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SLAMF9 belongs to the conserved lymphocytic activation molecule
family (SLAMF). Unlike other SLAMs, which have been extensively
studied, the role of SLAMF9 in the immune system remained
mostly unexplored. By generating CRISPR/Cas9 SLAMF9 knockout
mice, we analyzed the role of this receptor in plasmacytoid dendritic
cells (pDCs), which preferentially express the SLAMF9 transcript and
protein. These cells display a unique capacity to produce type I IFN
and bridge between innate and adaptive immune response. Analysis
of pDCs in SLAMF9−/− mice revealed an increase of immature pDCs in
the bone marrow and enhanced accumulation of pDCs in the lymph
nodes. In the periphery, SLAMF9 deficiency resulted in lower levels of
the transcription factor SpiB, elevation of pDC survival, and attenu-
ated IFN-α and TNF-α production. To define the role of SLAMF9 dur-
ing inflammation, pDCs lacking SLAMF9 were followed during
induced experimental autoimmune encephalomyelitis. SLAMF9−/−

mice demonstrated attenuated disease and delayed onset, accompa-
nied by a prominent increase of immature pDCs in the lymph node,
with a reduced costimulatory potential and enhanced infiltration of
pDCs into the central nervous system. These results suggest the
crucial role of SLAMF9 in pDC differentiation, homeostasis, and
function in the steady state and during experimental autoimmune
encephalomyelitis.
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The lymphocytic activation molecule family (SLAMF) consists
of 9 family members within a shared locus, both in humans

and in mice. Their expression is mainly restricted to hemato-
poietic cells (1), where they act as immunomodulating receptors
that are occupied by homophilic and heterophilic interactions
(2). Engagement of SLAMs initiates phosphorylation of the ty-
rosine switch-based motif (ITSM) at their intracellular domain
and results in recruitment of slam-associated protein (SAP) or
Ewing’s sarcoma-activated transcript-2 (EAT2) adaptor proteins,
which convey downstream signals (3).
The SLAMF9 gene (CD84H, SF2001, CD2F10) resides out-

side of the SLAM locus (4). Its transcript is primarily present in
peripheral monocytes and human monocyte-derived dendritic
cells (DCs). Moreover, RT-PCR analysis revealed SLAMF9
expression in cancerous cell lines of monocytic or lymphocytic
origin (5). Furthermore, sequence alignment with other SLAMF
members identified a relatively short cytoplasmic tail that does
not contain an ITSM motif (6, 7), raising the intriguing question
of whether SLAMF9 is an active member of the SLAM family
able to mediate immune functions. The role of SLAMF9 is mainly
unexplored, and was described only in a double SLAMF9- and
SLAMF8-deficient mouse strain (8), in which a specific effect of
SLAMF8/9 deficiency in macrophages was revealed.
Plasmacytoid DCs (pDCs) are a rare subpopulation of im-

mune cells that exhibit a remarkable capacity to secrete type I
IFN in response to viral infections and are involved in the pro-
gression of autoimmune diseases (9–11). Their development
begins in the bone marrow (BM) from progenitor cells derived
from lymphoid or myeloid origin (12–15). Once their differen-

tiation is completed, pDCs enter the peripheral lymphoid tissues
through the blood, where they reside under steady-state conditions
(16). Although much progress has been made in understanding
pDC development and functionality, many questions remain re-
garding molecular pathways regulating their ontogeny, plasticity,
and survival at the periphery (17).
Several transcription factors were shown to play an important role

in pDC development, such as E2-2 (TCF-4) and SpiB (PU.1 related)
(18). E2-2 is exclusively expressed in pDCs and executes a unique
gene transcription program involved in the development of these
cells, and their capacity to secrete IFN-α (19, 20). One of the targets
of E2-2 is SpiB, which is highly abundant in pDCs and was shown to
directly support pDC maturation and function (21).
Along their maturation steps in the BM, pDCs acquire the

expression of receptors that can promote or restrict their IFN
response. Murine pDC receptors, such as Ly49Q (22, 23) and
PDC-TREM (24), support the production of IFN-α, whereas
murine pDC receptor SiglecH (25) and human ILT7 and BDCA-
2 (26, 27) act as inhibitory receptors mediating suppression of
the type I IFN response.
In this study, we investigated the role of SLAMF9 in immune

cells with a focus on pDC, which preferentially express SLAMF9
mRNA. By generating SLAMF9 knockout mice, we revealed a role
for SLAMF9 in pDC differentiation and function. In its absence,
pDCs accumulate at the immature stage, and secrete lower levels of
IFN-α in the steady state and during inflammation.

Materials and Methods
Generation of SLAMF9−/− Mice Using CRISPR/Cas9. C57BL/6 WT mice were
purchased from Harlan Biotech Israel. SLAMF9 knockout mice were generated
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on a C57BL/6 background, as previously described (28). CRISPR guide se-
quences were as follows: upstream guide: 5′ATCATCTGACTGTTAGACGG3′;
downstream guide: 5′ACTCGCTCTGCAATAAACAT3′. Guide sequences were
chosen by optimizing for the lowest off-target and maximum on-target
potential using programs described in ref. 29 (for off-target) and refs. 30 and
31 (for on-target). Mouse sequences were analyzed using Sequencher v5.4
(GeneCodes Corp.) and visualized in the University of California, Santa Cruz
Genome Browser (32). Primers used for screening genomic screening were as
follows: forward 5′GATTTCTACGGGATCTGGGC3′ and reverse 5′CAATCA-
TCCTTTGGTGCCCC3′.

Mice were maintained under sterile pathogen-free conditions, and all
experiments were approved by the Animal Research Committee at the
Weizmann Institute.

RNA Isolation and qRT-PCR. RNA was extracted from sorted cell populations
using a ZR RNA microprep kit (Zymo Research) according to the manufac-
turer’s instructions, followed by single-strand cDNA synthesis using a qScript
cDNA Synthesis Kit. Gene-expression levels were analyzed by quantitative
real-time PCR using a Light-Cycler 480 instrument and SYBR Green I mix kit
(Roche Diagnostics). The primers were purchased from Sigma Aldrich, and
their sequences are as follows: SLAMF9 forward 5′CACAAGTCAGTGCGGTT-
CAC3′ and reverse 5′GTGTTTCCTGTGTTAATGCCAC3′; L32 forward 5′TTAA-
GCGAAACTGGCGGAAAC3′ and reverse 5′TTGTTGCTCCCATAACCGATG3′;
TCF4 forward 5′-CCAGGAACCCTTTCGCCCACCAAAC-3′ and reverse
5′TGCTGGCTGCTGGCTTGGAGGAA3′; SpiB forward 5′AGAGGACTTCACCAGC-
CAGA3′ and reverse 5′GGGCTGTCCAGCATAATGTC3′.

Competitive BM Chimera. WT CD45.1(C57BL/6) mice were lethally irradiated
(950 Rad), and reconstituted with an intravenous injection of 2 × 106 BM cells
per recipient derived from a 1:1 mixture of CD45.1 (WT) and CD45.2 (WT), or
from a 1:1 mixture of CD45.1 (WT) with CD45.2 (SLAMF9 KO) cells. Mice were
killed 8 wk postreconstitution.

Experimental Autoimmune Encephalomyelitis Induction and Assessment. Ex-
perimental autoimmune encephalomyelitis (EAE) was induced in C57BL/6
mice at the age of 10 to 12 wk by subcutaneous injection with 200 μg of
MOG33–55 peptide (GenScript) emulsified in complete Freund’s adjuvant
(CFA) containing 3.3 mg/mL of heat-killed Mycobacterium tuberculosis (BD
Bioscience), and intraperitoneal injection with 200 ng of Pertussis toxin per

mouse (Sigma) in PBS on days 0 and 2. Clinical signs of EAE were assessed
daily, and scored as follows: 0, normal behavior; 1, tail low tonus; 2, hind leg
weakness; 3, hind leg paralysis; 4, full paralysis; 5, death.

CpG In Vivo Challenge. Mice were injected intravenous with 6 μg of CpGA
ODN1585 (Invivogen) mixed with 30 μL of DOTAP (Roche) to a final volume
of 200 μL. Mice were killed after 24 h, and lymph nodes (LN) were isolated
and cultured for 5 h in the presence of 1 μM of CpGA ODN1585.

Ex Vivo Stimulation. For stimulation of pDCs, 1 × 106 spleen cells were
resuspended in RPMI supplemented with 10% FCS, 1% penicillin strepto-
mycin, 1% l-glutamine solution, and 1% sodium pyruvate solution (Beit
Ha’emek), and stimulated for 16 h with 1 μM of ODN1585 (Invivogen).

For stimulation of pDCs derived from EAEmice and CpGA-inducedmice, LN
cultures were stimulated for 5 or 24 h, as indicated in the presence of 1 μM of
ODN1585 (Invivogen).

Tissue Extraction. Cells were extracted from the BM by flushing the tibia and
femur with PBS. Brain and spinal cord samples were harvested and ho-
mogenized, and resuspended in 30% Percoll before density centrifugation at
7,800 × g for 30 min at room temperature, followed by resuspension in 50%
Ficoll, and centrifugation at 2,500 rpm for 25 min at room temperature with
no brake.

Flow Cytometry. For flow cytometry analysis, the following antibodies were
used: SLAMF9 (R&D Systems), CD11b (clone: M1/70), CD11C (clone: N418),
B220 (clone: RA3-6B2), PDCA-1 (clone: JF05-1C2.4.1), CCR9 (clone: CW1.2),
SCA-1 (clone: D7), CD19 (clone: eBio1D3), Ly49Q (clone: 2E6), Ly6C (clone
AL21), CD45.1 (clone: A20), CD45.2 (clone: 104), IFN-α (clone: RMMA-1), TNF-α
(clone: MP6-XT22), CCR5 (clone:HM-CCR5), SiglecH (clone: 551.3D3), CD40
(clone: FGK45.4), CD80 (clone: 16–10A1), I-A/E (clone: M5/114.15.2), SpiB
(ab42436), CD3 (clone: 17A2), CD4 (clone: GK1.5), IFN-γ (clone: XMG1.2), IL-17
(clone: TC11-18H10.1), ROγT (clone: AFKJS-9), TBET (clone: eBio4B10), FOXP3
(clone: FJK-16s), and CD25 (clone: PC61.5).

For intracellular staining, cells were fixed and permeabilized using the
CytoFix/Cytoperm kit (BD Bioscience) or with Fixation/permeabilization kit
(eBioscience) according to the manufacturer’s instructions. Cells were ac-
quired using FACS Canto II flow cytometer (BD Bioscience) and analyzed
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Fig. 1. SLAMF9 is expressed on pDCs and regulates their numbers. (A) Sorted pDCs (CD19−CD11CinterB220+PDCA+), B cells (CD19+ B220+), and cDCs
(CD19−B220−CD11B+CD11Chigh) were analyzed for the mRNA levels of SLAMF9. Graph shows relative expression of target gene/reference gene (L32). Results
are represented as mean percentage ± SD (unpaired t test 2-tailed **P < 0.005, ***P < 0.0005); n = 3–8. (B–D) SLAMF9 protein levels were analyzed under naïve state
in pDCs (CD19−CD11CinterB220+PDCA+ CD11B−), B cells (CD19+ B220+), cDCs (CD19−B220−CD11B+CD11Chigh), and in macrophages (CD11B+CD11C− CD19-SSClow).
Graph shows protein levels in the BM (B), spleen (C), and in the LN (D). (E) DNA agarose gel electrophoresis demonstrating a genomic deletion of about
200 bp in 3 SLAMF9−/− mice compared with 3 WT controls. (F–H) Representative FACS plots showing SLAMF9 expression in WT compared with SLAMF9−/−

pDCs as a negative control. (F) SLAMF9 expression in the BM. (G) SLAMF9 expression in the spleen. (H) SLAMF9 expression in the LN. (I and J) LN
pDCs (CD19−CD11CinterB220+PDCA+) were analyzed in WT and SLAMF9−/− mice. (I) Representative dot plot. (J) Graph shows the percent of pDCs in the LN.
Results are a summary of 6 independent experiment; n = 26 mice (unpaired t test 2-tailed *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001).
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with FlowJo software (v10). Cell sorting was performed using FACS Aria II
system (BD Bioscience).

RNA Sequencing. A total of 1 × 105 pDCs (CD19−, CD11B−, CD11Cinter+, B220+,
PDCA+) were collected in triplicates from the BM of WT and SLAMF9-
deficient mice. RNA was extracted and fragmented followed by reverse-
transcription and second-strand cDNA synthesis. Libraries were evaluated
by Qubit (Thermo Fisher Scientific) and TapeStation (Agilent). Sequencing
libraries were constructed with barcodes to allow multiplexing. Approxi-
mately 17 to 38 × 106 single-end 75-bp reads were sequenced per sample on
Illumina Nextseq 500 high-output run. Gene-expression levels were quanti-
fied using htseq-count (33). Differential gene-expression analysis was per-
formed using DESeq2 (34). Raw P values were modified for multiple testing
using the Benjamini and Hochberg procedure. Identification of differentially
expressed genes focused on fold-difference equal or greater to 1.5 and P ≤
0.05. Pathway analysis was performed using ingenuity pathway analysis
(Qiagen, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-
analysis).

Statistics. Data analysis was performed using Graphpad Prism (v7 GraphPad
Software), and results are provided as means and ±SEM.

Statistical analysis was conducted using an unpaired t test, a ratio t test to
correct for normalized data or 2-way ANOVA, depending on the experi-
ment. Results were defined as significant with a P ≤ 0.05.

Results
The pDC Population Is Elevated in the LNs of SLAMF9-Deficient Mice
in a Cell-Intrinsic Manner. According to Immgene data, among
nonactivated immune cells, expression of SLAMF9 is restricted to
pDCs, while its expression on B and T cells is hardly detected (35).
To confirm these data, we determined SLAMF9 expression on

selected sorted immune populations using qRT-PCR. As shown
in Fig. 1A, SLAMF9 mRNA was mainly expressed in BM and
splenic pDCs (CD19−CD11B−CD11Cinter+B220+PDCA+) com-
pared with B (CD19+B220+) and conventional DC (cDCs)
(CD11ChighB220−CD19−CD11B+) cells. As shown in SI Appen-
dix, Fig. S1A, mRNA levels of the pDC transcription factor TCF-
4 (E2-2) were significantly higher in pDCs, confirming cell
purity. Furthermore, SLAMF9 cells surface expression was de-
tected mainly on pDCs derived from BM (Fig. 1B), spleen (Fig.
1C), and LN (Fig. 1D) with undetectable to low expression on
cDCs. The proportion of SLAMF9+ pDCs was elevated in the
LN compared with its ratio in the BM, suggesting a function for
this receptor in the pDCs maturation.
To reveal the function of the SLAMF9 receptor, we generated

mice deficient for this SLAM family member using the CRISPR/
Cas9 system. Sequencing of a genomic PCR product obtained
from the mutated SLAMF9 allele of the resulting mice revealed
a 211-bp genomic deletion (SI Appendix, Fig. S1B and Fig. 1E),
which included a part of the promoter, the first exon and intron,
and most of the second exon, resulting in a nonfunctional locus.
As shown in Fig. 1 F–H, no cell surface expression of SLAMF9
was detected on cells derived from the SLAMF9-deficient
(SLAMF9−/−) mice.
Since SLAMF9 is highly expressed on pDCs, we focused on

characterization of these cells in the SLAMF9−/− mice. The
frequency of pDCs (CD19−CD11B−CD11C+B220+PDCA+) in
the BM (SI Appendix, Fig. S1 C and D) and spleen (SI Appendix,
Fig. S1E) in mutant animals was not significantly different
compared with their levels in WT mice. Interestingly, a signifi-
cant increase of about 1.9-fold was detected in the frequency of
pDCs in the LN (Fig. 1 I and J) and among total live cells (SI
Appendix, Fig. S1F), and in their absolute numbers (SI Appendix,
Fig. S1G). This elevation was specific to pDCs, while the pro-
portion of the B cell and cDC populations in the periphery (SI
Appendix, Fig. S1 H and I) or macrophages (SI Appendix, Fig.
S1J) was mostly unchanged, highlighting a possible exclusive
function for SLAMF9 in pDCs.
To determine whether the increase in LN pDCs was an in-

trinsic feature of the SLAMF9-deficient pDCs or a result of a

dysregulated function of other cells in the microenvironment,
mixed BM chimeras were generated. CD45.1 (WT) and CD45.2
(SLAMF9−/− or WT) BM cells were injected at a 1:1 ratio into
lethally irradiated CD45.1 (WT) mice. Animals were killed after
8 wk, and pDC numbers and frequencies were analyzed in var-
ious tissues. As shown in Fig. 2A, an elevated pDC population
derived from CD45.2 WT or SLAMF9−/− was observed in the
BM. In addition, no changes were detected in the pDC fre-
quencies in the spleen (SI Appendix, Fig. S2A). In contrast, in the
LN (Fig. 2 B and C), only pDCs derived from CD45.2
(SLAMF9−/−) were increased compared with CD45.1 WT. The
elevation was specific to pDCs, and no significant changes were
detected in cDC and B cell populations in this compartment (SI
Appendix, Fig. S2 B and C). These results establish that the
CD45.2 background confers a developmental advantage over the
CD45.1 background, as reported previously (36, 37). In contrast,
the accumulation of pDCs in the LN was only observed in the
mixed chimeras harboring mutant BM. This finding demon-
strates that the pDC accumulation in the LN of SLAMF9−/−

mice is due to the intrinsic lack of SLAMF9 in these cells.
To determine whether the elevation of LN pDCs in the in

SLAMF9−/−mice results from their enhanced egress from the
BM, the expression of CCR5, a chemokine receptor known to
mediate the exit of pDCs to the periphery (38), was followed. As
shown in Fig. 2D, CCR5 expression levels were significantly in-
creased on SLAMF9−/− pDCs, supporting a higher potential to
emerge from the BM. To further explore whether the exclusive
increase of pDCs in the LN might result from enhanced cell
survival at this site, Annexin V levels were analyzed by FACS. As
shown in Fig. 2 E and F, a prominent decrease in Annexin V was
detected in SLAMF9−/− pDCs in the LN. Collectively, these data
suggest that the pDC accumulation in the LN of SLAMF9−/−
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mice results both from enhanced egress from the BM and en-
hanced pDC survival.

SLAMF9 Regulates pDC Differentiation and Activation State. Next,
we wished to explore whether SLAMF9 regulates pDC differ-
entiation and function. We therefore compared the maturation
state of WT and SLAMF9−/− pDCs by analysis of expression
levels of Ly49Q, SCA-1, CCR9, and SiglecH receptors, which are
involved in pDC differentiation, and can distinguish between the
different stages of pDC development in the BM (23, 39–41).
Levels of SCA-1 were shown to segregate CCR9+ pDCs in the

BM into 2 populations, in which higher expression levels of this
molecule represent a more advanced stage of differentiation
(42). A significant increase in the pDC populations expressing
low to intermediate levels of SCA-1 was detected in the BM (Fig.
3 A and B), and in the LN of SLAMF9−/− mice both as a fraction
of total live cells (Fig. 3 C and D) and in terms of absolute cell
numbers (SI Appendix, Fig. S3 A and B). No differences were
detected in frequencies or absolute numbers of the CCR9− SCA-1−

precursor population in the BM (Fig. 3B and SI Appendix, Fig.

S3A) or in the LN (Fig. 3D and SI Appendix, Fig. S3B). Fur-
thermore, BM SLAMF9-deficient pDCs expressed lower levels
of Ly49Q (Fig. 3 E and F), while expression of additional pDC
markers, such as Ly6c, PDCA, and SiglecH, in the BM (SI Ap-
pendix, Fig. S3C) and in the LN (SI Appendix, Fig. S3 D and E)
remained unchanged.
To determine the functionality of the accumulated pDCs in the

LN, the expression of MHC class II and costimulatory molecules
was followed. A decrease was detected in MHC class II expression
and CD40 on SLAMF9−/− pDCs (Fig. 3 G and H and SI Appendix,
Fig. S3F). However, the reduction in the cell surface expression of
CD80 was smaller (Fig. 3G andH). Analysis of MHC expression on
pDC subsets that express high levels of SCA-1 and CCR9 revealed
reduced expression of this molecule, suggesting that although these
populations are present in elevated numbers, their costimulatory
potential is reduced (SI Appendix, Fig. S3 G and H).
Since SpiB-deficient mice exhibit maturation defects in BM

pDCs, and an increase of pDCs in the LN (21), we determined
SpiB expression in SLAMF9− /− pDCs. Interestingly, SpiB
mRNA levels were significantly reduced in LN SLAMF9−/−
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Fig. 3. Higher numbers of immature pDCs in the BM of SLAMF9−/− mice and reduced levels of SpiB and functional pDCs in the LN. pDCs from BM and LN were
isolated from WT or SLAMF9−/− mice, and stained for maturation and activation markers. (A and B) pDC subsets expressing SCA-1 and CCR9 in WT or
SLAMF9−/− mice in the BM. (A) Representative dot plot of the BM populations. (B) Graph summarizes the percent CCR9− SCA-1−, CCR9+ SCA-1−, and pDCs
expressing high or intermediate levels of SCA-1. Results are a summary of 3 independent experiments; n > 11; *P < 0.05, ****P < 0.0001. (C and D) pDC subsets
expressing SCA-1 and CCR9 in WT or SLAMF9−/− mice in the LN. (C) Representative dot plots of pDCs subsets expressing SCA-1 and CCR9 in WT or SLAMF9−/−

mice in the LN. (D) Graph summarizing the percent of LN CCR9− SCA-1−, CCR9+ SCA-1− and pDCs expressing high or intermediate levels of SCA-1. Results are a
summary of 3 independent experiments; n > 14; *P < 0.005, ***P < 0.0005, ****P < 0.0001. (E and F) pDCs expressing Ly49Q in WT or SLAMF9−/− mice in the
BM. (E) Representative histogram of staining for Ly49Q in WT and SLAMF9−/− pDCs compared with fluorescence-minus-one (FMO) control. (F) Graph sum-
marizing the percent of Ly49Q− and Ly49Q+ pDCs. Results are summary of 3 independent experiments; n > 9; **P < 0.005. (G and H) pDCs were harvested
from the LN of WT and SLAMF9−/− mice, and stained for the activation markers CD40, CD80, and MHC class II. (G) Representative histograms of activation
markers on WT and SLAMF9−/− pDCs compared with FMO control. (H) Graph summarizes the percent of the pDC activation markers on WT and SLAMF9−/−.
Results are representative of 3 independent experiments; n = 11 to 15; ****P < 0.0001, **P = 0.0094. (I) Sorted pDCs from the LN of WT and SLAMF9−/− mice
were analyzed for the mRNA levels of SpiB. Graph shows relative expression of target gene/reference gene (L32). Results are representative of 3 independent
experiments; n > 6 mice; *P = 0.049. (J–K) pDCs from the LN of WT and SLAMF9−/− mice were analyzed for SpiB expression. (J) Representative histograms
showing SpiB expression in WT and SLAMF9−/− pDCs, compared with its expression in cDCs and FMO control. (K) Graph shows SpiB percentages in BM, spleen,
and LN pDCs fromWT and SLAMF9−/− mice. Results are a summary of 2 independent experiments; n = 5–8 mice; **P < 0.005, ***P < 0.0005, ****P < 0.0001. (L
and M) Splenic pDCs from WT and SLAMF9−/− mice were freshly isolated and stimulated for 18 h with 1 μM of ODN1585, and analyzed for intracellular levels of
IFN-α, IL-6, and TNF-α expression. (L) Representative dot plot for IFN-α staining in pDCs fromWT or from SLAMF9−/−mice comparedwith unstimulated (US) control.
(M) Graph summarizes the percent of IFN-α, TNF-α, and IL-6 expressing pDCs in WT and SLAMF9−/− following ODN1585 stimulation. Results are representative of
3 independent experiments for IFN-α (n = 12); *P = 0.0289 and 2 independent experiments (n = 9) with mice for IL-6 and TNF-α; ***P = 0.0147.

16492 | www.pnas.org/cgi/doi/10.1073/pnas.1900079116 Sever et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900079116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1900079116


pDCs (Fig. 3I). We next determined SpiB protein expression. As
shown in Fig. 3J and SI Appendix, Fig. S3I, SpiB protein was highly
expressed in the pDC population. Its protein levels were signifi-
cantly reduced in the SLAMF9-deficient LN pDCs (Fig. 3 J and K).
The defining feature of pDCs is their intrinsic capacity to

rapidly secrete high levels of IFN-α in response to viruses and
inflammatory cues (9). The magnitude of this response has been
linked in part to the cell differentiation state (23, 42). Thus, to
further explore the functionality of SLAMF9, pDCs were stim-
ulated with CpGODN1585, a synthetic ligand for Toll-like receptor
9 (TLR9) (43), and analyzed for intracellular levels of IFN-α, TNF-
α, and IL-6 by FACS. Lower levels of IFN-α and TNF-α were
detected in SLAMF9−/− pDCs from the spleen (Fig. 3 L and M),
whereas IL-6 levels remained comparable with those in WT cells.
These results suggest that although SLAMF9 deficiency re-

sults in accumulation of pDCs, their cytokine production is
aberrant.

pDCs Derived from SLAMF9−/− Mice Present a Unique Gene-Expression
Profile. To further understand the role of SLAMF9 in regulating
pDC function, we compared the transcriptional profile of SLAMF9−/−

and WT BM pDCs using RNA sequencing. Principal components
analysis analysis validated reproducibility of each group, and indi-
cated 2 distinct clusters for WT and SLAMF9−/− samples (SI Ap-
pendix, Fig. S4A). Furthermore, a deletion in exon 1 was confirmed
in all SLAMF9−/−samples, as illustrated by the integrative geno-
mics viewer plots (SI Appendix, Fig. S4B).
Gene ontology (GO) analysis of significantly regulated genes

in SLAMF9−/− pDCs indicated an enrichment of genes involved
in immunity, inflammatory response, and cytokine secretion (Fig.
4A). Moreover, differential gene-expression analysis revealed
143 up-regulated genes and 303 down-regulated genes in pDC
cells lacking SLAMF9, compared with WT cells. As shown in the
heat map (Fig. 4B), genes related to the activation state and MHC
class II, and genes involved in egress from the BM, such as CCR2 and
CCR5, were significantly up-regulated in SLAMF9−/− pDCs, further
confirming our results at the transcriptional level. Expression of the
inducer of type I IFNs, IRF7, in pDCs (44) was not significantly
changed. However, as illustrated in Fig. 4C, genes involved in reg-
ulating IFN levels, such as OASL1, MDA5 (IFIH1), and the DNA
sensor IFI204 (45–48) were significantly down-regulated. More-
over, genes involved in TNF induction, such as TNF-α, TNF-β
(LTA), and TRAF were significantly decreased, suggesting the
potential dysregulation of the proinflammatory response.

Inactive SLAMF9-Deficient pDCs Accumulate and Are Functionally
Impaired in the LN In Vivo. We next wished to determine
whether the defects detected in pDC lacking SLAMF9 in the
steady state could affect their immune response during in-
flammation. We therefore focused on EAE as an inflammatory
model to study the role of SLAMF9 in vivo. pDCs have been
shown to play a role during the pathogenesis of EAE (11, 49, 50);
however, their function was described as either protective or
pathogenic depending on the stage of the disease (51, 52).
To investigate the in vivo role of SLAMF9 during in-

flammation, we compared the progression of EAE (53) in WT
and SLAMF9−/− mice. Interestingly, SLAMF9−/− mice showed
delayed onset and milder disease compared with their WT
counterparts, manifested by reduced clinical signs and weight
loss from the time of disease induction to day 16 (Fig. 5A). In the
BM, (Fig. 5B) and LN (Fig. 5C), pDC frequencies were higher in
SLAMF9−/− mice and showed a higher fold-increase from WT
during EAE compared with the elevation in steady state (SI
Appendix, Fig. S5A). The number of pDCs and their frequencies
among total live cells were increased in both BM and LN, but no
change in pDC frequencies were detected in the spleen (SI Ap-
pendix, Fig. S5 B and C). In contrast, a small increase in mac-
rophage frequencies was observed in the spleen, both in their
proportion of total live cells and in absolute numbers (SI Ap-
pendix, Fig. S5 D and E). Furthermore, analysis of B cells and
cDCs showed no changes in their frequencies (SI Appendix, Fig.
S5 F and G), suggesting a specific effect of SLAMF9 on the
accumulation of the pDC population in the LN during EAE
progression.
pDCs were detected in cerebrospinal fluid both in humans and

in mice during multiple sclerosis and EAE (52, 54). Therefore,
the presence of SLAMF9−/− pDCs was analyzed in the CNS. The
levels of SLAMF9−/− pDCs were significantly elevated in the
brain and spinal cord, suggesting the enhanced infiltration of
pDCs into the CNS in SLAMF9−/− mice (Fig. 5 D–F), whereas B
cells and cDC frequencies remained unchanged (SI Appendix,
Fig. S5H).
To investigate whether the increase in SLAMF9−/− pDCs in

EAE is a result of enhanced BM exit, CCR5 levels were com-
pared. As shown in SI Appendix, Fig. S5 I and J, increased ex-
pression of CCR5 was detected on SLAMF9−/− pDCs, which was
about 1.8-fold higher than in the WT, supporting the notion of
increased egress of SLAMF9−/− pDCs into the periphery. In the
LN, SLAMF9−/− pDCs exhibited reduced levels of activation
markers, such as MHC class II and CD40 (Fig. 5G and SI Ap-
pendix, Fig. S5K). Interestingly, while under physiological conditions,

A B C

Fig. 4. Transcriptome analysis of SLAMF9 −/− pDCs reveals a unique gene-expression profile. BM pDCs (CD19−CD11B−CD11CinterB220+PDCA+) were sorted
from WT and SLAMF9−/− mice. RNA was extracted and subjected to sequencing. Differentially expressed genes were in accordance with P < 0.05 and fold-
change ≥1.5. (A) Differentially expressed genes in SLAMF9−/− pDCs were analyzed by GO pathway analysis for enriched biological processes with P ≤ 0.05. (B)
Heat map illustrating expression of selected up-regulated and down-regulated genes with shared biological function. (C) Selected network representation
obtained by ingenuity pathway analysis. Significant down-regulated genes are labeled in green, and up-regulated genes are labeled in red.
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Ly49Q expression was not changed in the periphery in
SLAMF9−/− pDCs compared with WT cells; in EAE, pDCs de-
rived from SLAMF9−/− showed a significant decrease of Ly49Q
expression both in the BM and in the LN (Fig. 5 H and I) and in
mean fluorescence intensity values in the LN (SI Appendix, Fig.
S5L). This decrease was accompanied by reduction in SpiB levels
(Fig. 5 J and K), supporting their aberrant differentiation during
EAE. Analysis of SLAMF9 expression in the LN of EAE induced
mice showed that SLAMF9 is mainly expressed on pDCs compared
with other immune cells (SI Appendix, Fig. S5M). To directly show
the functionality of LN pDCs, their cytokine production was ana-
lyzed. pDCs derived from EAE-induced mice expressed lower
levels of IFN-α following 18 h of CpGA stimulation (SI Appendix,
Fig. S5 N and O). In addition, this down-regulation was also de-
tected following short-term induction with CpGA, accompanied by
reduced levels of IL-6 and TNF-α (Fig. 5 L–Q), further demon-
strating the aberrant functionality of these cells.

Upon viral stimulation, pDCs are the principal sources of IFN-α,
primarily induced by the ligation of viral nucleic acids with
TLR7, TLR8, or TLR9 (55). While TLR7 and TLR8 are in-
volved in the response to binding of single-stranded viral RNA,
TLR9 recognizes unmethylated viral CpG DNA motifs (50). To
demonstrate the role of SLAMF9 in pDCs in vivo, we analyzed
the cytokine profile of WT pDCs compared with SLAMF9−/− in
CpG-induced mice. Analysis of the cytokine profile in SLAMF9−/−

pDCs derived from CpG-induced mice compared with the WT
control, revealed a reduction in IFN-α levels and in proin-
flammatory cytokines, such as TNF-α and IL-6 (Fig. 5 R–T). Thus,
in the absence of SLAMF9, pDCs present a reduced potential to
propagate a type I IFN response in reaction to TLR9 activation.

Discussion
The role of SLAMF9 in the immune response has been mostly
unexplored. Compared with other SLAMF members that are
broadly expressed by cells of the immune system, SLAMF9
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Fig. 5. SLAMF9-deficient pDCs accumulate in the LN and CNS in vivo and are functionally impaired. EAE was induced in C57BL/6 mice WT and SLAMF9−/− mice
by subcutaneous injection of MOG33–55 peptide in CFA and were further injected intraperitoneally with Pertussis toxin on days 0 and 2. EAE progression was
monitored and assessed by standardized scoring until the peak of the disease on day 16. (A) Clinical scoring of EAE and weight measurements. Results are
representative of 3 independent experiments; n = 11–15 mice. Data were analyzed using 2-way ANOVA for repeated measures, ***P = 0.0004, **P = 0.0013.
(B and C) Graphical view of pDC percent in the BM and in the LN on day 16 after EAE. *P = 0.0272, ***P = 0.0004. (D) Representative staining profile of pDCs
(CD45+CD11Cinter+, B220+CD11B) in the spinal cord. (E and F) Graphical view of pDCs in the spinal cord (E) and in the CNS (F). Results are representative of
2 independent experiments; each dot represent 2 mice; *P < 0.0308. (G) Graph summarizing the percent of CD40, CD80, CD86, and MHC class II on LN pDCs.
Results are representative of 3 independent experiments; n = 9 to 15; **P = 0.0097, ****P < 0.0001. (H and I) Representative histogram of Ly49Q expression
on LN pDCs from WT and SLAMF9−/− mice compared with FMO control (H). Graph shows the percent of Ly49Q on BM and LN pDCs from WT or SLAMF9−/−

mice (I); n = 4 to 5 mice; **P < 0.005. (J and K) pDCs from the LN were isolated from EAE induced mice and analyzed for the expression of SpiB. Representative
histogram of SpiB expression in LN pDCs from WT and SLAMF9−/− mice (J). Graph summarizing the percent of SpiB levels in BM and in LN pDCs (K). Results are
a summary of 2 independent experiments; n = 7 to 10 mice; *P = 0.0101. (L–Q) Total LN cells were isolated from WT and SLAMF9−/− on day 16 following EAE
induction, and stimulated for 5 h with 1 μM of ODN1585. (L and M) Representative staining and graphical view of IFN-α levels in WT and SLAMF9−/− pDCs
compared with unstimulated control. (N and O) Representative staining and graphical view of IL-6 levels in WT and SLAMF9−/− compared with unstimulated
control. (P and Q) Representative staining and graphical view of TNF-α levels in WT and SLAMF9−/− compared with unstimulated control. *P = 0.0173 and
**P < 0.005. (R–T) WT and SLAMF9−/− mice were injected intravenously with 6 μg of CpG. After 24 h, LN cells were isolated and cultured for 5 h with 1 μM of
ODN1585. Representative staining of IFN-α (R) and TNF-α (S), and graph view of cytokines levels (T) in WT and SLAMF9−/− pDCs compared with noninjected
control. *P = 0.0395, **P = 0.0081.
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expression in the steady state is limited mainly to myeloid cells (5),
with abundant expression in pDCs compared with cells of the lym-
phoid lineage (35). Its role was previously studied during inflam-
mation in a double SLAMF9 and SLAMF8-deficient mice (8).
Therefore, the specific effect of SLAMF9 was not directly addressed.
The main population that was followed in the recent study was
macrophages, while the role of SLAMF9 in pDCs was not reported.
This restricted expression of SLAMF9 in pDCs led us to in-

vestigate its function in these cells. Gene-expression datasets
from previous studies indicated abundant mRNA expression of
SLAMF9 on mature pDCs compared with their immediate
precursors (40, 42). Therefore, we hypothesized that SLAMF9
might be essential for differentiation of these cells, and followed
the maturation state of pDCs in the BM.
The nature of the downstream cascade induced by SLAMF9 in

pDCs under steady-state conditions is not clear. Human pDCs
do not express slam-associated protein or EAT2, but were shown
to express the inhibitory phosphatases SHP-1 and SHP-2, which
are involved in inhibiting SLAM signaling (56). Nevertheless,
SLAMF9 does not contain a signaling motif in its cytosolic tail, and
therefore binding of SHPs is unlikely. It is possible that either an
adaptor molecule with a signaling motif can bind to SLAMF9, or
that engagement with another pDC through a different SLAMF
member can induce downstream signals on the cognate cell.
Notably, we demonstrate that SLAMF9 deficiency in mice re-

sults in an enrichment of immature pDCs in the BM, along with a
significant accumulation of immature and mature pDCs in the LN.
The accumulation of pDCs in the LN is even more significant
during inflammation. Since SLAMF9-deficient pDCs express in-
tact levels of other pDCs receptors, such as CCR9, SiglecH, and
PDCA, we suggest that SLAMF9 is involved in a distinct matu-
ration step of SCA-1− pDCs into the SCA-1high subset in the BM.
At both the transcriptional and protein level, pDCs lacking

SLAMF9 demonstrate reduced expression of pDC activation
markers and SCA-1 compared with WT cells, and exhibit re-
duced capacity to secrete IFN-α and TNF-α. Interestingly, it was
recently shown that SLAMF9 is expressed on tumor-associated
macrophages of human and murine melanomas. Overexpression
of SLAMF9 in a murine macrophage cell line resulted in at-
tenuated migration following LPS stimulation, whereas no sig-
nificant change in TNF-α levels was detected. In contrast,
overexpression of SLAMF9 in a human macrophage-like cell line
resulted in reduced levels of TNF-α in response to LPS, sup-
porting a proinflammatory role for SLAMF9 (57).
SpiB was shown to induce a type I IFN response in pDCs and

to act synergistically with IRF7 (21). Its deficiency in mice results
in much broader defects in pDC differentiation. These defects
include not only reduced expression of maturation markers, but
also a severe decrease in pDC markers and numbers in the BM.
The reduced expression of SpiB in SLAMF9−/− pDCs likely
contributes to their impaired functionality in the periphery. In-
terestingly, gene-expression analysis of SpiB-deficient pDCs
revealed that SLAMF9 is one of the most strongly down-
regulated genes, with about 10-fold decrease in its expression
compared with WT pDCs (21); it therefore remains to be further
investigated whether SLAMF9 could directly regulate SpiB ex-
pression in pDCs.
The involvement of SLAMs in migration during inflammation

was previously demonstrated (58), while their effect under steady
state has not been addressed. An increase in migratory potential

of pDCs in the LN following inflammation was observed in
SLAMF9−/− mice, whereas an opposite outcome was shown in
the absence of SLAMF1 (58). Here, we show that SLAMF9−/−

pDCs express higher levels of CCR5, which could increase their
mobilization to the periphery. Nevertheless, the increase in
CCR5 was relatively modest compared with the prominent in-
crease of pDCs in the LN; therefore, other mechanisms apart
from migration were considered. Interestingly, mechanisms that
control the homeostasis and survival of pDCs in the periphery
are still elusive. It was demonstrated that IFN-I expression me-
diates pDC turnover during viral infections through induction of
a proapoptotic pathway (59), and that pDC survival can be en-
hanced by overexpression of BCL2 (60) or diminished through
its inhibition (61). Our results indicate that the lack of
SLAMF9 in pDCs could enhance their survival in the LN, and
therefore support their accumulation in the steady state.
To follow the role of SLAMF9 during in vivo inflammation,

we utilized EAE as an inflammatory model. The accumulation of
pDCs in several autoimmune diseases, such as lupus and psori-
asis, was described as pathogenic due to their enhanced IFN I
production (49). However, the functional significance of pDC
accumulation in multiple sclerosis patients and during EAE is
still controversial (51, 52).
In this study, SLAMF9 deficiency in mice resulted in a pro-

tective effect during EAE, associated with a significant elevated
number of immature pDCs in the LN. The exact contribution of
this phenotype to disease progression might be attributable to
their quantity, quality, and their cross-talk with other immune
cells in their microenvironment. It was previously shown that pDCs
could play a protective role during the acute phase of EAE by reg-
ulation of T cell function. Depletion of pDCs during the acute phase
of EAE was accompanied by increased TH17 and TH1 responses
and resulted in exacerbated disease (62), while adoptive transfer of
pDCs showed an opposite and ameliorating effect (63).
IL-6 and TNF are important mediators in EAE pathogenesis

and were both diminished in pDCs lacking SLAMF9 (64). Thus,
it could be hypothesized that a reduced costimulatory potential
of SLAMF9−/− pDCs along with their impaired IFN response
and IL-6 and TNF-α production is likely to diminish the magnitude
of the inflammatory response in EAE-induced SLAMF9−/− mice.
Finally, the reduced functionality of pDCs lacking SLAMF9 is not
restricted to an inflammatory model. Our results show that pDCS
derived from CpG immunized mice exhibit aberrant cytokine
secretion. Thus, this molecule regulates functionality of pDCs
during different modes of stimulation of the immune response.
Collectively, our study identified SLAMF9 as a pDC receptor

that can regulate the function and maintenance of these cells in
health and during inflammation. We therefore believe that
blocking SLAMF9 might be a promising strategy to regulate
pDC function and frequency during autoimmune disease.
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