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Abstract
Background: Multiple sclerosis (MS) is a chronic, debilitating condition characterized by CNS autoimmunity stemming from a complex etiology involving both environmental and genetic factors. Our current understanding of MS
points to dysregulation of the immune system as the pathogenic culprit, however, it remains unknown as to how the
many genes associated with increased susceptibility to MS are involved. One such gene linked to MS susceptibility
and known to regulate immune function is the self-ligand immune cell receptor SLAMF7.
Methods: We subjected WT and SLAMF7−/− mice to multiple EAE models, compared disease severity, and comprehensively profiled the CNS immune landscape of these mice. We identified all SLAMF7-expressing CNS immune cells
and compared the entire CNS immune niche between genotypes. We performed deep phenotyping and in vitro
functional studies of B and T cells via spectral cytometry and BioPlex assays. Adoptive transfer studies involving the
transfer of WT and SLAMF7−/− B cells into B cell-deficient mice (μMT) were also performed. Finally, B–T cell co-culture
studies were performed, and a comparative cell–cell interaction network derived from scRNA-seq data of S LAMF7+ vs.
SLAMF7− human CSF immune cells was constructed.
Results: We found S LAMF7−/− mice to be more susceptible to EAE compared to WT mice and found SLAMF7 to
be expressed on numerous CNS immune cell subsets. Absence of SLAMF7 did not grossly alter the CNS immune
landscape, but allowed for altered immune cell subset infiltration during EAE in a model-dependent manner. Global
lack of SLAMF7 expression increased myeloid cell activation states along with augmented T cell anti-MOG immunity.
B cell profiling studies revealed increased activation states of specific plasma and B cell subsets in S LAMF7−/− mice
during EAE, and functional co-culture studies determined that SLAMF7−/− B cells induce exaggerated T cell activation.
Adoptive transfer studies revealed that the increased susceptibility of S LAMF7−/− mice to EAE is partly B cell dependent and reconstruction of the human CSF SLAMF7-interactome found B cells to be critical to cell–cell communication
between SLAMF7-expressing cells.
Conclusions: Our studies have identified novel roles for SLAMF7 in CNS immune regulation and B cell function, and
illuminate underpinnings of the genetic association between SLAMF7 and MS.
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Introduction
Autoimmune diseases represent some of the most pathologically complex conditions in modern medicine,
both in terms of their causes and response to therapies.
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Multiple sclerosis (MS) is no exception, and takes a significant toll on those it affects as it often appears early in
life, progressively gets worse, and consequently, leads to
many years of disability and hardship [1]. Since MS was
first termed in 1868 [2], efforts have been underway to
identify both the underlying causative mechanisms and
effective treatments. Our current understanding of MS
has identified both environmental and genetic linkages to
MS susceptibility [3], with immune dysfunction emerging
as a unifying feature [4]. However, the immune system
is recognized as one of the human body’s most complex
organ systems, and we still have much to learn regarding how complex immune interaction networks maintain
health and drive disease susceptibility [5].
While there are a considerable number of available
therapies for MS, most of them targeting the immune
system [6–8], many patients, particularly those with
more aggressive forms of the disease, fail to respond
to these therapies [9]. An example is the newer B celldepleting antibodies (ocrelizumab, ofatumumab, etc.)
which have shown remarkable success in inducing remissions in MS patients with the relapsing remitting subtype
[8, 10], yet are less effective in patients with the more
severe primary progressive subtype [9]. To increase our
understanding about immune cell dysregulation in MS,
we have undertaken efforts to understand how a specific
gene linked to MS contributes to neuroinflammation and
disease pathogenesis.
The International Multiple Sclerosis Genetics Consortium has made great strides in identifying the plethora of genes linked to MS susceptibility [4], yet few of
these genes have been investigated in-depth to determine mechanistically how they contribute to susceptibility to CNS autoimmunity. Here, we investigated the
link between one such gene previously associated with
MS, the signaling lymphocytic activation molecule
(SLAM) family member 7 (SLAMF7) gene [4, 11, 12].
The largest genome-wide association study performed
to date involving tens of thousands of MS patients and
controls identified the rs983494 SNP, located in the
promoter of SLAMF7, as being significantly linked to
MS susceptibility [4]. While this SNP does not lie in
a SLAMF7 exon, cis-eQTL studies of this SNP with
peripheral blood mononuclear cells (PBMCs) revealed
a significant cis-eQTL with SLAMF7 expression [4]
and single-tissue eQTLs show this SNP significantly
decreases SLAMF7 expression (GTExPortal), suggesting this SNP can alter SLAMF7 expression. SLAMF7
is expressed only on hematopoietic cells and can drive
either activating or inhibitory functions in immune
cells, a mechanism that is dependent on the presence
or absence of its intracellular adaptor protein, Ewing
sarcoma-associated transcript 2 (EAT-2) [13, 14]. In
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general, in cells that express EAT-2, SLAMF7 signaling
is activating and in the absence of EAT-2, it is inhibitory
[13, 15]. We have previously defined roles for SLAMF7
in a number of conditions including HIV infection [15]
and cancer [16], and have also worked to modulate
SLAMF7 signaling for therapeutic benefit [17–23].
To define the role of SLAMF7 in CNS inflammation and MS pathogenesis, we used the murine model
of MS, experimental autoimmune encephalomyelitis
(EAE), and found SLAMF7−/− mice to be more susceptible to CNS autoimmunity compared to their WT
counterparts. We also characterized SLAMF7 expression across the CNS immune landscape. We further
defined CNS immune cell-specific changes driven by
SLAMF7 and identified a role for SLAMF7 in the modulation of B cell and T cell memory responses. Deep
phenotyping and functional studies highlighted specifically how SLAMF7 alters B and plasma cell responses,
while adoptive transfer studies confirmed that SLAMF7
signaling on B cells regulates T cell responses and modulates EAE susceptibility. Finally, a targeted re-analysis
of SLAMF7-expressing CSF immune cells from scRNAseq data in MS patients and healthy controls identifies
SLAMF7+ B cells as a cellular hub for cell–cell interactions between SLAMF7-expressing immune cells.
These studies identified a novel role for SLAMF7 in the
modulation of B cell and memory T cell responses, and
provided early mechanistic evidence supporting the
genetic link between SLAMF7 and MS.

Materials and methods
EAE model

SLAMF7−/− mice were generated as previously described
[16]. For the 
rmMOG1–125 model, mice were injected
on day −2 with 33 μg full-length recombinant murine
MOG (rmMOG1–125) protein (Anaspec) with equal
parts complete Freund’s adjuvant (CFA) as previously
described [24]. 400 ng of pertussis toxin (MilliporeSigma) was injected intraperitoneally on days −2 and
0. For the 
rhMOG35–55 model, EAE was induced as
described above, except 300 µg of 
rhMOG35–55 peptide was used. Mice were scored daily on a scale of 0–5
as previously described [24], with a score of 0 = no
symptoms, 1 = tail paresis, 2 = partial hindlimb paresis,
3 = complete hindlimb paresis, 4 = complete hindlimb
paresis and front limb involvement, 5 = moribund or
dead. Mice were humanely euthanized if a score of 4 or
5 was reached. Investigators were blinded to genotypes
of mice during the first experiment comparing WT and
SLAMF7−/− mice (presented in Fig. 1). The WT mice
used in experiments depicted in Fig. 1A, B were from a
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Fig. 1 SLAMF7 displays unique expression patterns in the CNS and protects from EAE. A Clinical scores of WT (n = 14) and S LAMF7−/− mice
(n = 16) subjected to EAE induced with rmMOG1–125. B Change in baseline weight for mice in A. C Clinical scores of WT (n = 8) and SLAMF7−/− mice
(n = 8) subjected to EAE induced with rhMOG35–55. D UMAP of the entire CNS immune landscape in WT and SLAMF7−/− mice subjected to EAE
with rmMOG1–125. The complete CNS immune landscape was assessed via high-dimensional single-cell spectral cytometry. E Marker expression
on CNS immune cell subsets from D. F Scaled SLAMF7 expression plotted on the UMAP projection of all CNS immune cells from D. G Density
plots of SLAMF7 expression across CNS immune subsets from D. H Histograms of SLAMF7 expression on CNS immune cell subsets at steady
state and during active EAE (with rmMOG1–125) neuroinflammation. I SLAMF7 expression on all CNS immune cells at steady state and during
EAE (with rmMOG1–125). Groups in A compared with a two-way ANOVA with Sidak’s multiple comparison test, displayed with mean ± SEM, and
representative of two independent experiments showing similar results. Groups in B compared with a two-way ANOVA with Fisher’s LSD test.
Groups in C compared with a mixed-effects model with Sidak’s multiple comparison test, displayed with mean ± SEM, and representative of a single
experiment. Groups in I compared with an unpaired two-way t-test and representative of two independent experiments showing similar results.
*p < 0.05, **p < 0.01. BAMS, border-associated macrophages; MdCs, myeloid-derived cells; AF, autofluorescence
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combined experiment, the remainder of which is available elsewhere [25].
Adoptive transfer study

Splenocytes were collected from WT and S
 LAMF7−/−
mice as previously described [26]. B cells were isolated
per manufacturer’s guidelines using the murine B cell
isolation kit (Miltenyi Biotec) and injected I.V. retroorbitally (2 × 107cells) into μMT mice (The Jackson Laboratory). Five days after transfer, EAE was induced in mice
with rmMOG1–125 protein as described above.
CNS immune cell isolation

All CNS and splenic immune cell isolations, including
in vivo labeling and anti-CD45 were performed precisely
as previously described [25].
Spectral cytometry

Cells were isolated from the CNS and spleen as previously described [21]. Cells were stained with various
antibodies (Additional file 2: Table S1) utilizing BD Brilliant Stain Buffer (50 uL per sample) whenever multiple
Brilliant dyes were used in combination. Viability staining was performed with Zombie NIR (BioLegend) and
Fc receptors were blocked with murine Fc block (BD
Biosciences). Samples were acquired on a 5 laser Cytek
Aurora Spectral Cytometer and data were analyzed using
FlowJo version 10.6.1 (Tree Star) and the R computing environment. High-dimensional single-cell spectral
cytometry was performed in R. The CATALYST package was used to perform all analyses with a cell annotation and dimensionality reduction approach as previously
described [23, 25, 27]. Data clean up and further analyses
were performed as previously described [25].
For experiments using IL-10GFP mice and/or in vivo
labeling analysis was performed as previously described
[25].
Confocal microscopy

EAE was induced in WT mice as described above and
during the peak of EAE severity, mice were killed and
brain tissue was harvested. Mice were perfused with
10% formalin before collection of brain tissue which
was stored in 10% formalin for approximately 24 h
before being transferred into a 30% sucrose solution for
approximately 72 h. Brains were sectioned at 4 μm on a
cryotome. Tissue was blocked with 3% normal donkey
serum and 0.3% Triton X for 40 min at 4 °C. Primary
staining with anti-SLAMF7 (1:500) and anti-Iba1 (1:1000)
was performed overnight at 4 °C in buffer containing 3%
normal donkey serum and 0.3% Tween-20. Sections were
washed with PBST and PBS before secondary staining
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with Alexa 555 anti-rabbit (1:1000) and Alexa 488 antigoat (1:1000) at room temperature for 5.5 h. Sections
were rinsed in PBS, mounted on slides, and counter
stained with DAPI using ProLong Gold antifade reagent
(Invitrogen). Sections were imaged with an Olympus
FluoView 1000 CLSM.
Multiplex cytokine/chemokine analysis

Mouse 23-analyte multiplex-based assay was used to
determine cytokine/chemokine concentrations via
Luminex 100 per manufacturer’s protocol (Bio-Rad), as
previously described using a 1:4 dilution of plasma [15,
18].
B cell:T cell co‑culture study

Pan-B cells were isolated from WT and 
SLAMF7−/−
mice per manufacturer’s protocol (Miltenyi Biotec). B
cells were labeled with CFSE (ThermoFisher) per manufacturer guidelines and pulsed with M
 OG1–125 protein
(10 μg/mL) overnight. Cells were cultured with IL-2
(5 ng/mL) as well. The next day, splenocytes were isolated from WT mice previously challenged with the EAE
model, CD3+ T cells were isolated per manufacturer protocol (Miltenyi Biotec), and labeled with CellTrace Violet
(ThermoFisher) per manufacturer’s guidelines as well. T
cells were then co-cultured with previously labeled WT
or SLAMF7−/− B cells in a 1:1 ratio with 1 × 106 cells per
well. Cells were cultured for 4 days, followed by staining
and analysis of cells by spectral cytometry.
ELISpot analysis

ELISPOT analysis was performed, as previously
described [18, 21]. Briefly, ex vivo stimulation included
the incubation of splenocytes in 100 μL of media
alone (unstimulated) or media containing 6 μg/mL of
MOG35–55 peptide. Plates were then incubated for 20 h
in a 37 °C, 5% CO2 incubator. Development of plates was
completed per the manufacturer’s protocol. Spots were
counted and photographed by an automated ELISPOT
reader system (Cellular Technology, Cleveland, OH).
Ready-set Go IFNγ and IL-17 mouse ELISPOT kits were
purchased from eBioscience (San Diego, CA).
Anti‑MOG ELISA

ELISA-based antibody assay was completed as previously
described [22]. Briefly, high-binding flat-bottom 96-well
plates were coated with 10 µg of M
 OG35–55 peptide per
well in a volume of 100 µL and incubated overnight at
4 °C. Plates were washed with PBS–Tween (0.05%) then
blocked with blocking buffer (3% bovine serum albumin) for 1 h at room temperature. Plasma was diluted
in blocking buffer and added to the wells and incubated
for 1 h at room temperature. Wells were then washed
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with PBS–Tween (0.05%) and HRP antibody (Bio-Rad)
was added at 1∶2000 dilution in PBS–Tween. Tetramethylbenzidine (TMB) (Sigma-Aldrich) was added to
each well and the reaction was stopped with 1N phosphoric acid. Plates were read at 450 nm in a microplate
spectrophotometer.
In vitro B cell SLAMF7 cross‑linking

B cells from WT mice (n = 4) were isolated from spleens
as described above, stained with CellTrace Violet as
described above and cultured in 96-well high-binding
plates at 3 × 105 cells/well in Complete RPMI1640 with
rmIL-2 (5 ng/mL). LPS was added to appropriate wells at
2 µg/mL. Cells were cultured for 4 days in wells coated
with anti-SLAMF7 mAb (clone: 4G2) or uncoated.
Human CSF scRNA‑seq immune cell re‑analysis

scRNA-seq data for six healthy controls and six MS
patients were acquired from [28]. Cells with less than
200 RNA transcripts and/or more than 5800 RNA transcripts were removed, as well as cells with more than
5% of transcripts being of mitochondrial origin. Data
were processed using the Seurat V4.0.4 package with
the SCTransform workflow [29]. Low-quality clusters
showing donor-specific biases were manually removed.
SLAMF7+ immune cells were defined as having ≥ 1
SLAMF7 transcript (5.12% of cells were SLAMF7+). To
predict cell–cell interactions using scRNA-seq data,
Liana [30] was used to run CellphoneDB [31] on both
SLAMF7+ and SLAMF7− cells after separating out CSF
immune cells from PBMCs. The CellphoneDB output
from Liana was piped into the CrossTalkeR package
[32] to compare cell–cell interaction networks between
a network composed only of SLAMF7+ cells and a network composed of only SLAMF7− cells. Since SLAMF7
is an adhesion and homotypic receptor, cells expressing
SLAMF7 will bind to and interact with one another leading to our a priori reasoning that S
 LAMF7+ cells form a
unique immune cell interaction network with possible
biological implications. This approach is feasible only
because SLAMF7 is a homotypic receptor.
The CCI network in Fig. 7B was constructed with the
CrossTalkeR package and compares a network composed
of only SLAMF7+ cells to one with only SLAMF7− cells
[32]. Cell types are nodes and are sized by the PageRank score, which is a metric measuring centrality and
importance of a node to a network [32]. Edges in the CCI
network are sized by the percent of predicted ligand–
receptor interactions between cell types and colored
based on interactions enriched in a SLAMF7+ network
versus a S
 LAMF7− network.
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Statistical analysis

Statistical analyses are listed in each figure legend and
were carried out in GraphPad Prism V8 or the R computing environment. Cell-type frequency comparisons and
differential marker expression on cell types from experiments employing spectral cytometry were statistically
compared using a GLMM implemented via the diffcyt R
package [33].

Results
SLAMF7 is protective against CNS autoimmunity
and displays unique cell‑type expression patterns

To assess the global impact of SLAMF7 expression and
signaling on neuroinflammation, we subjected WT and
SLAMF7−/− mice to EAE induced with the rmMOG1–125
protein [34]. We found 
SLAMF7−/− mice to be significantly more susceptible to EAE compared to WT
mice (Fig. 1A, B). We also compared EAE susceptibility between WT and S
 LAMF7−/− mice using a second,
T cell-dependent EAE (rhMOG35–55) model and found
SLAMF7−/− mice to also be significantly more susceptible to EAE (Fig. 1C). Since SLAMF7 is only expressed
on immune cells [14] and since immunological determinants are one of the primary factors controlling EAE
susceptibility [4], we profiled the entire CNS of mice during EAE (rmMOG1–125) to both determine which cells
express SLAMF7 and how SLAMF7 expression levels
change during neuroinflammation. Employing highdimensional single-cell spectral cytometry [16, 35, 36]
we reconstructed the entire CNS immune landscape during EAE and identified 11 immune cell subsets (Fig. 1D,
E) and confirmed these with exhaustive manual gating (Additional file 1: Fig. S2A). We detected SLAMF7
expression on many of the same cell types in the CNS as
in the periphery including: macrophages (termed borderassociated macrophages [BAMs] in the CNS), myeloidderived cells (MdCs), pDCs, DCs, C
 D8+ T cells, NK
cells, and B cells, with minimal expression on a few other
subsets (Fig. 1F, G). Comparing SLAMF7 expression on
various CNS immune cell subsets during steady state
or active EAE neuroinflammation demonstrated that
SLAMF7 expression increased on BAMs, C
 D8+ T cells,
+
and CD4 T cells during EAE (Fig. 1H), while decreasing on B cells (Fig. 1H). We also observed a significant
increase in the total frequency of S
 LAMF7+ cells in the
CNS during EAE compared to steady state (Fig. 1I). This
is to be expected since many of the infiltrating immune
cells into the CNS during EAE also express SLAMF7.
Finally, while we found SLAMF7 expressed on several
CNS myeloid cell types, we did not observe any SLAMF7
expression on the most populous CNS myeloid cell type,
microglia (Fig. 1F, G). To confirm that microglia truly
do not express SLAMF7 we imaged brains of WT mice
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during EAE with confocal microscopy and found punctate SLAMF7 staining on Iba1− CNS immune cells but
no SLAMF7 staining on any Iba1+ microglial cells (Additional file 1: Fig. S1A). Together, these results highlight
that SLAMF7 is broadly expressed in the CNS at steady
state and during neuroinflammation and plays a role in
the regulation of the latter.
SLAMF7‑mediated changes in the CNS immune landscape
at steady state and during EAE

We next compared the frequency of all CNS immune
cell subsets [36] between WT and 
SLAMF7−/− mice
at steady state (Fig. 2A, B) and found the frequencies
of various immune cell subsets to be nearly identical,
except for minor decreases in DCs and C
 D4+ T cells in
−/−
SLAMF7
mice (Fig. 2C). Extending this same analytic approach to mice subjected to EAE induced with
rhMOG35–55, we observed significantly increased levels
of CNS immune infiltration in S
 LAMF7−/− mice, with
increases specifically in BAMs, MdCs, and CD8+ T cells
(Fig. 2D, E). No changes were observed in major splenic
immune cell subsets (Additional file 1: Fig. S1G). Additionally, we also profiled CNS immune cell subsets in
mice subjected to EAE induced with rmMOG1–125 and
found no significant changes in the frequencies of various immune cell subsets (Fig. 2F), but when comparing
the total number of various CNS immune cell subsets we
found increased numbers of B cells, C
 D4+ T cells, and
−/−
MdCs in S
 LAMF7
mice (Fig. 2G).
SLAMF7 controls CNS myeloid and B cell activation states
associated with control of memory T cell responses

We next profiled the activation state of various CNS-resident myeloid cell subsets to examine the role SLAMF7
plays on these cell types known to play important roles in
MS and EAE [37]. We first observed two distinct microglia populations in WT EAE mice (Fig. 3A). Using highdimensional spectral cytometry and unbiased clustering
with FlowSOM, one population was identified as being
highly activated as evidenced by high levels of MHC-II,
CD80, and SLAMF9, along with low levels of SiglecH; all
markers of microglia activation (Fig. 3A) [36]. SLAMF9
is one of the least studied members of the SLAM family,
yet it has been linked to modulation of EAE susceptibility
via control of pDC responses [38] and has been identified at the mRNA level as being a specific marker of disease-associated microglia (DAMs) [39]. Furthermore, we
found increased expression of the myeloid cell activation
marker CD80 on microglia (Fig. 3B), CNS DCs (Fig. 3C),
and BAMs (Fig. 3D) in S
 LAMF7−/− mice during EAE
compared to WT mice.
Since we observed increased T cell infiltration in the
CNS of SLAMF7−/− mice during EAE and considering
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the important role of CD80 in T cell co-stimulation, we
examined MOG-specific T cell responses in our model
via ELISpot assay [21]. We found that S
 LAMF7−/− mice
subjected to EAE generated significantly stronger MOG
peptide IFNγ (Fig. 3E) and IL-17 (Fig. 3F) memory T cell
immune responses compared to WT mice. We observed
no significant differences in IL-2 production in the same
(data not shown). This augmented adaptive immune
response did not extend to the humoral arm of the
immune system as we found no significant differences in
MOG peptide-specific IgG responses across genotypes
(Fig. 3G).
We also compared cell surface markers on all CNS
immune cell subsets between WT and S
 LAMF7−/− mice
during MOG1–125 EAE and found that several were significantly and differentially expressed on B cells (Fig. 3H).
Specifically, SLAMF7−/− B cells had higher MHC-II
expression, Tim3 expression, and autofluorescence during EAE (Fig. 3H), suggesting these cells are highly activated. We also observed a number of notable instances of
SLAMF7 co-expression with other regulatory receptors
on CNS immune cells during EAE including: PD-1 on
CD8+ T cells [16] (Additional file 1: Fig. S1B), CD38 on
CD8+ T cells (Additional file 1: Fig. S1C), Tim3 on cDC1
cells (Additional file 1: Fig. S1D), and MHC-II on MdCs
(Additional file 1: Fig. S1E). Importantly, CD38 expression on CNS-resident C
 D8+ T cells was decreased in
−/−
SLAMF7
mice during EAE compared to WT (Additional file 1: Fig. S1F) in line with our previous findings [16]. After observing that SLAMF7 was capable
of modulating the phenotype of various CNS immune
cells, we wished to determine if SLAMF7 was also capable of modulating cytokine and chemokine responses
in mice during the course of EAE. We serially profiled
plasma levels of multiple cytokines and chemokines
in WT and SLAMF7−/− mice and found a pattern of
increased soluble inflammatory mediators (G-CSF, GMCSF, IFNγ, IL-9, and CCL3) later in the disease course in
SLAMF7−/− mice compared to WT mice (Fig. 3I); this
pattern was not conserved in mice subjected to EAE with
rhMOG35-55 (data not shown).
SLAMF7 does not alter the CNS‑resident IL‑10 immune
niche during EAE

A common mechanism of altered susceptibility to CNS
autoimmunity is dysregulated immune suppressive
mechanisms, such as those mediated by IL-10 [40–43].
Importantly, our previous work found that SLAMF7 signaling was capable of driving STAT3 phosphorylation [16],
which is a critical driver of IL-10 production [44, 45].
Therefore, we hypothesized that lack of SLAMF7 signaling may be preventing appropriate pSTAT3-mediated
IL-10 suppressive responses. To examine this, we crossed
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Fig. 2 Single-cell deep CNS immune profiling of WT and SLAMF7−/− mice across multiple EAE models. A UMAP of all CNS immune cells in the
CNS of WT (n = 3) and SLAMF7−/− (n = 3) mice at steady state profiled with high-dimensional single-cell spectral cytometry. B Heatmap of marker
expression across immune cell subsets from A. C Comparison of frequencies of immune cell subsets from WT and S LAMF7−/− mice at steady
state. D UMAP of all CNS immune cells in the CNS of WT (n = 8) and S LAMF7−/− (n = 7) mice during peak EAE induced with rhMOG35–55 profiled
similarly to mice from A–C. E Comparison of frequencies of immune cell subsets from WT and S LAMF7−/− mice in D. F Frequency of various CNS
immune cell subsets between WT (n = 8) and S LAMF7−/− mice (n = 8) during EAE induced with rmMOG1–125. G Total number of various immune
cell subsets in the CNS of WT (n = 8) and S LAMF7−/− mice (n = 8) during EAE induced with rmMOG1–125. Groups in C, E compared using a GLMM
and representative of a single experiment. Groups in F, G compared using unpaired two-way t-tests and representative of two independent
experiments showing similar results. *p < 0.05, **p < 0.01. BAMS, border-associated macrophages; MdCs, myeloid-derived cells

 LAMF7−/− mice to IL-10GFP reporter mice [46] allowing
S
us to accurately measure IL-10 across all cell types. We
induced EAE with rmMOG1–125 protein in WT-IL-10GFP
and SLAMF7−/−-IL-10GFP mice and assessed the resident

CNS immune landscape. We also performed in vivo labeling before harvest of CNS tissue to allow for identification of bona fide resident CNS immune cells [25, 36, 47].
We confirmed the majority of immune cells were indeed
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Fig. 3 SLAMF7 restrains CNS myeloid cell activation, regulates adaptive immune responses, and controls CNS B cell activation. A Top, UMAP of all
CNS microglia in WT mice during EAE with FlowSOM-defined clusters differentially colored. Bottom, histograms of activation marker expression
on microglia subsets from above. Notably, activated microglia have very high protein-level expression of SLAMF9. B–D Expression of CD80 on
microglia (B), DCs (C), and BAMs (D) in the CNS in WT and SLAMF7−/− mice at steady state and during EAE. E, F Memory T cell ELISpot assay for IFNγ
(E) and IL-17 (F) production from r hMOG35–55 peptide-stimulated splenocytes derived from naïve and rhMOG35–55-treated WT and SLAMF7−/− mice.
Cells were cultured without stimulation or in the presence of the rhMOG35–55 peptide for 24 h. Shown below each bar graph are wells containing
splenocytes from EAE mice stimulated with MOG peptide. G ELISA of M
 OG35–55-specific total IgG using plasma derived from WT (n = 8) and
SLAMF7−/− (n = 7) mice subjected to EAE with rhMOG35–55. H Heatmap of differential marker expression on all CNS immune cell subsets from WT
and SLAMF7−/− mice during EAE (rmMOG1–125) with an FDR < 0.05. Adjusted p-values displayed on the right of each row. I Temporal expression of
various plasma cytokines/chemokines in WT (n = 6) and S LAMF7−/− mice (n = 8) during EAE induced with rmMOG1–125. Groups in B–D compared
using a one-way ANOVA with Tukey’s multiple comparison test. Groups in E, F compared with a two-way ANOVA with FDR correction for multiple
comparisons via Benjamini and Hochberg method. Groups in H compared with a GLMM. Groups in I compared using a mixed-effects model with
Sidak’s post hoc test implemented through GraphPad Prism and representative of a single experiment. *p < 0.05, **p < 0.01, ****p < 0.0001. BAMS,
border-associated macrophages; MdCs, myeloid-derived cells
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CNS resident, particularly for microglia and BAMs, while
cell types such as C
 CR2+ monocytes and NK cells were
slightly more likely to be non-resident (Fig. 4A). We
therefore performed all downstream analyses using only
resident CNS immune cells. Comparing the frequency of
IL-10+ cells per immune subset, we found CD4+ T cells
to contain the largest fraction of IL-10+ cells (Fig. 4B).
We next reconstructed the CNS-resident IL-10 immune
landscape (Fig. 4C) and found C
 D4+ T cells and microglia to be the predominant sources of IL-10 during EAE
[25], and that this was consistent between IL-10GFP and
SLAMF7−/−-IL-10GFP mice (Fig. 4D). These results suggest that SLAMF7 does not alter the CNS IL-10 immune
niche during EAE and argues in favor of alternative
mechanisms explaining enhanced 
SLAMF7−/− mouse
susceptibility to EAE.
Deep phenotyping of B cells at steady state and during EAE
reveals plasma cell and T2 B cell alterations in S
 LAMF7−/−
mice

We examined how SLAMF7 signaling modulated B cell
responses in our model due to the fact that we saw a more
robust difference in EAE clinical scores between WT
and SLAMF7−/− mice when using a B cell-dependent
model of EAE (rmMOG1–125 protein [48–51]), observed
increased numbers of B cells in the CNS of S
 LAMF7−/−
mice in this model (Fig. 2G), and because B cells were the
only CNS immune cell subset where SLAMF7 expression was decreased during EAE compared to steady state
(Fig. 3H). To comprehensively profile B cells, we utilized
our previously described high-dimensional spectral
cytometry B cell profiling approach (Additional file 1:
Fig. S3A and Additional file 2: Table S1) [25] to analyze
both splenic and CNS B cells from WT and SLAMF7−/−
mice at steady state and during EAE (rmMOG1–125). We
found changes in SLAMF7 expression across various B
and plasma cell subsets in the CNS, observing decreased
SLAMF7 expression on mature plasma cells and T1 B
cells during EAE (Fig. 5A). However, in the spleens of the
same mice we noted increased SLAMF7 expression on
immature and mature plasma cells during EAE (Fig. 5B).
Comparing the frequency of the 12 splenic B cell subsets between WT and SLAMF7−/− mice, we observed a
minor decrease in T2 B cells in SLAMF7−/− mice during
EAE compared to WT mice (Fig. 5C). Similarly, in the
CNS we only observed a small decrease in the frequency
of B1b (innate-like) cells in SLAMF7−/− mice at steady
state compared to WT mice (Fig. 5D). Together, these
data suggest that SLAMF7 expression does not globally
remodel either the CNS or splenic B cell compartments
at steady state or during active neuroinflammation.
Additionally, we found increased expression of the
activation markers MHC-II (Fig. 5E), CD80 (Fig. 4F),
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and CD43 (Fig. 4G) on splenic immature plasma cells
of SLAMF7−/− mice only during EAE compared to
WT. We also observed increased expression of IgM on
SLAMF7−/− splenic immature plasma cells only during EAE (Fig. 5H) which is intriguing since IgM+ plasma
cells are known to retain a functional BCR and are potent
cytokine producers [52]. We also noted a number of
phenotypic differences on T2 and MZ B cells including:
decreased CD1d expression on MZ (Additional file 1:
Fig. S3B) and T2 (Additional file 1: Fig. S3C) B cells from
SLAMF7−/− mice and increased MHC-II (Additional
file 1: Fig. S3D) and GL7 (Additional file 1: Fig. S3E) on
T2 B cells from SLAMF7−/− mice during EAE. Since
T2 B cells are recognized as a precursor to MZ B cells
[53, 54], the latter of which expand greatly during EAE
(Fig. 5C), our findings of increased activation in these
cells suggest SLAMF7 may modulate responses of this
cell lineage early during their development. Together,
these results suggest that SLAMF7 expression does not
globally remodel either the CNS or splenic B cell compartments at steady state or during active neuroinflammation, but rather suggests that SLAMF7 is linked to
activation and modulation of B cell states.
SLAMF7 intrinsically regulates B cell activation and B
cell‑induced T cell responses to control EAE severity

We next wished to confirm that SLAMF7 expression and
signaling on B cells could modulate EAE severity in vivo.
To accomplish this, we adoptively transferred B cells
isolated from WT or SLAMF7−/− mice into μMT mice
(genetically deficient in B cells [55]) and induced EAE
with rmMOG1–125 protein as previously described [25].
We found that μMT mice reconstituted with S
 LAMF7−/−
B cells experienced significantly increased incidence of
EAE symptoms compared to mice reconstituted with
WT B cells (Fig. 6A), confirming an intrinsic role for
SLAMF7 expression in B cells as responsible for regulating CNS autoimmunity. We assessed the phenotype of T
cells in the peripheral blood of these mice and found a
higher frequency of IL-17A+ CD4+ T cells and RORγt+
CD4+ T cells (Fig. 6B, C and Additional file 1: Fig. S4A)
in mice reconstituted with S
 LAMF7−/− B cells, suggesting SLAMF7 expression on B cells might regulate the
development of Th17 cells. We further confirmed no
difference in the CNS CD4/CD8 T cell ratio (Additional
file 1: Fig. S4B) or frequency of CNS B cells in these mice
(Additional file 1: Fig. S4C).
To evaluate how SLAMF7 intrinsically regulates B
cell responses we cultured WT splenic B cells in vitro
in the presence or absence of SLAMF7 receptor activation (via receptor cross-linking [16]) and evaluated cell surface B cell activation markers via spectral
cytometry. We found decreased autofluorescence (a
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Fig. 4 The resident CNS IL-10 immune niche in WT and SLAMF7−/− mice during EAE. A Frequency of resident (IV−) versus circulating (IV+) CNS
immune cells in WT-IL-10GFP (n = 3) and S LAMF7−/−-IL-10GFP (n = 5) mice during EAE induced with rmMOG1–125. B Frequency of IL-10 producing
cells in the CNS of WT-IL-10GFP (n = 3) and S LAMF7−/−-IL-10GFP (n = 5) mice during EAE induced with rmMOG1–125. C UMAP of all CNS-resident
IL-10+ immune cells in WT-IL-10GFP and S LAMF7−/−-IL-10GFP mice during EAE. D Pie charts of all CNS-resident IL-10+ immune cells in WT-IL-10GFP
and SLAMF7−/−-IL-10GFP mice during EAE. Groups in D compared with a GLMM. Data in A–D representative of a single experiment. BAMS,
border-associated macrophages; MdCs, myeloid-derived cells
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Fig. 5 Deep phenotyping of splenic and CNS B cell subsets in WT and S LAMF7−/− mice. A, B SLAMF7 expression level across CNS (A) and splenic
(B) B cell subsets at steady state and during active EAE neuroinflammation in WT mice. C Frequency of various B cell subsets from total splenic B
cells in WT and SLAMF7−/− mice at steady state and during EAE. D Frequency of various B cell subsets from total CNS B cells in WT and S LAMF7−/−
mice at steady state and during EAE. E MHC-II expression on splenic immature plasma cells. F CD80 expression on splenic immature plasma cells.
G CD43 expression on splenic immature plasma cells. H IgM expression on splenic immature plasma cells. Data in A–H representative of a single
experiment. Groups in A, B compared with multiple unpaired two-way t-tests with a Holm–Sidak correction for multiple comparisons. Groups in
C–H compared with a two-way ANOVA with Sidak’s test for multiple comparisons. FO, follicular; MZ, marginal zone; Bregs, regulatory B cells

proxy for lymphocyte activation) (Fig. 6D), MHC-II
(Fig. 6E), GL7 (Fig. 6F), and PD-L1 expression (Fig. 6G)
on SLAMF7-activated B cells compared to unstimulated B cells. Examination of soluble factors in supernatant of cultures of SLAMF7-stimulated B cells revealed
decreased levels of Eotaxin (Fig. 6H), IL-17 (Fig. 6I),
TNF⍺ (Fig. 6J), and CCL5 (Fig. 6K) in B cells with
SLAMF7 activation compared to unstimulated cells,

revealing an inhibitory role for SLAMF7 in B cells.
While changes in some of these surface and soluble
activation markers were minimal, together they suggest
SLAMF7 signaling is capable of tempering B cell activation in a mild manner.
To determine what role SLAMF7 expression on B cells
plays in regulating T cell responses, we set up an in vitro
co-culture model consisting of T cells isolated from WT
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mice at peak EAE severity, combined with either WT or
SLAMF7−/− B cells isolated from naïve mice, along with
stimulation using MOG peptide. Using this model, we
were able to assess the contribution of SLAMF7 expression on B cells to antigen-induced T cell proliferation and
found that SLAMF7 expression on B cells restrains antigen-induced CD8+ T cell proliferation (Fig. 6L and Additional file 1: Fig. S4D). Similarly, SLAMF7 expression
on B cells also decreased antigen-induced PD-1 expression on C
 D8+ T cells (Fig. 6M) and CD69 expression on
+
CD8 T cells (Fig. 6N) (no significant changes found in
CD4+ T cell phenotypes (data not shown)). Fittingly, we
also found that S
 LAMF7−/− B cells express more CD80
compared to WT B cells (Fig. 6O). Together, these results
suggest that in the absence of SLAMF7, B cells are more
prone to activation and preferentially induce CD8+ T cell
activation, possibly via MHC-II, PD-L1, CD80, and/or
direct SLAMF7 ligation mechanisms.
B cells orchestrate cell–cell interactions
between SLAMF7‑expressing cells in human CSF

While our above studies identified a functional role for
SLAMF7 in the regulation of CNS autoimmunity in mice,
the importance of SLAMF7 in the human CNS immune
landscape, particularly as it relates to MS, remains undefined. Since SLAMF7 is a self-ligand, this implies that all
immune cells in a given niche expressing SLAMF7 may
form a unique interactome. We leveraged this unique feature of SLAMF7 biology to reconstruct a SLAMF7-specific cell–cell interaction (CCI) network of human CSF
immune cells from healthy controls and MS patients.
Previously published scRNA-seq data [28] of 31,000
CSF immune cells from healthy controls and MS patients
were re-analyzed (see “Materials and methods”) to
reconstruct the CSF immune landscape and 11 distinct
immune cell subsets were identified (Fig. 7A). SLAMF7
expression on all immune cells was analyzed and cells
were identified as being SLAMF7+ or SLAMF7−.
SLAMF7+ and SLAMF7− cells were separately run
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through the CellPhoneDB program in order to perform
cell–cell interaction (CCI) prediction based on ligand–
receptor pair expression from the scRNA-seq data [31].
Next, the SLAMF7+ network was compared to the
SLAMF7− network using CrossTalkeR [32] and a comparative CCI network was constructed (Fig. 7B). Each
node in this network is an immune cell subset and is
sized according to its relative importance in orchestrating cell–cell interactions in a SLAMF7+ vs. SLAMF7−
immune cell network (via PageRank scores) (Fig. 7B, C).
From this we can appreciate that B cells and granulocytes
are coordinating significantly more cell–cell interactions
between other SLAMF7+ immune cells in a SLAMF7+ vs.
SLAMF7− CSF immune cell network. The arrows (edges)
connecting nodes in Fig. 7B represent the frequency of
ligand–receptor interactions between cell types and are
colored red if those interactions are upregulated in a
network of SLAMF7+ vs. SLAMF7− immune cells and
blue if the reverse is true. From this, and the corresponding log odds ratios of cell–cell interaction probabilities
(Fig. 7D), we can appreciate how in the SLAMF7+ CSF
immune niche B cells exhibit promiscuous interactions
with multiple other immune cell subsets such as: other
B cells, granulocytes, and NK cells (Fig. 7D). Outgoing
signaling from plasma cells to both B cells and granulocytes is enriched in the SLAMF7+ network presumably
because all plasma cells express SLAMF7 [14]. Finally,
we assessed each of the topological measures [32] across
our CCI network for enrichment of various KEGG pathways to help better highlight the biological significance
of SLAMF7 signaling in the CSF. We found antigen processing and presentation, cell adhesion, the phagosome,
and endocytosis to be increased in cells sending out
signals (influencers) in the SLAMF7+ network (Fig. 7E).
In agreement with our previous data showing a link
between SLAMF7 expression on B cells with Th17 differentiation (Figs. 3F, 6B, C), we observed enrichment in the
Th17 cell differentiation KEGG pathway in mediator type
cells (topological network measure of how much a cell

(See figure on next page.)
Fig. 6 SLAMF7 tempers B cell activation to restrict T cell activation resulting in concomitant modulation of EAE severity. A Clinical scores of μMT
mice reconstituted with either WT B cells (n = 8) or S LAMF7−/− B cells (n = 7) and subjected to EAE induced with rmMOG1–125. B Expression of IL-17A
in peripheral blood CD4+ T cells from mice in A. C Expression of RORγt in peripheral blood CD4+ T cells from mice in A. D–K Isolated splenic B cells
from WT mice (n = 4) were cultured for 4 days with SLAMF7 activation (SLAMF7 cross-linking) or without (mock) and surface and soluble markers
of B cell activation were assessed. Changes in autofluorescence (D), MHC-II MFI (E), GL7 expression (F), and PD-L1 MFI (G) on B cells cultured with
or without SLAMF7 activation. Changes in the levels of cytokines and chemokines from supernatant of B cells cultured with and without SLAMF7
activation including Eotaxin (H), IL-17 (I), TNF⍺ (J), and CCL5 (K). L–O EAE was induced in WT mice and splenic C
 D3+ T cells were harvested on
day 60. T cells were labeled with CellTrace Violet and co-cultured with splenic B cells isolated from either WT or S LAMF7−/− mice for 4 days in the
presence and absence of M
 OG35–55 peptide. L Percent change in the frequency of proliferating CD8+ T cells comparing unstimulated cells to MOG1–
+
125 stimulated cells. M Percent change in PD-1 expression on CD8 T cells comparing unstimulated cells to MOG35–55 stimulated cells. N Percent
change in CD69 expression on CD8+ T cells comparing unstimulated cells to MOG35–55 stimulated cells. O Frequency of CD80+ unstimulated B cells
isolated from the spleens of WT or SLAMF7−/− mice. Data in A–O representative of an individual experiment. Groups in A compared with two-way
ANOVA with Sidak’s correction for multiple comparisons. Groups in B, C and H–O compared with a two-way unpaired t-test. Data in D–G compared
with a mixed-effects model with FDR correction for multiple comparisons via Benjamini and Hochberg method. *p < 0.05, **p < 0.01
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Fig. 6 (See legend on previous page.)

type talks to other cells) and influencer cells in SLAMF7−
networks (Fig. 7E). Together, these results highlight the
important role B cells play in coordinating cell–cell cross
talk among SLAMF7+ cells in the CNS.

Discussion
The increased susceptibility to EAE we observe in
SLAMF7−/− mice links well to GWAS studies showing
an association of polymorphisms in SLAMF7 with MS
[4, 11, 12]. It supports a role for SLAMF7 in dampening
over-zealous, pathology-inciting immune responses,
which when perturbed, lead to MS susceptibility.
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Fig. 7 B cells function as central hub orchestrating cell–cell interactions between S LAMF7+ cells in the CNS. A UMAP of 31,063 immune cells
from the CSF of six healthy controls and six MS patients reanalyzed from [28]. B Cell–cell interaction (CCI) network comparing differential cellular
interaction networks between SLAMF7+ and S LAMF7− immune cells from A. Each node is a cell type which is scaled according to its PageRank
score (centrality in SLAMF7+ vs. S LAMF7− networks). Arrows connecting nodes show directionality of cell–cell interactions, are sized based on the
percent of interactions comparing SLAMF7+ to S LAMF7− networks, and are colored based on whether the interactions are up- or down-regulated
in SLAMF7+ vs. SLAMF7− networks. C Bar plot of PageRank scores from the CCI network in B highlighting B cells and granulocytes as being the
most important cell types in SLAMF7+ immune cell interaction networks compared to SLAMF7− networks. D Bar plot showing the log odds ratio
for all significant cell–cell interactions between SLAMF7+ vs. S LAMF7− networks. A positive log odds ratio indicates that interaction is enriched in a
network composed of SLAMF7+ immune cells compared to SLAMF7− immune cells. E Heatmap of differentially regulated KEGG pathways for the
topological measures used to calculate the CCI network in B. Influencers are the outgoing signals from each cell type, listeners are the incoming
signals to each cell type, moderators measure the importance of a cell type to mediate communication between cell types, and PageRank is the
importance of each cell type to orchestrating cell–cell communications in a network [32]. dgT cells, δγ T cells

This fits with our current understanding of SLAMF7,
since most immune cells that express SLAMF7 do not
express the EAT-2 adaptor, or downregulate its expression upon SLAMF7 activation, meaning that SLAMF7
signaling on most immune cells is expected to be inhibitory or anti-inflammatory [14, 15].
Using both the B cell and T cell-dependent modes
of EAE, we observed increased susceptibility of

SLAMF7−/− of EAE compared to WT mice. Differences
across our models may be related to the differing pathological mechanisms underlying each model [56] and,
considering each of the immune cell types significantly
increased in 
SLAMF7−/− mice in the rhMOG35–55
model had high SLAMF7 expression (Fig. 1G), may
indicate a direct role for SLAMF7 in CNS trafficking and residency. Conversely, results from our
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rmMOG1–125 EAE model where we observed increased
numbers of immune cell subsets with low SLAMF7
expression (Fig. 1G), point toward a more indirect role
for SLAMF7 in regulating neuroinflammation, possibly
via effects occurring in the periphery during early autoantigen presentation.
After profiling the expression of SLAMF7 across the
entire CNS immune landscape, we found SLAMF7
expression to closely mirror that of immune cells in the
periphery [13, 14], with the notable exception of B cells
where a decrease in SLAMF7 expression was observed
during EAE. This decrease in SLAMF7 expression in the
setting of a highly inflammatory environment is contrary
to prior studies exploring SLAMF7, as this receptor is
quite responsive to inflammatory stimuli and typically
increases in expression in these settings [15, 16, 57]. This
points to a potential role for SLAMF7 signaling in modulating B cell responses in the setting of CNS inflammation also evidenced from B cell changes detected in our
unbiased neuroimmune phenotyping panel. Since our
previous studies have shown that activating SLAMF7
can lead to its down-regulation [15, 23], this may indicate that SLAMF7 ligation and downstream signaling
are occurring in B cells during EAE neuroinflammation.
In support of this, and relevant to our studies here showing a role for SLAMF7 expression on B cells in the setting
of neuro-autoimmunity, a recent study has shown that
SLAMF7 signaling on B cells is inhibitory and antagonizes BCR activation [58].
The association between SLAMF7 expression/signaling
in B cells and susceptibility to CNS autoimmunity is supported by our adoptive transfer studies and is particularly
exciting considering how the new B cell-depleting therapies are changing the landscape of contemporary MS
treatment [8, 59]. How B cells contribute to MS pathogenesis is one of the most pressing questions in the MS
field, and a number of theories have been proposed and
studied, yet none has emerged as a unifying mechanism
[59, 60]. Interestingly, there is also an FDA-approved
therapy targeting SLAMF7, elotuzumab [61]. Elotuzumab
is approved for the treatment of multiple myeloma and
functions primarily via antibody-dependent cellular
cytotoxicity, but has also been shown to have SLAMF7
agonistic activity [62]. Considering our results in a preclinical model of MS, it would be interesting to see how
a SLAMF7 agonist would perform in MS patients, especially in combination with other immuno-modulatory
agents.
An interesting discovery from our in-depth investigations of B cells was the ability of SLAMF7 to temper B
cell activation, as evidenced from both increased activation makers in S
 LAMF7−/− B cells and vice versa in
B cells subjected to SLAMF7 activation. This effect was
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consistent across both of our complementary animal
models, specifically in regard to autofluorescence and
MHC-II expression. Our finding that SLAMF7 signaling
on B cells down-regulates their production of Eotaxin
(CCL11) is interesting considering plasma Eotaxin levels
are known to be upregulated in individuals with a more
severe form of MS [63]. Consequently, future studies
assessing the linkage of the rs983494 SLAMF7 SNP with
primary progressive and other MS subsets will be particularly interesting.
The ability of SLAMF7 to regulate the numbers and
activation state of the T2 B cell subset make this one
potential mechanism explaining the genetic association
between SLAMF7 and MS. T2 B cells are a subset of transitional B cells which are bone marrow-derived and serve
as precursors to mature B cells [64]. Lower numbers of
these cells in the periphery as compared to other B cell
subsets makes study of these cells difficult, but mounting
evidence suggests that they are more than merely a transitional stage in B cell development, and that they may
play an important role in the immunological responses to
infectious agents and autoimmunity [64]. The increased
activation level of T2 B cells (as evidenced by MHC-II
and GL7 expression) from SLAMF7−/− mice during EAE,
paired with the decreased frequency of these cells, may
indicate these cells are undergoing activation-induced
cell death due to the absence of SLAMF7. Furthermore,
MS patients tend to have lower levels of transitional B
cells along with elevated CD80 expression on those cells
[65]; very similar to what we observe in 
SLAMF7−/−
mice. With a relative decrease of 50% compared to WT
mice, this finding of decreased transitional B cells existing in a primed/activated state may help explain why
μMT mice reconstituted with SLAMF7−/− B cells have
an exaggerated Th17 response; a phenomenon known
to be pathogenic in MS/EAE [66]. This is because previous studies have shown that T2 B cells can suppress Th17
development and IL-17 production [64]. Furthermore,
transitional B cells have also been found to be capable of inhibiting C
 D8+ T cell responses which similarly
may explain results from our B/T cell co-culture studies
showing increased CD8+ T cell activation in conditions
containing SLAMF7−/− B cells (which presumably have
fewer transitional B cells) [64]. However, a specific role
for transitional B cells in MS/EAE has yet to be defined
[64], thus further studies of the role of SLAMF7 on B
cells are needed to address this.
Another mechanism potentially contributing to
increased EAE incidence in 
SLAMF7−/− mice is the
decreased CD1d expression on MZ and T2 B cells. CD1d
is a cell surface receptor which recognizes lipid antigens
and can present them to invariant NKT (iNKT) cells to
induce activation of these cells [67]. The decreased CD1d
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expression on B cell subsets in S
 LAMF7−/− mice suggests
that iNKT cell activation will be impaired during EAE in
these mice [68, 69]. Since iNKT cell activation has been
generally shown to be protective in EAE [67, 70], this
mechanism may help explain both the increased EAE
incidence in S
 LAMF7−/− mice and the increased incidence in μMT mice reconstituted with S
 LAMF7−/− B
cells.
How the expression of SLAMF7 and other SLAM family receptors affect cell–cell communication in the CNS
is currently unknown and represents an attractive area
of research considering the homotypic nature of these
receptors and their ability to broadly modify immune cell
functions [13, 14]. We have begun to address this through
a computational approach for predicting cell–cell interactions via ligand and receptor expression from scRNAseq data of human CSF immune cells [28]. Unexpectedly,
our results aligned with our EAE studies, in that our analysis of human CSF immune cells showed B cells to be one
of the most important cell types for coordinating cell–cell
interactions among SLAMF7+ CSF immune cells. How
precisely SLAMF7+ B cells interact with other SLAMF7+
immune cells in the CNS to modulate immunity remains
to be seen, but may involve cell adhesion and/or regulation of Th17 cell differentiation based on our murine and
computational studies.
Our finding that microglia do not express SLAMF7
was unexpected considering most other myeloid subsets express SLAMF7. There are a number of possible
explanations for this, one of which concerns the origin
of microglia. Unlike other myeloid cells, microglia have a
unique ontogeny, arising from the yolk sac during development [71, 72], which may play a role in the unique cellular programs present in microglia compared to other
myeloid cells. Whether this effect is conserved for other
SLAM receptors and the potential functional consequences of this are interesting questions for future investigations. Additionally, recent work has shown that a
subset of CNS-resident border-associated macrophages
(BAMs) are yolk sac-derived [73, 74], yet BAMs express
SLAMF7. If different subsets of BAMs, from disparate
ontogenies, differentially express SLAMF7 and other
SLAM receptors, and what programs are responsible for
this, will be important questions to answer as we begin
to define the roles of SLAM receptors across the CNS
immune landscape. Finally, by validating that SLAMF9 is
expressed on the cell surface of activated microglia at the
protein level, this opens up the opportunity to both use
SLAMF9 as a marker of DAMs and as a potential therapeutic target [75].
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Conclusions
Here we have shown, using multiple murine models of
MS, that the immune cell receptor SLAMF7 regulates
susceptibility to CNS autoimmunity through B cells
and memory T cell responses. This provides a mechanistic explanation for the genetic association between
a SNP in the SLAMF7 promoter and susceptibility to
MS, and provides a foundation on which future studies
aimed at modulating SLAM family receptors to treat
autoimmune diseases may build from.
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Additional file 1: Figure S1. (A) Confocal imaging of SLAMF7 and Iba1
on mouse brain tissue during peak EAE. Magnifications 1 and 2 highlight
regions with SLAMF7+ Iba1− non-microglial cells and S LAMF7− Iba1+
microglia, respectively. (B–E) Notable co-expression patterns of SLAMF7
with other regulatory markers on various CNS immune cell subsets during
EAE. (B) Co-expression of SLAMF7 and PD-1 on CD8+ T cells, (C) SLAMF7
co-expression with CD38 on CD8+ T cells, (D) co-expression of SLAMF7
and Tim-3 on cDC1 cells, (E) co-expression of MHC-II and SLAMF7 on
MdCs. (F) CD38 expression on CNS CD8 + T cells. (G) Splenic immune
cell subset frequencies in naive WT (N = 3), naive SLAMF7−/− (n = 3), WT
EAE (n = 8), and SLAMF7−/− EAE (n = 7) mice. Groups in (F, G) compared
with a two-way ANOVA with FDR correction for multiple comparisons via
Benjamini and Hochberg method. *p < 0.05, **p < 0.01. MdCs, myeloidderived cells. Figure S2. Gating schemes. (A) Gating scheme used to
manually annotate nearly all CNS immune cell subsets (used in (Figs. 1H
and 2F, G)). This gating scheme is able to identify approximately 98% of all
CD45+ CNS immune cells. Put. Microglia, putative microglia; BAM, borderassociated macrophage; MdCs, myeloid-derived cells. Figure S3. Gating
and additional analyses of B cell deep phenotyping (related to Fig. 5). (A)
Gating scheme used to clean up datasets and manually annotate all CNS
and splenic B cell subsets from high dimensional B cell profiling experiments. (B) CD1d expression on MZ B cells. (C) CD1d expression on T2 B
cells. (D) MHC-II expression on T2 B cells. (E) GL7 expression on T2 B cells.
Groups in (B–E) compared with a two-way ANOVA with Sidak’s test for
multiple comparisons. FO, follicular; MZ, marginal zone; Bregs, regulatory B
cells. *p < 0.05, **p  < 0.01, ***p < 0.001. Figure S4. Gating schemes (related
to Fig. 6). (A) Gating scheme used to identify IL-17A+ and RORgt+ CD4+ T
cells in µMT mice (used in (Fig. 6B, C)). (B) CD4/CD8 T cell ratio in the CNS
of mice µMT mice. (C) Frequency of B cells in the CNS of µMT mice. (D)
Gating scheme used to measure C
 D8+ T cell phenotypes from co-culture
experiments (used in (Fig. 6L–N)).
Additional file 2: Table S1. Antibody panels used.
Acknowledgements
We thank Dr. A.J. Robison for advice and assistance performing confocal
microscopy.
Author contributions
PO and YAA conceived the project. PO and YAA designed experiments. PO,
MKB, and YAA performed all experiments. SG managed all mouse work. PO
analyzed data. PO wrote the manuscript, with input and revisions from all
authors. YAA supervised the study and AA provided suggestions and funding.
All authors read and approved the final manuscript.
Funding
P.O. was supported by the John A. Penner Endowed Research Fellowship.
Funding provided by the Osteopathic Heritage Foundation Endowed Chair
(A.A.) and Y.A.A. was supported by National Institute of Allergy and Infectious
Diseases, National Institutes of Health Grant 1R21AI122808-01. Y.A.A. is supported by the MSU Clinical and Translational Sciences Institute (CTSI).

O’Connell et al. Journal of Neuroinflammation

(2022) 19:241

Availability of data and materials
All raw data are available upon reasonable request. Analysis code can be
found at: https://github.com/poconnel3/OConnell_et_al_SLAMF7_EAE_
paper_code.

Declarations
Ethics approval and consent to participate
All animal procedures were approved by the Michigan State University Institutional Animal Care and Use Committee (https://animalcare.msu.edu/iacuc/).
Consent for publication
Not applicable.

Page 17 of 18

16.
17.

18.

19.

Competing interests
The authors declare no conflicts of interest exist.
Author details
1
Department of Microbiology and Molecular Genetics, College of Osteopathic
Medicine, Michigan State University, 567 Wilson Road, 4108 Biomedical
and Physical Sciences Building, East Lansing, MI 48824, USA. 2 Department
of Pediatrics, College of Osteopathic Medicine, Michigan State University, East
Lansing, MI 48824, USA.

20.

21.

Received: 26 February 2022 Accepted: 8 September 2022
22.

References
1. Hirst C, Ingram G, Pearson O, Pickersgill T, Scolding N, Robertson N.
Contribution of relapses to disability in multiple sclerosis. J Neurol.
2008;255:280–7.
2. Murray TJ. The history of multiple sclerosis: the changing frame of the
disease over the centuries. J Neurol Sci. 2009;277(Suppl 1):S3-8.
3. Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic, lifestyle
and environmental risk factors for multiple sclerosis. Nat Rev Neurol.
2017;13:25–36.
4. International Multiple Sclerosis Genetics C. Multiple sclerosis genomic
map implicates peripheral immune cells and microglia in susceptibility.
Science. 2019;365:eaav7188.
5. Bergthaler A, Menche J. The immune system as a social network. Nat
Immunol. 2017;18:481–2.
6. Filipi M, Jack S. Interferons in the treatment of multiple sclerosis: a clinical
efficacy, safety, and tolerability update. Int J MS Care. 2020;22:165–72.
7. Voge NV, Alvarez E. Monoclonal antibodies in multiple sclerosis: present
and future. Biomedicines. 2019;7:20.
8. Syed YY. Ocrelizumab: a review in multiple sclerosis. CNS Drugs.
2018;32:883–90.
9. Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, de Seze J,
Giovannoni G, Hartung HP, Hemmer B, et al. Ocrelizumab versus placebo
in primary progressive multiple sclerosis. N Engl J Med. 2017;376:209–20.
10. Hauser SL, Bar-Or A, Comi G, Giovannoni G, Hartung HP, Hemmer B,
Lublin F, Montalban X, Rammohan KW, Selmaj K, et al. Ocrelizumab
versus interferon beta-1a in relapsing multiple sclerosis. N Engl J Med.
2017;376:221–34.
11. International Multiple Sclerosis Genetics C, Beecham AH, Patsopoulos NA,
Xifara DK, Davis MF, Kemppinen A, Cotsapas C, Shah TS, Spencer C, Booth
D, et al. Analysis of immune-related loci identifies 48 new susceptibility
variants for multiple sclerosis. Nat Genet. 2013;45:1353–60.
12. Ban M, Liao W, Baker A, Compston A, Thorpe J, Molyneux P, Fraser M,
Khadake J, Jones J, Coles A, Sawcer S. Transcript specific regulation of
expression influences susceptibility to multiple sclerosis. Eur J Hum
Genet. 2020;28:826–34.
13. O’Connell P, Amalfitano A, Aldhamen YA. SLAM family receptor signaling
in viral infections: HIV and beyond. Vaccines (Basel). 2019;7:184.
14. Cannons JL, Tangye SG, Schwartzberg PL. SLAM family receptors and SAP
adaptors in immunity. Annu Rev Immunol. 2011;29:665–705.
15. O’Connell P, Pepelyayeva Y, Blake MK, Hyslop S, Crawford RB, Rizzo MD,
Pereira-Hicks C, Godbehere S, Dale L, Gulick P, et al. SLAMF7 is a critical

23.

24.
25.

26.

27.
28.

29.
30.

31.

32.
33.

negative regulator of IFN-alpha-mediated CXCL10 production in chronic
HIV infection. J Immunol. 2018;202:228–38.
O’Connell P, Hyslop S, Blake MK, Godbehere S, Amalfitano A, Aldhamen
YA. SLAMF7 signaling reprograms T cells toward exhaustion in the tumor
microenvironment. J Immunol. 2021;206:193–205.
Aldhamen YA, Appledorn DM, Seregin SS, Liu CJ, Schuldt NJ, Godbehere
S, Amalfitano A. Expression of the SLAM family of receptors adapter EAT-2
as a novel strategy for enhancing beneficial immune responses to vaccine antigens. J Immunol. 2011;186:722–32.
Aldhamen YA, Rastall DP, Chen W, Seregin SS, Pereira-Hicks C, Godbehere
S, Kaminski NE, Amalfitano A. CRACC-targeting Fc-fusion protein induces
activation of NK cells and DCs and improves T cell immune responses to
antigenic targets. Vaccine. 2016;34:3109–18.
Aldhamen YA, Seregin SS, Aylsworth CF, Godbehere S, Amalfitano A.
Manipulation of EAT-2 expression promotes induction of multiple
beneficial regulatory and effector functions of the human innate
immune system as a novel immunomodulatory strategy. Int Immunol.
2014;26:291–303.
Aldhamen YA, Seregin SS, Kousa YA, Rastall DP, Appledorn DM, Godbehere S, Schutte BC, Amalfitano A. Improved cytotoxic T-lymphocyte
immune responses to a tumor antigen by vaccines co-expressing the
SLAM-associated adaptor EAT-2. Cancer Gene Ther. 2013;20:564–75.
Aldhamen YA, Seregin SS, Schuldt NJ, Rastall DP, Liu CJ, Godbehere S,
Amalfitano A. Vaccines expressing the innate immune modulator EAT-2
elicit potent effector memory T lymphocyte responses despite preexisting vaccine immunity. J Immunol. 2012;189:1349–59.
Schuldt NJ, Aldhamen YA, Appledorn DM, Seregin SS, Kousa Y, Godbehere
S, Amalfitano A. Vaccine platforms combining circumsporozoite protein
and potent immune modulators, rEA or EAT-2, paradoxically result in
opposing immune responses. PLoS ONE. 2011;6:e24147.
O’Connell P, Blake MK, Pepelyayeva Y, Hyslop S, Godbehere S, Angarita
AM, Pereira-Hicks C, Amalfitano A, Aldhamen YA. Adenoviral delivery of
an immunomodulatory protein to the tumor microenvironment controls
tumor growth. Mol Ther Oncolytics. 2022;24:180–93.
Giralt M, Molinero A, Hidalgo J. Active induction of experimental autoimmune encephalomyelitis (EAE) with MOG35-55 in the mouse. Methods
Mol Biol. 2018;1791:227–32.
O’Connell P, Blake MK, Godbehere S, Aldhamen YA, Amalfitano A.
Absence of ERAP1 in B cells increases susceptibility to central nervous
system autoimmunity, alters B cell biology, and mechanistically explains
genetic associations between ERAP1 and multiple sclerosis. J Immunol.
2021;207:2952–65.
Rastall DPW, Alyaquob FS, O’Connell P, Pepelyayeva Y, Peters D,
Godbehere-Roosa S, Pereira-Hicks C, Aldhamen YA, Amalfitano A. Mice
expressing human ERAP1 variants associated with ankylosing spondylitis
have altered T-cell repertoires and NK cell functions, as well as increased
in utero and perinatal mortality. Int Immunol. 2017;29:277–89.
Chevrier S, Crowell HL, Zanotelli VRT, Engler S, Robinson MD, Bodenmiller
B. Compensation of signal spillover in suspension and imaging mass
cytometry. Cell Syst. 2018;6:612–20.
Schafflick D, Xu CA, Hartlehnert M, Cole M, Schulte-Mecklenbeck A,
Lautwein T, Wolbert J, Heming M, Meuth SG, Kuhlmann T, et al. Integrated
single cell analysis of blood and cerebrospinal fluid leukocytes in multiple
sclerosis. Nat Commun. 2020;11:247.
Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, Lee
MJ, Wilk AJ, Darby C, Zager M, et al. Integrated analysis of multimodal
single-cell data. Cell. 2021;184:3573-3587.e3529.
Turei D, Valdeolivas A, Gul L, Palacio-Escat N, Klein M, Ivanova O, Olbei
M, Gabor A, Theis F, Modos D, et al. Integrated intra- and intercellular
signaling knowledge for multicellular omics analysis. Mol Syst Biol.
2021;17:e9923.
Garcia-Alonso L, Handfield LF, Roberts K, Nikolakopoulou K, Fernando RC,
Gardner L, Woodhams B, Arutyunyan A, Polanski K, Hoo R, et al. Mapping
the temporal and spatial dynamics of the human endometrium in vivo
and in vitro. Nat Genet. 2021;53:1698–711.
Nagai JS, Leimkuhler NB, Schaub MT, Schneider RK, Costa IG. CrossTalkeR:
analysis and visualisation of ligand receptor networks. Bioinformatics.
2021;37:4263–5.
Weber L. diffcyt: Differential discovery in high-dimensional cytometry via
high-resolution clustering. 1.10.0 edition. pp. R package. Bioconductor;
2020:R package.

O’Connell et al. Journal of Neuroinflammation

(2022) 19:241

34. Constantinescu CS, Farooqi N, O’Brien K, Gran B. Experimental autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br J
Pharmacol. 2011;164:1079–106.
35. Niewold P, Ashhurst TM, Smith AL, King NJC. Evaluating spectral cytometry for immune profiling in viral disease. Cytometry A. 2020;97:1165–79.
36. Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, Lelios I,
Heppner FL, Kipnis J, Merkler D, et al. High-dimensional single-cell mapping of central nervous system immune cells reveals distinct myeloid
subsets in health, aging, and disease. Immunity. 2018;48:380-395.e386.
37. Mishra MK, Yong VW. Myeloid cells—targets of medication in multiple
sclerosis. Nat Rev Neurol. 2016;12:539–51.
38. Sever L, Radomir L, Stirm K, Wiener A, Schottlender N, Lewinsky H, Barak
AF, Friedlander G, Ben-Dor S, Becker-Herman S, Shachar I. SLAMF9 regulates pDC homeostasis and function in health and disease. Proc Natl Acad
Sci USA. 2019;116:16489–96.
39. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A,
Walker AJ, Gergits F, Segel M, Nemesh J, et al. Single-cell RNA sequencing of microglia throughout the mouse lifespan and in the injured brain
reveals complex cell-state changes. Immunity. 2019;50:253-271.e256.
40. Petereit HF, Pukrop R, Fazekas F, Bamborschke SU, Ropele S, Kolmel HW,
Merkelbach S, Japp G, Jongen PJ, Hartung HP, Hommes OR. Low interleukin-10 production is associated with higher disability and MRI lesion load
in secondary progressive multiple sclerosis. J Neurol Sci. 2003;206:209–14.
41. Ersoy E, Kus CN, Sener U, Coker I, Zorlu Y. The effects of interferon-beta on
interleukin-10 in multiple sclerosis patients. Eur J Neurol. 2005;12:208–11.
42. Zhang X, Koldzic DN, Izikson L, Reddy J, Nazareno RF, Sakaguchi S,
Kuchroo VK, Weiner HL. IL-10 is involved in the suppression of experimental autoimmune encephalomyelitis by CD25+CD4+ regulatory T cells. Int
Immunol. 2004;16:249–56.
43. Wei Y, Chang H, Feng H, Li X, Zhang X, Yin L. Low serum interleukin-10 is
an independent predictive factor for the risk of second event in clinically
isolated syndromes. Front Neurol. 2019;10:604.
44. Clark SE, Burrack KS, Jameson SC, Hamilton SE, Lenz LL. NK cell IL-10 Production requires IL-15 and IL-10 driven STAT3 activation. Front Immunol.
2019;10:2087.
45. Hedrich CM, Rauen T, Apostolidis SA, Grammatikos AP, Rodriguez Rodriguez N, Ioannidis C, Kyttaris VC, Crispin JC, Tsokos GC. Stat3 promotes
IL-10 expression in lupus T cells through trans-activation and chromatin
remodeling. Proc Natl Acad Sci USA. 2014;111:13457–62.
46. Madan R, Demircik F, Surianarayanan S, Allen JL, Divanovic S, Trompette
A, Yogev N, Gu Y, Khodoun M, Hildeman D, et al. Nonredundant roles
for B cell-derived IL-10 in immune counter-regulation. J Immunol.
2009;183:2312–20.
47. Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, Qunaj
L, Griffith TS, Vezys V, Barber DL, Masopust D. Intravascular staining for discrimination of vascular and tissue leukocytes. Nat Protoc. 2014;9:209–22.
48. Boyden AW, Brate AA, Karandikar NJ. Novel B cell-dependent multiple
sclerosis model using extracellular domains of myelin proteolipid protein.
Sci Rep. 2020;10:5011.
49. Parker Harp CR, Archambault AS, Sim J, Ferris ST, Mikesell RJ, Koni PA,
Shimoda M, Linington C, Russell JH, Wu GF. B cell antigen presentation
is sufficient to drive neuroinflammation in an animal model of multiple
sclerosis. J Immunol. 2015;194:5077–84.
50. Wu GF, Shindler KS, Allenspach EJ, Stephen TL, Thomas HL, Mikesell RJ,
Cross AH, Laufer TM. Limited sufficiency of antigen presentation by
dendritic cells in models of central nervous system autoimmunity. J Autoimmun. 2011;36:56–64.
51. Liu G, Muili KA, Agashe VV, Lyons JA. Unique B cell responses in B celldependent and B cell-independent EAE. Autoimmunity. 2012;45:199–209.
52. Blanc P, Moro-Sibilot L, Barthly L, Jagot F, This S, de Bernard S, Buffat L,
Dussurgey S, Colisson R, Hobeika E, et al. Mature IgM-expressing plasma
cells sense antigen and develop competence for cytokine production
upon antigenic challenge. Nat Commun. 2016;7:13600.
53. Cerutti A, Cols M, Puga I. Marginal zone B cells: virtues of innate-like
antibody-producing lymphocytes. Nat Rev Immunol. 2013;13:118–32.
54. Srivastava B, Quinn WJ 3rd, Hazard K, Erikson J, Allman D. Characterization
of marginal zone B cell precursors. J Exp Med. 2005;202:1225–34.
55. Kitamura D, Roes J, Kuhn R, Rajewsky K. A B cell-deficient mouse by
targeted disruption of the membrane exon of the immunoglobulin mu
chain gene. Nature. 1991;350:423–6.

Page 18 of 18

56. Kuerten S, Angelov DN. Comparing the CNS morphology and immunobiology of different EAE models in C57BL/6 mice—a step towards understanding the complexity of multiple sclerosis. Ann Anat. 2008;190:1–15.
57. Kim JR, Horton NC, Mathew SO, Mathew PA. CS1 (SLAMF7) inhibits production of proinflammatory cytokines by activated monocytes. Inflamm
Res. 2013;62:765–72.
58. von Wenserski L, Schultheiss C, Bolz S, Schliffke S, Simnica D, Willscher
E, Gerull H, Wolters-Eisfeld G, Riecken K, Fehse B, et al. SLAMF receptors
negatively regulate B cell receptor signaling in chronic lymphocytic
leukemia via recruitment of prohibitin-2. Leukemia. 2021;35:1073–86.
59. Hausser-Kinzel S, Weber MS. The role of B cells and antibodies in multiple
sclerosis, neuromyelitis optica, and related disorders. Front Immunol.
2019;10:201.
60. Michel L, Touil H, Pikor NB, Gommerman JL, Prat A, Bar-Or A. B cells in the
multiple sclerosis central nervous system: trafficking and contribution to
CNS-compartmentalized inflammation. Front Immunol. 2015;6:636.
61. Wang Y, Sanchez L, Siegel DS, Wang ML. Elotuzumab for the treatment of
multiple myeloma. J Hematol Oncol. 2016;9:55.
62. Pazina T, James AM, MacFarlane AWt, Bezman NA, Henning KA, Bee C,
Graziano RF, Robbins MD, Cohen AD, Campbell KS. The anti-SLAMF7
antibody elotuzumab mediates NK cell activation through both
CD16-dependent and -independent mechanisms. Oncoimmunology.
2017;6:e1339853.
63. Tejera-Alhambra M, Casrouge A, de Andres C, Seyfferth A, Ramos-Medina
R, Alonso B, Vega J, Fernandez-Paredes L, Albert ML, Sanchez-Ramon S.
Plasma biomarkers discriminate clinical forms of multiple sclerosis. PLoS
ONE. 2015;10:e0128952.
64. Zhou Y, Zhang Y, Han J, Yang M, Zhu J, Jin T. Transitional B cells involved in
autoimmunity and their impact on neuroimmunological diseases. J Transl
Med. 2020;18:131.
65. Lee-Chang C, Top I, Zephir H, Dubucquoi S, Trauet J, Dussart P, Prin L,
Vermersch P. Primed status of transitional B cells associated with their
presence in the cerebrospinal fluid in early phases of multiple sclerosis.
Clin Immunol. 2011;139:12–20.
66. Moser T, Akgun K, Proschmann U, Sellner J, Ziemssen T. The role of TH17
cells in multiple sclerosis: Therapeutic implications. Autoimmun Rev.
2020;19:102647.
67. Cui Y, Wan Q. NKT cells in neurological diseases. Front Cell Neurosci.
2019;13:245.
68. Chaudhry MS, Karadimitris A. Role and regulation of CD1d in normal and
pathological B cells. J Immunol. 2014;193:4761–8.
69. Chandra S, Gray J, Kiosses WB, Khurana A, Hitomi K, Crosby CM, Chawla
A, Fu Z, Zhao M, Veerapen N, et al. Mrp1 is involved in lipid presentation
and iNKT cell activation by Streptococcus pneumoniae. Nat Commun.
2018;9:4279.
70. Van Kaer L, Wu L, Parekh VV. Natural killer T cells in multiple sclerosis and
its animal model, experimental autoimmune encephalomyelitis. Immunology. 2015;146:1–10.
71. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF,
Conway SJ, Ng LG, Stanley ER, et al. Fate mapping analysis reveals
that adult microglia derive from primitive macrophages. Science.
2010;330:841–5.
72. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of
microglia. Front Cell Neurosci. 2013;7:45.
73. Van Hove H, Martens L, Scheyltjens I, De Vlaminck K, Pombo Antunes
AR, De Prijck S, Vandamme N, De Schepper S, Van Isterdael G, Scott CL,
et al. A single-cell atlas of mouse brain macrophages reveals unique
transcriptional identities shaped by ontogeny and tissue environment.
Nat Neurosci. 2019;22:1021–35.
74. Utz SG, See P, Mildenberger W, Thion MS, Silvin A, Lutz M, Ingelfinger F,
Rayan NA, Lelios I, Buttgereit A, et al. Early fate defines microglia and nonparenchymal brain macrophage development. Cell. 2020;181:557-573.
e518.
75. Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I.
Disease-associated microglia: a universal immune sensor of neurodegeneration. Cell. 2018;173:1073–81.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

