysis confirmed partial but significant 

microglia depletion (50%) in brains and spinal cords of DTx-treated mice at day 25 post 

immunization (Figure 13C). Flow cytometry analysis of the immune infiltrates, incl. 

monocytes, macrophages, neutrophils, T and NK cells, revealed that only CD4+ T cells were 

significantly accumulated in the brains of DTx treated mice (Figure 13D). Interestingly, CD4+ 

T cell and microglia cell-numbers displayed an inverse correlation (Figure 13E) suggesting 

that microglia might play a role in the recovery from EAE, by controlling the CD4+ T cell 

compartment.  
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Figure 13. Depletion of microglia leads to T cell accumulation and delayed remission in RR-EAE. (A) Scheme 
describing mouse model used and DTx treatment. (B) Clinical scores of PBS vs DTX treated mice, showing delayed 
remission in DTX treated mice (left). Clinical scores of individual mice at day 25. (C) Representative FACS plots gated 
on live CD45+GR1- (left) and quantification of microglia counts (right panels) in PBS (blue triangles) and DTX (red 
diamonds) treated mice in brain (upper panels) and spinal cord (lower panels) at day 25 (from B). (D) Quantification 
of immune infiltrates in brain (upper panels) and spinal cord (lower panels) in PBS (blue triangles) and DTX (red 
diamonds) treated mice at day 25. (E) Correlation between microglia and CD4+T cell numbers in PBS (blue) and DTX 
treated mice showing negative correlation between microglia and T cell numbers R = -0.88. n=5 in each group. This is a 
representative experiment of 2 repeats. 
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Microglia closely interact with T cells  

The translatome analysis and the result of the depletion experiment suggested that 

microglia might affect T cell numbers in the brain. To directly probe for microglia-T cell 

interactions, we performed immunohistochemistry analysis of brain sections of EAE diseased 

animals at the max stage. We found CD3+ T cells to closely interact with IBA1+ macrophages, 

either in the form of clusters of T cells surrounded by dense IBA1+ networks, or individual 

IBA1+ cells reaching out with their dendrites to T cells (Figure 14A). IBA1 is a generic 

macrophage marker and labels monocyte-derived macrophages as well124. To verify that some 

of the cells we saw interacting with T cells are indeed microglia, we resorted to the fate map 

feature of our RiboTag approach and stained for HA. Indeed, some of the IBA1+ cells that 

interact with T cells expressed also HA-tagged ribosomes (Figure 14B), indicating that they 

are bona fide long-lived microglia that were targeted by TAM treatment before the onset of 

EAE.  

The close Mg-T interactions raise the question whether they are functionally significant. 

Could this be a cognate immune interaction that affects T cell phenotype and ultimately 

influences the outcome of the disease? In support of this notion, we could visualize in tissue 

sections, that microglia (defined as IBA1+TMEM119+ or IBA1+HA+) interact with CD3+ T 

cells, with focal MHC-II in the interface between the cells (Figure 14C).  

Interestingly, using image stream analysis, that combines flow cytometry and imaging 

features, we noted that the CD11b+CD45hi population is composed of ~50% doublets, as 

indicated by lower aspect ratio and larger area of the cells (Figure 14D, left). In contrast, 

CD11b+CD45int microglia and CD11b-CD45hi lymphocytes comprised only ~5% doublets 

(Figure 14D, left). The doublets of the CD11b+CD45hi population contained microglia 

(CD45intCD11b+GR1-) and CD4+ T cells (CD45hi TCRb+ CD4+), termed here Mg-T (Figure 

14D, right). These Mg-T doublets were enriched with focal ICAM1, MHC-II and CD4 in the 

immune synapse between the cells, suggesting that this is indeed a real immune interaction that 

existed in the tissue context and survived the isolation steps.  
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Figure 14. Microglia closely interact with T cells in the tissue. Immunofluorescent staining of (A) CD3 (red), 
IBA1 (green) and DAPI (blue), and (B) CD3 (red), IBA1 (magenta), HA (green) and DAPI (blue), sowing HA+ microglia 
interacting with T cells, in brain at Max stage. (C) Immunofluorescent staining of CD3 (red), IBA1 (cyan), TMEM119 
(up) or HA (down, magenta) and MHC-II (green) in brain at Max stage. Right panels are single stains, middle panel is 
composite and left panel is a magnification of the dotted square in the middle panel. Upper magnification is only MHC-
II (green) and CD3 (red). (D) Image stream pictures of doublets of cells that are composed of microglia 
(CD45intCD11b+GR1-) and CD45hiCD4+TCRb+ T cells, with ICAM1 and MHCII at the immune synapse.  
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Mg-T doublets could be an artifact formed ex-vivo. To investigate this possibility, we 

performed a mixing experiment in which we took brains from a whole body GFP and a whole 

body TdTomato (B6*SJL) F1 mice at max stage of RR-EAE and processed them together 

throughout the entire isolation protocol (enzymatic digestion, percoll, etc.) (Figure 15A). In 

case of a perfect 50:50 mix of green:red cells, statistically, spurious doublet formation would 

expectedly be anywhere between 0 and 50%, indicating either no ex-vivo random formation or 

a complete random formation of doublets, respectively. Flow cytometry analysis showed that 

from the entire “single cells” gate, the ratio of total GFP+:TdTomato+ cells was approximately 

30:70. Statistical calculations of this ratio indicated that the expected percent of completely 

random mixed pairs would be 42% (Figure 15C). Our flow cytometry analysis revealed that 

the GFP+ TdTomato+ doublets comprised only ~3% of the CD45+ Gr1- cell population, 0.8% of 

microglia, and ~5% of CD4+ T cells alone (Figure 15B). In contrast, when gating on CD11bhi 

CD45hi CD4+ TCRb+ events (reflecting T cells interacting with CD11b+ microglia or 

macrophages), 15% of this population were GFP+ TdTomato+ (Figure 15C). These data 

suggest that doublets, that were found mostly in the CD11b+ CD45hi gate, are not formed 

completely randomly (which would show 42%), but that ex vivo formation probably also 

contributes to some extent. Of note, in this analysis we cannot discriminate between microglia 

and monocyte-derived macrophages due to restriction of fluorophores. In addition, since each 

of the single populations (microglia or CD4+T cells) essentially did not form ex-vivo doublets, 

we assumed that even though there is little ex-vivo formation of doublets, it is biologically 

relevant due to the affinity of the two cell types for each other. 
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Figure 15. Probing the extent of ex-vivo Microglia-T cell doublet formation. (A) Scheme describing the mixing 
experiment where brains from a whole body GFP or whole body TdTomato mice were mixed together or isolated 
separately. Mixed brains went through enzymatic digestion and cell isolation process together. (B) Gating strategy 
showing the extent of GFP/TdTomato cells from each population. (C) Calculation of the probability to receive spurious 
vs real doublets, showing that most of the doublets are not spurious (with kind help of Shalev Itzkovitz, WIS).  
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We next tested whether the formation of Mg-T doublets was stage-dependent. Using flow 

cytometry analysis we defined Mg-T cells as CD45hi TCRb+ CD4+ CD11b+ TMEM119+ events, 

and singlet T cells as CD45hi TCRb+ CD4+ CD11b- TMEM119- events (gating strategy in Figure 

16A). In order to quantify them uniformly and not have them bias each other, we quantified 

both populations as percent of the live CD45+ Gr1- population that includes all immune cells 

(except monocytes and neutrophils). For this reason, the percent of cells is not high, but our 

focus was on the kinetics, rather than the percent. We found that while the proportion of singlet 

T cells peaked at the initiation, very few Mg-T doublets were seen at this stage (Figure 16B). 

However, the proportion of doublets raised with the progression of the disease (at max) and 

stayed high at remission, while in parallel the proportion of singlet T cells gradually decreased. 

Such stage-dependent kinetics of T vs Mg-T subsets would be compatible with the assumption 

of an influential relationship between the formation of Mg-T and the decrease of singlet T cells 

in the tissue. 

Flow cytometry analysis of MHC-II, ICAM-1 and PDL-1 at the different stages showed 

that microglia (TMEM119+ HA+) upregulate these molecules with the progression of EAE 

(Figure 16C), in correlation to the RiboTag data and to the formation of Mg-T doublets (Figure 

16B). Interestingly, Mg-T doublets expressed higher levels of these markers compared to 

microglia alone (Figure 16C, red vs purple histograms). The fact that microglia that interact 

with T cells express higher MHC-II, ICAM-1 and PDL1 suggests that microglia indeed interact 

with CD4+ T cells in an cognate TCR-mediated fashion via MHC-II and ICAM-1, and 

potentially have inhibitory effect via PDL1. 
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Figure 16. Mg-T doublet formation peaks at Max stage. (A) gating strategy to quantify singlet T cells vs. Mg-T 
doublets. (B) Quantification by flow cytometry of singlet T cells (left) and Mg-T doublets (right) as percent of Live 
CD45+GR1- population (as gated in A), at different stages of RR-EAE (pre = pre onset, init = initiation, max = score ~3). 
Each dot represents an individual mouse, results are combination of 4 individual experiments. Line represents mean 
and error bars are SEM. Significance was calculated with one-way ANOVA and bonferroni multiple comparison test. (C) 
Flow cytometry analysis of I-Ab (left), ICAM-1 (middle), and PDL-1 (right) on microglia (Mg) at different stages (green 
= pre onset, blue = initiation, purple = max), and on T (pink) or Mg-T (red) at max stage. 

 

Next we investigated which CD4+ T cells do microglia interact with, and whether there is 

a temporal preference for a specific subset. Image stream analysis showed that both Foxp3+ and 

RORγt+ T cell subsets are found in the doublets and hence can interact with microglia (Figure 

17A). Flow cytometry analysis revealed that at both the max and the remission stages, the Mg-

T population was enriched with Treg cells, as compared to the singlet T cell compartment 

(Figure 17B), suggesting a preferred interaction of microglia with regulatory T cells. 
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Figure 17. Microglia-T doublets are enriched in regulatory T cells at max and remission. (A) Image stream 

analysis showing doublets of microglia (CD45loCD11b+GR1-) and CD45hiCD3+CD4+ cells that are either Foxp3+ or 

RORγt+, showing microglia interacting with both Tregs and Th17 cells. (B) Quantification of Treg vs Th17 cells from T 

or Mg-T populations (left) and representative FACS plots (right), at max stage (up) or remission (down), showing 

enrichment of Tregs within Mg-T compared to singlet T. 

Together these results indicate that microglia interact with T cells in the brain, forming 

cognate immune synapses through MHC-II, in a stage dependent manner with interactions 

peaking at max and rem, strong enough to survive the cell isolation procedure. Our data further 

suggest that microglia can interact with both Th17 and Treg cells, but prefer to do so with the 

latter.  
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Probing the CXCL9:CXCR3 axis 

Mechanistically, in order to interact with T cells, the first step for microglia would be to 

secrete chemokines to attract T cells. According to our RiboTag data, one of the 

chemoattractants microglia expressed was Cxcl9. Interestingly, the CXCL9 receptor CXCR3, 

was shown to be critical for the recovery from different injury models by controlling the 

recruitment of Treg cells to the injured tissue125,126. We therefore focused our attention on 

CXCL9. Despite the established role of CXCR3 in Th1 response and its link to other 

pathologies127, mice lacking CXCR3 not only successfully develop EAE, but succumb to a 

more severe disease128,129, presumably due to decreased recruitment of regulatory cells129.  

To verify that microglia, but not other macrophages, indeed express Cxcl9, we performed 

a qPCR analysis for Cxcl9 on various populations sorted from healthy and diseased brains 

(gated on live GR1-): CD11b+ CD45int microglia, CD11b+ CD45hi double positive (DP, 

macrophages), CD11b-CD45hi lymphocytes and double negative (DN) cells (Figure 18A). 

qPCR of the sorted populations showed that in NI brains none of the cells expressed Cxcl9, 

however at max stage both microglia and the DP population, but not lymphocytes or DN cells, 

expressed Cxcl9 (Figure 18B). However, post sort analysis revealed that the DP population 

“breaks down” into microglia and lymphocytes after sorting (Figure 18C). We then applied a 

different gating strategy for sorting, by gating on CD11b+ cells from which we sorted either 

TMEM119+ CD44- (microglia) or TMEM119- CD44+ (macrophage singlets, referred to as Mf-

s), excluding double positive cells (Figure 18D). qPCR for Cxcl9 in these populations 

demonstrated that microglia, but not macrophages express Cxcl9 at the max stage. When 

probing for the receptor, Cxcr3, in the same sorted populations, we found the mirror picture, 

i.e. Cxcr3 transcripts were detected in lymphocytes and in the DP population, but not in 

microglia or ‘Mf-s’ (Figure 18F). Taken together, these results demonstrate that the DP 

population, that we showed previously to include Mg-T interacting cells, is positive for both 

Cxcl9 and Cxcr3 transcripts, which arise solely from microglia and lymphocyte, respectively. 

This could suggest that Cxcl9 expressing microglia might indeed attract Cxcr3+ lymphocytes 

to interact with them. 

In order to probe if this attraction axis is essential for Mg-T interactions and for recovery 

from EAE, we treated F1 mice with a chemical antagonist for CXCR3, AMG 487130, here 

termed AMG, and followed the progression of RR-EAE. Mice were treated with either AMG 

or vehicle every day, from day 10 post immunization, prior to disease onset, and throughout the 

experiment. We found no significant difference between the groups, suggesting that although 
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microglia might use the CXCL9-CXCR3 axis to attract T cells, it is likely not the only 

mechanism. However, the experiment lacked a positive control that the inhibitor worked and 

thus will for a final conclusion have to be repeated. 

 

 

Figure 18. Microglia-T doublets, but not macrophages, co-express Cxcl9 and Cxcr3 - a potential mechanism 
of T cell attraction by microglia. (A) FACS plot presenting sorted populations, gated on live GR1-. Red = 
CD11bhiCD45int (microglia), blue = CD11bhiCD45hi (double positive, DP), green = CD11b-CD45hi (lymphocytes), pink 
= CD11b-CD45- (double negative). (B) qPCR for Cxcl9 in sorted populations from A. Mg = microglia, red circles; DP = 
double positive, blue triangles; Lymph = lymphocytes, green diamonds; DN = double negative, pink squares. Empty 
shapes = NI mice, filled shapes = max, sorted from brain tissue. (C) Post-sort analysis of sorted populations from (A), 
showing microglia and T cells in the “DP” sorted cells. Color coding as in (A). (D) Gating strategy for microglia (red, 
CD11b+TMEM119+CD44-) and macrophages (turquoise, CD11b+TMEM119-CD44hi), gating out double positive cells. 
(E) qPCR for Cxcl9 in sorted populations from (D); Mg = microglia, red circles; Mf-s = macrophages singlets, turquoise 
triangles. Empty shapes = NI mice, filled shapes = max, both sorted from brain tissue. (F) qPCR for Cxcr3 in all 
populations sorted from (A) and (D). Mg = microglia, red circles; DP = double positive, blue triangles; Lymph = 
lymphocytes, green diamonds; Mf-s = macrophages singlets, turquoise triangles. Empty shapes = NI mice, filled shapes 
= max, both sorted from brain tissue. (G) Clinical scores (left) and % of initial weight (right) summary of mice treated 
with CXCR3 chemical blocker or vehicle from day 10 during RR-EAE (n=12 mice per group). This is a representative 
experiment out of 3 independent repeats. 
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A Wiskott Aldrich Syndrom Protein (WASP) deficiency in microglia leads to delayed 

recovery from RR-EAE 

Our translatome data, as well as the results of the microglia depletion and histology suggest 

that microglia might affect the balance of effector and regulatory T cells at the advanced stages 

of EAE. To further dissect the contribution of microglia to RR-EAE and their potential effect 

on T cells, we decided to specifically perturb microglia function. For that, we generated animals 

that harbor a Wiskott Aldrich Syndrome (WAS) gene deletion specifically in microglia.  

Wiskott Aldrich Syndrome (WAS) is a rare x-linked genetic syndrome, which leads to 

severe immunodeficiency due to its specificity to the hematopoietic cell lineage131. Wiskott 

Aldrich Syndrome Protein (WASp) is a major regulator of actin polymerization that is crucial 

for all actin dependent processes in hematopoietic cells, such as migration, phagocytosis, and 

also immune interaction 132. Specifically, cells deficient in WASp cannot organize their immune 

synapse and neither can they form the cuff for cell-cell interaction, affecting the efficiency of 

cell-cell contact and antigen presentation133. WASp contribution to peripheral immunity and its 

role in T cell biology, as well as dendritic cells and macrophages has been described in depth132. 

However the specific role of WASp in microglia has not been addressed yet, including its 

importance in MS models. Patients harboring a complete loss of WASp function often die 

within the first years of life due to recurrent infections, unless treated by BMT134. However 

even upon a successful BMT, that cures the patients, these individuals likely retain some WAS-

deficient microglia, since these cells are relatively radio- and chemoresistant19. Therefore the 

elucidation of the role of microglial WASp in pathology is not only mechanistically interesting 

but also clinically relevant. 

Here, we studied the contribution of WASp in microglia to our RR-EAE model in 

(B6*SJL) H-2b/s F1 hybrids. Specifically, we crossed Cx3cr1CreER/CreER:Rpl22HA/HA:Was fl/wt B6 

females to WT SJL males, and used their Cx3cr1CreER/WT:Rpl22HA/WT:Wasfl/y F1 male offsprings 

(referred to here as MgΔWAS), as well as littermate controls (Cx3cr1CreER/WT:Rpl22HA/WT, Figure 

19A). Notably, since Was is an X-linked gene, males have only one copy. Immunization with 

PLP peptide and adjuvants induced EAE in both MgΔWAS mice and controls (Figure 19B). We 

found no significant difference in the clinical score at induction and the max stage of the mice, 

neither did the day of onset or weight loss at the initiation and at max stage differ between the 

two groups (Figure 19B, 19D-F). However, at the remission stage, while littermate control 

mice were in the process of recovery, MgΔWAS mice failed to recover (Figure 19B). At day 30 

post immunization there was a significant difference in clinical scores and weight loss: MgΔWAS 
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mice could not recover from paralysis, nor did they gain their original weight back, as opposed 

to littermate controls (Figure 19B, 19C). This result reinforces the previous finding that 

microglia are dispensable for the induction of EAE94, and supports the notion of a role for 

microglia in recovery, in accordance with our depletion experiment data. 

Analysis of singlet T and Mg-T at the max stage revealed that there was no significant 

difference in the formation of Mg-T between the groups (Figure 19G), but there were more T 

cells in MgΔWAS mice compared to controls (Figure 19H). At remission there was a slight 

elevation in Mg-T doublets, but no difference in singlet CD4+ T cells. Examination of the CD4+ 

T cell subpopulations (specifically RORγt+ and Foxp3+ cells) showed that in remission (but not 

in max) there is accumulation of Foxp3+ cells in brains of MgΔWAS mice compared to controls 

(Figure 19I). These results indicate that the WASp deficiency in microglia does not result in 

changes in the formation of doublets, but does affect the fate of CD4+T cells in the brain, and 

ultimately the recovery from RR-EAE. 
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Figure 19. WASp is crucial for microglia-mediated recovery from RR-EAE through impact on T cells. (A) Scheme of 
mice cross. (B) Clinical scores (left) and weight loss (right) of Cx3cr1CreER (black circles) vs Cx3cr1CreER:Wasfl/y 
(MgΔWAS, green squares), showing that MgΔWAS do not recover and to not return to steady state weight by day 30 
compared to WT controls. Representative experiment of 3 repeats. N = 8 (WT), 9 (MgΔWAS). Lines represent mean, error 
bars are SEM, significance was calculated using t-test. (C) Clinical scores (left) and % of initial weight (right) of 
individual mice at day 30 post immunization from B, Lines represent mean, error bars are SEM, significance was 
calculated using t-test. Mean day of onset (D), maximal scores (E), and % of initial weight at day16 (F) of individual 
mice. (G) Mg-T doublets percent form live CD45+GR1- population at max and rem. Significance calculated using two-
way Anova. (H) Singlet CD4+T cells fold change over control of the % of CD4+T cells from live CD45+GR1- population. 
(I) The percent of T cell subpopulations from CD4+T singlets (CD45hiCD4+TCRb+CD11b-TMEM119-), at max (left 
graph) and remission (right graph), and a representative FACS plot for each condition on the right most. Combination 
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of 2 independent experiments. Each dot is an individual mouse. Lines represent mean, error bars are SEM, significance 
was calculated using two-way ANOVA and Bonferroni multiple comparison test.  

 

MHC-II deficiency in microglia in RR-EAE 

WASp deficiency in microglia halted remission through an impact on CD4+T cells. 

However, since actin regulation hinders a broad spectrum of cellular activity, we chose to 

further focus on a more specific CD4+ T cell-related activity, i.e. antigen presentation.  

Thymic T regulatory cells infiltrate into the CNS, proliferate locally and are selected for 

specific TCR chain, ultimately leading to resolution of EAE78,79. TCR signaling is essential for 

regulatory T cells to exert their suppressive functions80,81. However the cues driving this 

phenomena in the CNS are not known.  

Our RiboTag data showed upregulation of antigen-presentation-related genes at peak 

(Figure 11B, 11C), and our histology images show that microglia present MHC-II to T cells 

(Figure 14C). Microglial MHC-II is dispensable for the induction of EAE94, but its contribution 

to recovery was not explored. The use of F1 hybrids is limiting due to lack of floxed or even 

KO alleles in the SJL strain. For that reason we decided to use the CRISPR-CAS9 system to 

generate H2-Ab1 KO SJL mice. The rationale was to cross H2-Ab1KO SJL to 

Cx3cr1CreER/CreER:H2-Ab1flox/WT C57BL/6 mice and to use the Cx3cr1CreER/WT:H2-Ab1flox/KO F1 

(H-2b(fl)/-) offspring (hereby referred to as MgΔMHC-II) and their Cx3cr1CreER/WT:H2-Ab1WT/KO 

(H-2b/-) littermate controls in the RR-EAE paradigm (Figure 20G). Since the genome of SJL 

mice is not available, we first amplified and sequenced the region of interest using primers 

located in conserved regions among 16 different strains. Accordingly, we designed two 

guide-RNAs spanning the promoter and first exon region of the H2-Ab1 locus (detailed in the 

method section). A considerable number of SJL mice (11 mice) with a homozygous deletion of 

~300bp of the promoter and first exon of the H2-Ab1 gene were successfully generated 

(detailed in the methods section). Surprisingly, and in contrast to C57BL/6 H2-Ab1 KO mice, 

which are when kept in an SPF facility healthy and fertile, SJL H2-Ab1 KO mice displayed 

signs of pathology and skin disorders (Figure 20C), and eventually died within a few weeks. 

Analysis of the blood of H2-Ab1 KO SJL mice showed that the animals were devoid of CD4+ 

T cells (in line with reports from C57BL/6 H2Ab1 KO mice) (Figure 20A, up). On top of that, 

the blood of H2-Ab1 KO SJL mice was enriched in myeloid cells (CD11b+), specifically with 

monocytes and neutrophils (Figure 20A, down). qPCR analysis of the white blood cells of 

these mice showed undetectable H2-Ab1 transcripts (Figure 20B), confirming the successful 

deletion of the gene. These results demonstrate that we successfully disrupted the H2-Ab1 gene 
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of the SJL strain, in a way that let to abrogation of the mRNA and resulted in depletion of CD4+ 

T cells, accumulation of monocytes and neutrophils and finally death of the KO animals. We 

eventually succeeded to obtain four SJL offsprings from one of the H2-Ab1 KO SJL animals. 

Genotyping surprisingly showed only the WT, but not the KO band in those pups (Figure 20D). 

Flow cytometry analysis of their blood B cells showed a heterozygous expression of H-2s 

(Figure 20F). The heterozygosity of the protein expression but the lack of a KO bend in the 

genotyping suggested the presence of a bigger deletion in one allele. A PCR reaction designed 

for a larger area (~1200bp) picked up the mutated allele (~900bp) in these pups (Figure 20E). 

These animals were further crossed either to each other to generate mice with homozygous 

deletion, or to BL6 MHC-II flox animals to generate F1 MgΔMHC-II mice. 

Flow cytometry analysis of blood B cells in F1 pups from the cross of H2-Ab1KO/WT SJL to 

BL6 Cx3cr1CreER/CreER:H2-Ab1flox/WT (Figure 20G) mice showed either co-expression of the H-

2s (the SJL haplotype) and H-2b (the BL6 haplotype) or only H-2b, representing mice harboring 

the WT or KO H-2s allele respectively (Figure 20H). At the time of writing we had a group of 

MgΔMHCII mice treated with TAM and we are ready to perform the RR-EAE experiment 6 weeks 

after TAM treatment. Other than MgΔMHCII mice we have littermate controls that are H-2s/b(fl), 

H-2-/b and H-2s/b, therefore we will know the effect of each allele on the disease course.  
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Figure 20. Generation of SJL H2-Ab1 KO mice. (A) Flow cytometry analysis of blood of WT and H2-Ab1 KO SJL mice. 
Upper plots are CD3+ T cells, and lower plots are myeloid CD11b+ cells, left are WT and right are H2-AB1 KO, showing 
depletion of CD4+T cells and accumulation of monocytes and neutrophils. (B) qPCR analysis of H2-Ab1 and Actin 
(actb) from whole white blood cells extracted using ACK lysis of RBCs, in SJL H2AB1 KO and WT. (C) Images of SJL 
H2AB1 KO mice generated with Crispr-Cas9 showing poor condition of these mice. (D+E) genotype analysis of the 
pups of the crispr founder crossed to WT mouse, genotyped with short product primers (D), or with long product 
primers (E) showing KO bend only with the long-product primers. (F) Flow cytometry analysis of B cells in the blood 
of pups of the crispr founder showing heterozygous expression of the I-As. (G) scheme of crossing mice to generate F1 
mice with specific MHC-II deletion in microglia. (H) Flow cytometry analysis for I-As and I-Ab in F1 pups generated as 
in G, showing KO of the SJL haplotype. 
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Interferon Gamma Receptor (IFNγR1) deficiency in microglia in RR-EAE 

To further investigate the mechanisms controlling microglial response in RR-EAE, we 

turned to the interferon gamma (IFNγ) response. The interferon response was prominently 

activated in microglia according to our RiboTag data, as reflected by the of IFNγ response 

genes, such as Irf1, H2-Ab1 and Cxcl9 (Figure 11). 

IFNγ is secreted by myelin-specific encephalitogenic Th1 cells that infiltrate into the 

CNS62,135. IFNγ is considered a pathogenic cytokine in MS since the injection of IFNγ to MS 

patients exacerbated symptoms136. IFNγ concentration in the CSF and serum of MS patients is 

increased compared to healthy controls and has been detected in active areas of MS 

lesions137,138. Animal studies support this notion as injection of IFNγ to the blood or CNS of 

healthy animals resulted in an inflammatory pathology resembling EAE66,67. However 

surprisingly, worsened symptoms of EAE were seen upon the administration of IFNγ blocking 

antibodies139, as well as in IFNγ or IFNγR deficient animals68–71,140, indicating a complex role 

of IFNγ in EAE and MS. Indeed it was suggested that IFNγ might play distinct roles at different 

stages of EAE72,73, as injection of IFNγ prior to EAE onset worsened the disease, but its 

administration after onset was protective, and depended on IFNγR signaling141. Cell-specific 

contributions of IFNγ and IFNγR in RR-EAE has not been addressed. Here we aimed to dissect 

the specific contribution of microglial IFNγ-response to RR-EAE.  

Similarly to the case of MHC-II, we first had to generate IFNGR1 KO mice (Figure 21). 

We first sequenced the 5’ end of the SJL Ifngr1 gene and designed two guide RNAs that span 

the promoter and first exon (detailed in the method section). Using the CRISPR/Cas9 approach 

we successfully deleted ~200bp that included the promoter and first exon of the Ifngr1 gene 

(Figure 21B, 21C, for details see methods section). Flow cytometry of blood monocytes of the 

respective B6*SJL F1 hybrids and controls confirmed reduced expression of IFNγR1 (Figure 

21E). At the time of the writing, we have established TAM treated MgΔIFNγR1 mice as well as 

littermate controls that will be challenged with RR-EAE.  
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Figure 21. Generation of IFNGR1 KO SJL mice. (A) Scheme of the IFNGR1 gene (up) and the deletion design 
(down). (B) sequencing of the deleted allele (black) aligned with WT IFNGR1 gene using UCSC genome browser. (C) 
genotyping of crispr founders showing ~200bp deletion. (D) Scheme of crossing SJL and BL6 mice to generate F1 
MgΔIFNγR1 mice. (E) Flow cytometry analysis of blood monocytes from F1 mice showing heterozygous expression of 
IFNGR1. 
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Discussion  

The main topic of this thesis was the study of microglia in their physiological brain context, 

including contributions of these cells to physiology and pathophysiology. In a first set of 

experiments (Part I) I compared experimental approaches to retrieve microglia expression 

signatures from brains of untreated and challenged animals. Specifically, we defined strengths 

and weaknesses of the classical cell isolation- and sort-based protocols and the RiboTag 

strategy107, that relies on poly-ribosome-attached-mRNA immunoprecipitation from crude 

tissue extracts. In Part II of my thesis, I then utilized the advantages of the RiboTag in 

combination with a murine remitting-relapsing MS model to dissect microglia-specific 

contributions to the RR-EAE disease course. Below I review the pros and cons of the respective 

microglia profiling techniques, and will then discuss our new insights into the role of microglia 

in EAE and MS pathology. 

 

The RiboTag strategy was originally introduced by McKnight and colleagues and applied 

to expression profiling of neurons and Sertoli cells107. Cell type-specificity of the approach 

depends on the accuracy of the Cre-drivers that is combined with the Rpl22HA allele. This aspect 

is highlighted in our study by the side-by-side comparison of Cx3cr1Cre and Cx3cr1CreER 

animals, which revealed the superiority of the inducible system to achieve brain macrophage 

specificity and exclude neurons. As in the case of Cx3cr1Cre animals reported here, LysMCre 

mice that were assumed to be myeloid cell-specific also target neurons112, as were Sall1CreER 

animals115 139. However, as reported earlier and confirmed in this study, even Cx3cr1CreER mice 

not only target microglia, but also non-parenchymal macrophages114. In situations where 

subpopulations can be phenotypically discriminated, as in the case of CD45int microglia and 

CD45hi perivascular macrophages, sort-based approaches, potentially combined with a 

RiboTag analysis like in this study, can hence be advantageous. This emphasizes the need for 

the development of novel Cre transgenic lines targeting microglia, including combinatorial 

approaches, such as the split-Cre strategy142 (Kim et al, in press), to improve cell type- or 

lineage-specificity. Importantly, current tests for accuracy of Cre transgenic lines are based on 

their combination with reporter alleles and the analysis of resulting double transgenic animals 

by flow cytometry. Our results, and a follow up study that revealed the promiscuity of the 

SallCreER model115, demonstrate that the RiboTag approach provides a useful complementary 
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method to determine Cre line specificity, in particular for cell types, such as neurons and 

endothelial cells that are notoriously difficult to isolate for flow cytometric analysis. 

Transcriptome profiling either of bulk populations or more recently single cells, has been 

widely used to infer on protein expression and functional states of specific cell types, as well 

as to define responses to stimuli. It should be noted that macrophage expression signatures tend 

to be contaminated by material that the phagocytes ingested from their surroundings118. Since 

the RiboTag strategy only retrieves mRNAs that are associated with HA-epitope tagged host 

cell ribosomes, it excludes such exogenous material, and hence allows identification of bona 

fide macrophage mRNAs. 

Not all transcripts in a cell are translated, but a considerable fraction is now known to be 

retained in incompletely spliced form in nuclei, or sequestered until further use in 

membrane-less organelles, called P bodies or ‘stress granules’101,121. In collaboration with the 

Ulitzky team at the Weizmann Institute, we could show that the RiboTag approach efficiently 

excludes these sequestered mRNAs, that otherwise contaminate the whole cell transcriptome. 

Ribosome-associated mRNAs, as retrieved by the RiboTag approach are considered to 

reflect the translatome. Interestingly though, the microglial response to LPS using an analog 

experimental system, showed that mRNAs induced by the challenge can be associated with 

ribosomes but prevented from translation by binding of a splicing factor to their 3'UTRs143. 

Like other emerging layers of posttranscriptional expression control, this mechanism, which 

was revealed by a combined transcriptome and peptidome analysis on immunoprecipitated 

ribosomes, requires however further study. 

Above we listed advantages of the RiboTag approach, but an inherent weakness of this 

protocol is the fact that for confident assessment of gene expression in the targeted population, 

the method relies on an enrichment of the specific mRNA over the input, i.e. the whole tissue 

extract. The RiboTag approach hence precludes statements on the expression of genes that are 

equally expressed in the target cells and the surrounding tissue. For the assessment of these co-

expressed genes, sort-based strategies might be superior, although these also bear caveats, as 

outlined below. 

Side-by-side comparison of the translatomes isolated by IP from crude tissue extracts and 

from sorted microglial cells with whole cell transcriptomes revealed a number of short-comings 

of the latter. First, we noted a prominent activation signature that is presumably introduced 

during the process of cell extraction from their tissue context. This artifact comprised 

proinflammatory genes, such as Cd86, Tlr4 and Tlr7, and will have to be considered in 
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microglia profiling studies. Importantly, this robust and reproducible artifact could not be 

discerned when control and test samples were processed similarly. Rather we found that the 

isolation procedure had a differential impact on microglia retrieved from either challenged or 

unchallenged animals. Of note, artifacts like the ones we report here that are introduced during 

the isolation procedure, were shown to be significantly reduced, when the transcription inhibitor 

actinomycin D (ActD) was included during the cell preparation106,144. 

Taken together, the first part of our study shows that cell isolation coupled with sort-based 

methods and the RiboTag approach both have strengths and weaknesses, which should be 

considered when experiments are designed and conclusions are drawn. Cell isolation bears the 

risk of artifacts that might significantly confound transcriptome-based studies, including single 

cell analysis. Our study should hence caution experimentalists and make them aware of the 

'observer effect' that is well established in physics145, but often less appreciated in biology. 

 

In the second part of my thesis we decided to address a major question in microglia 

research, i.e. to what extend these cells are able to interact as antigen presenting cells and shape 

T cell immunity, for instance in the setting of autoimmune encephalitis. Specifically, we 

resorted to a model of relapsing-remitting EAE, which better resembles the clinical course and 

histopathology of RR-MS lesions and might share relevant mechanisms of immune regulation. 

Unlike the monophasic chronic model in C57BL/6 mice, the (SJL*B6) H-2s/b model enables to 

study mechanism that are involved in recovery or relapse, on top of induction. In addition, it 

allows to relate mechanisms and changes in gene or protein expression to clinical outcome, and 

to deduce mechanisms contributing to pathology and recovery. In contrast, mouse models 

lacking recovery, but also human post mortem histopathology analysis, lack temporal and 

potential future clinical consequences, thus are limited with respect to functional implications 

deduced from gene expression or protein staining.  

We took advantage of the combination of fate mapping and advanced translatomics 

features of the RiboTag to dissected microglia specific contributions to RR-EAE. The exact 

role of microglia in the EAE course remains debated and challenging to address due to the high 

resemblance of microglia and infiltrating monocyte-derived cells. As we established earlier110, 

the TAM-inducible Cx3cr1CreER system allows to exclude monocytes and their derivatives. The 

Cx3cr1CreER system however also targets barrier associated macrophages (BAM), some of 

which are long lived102,114. While the exact kinetics of BAM replacement under EAE are not 

known, BAM are probably replaced by monocyte-derived ‘WT’ cells that are not labeled with 
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HA. Moreover, even if some BAM remained labeled, they represent a very low percentage of 

the HA+ population (<10%), and our translatomes probably largely reflect microglia. 

Although microglial turnover was broadly studied in steady state22,146, microglia half lives 

in pathology are less known. Studies show that microglia are replaced from CNS internal pools 

with low turnover rates in steady state. During demyelination microglia undergo apoptosis and 

repopulation to enable recovery147,148. Here we show by the persistent HA tag that microglia 

are a stable population even upon EAE pathology. While it is possible that the cells undergo a 

major turnover, which is suggested by the proliferation signatures we observed, it seems that 

dying cells are replenished solely from internal pools by local proliferation – not only in steady 

state – but in pathology as well.  

The response of microglia for the first induction of EAE included marked downregulation 

of microglia signature genes and activation of proliferation, a previously described phenotype 

in EAE18,85. At the initiation, microglia also upregulate genes related to immune response e.g. 

MHC-II, ICAM-1 and CD40, the expression of which peaks at the maximal stage of the disease. 

Since our analysis is at the population- but not single-cell level, it is possible that the gene 

upregulation we observe is not uniform throughout the entire population, but rather represents 

a mixture of responding and non-responding cells. Flow cytometric analysis of microglial 

MHC-II, ICAM-1 and PDL1 showed that indeed, at the initiation there is a wide range of 

expression levels of these surface molecules by microglia. However, at the max stage all 

microglia expressed a uniform high level of these molecules.  

The timing of the expression of molecules that are related to T cell priming and immune 

cell activation is interesting. The expression was minimal at pre-onset but peaked at the max 

stage, potentially implying that these molecules are not likely to prime pathogenic T cells but 

maybe more likely to be involved in recovery. This would be in line with evidence form our 

group that microglia are dispensable as APC for the local restimulation of autoreactive T cells94, 

which is supplied by monocyte-derived cells149.  

Interestingly, one of the mice we analysed at the initiation showed gene expression levels 

resembling the max stage, and also clustered with max in the PCA plot. Indeed, certain 

individual mice develop only a mild disease and recover. It is tempting to speculate that mice 

whose microglia express high levels of immune-related molecules might have developed 

decreased pathology and earlier recovery. 

Upon recovery from EAE, even though mice were clinically healthy, microglial 

translatomes did not return to steady-state levels. Microglia signature genes remained low and 
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genes related to antigen presentation and IFNγ response decreased to some extent, but did not 

reach steady-state levels. One possible reason for this could be that the BBB might still be 

compromised, allowing immune cell infiltrates and microglial exposure to serum proteins, such 

as fibrin that is known to activate microglia150. The BBB is known to be impaired in B6 EAE151, 

but no data are available for the RR-EAE disease course of the (SJL*B6) H-2s/b model. We are 

therefore in the process to investigate BBB integrity at the remission stage by measuring the 

leakage of different sized dextran conjugates into the parenchyma following their intravenous 

injection. 

Surprisingly, upon relapse the microglial expression pattern remains essentially unaltered 

with no significantly changed genes from cure to relapse. It seems that microglia are inert to 

the second response, potentially since they are at an intermediate activated or exhausted state. 

This also strongly suggests that as in the initiation, microglia are not the cause of the relapse, 

rather they are bystanders. We did not follow the disease beyond the second relapse, and thus 

do not know whether in our model under our animal facility conditions, mice experience a 

second recovery following relapse. It is intriguing whether the lack of the responsiveness of 

microglia to the second relapse correlates with the lack of a second recovery. 

 

Microglia de novo upregulate MHC-II expression in EAE, albeit to a lesser extent than 

professional APCs, such as dendritic cells (DC)152,153. The ligation of low MHC-II levels to T 

cell receptor (TCR) was suggested to have a regulatory role in anergizing T cells rather than 

priming them154. Indeed, ex-vivo activation of microglia by low doses of IFNγ induced low 

levels of MHC-II, that when incubated with naïve CD4+T cells, lead to the generation of 

regulatory T cells155. Such in-vitro assays should however be taken with a grain of salt, since 

microglia lose their identity once out of their physiological environment156.  

For efficient T cell priming, APCs require both MHC-II molecules and co-stimulatory 

molecules such as CD80, CD86 and CD40, the absence of which can alternatively cause T cell 

apoptosis or anergy157. Interestingly, our RiboTag RNA-seq data showed that microglial 

expression of CD80 and CD86 was very low, below our cut off value of 50 reads, and was not 

upregulated upon disease (data not shown). In contrast, the expression of CD40 and the 

adhesion molecule ICAM1 reached high levels at the max stage. In addition, ICOSL – a 

co-stimulatory molecule important for the priming of regulatory T cells was also highly 

expressed by microglia.  
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Locally produced cytokines mediate inflammatory, anti-inflammatory and immune 

modulatory properties through complex interactions within microenvironment-specific cellular 

networks. We did not find evidence for microglial expression of cytokines that are essential for 

controlling pathogenic Th cell fate, such as IL-4, IL-6, IL-22, IL-23 or IL-10. Interestingly, the 

only cytokine components we could find to be significantly expressed by microglia at high 

levels were Ebi3, encoding the IL27b subunit of IL-27 (and of IL-35), and Il-16. The 

development of tissue-induced Treg cells was shown to be dependent on IL-27158,159. IL-16 role 

in the attraction of Treg cells has been described160, and suggested that at sites of inflammation 

IL-16 may contribute to the expansion of Treg cell through the preferential induction of a 

migratory response from existing Treg cells, as well as by the induction of de novo generation 

of Foxp3+ cells. 

Interestingly, we also found microglia to express IL-18 binding protein (Il18bp), ILT3 

(Lilrb4a) and PDL1 (CD274) which are known as inhibitory molecules that promote anergy of 

T cells and prevent T cell proliferation as well as cytotoxic functions161,162,163. In cancer research 

these molecules are described to be expressed on myeloid-derived suppressor cells and to play 

a central role as immune checkpoint inhibitors by regulating T cell mediated responses164,165,166. 

Altogether the expression profile of microglia, i.e. relatively low MHC-II levels, partial 

expression of co-stimulatory molecules, as well as expression of inhibitory molecules and 

cytokines related to Treg attraction and stimulation, suggest that microglia might act as 

regulatory cells. Rather than restimulating pathogenic effector T cells, microglia might promote 

the differentiation of CNS-resident regulatory T cells, enhance their attraction and local 

proliferation. Interestingly, the expression of these molecules peaked at the max stage and 

gradually decreased and remained low in cure and relapse. One could speculate that these 

molecules might aid to resolve the damage at the max stage and lead to remission, while low 

expression at the later stages might enable to unleash the 2nd response. 

 

Following the detailed examination of the microglial expression profile that suggest a 

tolerogenic potential, it was not surprising that their depletion resulted in a prominent halt of 

recovery from EAE and in the accumulation of CD4+ T cells. Previous studies of microglia 

depletion in EAE yielded controversial results due to different depletion strategies. Chemical 

inhibition of CSF1R (that results in microglia depletion) in EAE from day 7 post immunization 

in C57BL6 mice resulted in attenuation of EAE, suggesting a pathogenic role for microglia167. 

Quite the reverse, a similar depletion method although in NOD mice (that succumb to RR-EAE) 



 

 

 

67 

from day 20 onwards – showed an exacerbated relapse with increased levels of CD4+T cells – 

indicating a protective role of microglia168. However, it was recently shown that CSF1 receptor 

antagonists are not specific for microglia, but have confounding systemic effects on 

hematopoiesis and macrophage functions169. Acute depletion prior to or post EAE induction 

using the iDTR system in the chronic model was shown to result in increased disease and 

increased mortality170. However, the significance of an acute depletion is not clear as microglia 

quickly repopulate once the depleting agent is withdrawn15,171. Moreover, cell ablation 

experiments always bear the risk of collateral damage172. Overall, the results of microglia 

depletion experiments in EAE remain contradictory. Nonetheless, our results would be in line 

with the work of the Yamashita group, which proposed that microglia suppress the secondary 

progression of autoimmune encephalomyelitis by influencing the CD4+ T cell compartment in 

a comparable RR-EAE model to ours168.  

The relationship between microglia and T cells was further reinforced by our finding of 

intimate interactions of these cells in the tissue, either in the form of clusters or by individual 

cell-cell interactions, mediated through focal MHC-II centred in the contact area between the 

cells. Microglia-T cell nodules have been described previously in brain tissue from patients, 

and were proposed to be pre-active lesions due to activation of STAT1 in those cells87. 

However, post mortem analysis precluded conclusions on functional contributions. Here we 

propose that the timing of the formation of Mg-T doublets has a pro-recovery effect and clinical 

significance: At the initiation, although there were many T cells in the tissue, not many Mg-T 

cells were formed – rather the frequency of Mg-T doublets peaked at the max stage, coinciding 

with: (1) the anergizing expression profile of microglia, (2) the decreased abundance of tissue 

T cells, and (3) with the subsequent recovery. Therefore, we propose that Mg-T conjugate 

formation might contribute to regulation of the pathology. Although some of the observed 

doublets were probably generated during the ex-vivo isolation procedure, such a stage- and 

cell-state-dependent formation of Mg-T doublets argues against a mere artifact; rather it implies 

a biologically relevant interaction between microglia and T cells that potentially contributes to 

recovery. 

Such a scenario, would also be supported by our finding that Cxcl9 expressing microglia 

are in association with Cxcr3 expressing lymphocytes, suggestive of chemoattraction of T cells 

by microglia. Supported by the literature describing the role of CXCR3+ Treg cells126,173–175, we 

speculated that a chemical blockade will recapitulate previous finding128,129. However, this was 

not the case, potentially due to the fact that the chemical delivery to the CNS might be 
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inefficient. A repeat of this experiment, would have to include controls for proper delivery and 

activity of the chemical in the brain to verify the activity of the inhibitor. A more precise way 

to address the question of Treg CXCR3 involvement would be to genetically target microglial 

Cxcl9 or a Treg specific deletion of Cxcr3. This will however require generation of the 

respective floxed or KO SJL animals.  

Of note, in our analysis of Cxcl9 expression we excluded monocytes and neutrophils. 

Recently, a pathogenic CXCL9+ CXCL10+ monocyte subset in EAE was described176. It is 

intriguing why two cell types with different effects on pathogenicity will express the same 

cytokine. One possibility would be a competitive attraction of pathogenic T cells by monocytes 

and microglia, when one recruits (and/or primes) pathogenic T cells, while the other would 

interact to anergize them. 

 

Further analysis of T cell subsets in the Mg-T doublets revealed that Treg cells were 

enriched in the Mg-T doublets compared to their frequencies among singlet T cells, suggesting 

a preferred interaction of microglia with Treg cells. Foxp3+ Treg cells can be generated in the 

thymus (tTreg) or induced peripherally (pTreg) in lymphoid or non-lymphoid tissues where 

they acquire tissue-specific suppressive programs76. In EAE, tTreg cells migrate to the CNS, 

become activated in a TCR-dependent manner, expand, and acquire suppressive Treg effector 

functions78,79. Their effector regulatory phenotype is regulated by the transcription factor 

Blimp1, which stabilizes Foxp3 expression and controls IL-10 expression77. Loss of Blimp1 in 

Treg cells leads to exacerbated EAE77. However what controls tissue specific TCR selection 

and clonal proliferation of Treg cells in EAE remains unknown. Here we propose that 

microglia, due to their regulatory expression profile discussed above, might be the missing link 

as the local APC that drive Treg attraction, priming and expansion.  

Somewhat counterintuitively, we found that mice that harbor WAS deficient microglia 

(MgΔWAS) accumulated FOXP3+ Tregs, even though they failed to recover from EAE. It is 

possible that the accumulating Treg cells did not acquire effector functions and thus are 

dysfunctional. Like other WAS deficient APCs, which fail to form a functional immune 

synapse133, also WAS deficient microglia might fail to present antigen to T cells and mediate 

their anergizing functions. This could lead to accumulation of immature Foxp3+ cells that 

cannot be locally primed to differentiate into effector regulatory cells that express Il-10 and 

control inflammation. To address this, Treg effector phenotypes should be analysed including 
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the expression of BLIMP1, GITR, ICOS, OX40, IL-10 and even a global transcriptome analysis 

of Treg cells isolated form brains of WT and MgΔWAS mice.  

Another Treg cell type that was described, does not express Foxp3 but rather depends on 

the transcription factor Foxa1, which is induced by IFNβ and requires IFNAR signalling177. 

FoxA1+ Treg cells develop and proliferate locally in the CNS. It is not known whether these 

cells depend on TCR signalling or what are the cues that drive their expansion in the CNS. 

However, the effect of microglial defects on the generation and function of FoxA1+ Treg cells 

would be interesting to test.  

 

Treg cells depend on TCR signalling to exert their regulatory functions and a lack of TCR 

results in loss of the effector regulatory phenotype80,81. To specifically dissect an effect of 

microglia on CD4+ T cells in the context of MHC-II and TCR interactions, one will require an 

experimental system that allows microglia-specific MHC-II deletion. Since MHC-II deletion in 

microglia has no impact on generation of pathogenic T cells94, we speculate that it might be 

important to mediate TCR dependent transition of regulatory cells to effector cells and might 

be involved in TCR selection and clonal expansion of Treg cells.  

To address this question we generated a new line of H2-Ab1 deficient SJL mice. We are 

in the process to generate (SJL*B6) H-2s/b hybrids that harbor a floxed B6 H-2b allele and a 

mutant SJL H-2s allele, which will ,in combination with the Cx3cr1CreER transgene, allow the 

conditional microglia-specific MHC-II ablation. An important question to answer is whether 

the deletion of the H-2s haplotype of the SJL strain will impact the disease course of the 

(SJL*B6) H-2s/b F1 mice and generate the relapsing and remitting model as we have seen until 

now. If this is the case, we will be able to address whether cognate interactions of microglia 

and Treg cells are critical for the remission.  

Surprisingly, we noticed that MHC-II KO SJL mice generated by the CRISPR/Cas9 

technology did not survive past few months of age and developed signs of a spontaneous 

autoimmune disease. At the cellular level, the mice displayed massive accumulation of 

monocytes and neutrophils, as well as CD8+ T cells in the blood. Also crosses of the following 

SJL generations did not result in a mice harboring homozygous deletion of MHC-II, suggesting 

that the MHC-II mutation in this strain could be lethal, as oppose to the C57BL/6 strain. This 

potentially opens up a new field of study addressing the basic questions of strain specificity 

effect of gene deletion on hematopoiesis.  
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To summarize, we implement the RiboTag method to microglia research that enabled us 

to focus on translated mRNA, screening out artifacts. We further performed longitudinal 

analysis of microglial translatome throughout the course of RR-EAE. We provide evidence that 

microglia display a tolerogenic expression profile and interact with T cells, suggesting that 

microglia are involved in the recovery from RR-EAE. The underlying specific mechanisms 

remain to be studied, such as the role of MHC-II and its inducer – the IFNγ response.  

Hopefully this study will give rise to more studies yet to come that will approach the 

question of cell-specific contributions to EAE and MS. Such detailed analyses will provide a 

more comprehensive understanding of the immune-modulatory mechanisms that control 

pathologies like MS and will allow the development of more specific drugs and intervention 

strategies. For example, broad spectrum immunosuppressant drugs or the targeting of specific 

immune related functions that induce the immune modulatory effect can impair the beneficial 

response of immune regulatory cells. A better understanding of the mechanisms will allow to 

develop better immune modulatory drugs to treat pathologies like MS and others.  
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Methods  

Animals. Mice were maintained on a 12 hr light/dark cycle, and food and water were provided ad 

libitum. Animals for RiboTag calibration of the first part were on C57BL/ 6JOlaHsd background, for 

RR-EAE experiments SJL/J purchased from Harlan were crossed to relevant C57BL/ 6JOlaHsd mouse 

strain as described for each section. All mice were maintained in specific pathogen-free (SPF) conditions 

and handled according to protocols approved by the Weizmann Institute Animal Care Committee 

(IACUC), as per international guidelines. The strains used included: Cx3cr1Cre mice (JAX stock # 

025524; B6J.B6N(Cg)-Cx3cr1 tm1.1(cre)Jung/J); Cx3cr1CreER mice (JAX stock # 020940; B6.129P2(C)-

Cx3cr1tm2.1(cre/ERT2)Jung/J) ; RPL22HA/HA (JAX stock # 011029; B6N.129-Rpl22 tm1.1Psam/J); Rosa26-YFP 

reporter mice ; Ifngr1fl/fl (JAX stock # 025394; C57BL/6N-Ifngr1tm1.1Rds/J) and H2-Ab1fl/fl (JAX stock 

# 013181; B6.129X1-H2-Ab1tm1Koni/J). WASfl/fl mice were a kind gift from the lab of Fabio Candotti 

(Lausanne, Switzerland). The presented Ribotag data were generated with animals homozygote for the 

Rpl22HA allele and heterozygote for the modified Cx3cr1 alleles. RR-EAE experiments were done on 

heterozygote mice for the Rpl22HA allele. 

 

Generation of SJL KO mice using CRISPR-Cas9. CRISPR guides were chosen using several 

design tools, including: the MIT CRISPR design tool178 and sgRNA Designer, Rule set 2179, in the 

Benchling implementations (www.benchling.com), SSC180, and sgRNAscorer181, in their 

websites. Guides for H2ab1 gene: upstream: GACTCCGAAAGTAAGTGCCG, 

downstream: TTACAAAGGCTCTCTATGCG. Guides for Ifngr1 gene: 

upstream: CTAGTCGCCAAGTCCGCAAG, downstream: GGCTCGGAGAGATTACCCGA. All 

mouse experiments were approved by the Weizmann Institute’s IACUC committee and were carried out 

in accordance with their approved guidelines. Ifngr1 and H2-Ab1 KO SJL mice were generated at the 

Weizmann Institute of Science, Rehovot, Israel, using CRISPR-Cas9 genome editing in one-cell 

embrys182, obtained via in vitro fertilization (IVF)183 on the SJL background. crRNA and tracrRNA and 

Cas9 protein were purchased from IDT - Integrated DNA Technologies, Inc. RNPs were delivered to 

one-cell embryos via electroporation using the Biorad Genepulser. See Table 3 for genotyping primers, 

followed by DNA sequences of KO animals. 

 

 

http://www.benchling.com/
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Tamoxifen (TAM) treatment. Five grams of Tamoxifen were dissolved in 5ml of 100% Ethanol, 

vortexed and supplemented to 50ml with corn oil (Sigma), warmed in 55˚C for several hours until 

completely dissolved, aliquoted and kept in -20 till use. To induce gene recombination in CreER 

transgenic mice, TAM was administered orally via gavage 50μl/dose for four times every other day. All 

animals were TAM-treated at 4-6 weeks of age. Each oral application was of 5mg at a concentration of 

0.1 mg / μl. Mice were examined 8 weeks following treatment. For the LPS treatment, mice were 

injected intraperitoneally (i.p.) with a single dose of LPS [2.5 mg/kg; E. coli 0111:B4; Sigma]; controls 

received or the same volume of vehicle solution (PBS). 

 

EAE induction and assessment. For EAE induction, mice were injected (day 0) subcutaneously 

on both sides of the body with 100 μL of emulsion containing a 1:1 ratio of 2 mg/mL PLP139-151 peptide 

(HCLGKWLGHPDKF) (GeneScript, USA) in PBS and Complete Freund's Adjuvant (Sigma) 

(composed of Incomplete Freund’s Adjuvant supplemented with killed M. tuberculosis (BD) at 

10mg/ml). Mice were supplemented with 200 ng pertussis toxin (Sigma) administered i.p. on day 0 and 

2. For WAS experiments, the emulsion was prepared as above with the following modifications: 

Complete Freund's Adjuvant (Sigma) supplemented with killed M. tuberculosis (BD) at 2mg/ml and 

pertussis toxin 50ng of per injection. EAE was assessed according to accepted assessment index51. The 

mice were weighed and monitored daily by being held at the base of the tail. The index is as follows: 

0—no symptoms; 0.5— limp tail; 1—complete tail paralysis; 1.5—limp gait reflex; 2—loss of gait 

reflex; 2.5—one hind limb paralysis; 3—complete hind limb paralysis; 3.5—one forelimb paralysis; 

4—complete fore limb paralysis, mice are sacrificed due to humane reasons. 

 

Administration of Chemicals to mice. (+/-)-AMG 487 (Tocris, Cat#4487) was dissolved in 45% 

(2-Hydroxypropyl)- beta-cyclodextrin solution (Sigma) and injected at 5mg/kg in 20% (2-

Hydroxypropyl)- beta-cyclodextrin in PBS solution every day intraperitoneally. Vehicle was 20% (2-

Hydroxypropyl)- beta-cyclodextrin in PBS at same volume to weight ratio as AMG. For microglia 

depletion using diphtheria toxin, Cx3cr1CreER iDTR mice were treated intraperitoneally with diphtheria 

toxin (sigma, cat# D0564) 500ng/mouse in PBS from day 3 post immunization, every other day until 

termination of experiment. PBS injections served as control. 
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Microglia isolation protocols. Mice were anesthetized with Pental (1:2 in PBS) and were perfused 

with PBS. Brains were dissected, crudely chopped and incubated for 20 min at 37°C in a 1 ml HBSS 

solution containing 2% BSA, 1 mg/ml Collagenase D (Sigma) and 50µg/ml DNase1 (Sigma). In the 

middle of incubation homogenates were pipetted for further dissociation. Next, the homogenates were 

filtered through a 150μm mesh, washed with cold FACS buffer (2% FCS, 1mM EDTA, 0.05% Sodium 

Azide in PBS-/-) and centrifuged at 2200 RPM, at 4°C, for 5 min. For the enrichment of microglia, the 

cell pellet was re-suspended with 3ml of 40% percoll solution and centrifuged at 2200 RPM, no 

acceleration and breaks, at RT for 15 min. Next, the cell pellet was resuspended in FACS buffer, passed 

through 80µm mesh, washed with 5ml FACS buffer and centrifuged at 1400 RPM at 4°C for 5 min, 

followed by antibody (Ab) labeling and flow cytometry analysis. For the protocol excluding the digest, 

brains were chopped and then filtered through a 150μm mesh. The subsequent steps were as above, but 

without the enzymatic digest. 

 

Flow cytometry, cell sorting and Image Stream. Antibodies against CD11b (M1/70), Ly6C/G 

(Gr-1) (RB6-8C5), CD45 (30-F11), CD4 (GK1.5) TCRb (H57-597) Foxp3 (MF-14) RORγt (B2D), I-

Ak (10-3.6), I-Ab (AF6-120.1), ICAM1/Cd54 (YN1/1.7.4), PDL1/CD274 (10F.9G2), TMEM119 (106-

6), IFNGR1/CD119 (2E2 or GR20), HA.11 (16B12) purchased from Biolegend, eBioscience, BD or 

Abcam were used. For intracellular transcription factor staining True-Nuclear™ Transcription Factor 

Buffer Set (Biolegend) was used according to manufacture instructions. Flow cytometric analysis was 

done on LSR Fortessa 4 lasers (BD). Samples were flow sorted using AriaIII (BD Biosciences, BD Diva 

Software) cell sorter. Analysis was performed on Fortessa (BD Biosciences, BD Diva Software) and 

analyzed with FlowJo software (Treestar). For Image Streatm, single-cell suspension was resuspended 

in ~30μl FACS buffer and acquired in ImageStreamX Flow Imager system with 5 lasers. Data analysis 

was done using IDEAS 6.2 software. 

 



 

 

 

74 

Immunofluorescence. Mice were anesthetized with Pental (1:2) and were perfused with PBS. 

Brains excised and fixed overnight in 2% paraformaldehyde. Brains were incubated for 72 hours in 30% 

sucrose prior to OCT (TissueTek) imbedding and freezing. Brains were sectioned to 30 µm and were 

kept as floating sections in PBS-Azide till use. For staining sections were put on a slide, let dry to adhere. 

For staining, slides were blocked in 5% donkey serum 0.5% Triton in PBS for 1.5 hours and incubated 

overnight in room temp with the primary antibody. The next day slides were washed 3 times in PBSX1 

and conjugated with secondary antibody for 1 hour in room temp. Before covering samples were washed 

3 times and incubated for 3 minutes with Hoechst 1:10,000. Sections were analyzed by confocal laser 

scanning microscope Zeiss 880. Image acquisition was processed by Imaris software. The following 

antibodies were used: Mouse anti-HA.11 (1:100, Covance), Goat polyclonal anti-Iba1 (1:200, Abcam), 

I-A/I-E-Alexa Fluor 594 (clone M5/114.15.2, 1:100, biolegend), anti CD3ɛ-PE (clone 145-2C11, 1:100, 

biolegend), Rat anti Foxp3 (FJK-16s, eBioscience), Rabbit anti TMEM119 (28-3, Abcam) and Hoechst 

33342 (1:10,000, Invitrogen). 

 

Ribosome Immunoprecipitation (IP). Samples were extracted from mice, flash-frozen in liquid 

nitrogen and stored at −80 °C until use. Samples were homogenized on ice in ice-cold homogenization 

buffer (50 mM Tris, pH 7.4, 100 mM KCl, 12 mM MgCl2, 1% NP-40, 1 mM DTT, 1:100 protease 

inhibitor (Sigma), 200 units/ml RNasin (Promega) and 0.1 mg/ml cycloheximide (Sigma) in RNase free 

DDW) 10% w/v with a Dounce homogenizer (Sigma) until the suspension was homogeneous. To 

remove cell debris, 1 ml of the homogenate was transferred to an Eppendorf tube and was centrifuged 

at 10,000g and 4°C for 10 min. Supernatants were transferred to a fresh Eppendorf tube on ice, then 

10μl was removed for 'input' analysis and 10μg of anti-HA.7 antibody (H9658, Sigma) or 10µg of mouse 

monoclonal IgG1 antibody (Merck, Cat# PP100) was added to the supernatant, followed by 4 h of 

incubation with slow rotation in a cold room at 4 °C. Meanwhile, Dynabeads Protein G (Thermo Fisher 

Scientific), 100 μl per sample, were equilibrated to homogenization buffer by washing three times. At 

the end of 4 h of incubation with antibody, beads were added to each sample, followed by incubation 

overnight in cold room at 4 °C. After up to 12 h, samples were washed three times with high-salt buffer 

(50 mM Tris, 300 mM KCl, 12 mM MgCl2, 1% NP-40, 1 mM DTT, 1:200 protease inhibitor, 100 

units/ml RNasin and 0.1 mg/ml cycloheximide in RNase free DDW), 5 min per wash in a cold room on 

a rotator. At the end of the washes, beads were magnetized and excess buffer was removed, 100µl Lysis 

Buffer was added to the beads and RNA was extracted with Dynabeads mRNA Direct purification kit 

(Thermo Fisher). RNA was eluted in 6μl H2O and taken for RNA sequencing. For Sort-IP samples 

(RiboTag IP after sorting), ~50-100*103 cells were sorted into cold PBS, centrifuged 400g for 5 min at 

4°C. Supernatant was removed and the pellet was re-suspended in 1ml of lysis buffer, the rest of IP was 

continued as above.  
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RNA sequencing. RNA-Seq of populations was performed as described previously (Lavin 2014). 

In brief, 5,000 microglia cells were sorted into 50μl of Lysis Buffer (Life Technologies) and stored at -

80°C. mRNA was captured with Dynabeads oligo(dT) (Life Technologies) according to manufacturer’s 

guidelines. We used a derivation of MARS-seq184. Library concentration was measured with a Qubit 

fluorometer (Life Technologies) and mean molecule size was determined with a 2200 TapeStation 

instrument. RNA-Seq libraries were sequenced using Illumina NextSeq-500.  

 

Data Analysis. Raw reads were mapped to the genome (NCBI37/mm9) using hisat (version 0.1.6). 

Only reads with unique mapping were considered for further analysis. Gene expression levels were 

calculated using the HOMER software package (analyzeRepeats.pl rna mm9 -d <tagDir> -count exons 

-condenseGenes -strand + -raw). Normalization and differential expression analysis was done using the 

DESeq2 R-package. Differential expressed genes were selected using a 2-fold change cutoff between at 

least two populations and adjusted pValue for multiple gene testing < 0.05. Gene expression matrix was 

clustered using k-means algorithm (matlab function kmeans) with correlation as the distance metric. 

Heatmaps were generated using GeneE software. 

 

Analysis of Gene Features. For comparison of features between genes in cluster IIb and other 

genes, we used gene models from GENCODE vM13. Splicing efficiency was computed as by Tilgner 

and colleagues185 using polyA+ RNA-seq data from microglia186. Cytoplasmic/nuclear expression levels 

in liver and MIN6 cells were obtained using RNA-seq data from Bahar Halpern and colleagues123 

quantified using RSEM with GENCODE vM13 gene models. Cytoplasmic/nuclear ratios were 

computed using DESeq2s. 

  

Statistical Analysis. In all experiments, data are presented as mean ± standard deviation, if not 

stated otherwise. Statistical tests were selected based on appropriate assumptions with respect to data 

distribution and variance characteristics. Statistical significance was defined as P<0.05. Sample sizes 

were chosen according to standard guidelines. Number of animals is indicated as 'n'. Of note, the sizes 

of the tested animal groups were also dictated by availability of the transgenic strains and litter sizes, 

allowing littermate controls. Pre-established exclusion criteria are based on IACUC guidelines. Animals 

of the same age, sex and genetic background were randomly assigned to treatment groups. The 

investigator was not blind to the mouse group allocation, although tested samples were assayed blindly.  
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qPCR. mRNA was captured with Dynabeads oligo(dT) (Life Technologies) according to 

manufacturer’s guidelines. mRNA was reverse transcribed using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). PCR was performed with a SYBR Green PCR Master Mix kit 

(Applied Biosystems). Quantification of the PCR signals of each sample was performed by comparing 

the cycle threshold (Ct) values, in triplicates, of the gene of interest with the Ct values of the β-actin. 

See Table 2 for primers used for qPCR. 

 

Table 2. qPCR primers 

Gene Forward (5’3’) Reverse (5’3’) 

H2-Ab1 GACTGCCATTACCTGTGCCT GCGTCCCGTTGGTGAAGTA 

Actb GGAGGGGGTTGAGGTGTT TGTGCACTTTTATTGGTCTCAAG 

Cxcl9 CGAGGCACGATCCACTACAA AGGCAGGTTTGATCTCCGTT 

Cxcr3 GCCATGTACCTTGAGGTTAGTGA ATCGTAGGGAGAGGTGCTGT 

 

Table 3. Genotyping primers 

Gene Forward (5’3’) Reverse (5’3’) WT size KO size 

SJL H2-Ab1 Del1 AGTTGTCTATACTTCACGCACT CCGTTTATATGTCAGGCTCGC 649 355 

SJL H2-Ab1 Del2 TTAACCACATCACACTGCTCT AGGTTTCTTGGTCACTGGCT 1217 ~900 

SJL IFNGR1  GAGATTGCGTATTGGTCCCG CGCTGCCGTGGAAACTAACT 593 400 

 

SJL IFNGR1 KO sequence: 

TCCGCCCCTGAGAGCTGCCTTTTAACCCTTTGCCCCGTGAGGCTCCGCCTCCCACTTAAGCCACGCCCCTCAGT

CCCAGGCTGGTCTCTCAAGCTTTGGTTTTGGCCCCACCCAGCTCCCCGGCAGGCCGCTTGGTAATCTCTCCGAG

CCGCTGCGGGCTGGGGCGGGAGGCCAGGCCGGAGGCGCCGGGCTGGGAAGTCCCTGCGTTCCTGCTGCGCCGC

CCTGGGCAAGGCAGCCCCAAGGGGCCCCGGGGGCTCCGCGGTTTACACGCCGCTTTCGCCTCTTCTTTGCCGAC

ACAACACAAATCTGTGGTCTGTTTTACAGTTAGTTTCCACGGCAGCG 

 

SJL H2-Ab1 Del1: 

GGCAGTCTGCAGTTTgGAAAAGTTTACTCTGTAACTGAGAGGAGCAGTCACCTCAAACaTTCATCCAGTGGGGC

TCATGAAGAAACAGACCATGCCaCGCACCAGGGGCAGGGCTCTCCAGAGCCAGCACTCTGGGGGTCGTGTTCT

GAGGGACCCTGGGGACTCTGGGATGTGGGAGGGGGTGGCAAAATCCTGATTTTACTATAGATTTCCTTTCTCTG

AAGAGAGAGTGAGACTCCATTCTCACTTCTGTGTTCTAATATTGAGTTAGGATGGTGCCGCCGCCGGTGCGAGC

CTGACATATAAACGG 

 

SJL H2-Ab1 Del2:  

GGGAACATGGCTTGCATTTTACAAAGAGAAGTCCAGGATTAGAAAGAGGCTCAGCGACTCCCCAAGAACTCTG

CTTTCTCACCTGAGGCACCCCAGATGGTCAGATGTAACAAAACATGATTTCTCTGTCTCCTAATACATGTCACA

CTCATTTCTCCCACTACAACCTCAAGTGTAAGAACAGTAGATTTGAAATAATTATCCCAAAGTTGTCTATACTT

CACTCACTTTTCTCTTTAAACCCCAAACACAGGCAGTCTGCAGTTTGGAAAAGTTTACTCTGTAACTGAGAGGA

GCAGTCACCTCAAACATTCATCCAGTGGGGCTCATGAAGAAACAGACCATGCCACGCAATAGAGAGCCTTTGT

AAACAAAGTCTACCCAGAGACAGATGACAGGCTTCAGCTCCAATGCTGATTGGTTCCTCACTTGGGACCAACC

CTGACACTCTGGGATTTCAGATCACTCTAGGCTACAGAACTTTGCTTTCTGAAGGGGGCACAGCAGGTGTGAGT

CCTGGTGACTGCCATTACCTGTGCCTTAGAGATGGCTCTGCAGATCCCCAGCCTCCTCCTCTCGGCTGCTGTGG

TGGTGCTGATGGTGCTGAGGAGGAGGAGGAGGAGGCGGCAGAGTTTAAATTGACCACCAAAGATAAGGGTTG

TGCATGGGGAGACAGCAGGGCTTACAATACCAGTGCCCCCACCCCACCCCGTACATTGTCTGGAGGAAATGCC

AGATTCTGAAGTGGGGAAACAGACCAGCGATGGTCTGTGGTCCCGATGTTTGCGGACAACTCCTCATGTGGAG

TGGAGGTTTAAGAGAGCGAACTCTA 

 

https://immunology.sciencemag.org/content/4/36/eaau6571#T1
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