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Abstract

The pro-inflammatory microRNA-155 (miR-155) is highly expressed in the serum and CNS 

lesions of patients with multiple sclerosis (MS). Global knockout of miR-155 in mice confers 

resistance to a mouse model of MS, experimental autoimmune encephalomyelitis (EAE), by 

reducing the encephalogenic potential of CNS-infiltrating Th17 T cells. However, cell-intrinsic 

roles for miR-155 during EAE have not been formally determined. Here we utilize single-cell 

RNA sequencing and cell-specific conditional miR-155 knockouts to determine the importance 

of miR-155 expression in distinct immune cell populations. Time course single-cell sequencing 

revealed reductions in T cells, macrophages, and dendritic cells in global miR-155 knockout 

mice compared with wild-type controls at day 21 post EAE induction. Deletion of miR-155 in 

T cells, driven by CD4 Cre, significantly reduced disease severity similar to global miR-155 

knockouts. CD11c Cre-mediated deletion of miR-155 in dendritic cells also resulted in a modest 

yet significant reduction in the development of EAE, with both T cell and dendritic cell-specific 

knockouts showing a reduction in Th17 T cell infiltration into the CNS. Although miR-155 

is highly expressed in infiltrating macrophages during EAE, deletion of miR-155 using LysM 

Cre did not impact disease severity. Taken together, these data show that while miR-155 is 

highly expressed in most infiltrating immune cells, miR-155 has distinct roles and requirements 

depending on the cell type, and have done so using the gold-standard conditional knockout 

approach. This provides insights into which functionally relevant cell types should be targeted by 

the next generation of miRNA therapeutics.

Introduction

The injection of myelin peptide (MOG) with an adjuvant to induce experimental 

autoimmune encephalomyelitis (EAE) is known to be a clinically relevant murine model 

of multiple sclerosis (MS) [1]. Both EAE and MS are thought to be mediated by CD4+ 

T cells and characterized by mononuclear cell infiltration into the CNS that promotes 

demyelination of white matter lesions [2]. In healthy individuals, the main CD45+ immune 
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cells present within the CNS are microglia and CNS-associated macrophages [3]. Upon 

induction of EAE, the diversity and complexity of the immune cell populations in the brain 

change drastically [4]. Dendritic cells and activated effector T cells cross the blood-brain 

barrier and express inflammatory cytokines, including IFN-γ and IL-17, which can damage 

neural tissue [1, 5–7]. The cytokines produced by the effector T cells can also recruit 

other damaging cell types to the CNS, such as monocytes, neutrophils, and γδ T cells, 

leading to even more myelin-sheath degradation. One possible mechanism underlying the T 

cell-mediated damage is the expression of microRNA-155 (miR-155), which is upregulated 

in MS and EAE [8, 9]. However, the exact cellular roles that miR-155 plays in MS are not 

fully understood, as T cells can be regulated by both cell-intrinsic and extrinsic mechanisms.

Presently, miR-155 is thought to contribute to the pathology of MS and has elevated 

expression in the lesions and peripheral blood mononuclear cells (PBMCs) of human MS 

patients [8, 10–12]. miR-155 is specifically expressed in hematopoietic cells and is known 

to play a critical role in hematopoietic cell development and function [13]. Overexpression 

of miR-155 has been associated with a variety of inflammatory disorders [14, 15]. Of note, 

mice deficient in miR-155 (miR-155−/−) are highly resistant to EAE, showing decreased 

severity and delayed onset compared to wild-type (miR-155+/+) controls [16, 17]. Anti-

miR-155 treatment has also been shown to reduce clinical disease severity in mice [17]. 

The reduced EAE disease in miR-155 KO mice is due in part to a decrease in Th1 and 

Th17 T cell-mediated responses. Fewer Th1 and Th17 T cells lead to reduced IFN-γ and 

IL-17, which are known drivers of inflammation and EAE [18, 19]. LPS-treated dendritic 

cells from global miR-155 knockout mice have reduced expression of specific cytokines 

when activated in vitro that are required for inflammatory T cell development [16, 20]. 

While studies using global knockouts of miR-155 for EAE experiments have suggested 

many important cells and factors regulated by miR-155 and involved in disease progression, 

conditional deletion of miR-155 in vivo has not been utilized to directly test cell-intrinsic 

roles for miR-155 during neuroinflammatory diseases such as EAE.

To analyze differences in CNS infiltrating immune cell populations during EAE between 

wild-type and miR-155KO mice, we utilized 10X Genomics single-cell RNAseq (SCseq) 

over multiple time points to better understand how miR-155 impacts immune cell responses 

during EAE. This approach yielded a comprehensive view of miR-155-expressing cells, 

as well as the transcriptional changes in distinct immune cell types that are impacted by 

miR-155. Additionally, to better understand the role of miR-155 in specific cell subsets 

that were reduced in a miR-155-dependent manner by day 21, we studied the conditional 

deletion of miR-155 in T cells, macrophages, and dendritic cells using miR-155 floxed mice 

and relevant Cre driver strains. miR-155 is highly expressed in the T cell, monocyte, and 

dendritic cell compartments, and its expression in T cells, and to a lesser degree dendritic 

cells, clearly regulated their inflammatory status and selectively impacted their capacity 

to promote disease severity in the context of EAE. Determining the role of miR-155 in 

specific cell types will allow for a better understanding of the cell-intrinsic vs. extrinsic 

effects of miR-155 expression during the development of EAE, and will direct the design 

and development of future drugs that modulate miR-155 to treat MS.
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Materials and Methods

Mice

All experiments were approved by the University of Utah Institutional Animal Care and 

Use Committee. Mice engineered to contain LoxP sites flanking miR-155 (miR-155fl/fl) 

were crossed to mice expressing Cre under the control of the CD4 promoter (CD4 

Cre) or the LysM promoter (LysM Cre) for T cell and myeloid cell-specific deletion of 

miR-155, with deletion confirmed as previously reported by our lab [21, 22]. For the 

novel dendritic cell-specific deletion of miR-155, miR-155fl/fl mice were crossed with 

CD11c-Cre-GFP mice, labeled as CD11c Cre, from Jackson Laboratory (Strain #:007567) 

that express Cre recombinase, an internal ribosomal entry site (IRES), and an enhanced 

green fluorescent protein (EGFP) downstream of the Itgax/CDllc promoter. miR-155−/−, 

miR-155+/+, miR-155fl/fl, CD4 Cre, LysM Cre, CD11c Cre, and combinations of these mice 

are on a C57BL/6 genetic background. Groups of 6–14 age and sex-matched male and 

female mice, originally derived from littermates, with ages ranging from 8–13 weeks, were 

used in each experiment, and conditional knockout experiments were repeated at least two 

times.

Experimental Autoimmune Encephalomyelitis (EAE)

For induction of EAE, mice were injected subcutaneously (s.c.) into the base of the tail with 

a volume of 100 μl containing 100 μg/ml MOG35–55 peptide (BD Biosciences) emulsified 

in complete Freund’s adjuvant (CFA), as we have described [16, 20]. Mice were also 

injected intraperitoneally (i.p). with 200 ng of pertussis toxin on days 0 and 2, and clinical 

symptoms were scored regularly according to the following criteria: 0, no symptoms; 0.5, 

partially limp tail; 1, completely limp tail; 1.5, impaired righting reflex; 2, hind limb paresis; 

2.5, hind-limb paralysis; 3, forelimb weakness; 4, complete paralysis; 5, death.

miRNA isolation and quantitative real-time PCR

For confirmation of deletion of miR-155 in dendritic cells, CD11c+ splenic cells were 

enriched from CD11c-GFP-Cre+ miR-155fl/fl and control miR-155fl/fl mice by staining 

with fluorophore-conjugated anti-CD11c antibodies and sorting on a BD FACS Aria flow 

sorter (University of Utah Health Science Center). Total RNA was isolated with the Qiagen 

miRNeasy kit and expression of mature miR-155 and control U6 was determined with 

gene-specific primers from Exiqon run on an Applied Biosystems QuantStudio 6 Real-Time 

PCR instrument.

Single-cell RNA sequencing (scRNAseq)

Sample preparation and sequencing: Brain and spinal cord tissues were dissociated 

using scissors and forceps and processed on ice. After a percoll gradient, cells were 

stained with DAPI and APC-conjugated CD45 for 15 minutes on ice in PBS containing 

2 mM EDTA and 0.5% BSA. Live CD45+ cells were sorted via BD FACSAria cell 

sorter and washed once in PBS containing 0.04% BSA. Samples were then processed for 

SCseq via a 10× platform according to the manufacturer’s instructions (10× Genomics). 

Paired-end RNAseq (125 cycles) was performed via an Agilent HiSeq next-generation 
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sequencer. Sequencing reads were processed by using 10× Genomics CellRanger pipeline 

and further analyzed with the Seurat R package [23–26]. The effect of mitochondrial gene 

representation and the variance of unique molecular identifier (UMI) counts were regressed 

out from the data set prior to analysis. Gene expression signatures defining cell clusters were 

analyzed after aggregating 6 samples (miR-155−/− and miR-155+/+ at days 0, 13, and 21). 

The raw data from SCseq experiments in this manuscript can be found in the NCBI’s Gene 

Expression Omnibus database (GSE206056 https://www.ncbi.nlm.nih.gov/geo/).

Identification of cell clusters: Cells in our dataset were clustered by using the 

FindClusters function of the Seurat analysis package, which identifies clusters via a shared 

nearest neighbor (SNN) modularity optimization-based algorithm. This function identified 

22 distinct clusters spanning the lymphoid and myeloid cell lineages. Clusters were pooled 

into similar cell types and analyzed throughout the manuscript. The biological identities of 

cell clusters were annotated with the help of an immune-cell scoring algorithm (developed 

in-house and available at http://labs.path.utah.edu/oconnell/resources.htm) and by surveying 

known immune cell markers in the SCseq data set as previously described [23, 24]. Upon 

naming the clusters, the Seurat R package was used to create plots for the expression of 

selected genes. GSEA analysis was performed by using fgsea R package, after ranking genes 

using a signal-to-noise metric [27, 28].

Intracellular staining and flow cytometry

Cells were filtered through a 0.45-μm nylon filter to obtain single-cell suspensions. Cells 

were stained in Hank’s balanced salt solution (HBSS) supplemented with 0.5% BSA 

and 2 mM EDTA by using the following fluorophore-conjugated antibodies (purchased 

from Biolegend or eBioscience/ThermoFisher Scientific): anti-CD3e (clone 145–2C11) 

(Pacific Blue), anti-CD8a (clone 53–6.7) (APC), anti-CD4, anti-CD11c, anti-CD45 (clone 

30-F11) (PE-Cy7), anti-CD11b (clone M1/70) (PerCp-Cy5.5), anti-F4/80 (clone BM8) (PE), 

anti-CD64, anti MHCII, anti-B220, anti-XCR1, anti-CD172, and anti-CD103 at 1:500 to 

1:1,000 dilutions. To detect intracellular expression of IL-17A, IFN-γ, or FoxP3 in CD4+ 

T cells, brain and spinal cord cells (purified with Percoll) were first treated with 750 ng/ml 

ionomycin and 50 ng/ml phorbol myristate acetate (PMA) (Calbiochem) in the presence of 

0.5 μl of GolgiPlug (BD Biosciences) for 4–5 hr at 37°C. Cells were subsequently stained 

with surface markers and then permeabilized and fixed in 100 μl of eBioscience Perm-Fix 

solution overnight at 4°C. Cells were washed once in perm wash buffer (eBioscience) 

and then stained with 0.3 μg of fluorophore-conjugated anti-IL-17A, IFN-γ, or FoxP3 

(eBioscience) for 20 min at 4°C. After staining cell surface antigens on ice for 15 minutes, 

cells were washed and analyzed using a BD LSRFortessa flow cytometer. Data analysis was 

done using FlowJo (Tree Star) and GraphPad Prism software.

Neuropathology

Mice were euthanized, on day 21 post EAE induction, and perfused with phosphate-buffered 

saline, followed by 4% paraformaldehyde phosphate buffered solution (Sigma-Aldrich, St. 

Louis, MO). The brain, coronally divided into five slabs, and the spinal cord, transversely 

divided into 12 segments, were embedded in paraffin. Four-micrometer-thick sections were 

stained with Luxol fast blue for myelin visualization. Histological scoring was performed 
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as described by Tsunoda et. Al. 2001 [29]. Brain sections were scored for meningitis (0, 

no meningitis; 1, mild cellular infiltrates; 2, moderate cellular infiltrates; 3, severe cellular 

infiltrates), perivascular cuffing (0, no cuffing; 1, 1 to 10 lesions; 2, 11 to 20 lesions; 

3, 21 to 30 lesions; 4, 31 to 40 lesions; 5, over 40 lesions), and demyelination (0, no 

demyelination; 1, mild demyelination; 2, moderate demyelination; 3, severe demyelination). 

Each score from the brain was combined for a maximum score of 11 per mouse. For scoring 

of spinal cord sections, each spinal cord segment was divided into four quadrants: the 

ventral funiculus, the dorsal funiculus, and each lateral funiculus. Any quadrant containing 

meningitis, perivascular cuffing, or demyelination was given a score of 1 in that pathological 

class. The total number of positive quadrants for each pathological class was determined and 

then divided by the total number of quadrants present on the slide and multiplied by 100 to 

give the percent involvement for each pathological class. An overall pathological score was 

also determined by giving a positive score if any pathology was present in the quadrant. This 

was also presented as the percent involvement.

GSEA

RNAseq expression values from miR-155−/− and miR-155+/+ subpopulations were ranked 

by using a signal-to-noise metric [27]. Ranked gene lists were then analyzed for gene set 

enrichment by using the fgsea R package as previously described [23]. Gene sets used in 

these analyses were derived from the Molecular Signature Database (MSigDB) [30].

Statistical analysis

Clinical scores were analyzed for individual days using the Mann Whitney U test and 

overall disease curves differences were determined with a two-sample t-test comparing the 

area under the curve (AUC) for each. Weight scores were compared with 2-way ANOVA. 

Assessments qPCR and flow cytometry data were performed using 2-tailed Student’s t-tests. 

Wilcoxon’s test was used for analyzing gene expression in select SCseq clusters. Reported 

P values were corrected for multiple comparisons by the Holm-Sidak method. P values less 

than or equal to 0.05 were considered statistically significant throughout (*P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001, ****P ≤ 0.0001).

Results

Single-cell mapping of CD45+ cells from WT and miR-155−/− mice during EAE

It is known that MicroRNA-155 (miR-155) is an important factor in driving experimental 

autoimmune encephalomyelitis (EAE) [16, 17, 20]. Mice lacking miR-155 have reduced 

autoimmune inflammation and are highly resistant to the EAE disease. We induced EAE in 

mouse global knockouts of miR-155 (miR-155−/−) and corresponding WT controls and their 

disease scores were tracked for 21 days (Figure 1A). Consistent with previous literature, 

miR-155−/− mice had significantly reduced clinical disease scores compared to WT mice 

[16, 17]. Groups were evaluated on days 0, 13, and 21 corresponding to naïve mice, 

mice before disease score separation, and mice after the disease scores have separated and 

plateaued in clinical disease severity, respectively (Figure 1A). CD45+ and DAPI− cells from 

brains at each time point were flow-sorted for single-cell analysis with the 10x genomics 

platform (Supplemental Figure 1), similar to our previous approach [23, 24, 26]. Single-cell 
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RNAseq data from all mice were passed through the Cell Ranger analysis pipeline and 

to the Seurat R toolkit for single-cell genomics. 22 individual cell clusters were found 

via unsupervised principal correlation analysis based on unique RNA expression profiles 

(Figure 1B). These clusters were mapped using a uniform manifold approximation and 

projection (UMAP) algorithm to visually display the similarities in gene expression between 

the clusters (Figure 1C). We utilized our Cluster Identity Predictor (CIPR) algorithm, which 

compares the cluster gene expression of multiple genes simultaneously to known expression 

datasets from the ImmGen database to initially assess the identities of each individual cluster 

(Supplemental Figure 2) [24]. We found three clusters of microglia (Microglia1, Microglia 

2, and Microglia 3), three monocyte clusters [Monocytes, Monocyte (Ly6c+ MHCII+), and 

Nonclassical Monocytes], five distinct T cell populations (CD4+ T cells, CD4+ Effector T 

cells, Naïve CD4+ T cells, CD8+ T cells, and γδ-T cells), two B cell clusters (B Cells1, 

B Cells2), five granulocyte clusters (Neutrophils1, Neutrophils2, Basophils, Granulocyte, 

and Stem-Progenitors), one natural killer cell population (Natural Killer Cells), and three 

dendritic cell clusters (cDCs, migDCs, pDCs) (Figure 1C). Cell cluster identities were 

verified by analyzing the expression of known cellular markers (Supplemental Figure 2). 

Pooled clusters of Granulocytes, B Cells, Microglia, Monocytes, T cells, Dendritic cells, and 

Natural Killer Cells were utilized for downstream gene expression analysis (Supplemental 

Figure 3). These data demonstrate that scRNA-Seq can be used to define distinct immune 

cell types in the brain during EAE.

Splitting the cell clusters based on genotype and time point revealed distinct patterns of 

cell infiltration into the brain during EAE for WT and miR-155−/− mice (Figures 1D and 

1E). The percentage of microglia among CD45+ cells decreased at day 13 as the other 

infiltrating cells entered the CNS and can be seen returning to normal percentages in the 

miR-155−/− mice at day 21, yet were still decreased in WT controls (Figures 1D and 

1E). T cell percentages increased in WT mice as the disease progressed with percentages 

similar to miR-155−/− mice at days 0 and 13, but t day 21, the miR-155−/− T cell numbers 

have returned to normal levels while the WT mice with higher disease scores have further 

increased numbers of T cells present (Figures 1D and 1E). Monocytes also showed a 

similar trend with a dramatic increase in the number of cells in the CNS as disease severity 

increased in both WT and miR-155−/−, but only miR-155−/− mice returned to lower levels 

at day 21 (Figures 1D and 1E). Natural killer cells, B cells, and dendritic cells are more 

prevalent in the miR-155−/− groups at day 13 than their WT controls, yet dendritic cells 

were at lower levels in miR-155−/− by day 21 (Figures 1D and 1E). Granulocytes generally 

show reduced percentages in the miR-155−/− mice, with increases in both groups as EAE 

progresses (Figures 1D and 1E). Taken together, these data indicate that miR-155 broadly 

influences the makeup of the immunological landscape in the brain during EAE.

WT T cells, Dendritic cells, and Monocytes are more inflammatory than miR-155−/− cells in 
the CNS during EAE

We performed gene set enrichment analysis (GSEA) of all hallmark pathways and analyzed 

several representative inflammatory markers expressed by each pooled cell clusters: 

microglia, T cells, monocytes, dendritic cells, granulocytes, B cells, and natural killer cells 

at days 0, 13, and 21 post EAE induction (Supplementary Figure 4). A variety of cell 
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signaling and activation pathways were differentially regulated in distinct immune cells 

analyzed in the presence vs. absence of miR-155. As we observed a large reduction in T 

cells, monocytes, and dendritic cells in miR-155−/− mice at day 21 compared to miR-155+/+ 

controls, with each implicated in disease regulation, we analyzed these cell populations 

further. WT T cells present in the brain at day 21 are more inflammatory according to the 

hallmark interferon-gamma response pathway than miR-155−/− cells (Figure 2A). These WT 

T cells have higher expression of Ccl5, CD28, CD69, Gzmb, and Icos but no difference 

in CD44 expression compared to miR-155−/− T cells (Figure 2B). The pooled clusters of 

monocytes and dendritic cells both showed significantly higher expression of Hallmark 

Inflammatory Response genes in the WT versus knockout miR-155−/− mice at day 21 

(Figures 2C and 2E). miR-155−/− monocytes had significantly reduced expression of Ccl5, 

CD40, CD86, IL1b, and Stat5a with no significant difference in Tnf (Figure 2D). Similarly, 

miR-155−/− dendritic cells also displayed a selective reduction in certain genes including 

Ccl5, CD40, and Il1b with no statistical difference in CD86, Stat5a, and Tnf compared 

to control dendritic cells (Figure 2F). Thus, miR-155 is a promoter of inflammatory 

gene programs expressed by a variety of distinct brain-infiltrating immune cell types with 

established roles in driving inflammation during EAE.

CD4+ cell-specific deletion of miR-155 leads to reduced Th17 and Th1 T cells in the CNS 
during EAE

As previous studies assessing global knockout of miR-155 in EAE have pointed to defects 

in the development of Th1 and Th17 cells, leading to reduced T cell-dependent tissue 

inflammation, we studied the effect of removing miR-155 specifically from the T cell 

compartment during EAE. Conditional deletion of miR-155 in T cells (mir-155 CD4KO) 

was achieved by utilizing mice where a floxed miR-155 is deleted in CD4+ and CD8+ 

T cells under the expression of a CD4-Cre [21]. Both CD4+ and CD8+ T cells share 

a common double-positive stage where they express both CD4 and CD8, and the CD4 

expression at that stage leads to the permanent deletion of miR-155 from T cells derived 

from these double-positive cells. EAE was induced in adult miR-155 CD4KO mice, along 

with miR-155 floxed controls, CD4-Cre alone, and miR-155−/− mice. Similar to miR-155−/− 

mice, miR-155 CD4KO mice developed significantly reduced EAE disease compared to 

the floxed or Cre alone control mice (Figure 3A). At day 21, CD45+ cells were isolated 

from the brains of the experimental mice and expression of IFN-γ and IL-17A in CD45+ 

CD4+ cells was measured via flow cytometry (Figure 3B). Among the CD45+ CD4+ cells 

found in the brain, miR-155 CD4KO mice had reduced levels of Th1 and Th17 cells in this 

compartment (Figure 3C and 3D). Similar reductions in activated T cells were found within 

the spinal cords (Supplementary Figure 5A). Neuropathology scores were given to brain and 

spinal cord histology sections from miR-155 CD4KO mice and litter mate floxed only mice 

(Figure 3E and Supplementary Figure 5B) [29, 31]. We confirmed significantly reduced 

perivascular cuffing, demyelination, and overall pathology scoring in the brains of CD4KO 

mice compared to the controls and found similar results in the spinal cord sections analyzed 

(Figure 3E and Supplementary Figure 5B). These data point to a clear, cell-intrinsic role for 

T cell expressed miR-155 during EAE in mice.
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LysM+ cell-specific deletion of miR-155

miR-155 specific deletion driven by LysM-Cre (mir-155 LysMKO) was used in order to 

examine the effect of losing miR-155 in infiltrating macrophage during EAE, as this Cre 

driver has previously been shown to delete miR-155 expression in macrophages [22]. EAE 

was induced in miR-155 LysMKO, miR-155 floxed, and miR-155 Cre mice (mice described 

by Huffaker et al. JBC 2017) [22]. There was no significant difference in the severity of 

EAE disease scoring between the mir-155 LysMKO and their controls (Figure 4A). Flow 

cytometry analysis showed no difference in the percentage of brain-infiltrating macrophages 

or in their activation status (Figure 4B). Further, no changes were observed in the percentage 

of macrophages that were skewed towards either the MHCIIhigh or MHCIIlow phenotype 

(Figure 4C). The total number of brain microglia remained unchanged upon deletion of 

miR-155 by LysM-Cre (Figure 4D). Inflammatory Th17 and Th1 T cell numbers are also 

unchanged in the LysMKO mice compared with their control counterparts (Figure 4E). 

Taken together, these data indicate that LysM+ infiltrating monocytes and macrophages do 

not require miR-155 to modulate disease severity or inflammation during EAE.

Dendritic cell-specific knockout of miR-155 leads to reduced EAE disease

In order to determine the role of miR-155 expression within dendritic cells during EAE, 

we generated conditional miR-155 knockout mice by crossing floxed miR-155 mice 

(miR-155fl/fl) with CD11c-Cre-GFP mice (CD11c Cre) from Jackson Laboratory that 

express Cre recombinase, an internal ribosomal entry site (IRES), and an enhanced green 

fluorescent protein (EGFP) downstream of the Itgax/CDllc promoter to generate CD11c 

Cre+ miR-155fl/fl (CD11cKO) mice. Mice were genotyped for the presence of CD11c 

Cre according to the Jackson Laboratory’s protocols, and this resulted in expected PCR 

products using agarose gel electrophoresis (Figure 5A). To confirm the deletion of miR-155 

from CD11c-expressing cells, we isolated total RNA from sorted splenic CD11c+ cells of 

CD11cKO and miR-155fl/fl mice. Quantitative real-time PCR was run with mature miR-155 

specific primers and normalized to the expression of the housekeeping small RNA U6 to 

determine relative ∆Ct values (Figure 5B). EAE was induced in CD11c Cre+ miR-155fl/fl 

and age and sex-matched floxed only control mice, and clinical disease scoring as well as 

weights were tracked for 21 days. The CD11cKO mice had significantly reduced disease 

severity and lost less weight than the miR-155fl/fl mice (Figures 5C and 5D). We also found 

no difference in EAE disease severity in CD11c Cre+ only mice compared with littermate 

controls (Supplementary Figure 6). IFN-γ and IL-17A expression by CD45+ CD4+ T cells 

was measured by flow cytometry in miR-155fl/fl controls and CD11cKO mice, and revealed 

a significant reduction in the total number of Th17 and Th1 T cells present in the brain 

at day 21 (Figure 5E). The number of CD45+ CD64- MHCIIhigh dendritic cells was also 

decreased in the CD11cKO brains at day 21. However, these dendritic cells expressed 

similar amounts of the inflammatory marker CD86 (Figure 5F). A more specific analysis 

of dendritic cell subsets showed that this difference was found in both cCD1 and cDC2 

subtypes, including between CD103+ and CD103− subsets of cDC1 cells (Figure 5G, 5H, 

5I, and 5J). Thus, in addition to T cells, miR-155 functions within brain DCs to promote 

inflammatory T cell responses and EAE disease phenotypes.
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Discussion

In this paper, we investigated the cell-specific roles of miR-155 in certain CNS-infiltrating 

immune cells during EAE and made several important findings. First, we utilized single-cell 

RNA sequencing to determine the global changes in cell proportions throughout EAE, 

and most interestingly, a large reduction in the number of T cells, myeloid cells, and 

dendritic cells was observed in the brains of miR-155−/− mice compared to wild-type 

controls on day 21 post-EAE induction. In addition to revealing these cell types, our GSEA 

analysis also indicates that miR-155 has broad and complex impacts on gene expression 

pattern in CNS immune cells during neuroinflammation. Second, we found that deletion of 

miR-155 selectively in the T cell compartment is sufficient to reduce EAE disease severity 

to levels similar to global knockout mice. Third, miR-155 expression in the LysM+ myeloid 

compartment was dispensable for EAE disease progression. Fourth, we determined that 

miR-155 expression in dendritic cells is needed for full EAE disease progression. These 

data, acquired through the use of conditional knockout mice, demonstrate that miR-155 has 

distinct roles depending on the cell type where it is being expressed, and is only required in a 

subset of infiltrating immune cells during EAE, and possibly MS.

Previous studies have shown that mice lacking miR-155 have reduced numbers of Th17 

cells and that those Th17 cells are incapable of causing EAE disease to the same level 

as wild-type Th17 cells on a per-cell basis [20]. While it has previously been shown that 

miR-155 expression is important for effector gene expression in T cells, we were able to 

determine that specific deletion of miR-155 within the T cell compartment is sufficient to 

ameliorate EAE disease in vivo. This reduction in EAE development is thought to be due to 

miR-155 targeting multiple genes, especially Ets1, a well-established negative regulator of 

Th17 differentiation [20]. Our GSEA data presented here suggests that additional pathways 

in T cells, and possible T cell subtypes, are likely also involved in regulating this response, 

and warrant further exploration moving forward.

It was demonstrated some time ago that a large portion of the CNS infiltrating immune cells 

during EAE are peripheral myeloid-derived monocytes and macrophages [32]. miR-155 is 

thought to be involved in the MHCIIhigh/ MHCIIlow polarization states of macrophages in 

other contexts, and depletion of these myeloid cells leads to protection against EAE [33–35]. 

Early in the disease, monocytes are activated to become MHCIIhigh macrophages which 

release reactive oxygen species that damage the myelin sheath surrounding neurons [36]. 

With the importance of monocytes in EAE disease progression combined with their high 

expression of miR-155, the lack of a phenotype with the LysM Cre-specific deletion of 

miR-155 during EAE is a surprising result that shows a previously unappreciated specificity 

for the cellular requirement for miR-155 during EAE, yet we do not rule out roles for 

macrophage expressed miR-155 in other biological contexts. Of note is our observation that, 

while not statistically significant, LysM-specific deletion of miR-155 may result in a small 

change in the onset of disease, with the Cre-deleted animals possibly developing disease 

symptoms earlier than the control animals. Further, LysM− monocytes and macrophages 

may also utilize miR-155 during neuroinflammation, and can be examined in future work.
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Dendritic cells have been shown to play a number of important roles in the progression of 

EAE [37]. While originally thought to be absent in the CNS, small populations exist in the 

uninjured CNS and the number of dendritic cells greatly increases during the course of EAE. 

CD11c+ dendritic cells are the main antigen-presenting cells during EAE, and increasing the 

number of DCs leads to worse EAE disease [5–7, 38]. Mice lacking H2-Ab1 on CD11c+ 

cells have reduced antigen-specific T cell activation and are protected from severe EAE [4, 

5]. Similarly, we see that depleting miR-155 from DCs results in reduced Th17 cells in 

the CNS along with reduced disease scores. The subset of DCs involved in this phenotype 

may also be narrowed down further as up to forty percent of the CD103+ DCs are also 

targeted with the LysM-Cre that we have shown has no effect on disease severity [39]. 

Although microglia express miR-155 and can upregulate CD11c upon activation, studies 

have shown that these CNS-resident cells do not present the MOG peptide in vivo [5, 40, 

41]. This reduction in disease may be caused by several mechanisms, such as a reduction 

in total inflammatory DCs present in the CNS during EAE, a reduction in the inflammatory 

cytokines produced, such as IL-1β known to instruct Th17 responses, or fewer inflammatory 

extracellular vesicles. As inflammatory dendritic cells are known to release large numbers 

of extracellular vesicles that contain functional miR-155, it is possible that the reduction 

in EAE severity in CD11cKO mice is also due to the loss of inflammatory cargo in these 

vesicles [42]. Further clarifying the mechanisms by which miR-155 within dendritic cells 

regulates neuroinflammation will be a focus of future investigation.

Taken together, our work points to significant, cell-intrinsic roles for miR-155 in T cells 

and, to a lesser degree, dendritic cells during EAE disease in mice, which is the first 

demonstration of cell intrinsic functions for miR-155 using conditional knockout mice, to 

our knowledge. This information not only informs our understanding of miR-155’s roles 

during inflammation, but also points to key cell types where its therapeutic targeting could 

be utilized in the treatment of MS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

1. miR-155 has a broad impact on the brain’s immunological landscape during 

EAE

2. miR-155 regulates both immune cell dynamics and gene expression in the 

brain

3. miR-155 plays cell intrinsic functional roles in brain T cells and DCs during 

EAE
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Figure 1. miR-155 deletion leads to altered CD45+ immune cell populations in mouse brains 
during EAE according to RNA SCseq.
A. EAE was induced in miR-155+/+ and miR-155−/− mice by immunizing both groups with 

100 µg of the MOG35–55 peptide followed by administration of pertussis toxin. Their disease 

severity was scored daily based on clinical symptoms (n = 15). Red triangles indicate harvest 

time points of at day 0, day 13, and day 21 (n = 5 per day) of CD45+ cells from the 

brain for SCseq. B. Gene expression heat map showing top differentially expressed genes 

in clusters. Columns indicate individual cells grouped into 22 clusters and rows indicate 

genes. The column widths are proportional to the numbers of cells in clusters. C. Uniform 

Manifold Approximation and Projection (UMAP) plot of SCseq data showing 22 distinct 

clusters (aggregate data from miR-155+/+ and miR-155−/− samples from days 0, 13, and 

21). Cluster labels based on CIPR, an immune-cell scoring algorithm developed in-house. 

D. UMAP plots divided into individual miR-155+/+ and miR-155−/− samples from days 0, 

13, and 21. E. Heatmap showing quantification of the percentage that each cluster represents 

Thompson et al. Page 15

J Immunol. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for the total CD45+ population in the brain for each genotype, separated by day of analysis. 

Scale of each group of clusters is shown to the right of each.
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Figure 2. T cells, monocytes, and dendritic cells in the brains of miR-155−/− mice are less 
inflammatory than miR-155+/+ cells at day 21 post-EAE
A. GSEA for Hallmark interferon-gamma response showing enrichment of genes in 

miR-155+/+ compared with miR-155−/− samples. B. Differential expression analysis of a 

subset of T cell inflammatory marker genes: Ccl5, CD28, CD44, CD69, Gzmb, and Icos 

respectively. Each dot represents a single cell. Normalized expression values were used, 

and random noise was added to show distribution of data points. The box plots show 

interquartile range and the median value (bold horizontal bar). Average expression value per 

sample is indicated by the red points. Wilcoxon’s test was used for statistical comparisons. 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; ns, P > 0.05. C. GSEA for Hallmark 

inflammatory response genes from SCseq data of all pooled monocyte clusters from day 

21, showing enrichment of genes in miR-155+/+ compared with miR-155−/− samples. D. 

Differential expression analysis of monocyte activation markers. Ccl5, CD40, CD86, IL1b, 

Stat5a, and TNF respectively. Data represented as described in B. E. GSEA for Hallmark 

inflammatory response genes from SCseq data of all pooled dendritic cell clusters from 

day 21, showing enrichment of genes in miR-155+/+ compared with miR-155−/− samples. 

F. Differential expression analysis of dendritic cell activation markers. Ccl5, CD40, CD86, 

IL1b, Stat5a, and TNF respectively. Data represented as described in B.
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Figure 3. Conditional deletion of miR-155 in T cells by CD4 Cre leads to amelioration of EAE 
disease severity
A. EAE was induced in CD4-Cre+, miR-155fl/fl, CD4-Cre+ miR-155fl/fl, and miR-155−/− 

mice by immunizing groups with 100 µg of the MOG35–55 peptide followed by 

administration of pertussis toxin. Their disease severity was scored daily based on clinical 

symptoms (n = 8). B. Intracellular cytokine staining was conducted to identify total brain 

CD45+ CD4+ lymphocytes producing IL-17A and or IFN-γ. Transcription factor labeling 

for FoxP3 was also used to identify populations of Tregs in the CD45+ CD4+ T cells. C. 

Average percentage of CD45+ CD4+ cells in the brain at day 21 producing IL-17A or IFN-

γ. Each dot represents a single mouse, average percentage represented by a horizontal bar. 

Chi-squared test was used for statistical comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; 

ns, P > 0.05. D. Total number of Th17, Th1, Treg, and total CD4+ T cells in the brains 

of mice at day 21 post EAE induction (n = 4). Average shown as box, individual mouse 

values shown as dots and triangles respectively. Student’s t-test was used for statistical 

comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, or numerical p value 

shown. E. Meningitis (M), perivascular cuffing (PC), demyelination (D), and overall brain 

pathology scores for mice sacrificed on day 21 post EAE. Data is given as the mean + SEM 

for groups of 7 mice. * P<0.05, Mann-Whitney U test.
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Figure 4. Conditional deletion of miR-155 by LysM Cre does not impact EAE disease severity or 
immune cell infiltration into the brain
LysM-Cre+, miR-155fl/fl, and CD4-Cre+ miR-155fl/fl brains were harvested on day 21 after 

immunizing with 100 µg of the MOG35–55 peptide followed by administration of pertussis 

toxin. A. Disease severity as a mean clinical score is shown. Animals were scored daily 

based on clinical symptoms (n = 7–8). B. Total number of infiltrating macrophages and 

activated macrophages in the brain at day 21 post-EAE based on CD45high CD11b+ F4/80+ 

and the number of those macrophages who also stained CD86+ respectively (n = 7–8). 

C. Total number of macrophages based on MHCIIhigh or MHCIIlow staining of CD45high 

CD11b+ F4/80+ Ly6clow cells in the brain (n = 7–8). D. Brain microglia numbers (n = 7–8). 

E. Intracellular staining was used to determine the total number of Th17 and Th1 cells in the 

brain (n = 7–8).
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Figure 5. Deletion of miR-155 by in CD11c expressing cells leads to reduced EAE disease and 
inflammatory immune cells in the brain
CD11c Cre+ miR-155fl/fl mice were generated and EAE induced. Mice brains were 

harvested after 21 days. A. PCR amplification of CD11c Cre from ear punch DNA of 

miR-155fl/fl mice B. Relative expression of miR-155 in sorted splenic CD11c+ cells from 

naïve CD11c Cre+ miR-155fl/fl and CD11c Cre− miR-155fl/fl mice. Circles show ratio of 

miR-155 to U6. *ND = no miR-155 was detectable in CD11c Cre+ miR-155fl/fl samples. C. 

MOG35–55-induced EAE was induced in miR-155fl/fl mice, with and without the presence 

of CD11c Cre and disease was scored daily for 21 days. Graph represents pooled data 

from two separate experiments. D. Percent weight loss data from experiments described 

in C. E. Representative flow plot and quantification of Th17 and Th1 cells determined 

by intracellular staining to identify total number of CD45+ CD4+ cells producing IL-17A 

and/or IFN-γ (n = 27–28). F. Total numbers of dendritic cells in the brain at day 21 

were quantified with the staining of CD45+ CD64- MHCII+ CD11c+ and analyzing their 
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inflammatory status by CD86 MFI of this population (n = 27–28) G. Quantification of 

CD45+ CD64- MHCII+ B220- XCR1+ CD172- cDC1s and activation by CD86 MFI 

determined by flow cytometry. H. Quantification of CD45+ CD64- MHCII+ B220- XCR1- 

cDC2s and activation by CD86 MFI determined by flow cytometry. I. Quantification 

of CD45+ CD64- MHCII+ B220- XCR1+ CD172- CD103- cDC1s and activation by 

CD86 MFI determined by flow cytometry. J. Quantification of CD45+ CD64- MHCII+ 

B220- XCR1+ CD172- CD103+ cDC1s and activation by CD86 MFI determined by flow 

cytometry.
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