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Amyotrophic lateral sclerosis (ALS) is a progressive disease associated with neuronal cell death that is thought
to involve aberrant immune responses. Here we investigated the role of innate immunity in a mouse model
of ALS. We found that inflammatory monocytes were activated and that their progressive recruitment to the
spinal cord, but not brain, correlated with neuronal loss. We also found a decrease in resident microglia in the
spinal cord with disease progression. Prior to disease onset, splenic Ly6Ch monocytes expressed a polarized
macrophage phenotype (M1 signature), which included increased levels of chemokine receptor CCR2. As dis-
ease onset neared, microglia expressed increased CCL2 and other chemotaxis-associated molecules, which led
to the recruitment of monocytes to the CNS by spinal cord-derived microglia. Treatment with anti-Ly6C mAb
modulated the Ly6C" monocyte cytokine profile, reduced monocyte recruitment to the spinal cord, diminished
neuronal loss, and extended survival. In humans with ALS, the analogous monocytes (CD14*CD16-) exhibited
an ALS-specific microRNA inflammatory signature similar to that observed in the ALS mouse model, linking
the animal model and the human disease. Thus, the profile of monocytes in ALS patients may serve as a bio-
marker for disease stage or progression. Our results suggest that recruitment of inflammatory monocytes plays
an important role in disease progression and that modulation of these cells is a potential therapeutic approach.

Introduction

ALS causes progressive weakness associated with degeneration of
motor neurons. Mutations in more than 50 human genes cause
diverse types of motor neuron pathology (1). Although ALS is
not primarily considered an inflammatory or immune-mediated
disease, immune mechanisms appear to play a role in patho-
genesis of the disease. In both ALS patients and animal mod-
els, inflammatory responses are observed (2-8). Furthermore,
non-neuronal cells such as microglia (9) and astrocytes (10) are
activated during disease progression, and evidence suggests that
they contribute to neuronal death. It has been reported that in
the CNS, natural killer cells and peripheral T cells infiltrate the
spinal cord (11). In addition, selective ablation of mutant SOD1
in astrocytes and microglial cells by conditional deletion (9) and
neonatal wild-type bone marrow transplantation (6) increased
motor neuron survival and lifespan. T cell deficiency has also
been shown to lead to accelerated disease progression in SOD1
mice (3). In the peripheral nervous system, degeneration of
peripheral motor axons is an early pathologic feature in ALS
patients and mouse models and is preceded by the recruitment
and activation of macrophages (5). Clinical trials of antiinflam-
matory agents in ALS have failed to show efficacy (e.g., minocy-
cline, ref. 12; thalidomide, ref. 13; celecoxib, ref. 14; cyclophos-
phamide, refs. 15, 16). Nonetheless, none of these treatments
were specifically targeted to the inflammatory pathways that are
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activated in ALS. Of note, a molecule targeting macrophage acti-
vation, NP001, is currently in phase II testing (Clinicaltrials.org
NCT01091142) and may represent a more selective immunologic
approach to the treatment of ALS.

It is known that the Ly6 CPCCR2" monocyte subset participates
in tissue damage and disease pathogenesis in other conditions,
including the EAE model of MS (17) and both brain (18) and
heart ischemia (19) and that these monocytes are recruited to
the inflamed tissues by CCL2 (19-21). Several groups have docu-
mented increased levels of CCL2 in the CSF and spinal cord of
ALS patients (7, 22). We investigated monocytes and resident
microglial cells in the G93A transgenic SOD1 mouse model of
ALS and the human analog of Ly6C monocyte subsets in human
subjects with ALS.

Results

Reciprocal expression of CD39 and Ly6C in CNS-resident microglia and
inflammatory monocytes. One of the major challenges confront-
ing the study of monocytes/macrophages and their role in CNS
inflammation in neurodegenerative diseases such as ALS is the
ability to distinguish infiltrating peripheral monocytes from
resident microglia in the CNS (23). During the course of our
investigation of immune markers on monocytes and microglia,
we discovered that the expression of Ly6C and CD39 distin-
guishes non-overlapping populations of peripheral inflammatory
monocytes and resident microglia in mice (Supplemental Figures
1 and 2; supplemental material available online with this article;
doi:10.1172/JC162636DS1). Ly6Chi is a marker for recruited CCR2*
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proinflammatory monocytes (20, 24, 25), and CD39 is present
on a subset of regulatory T cells (26) and has been shown to be
associated with microglia (27). We analyzed CD39 (ectonucleo-
side triphosphate diphosphohydrolase [Entpd1]) and Ly6C (Ly6cI)
expression on microglia from naive adult mouse brains (perfused
for removal of non-CNS cells) compared with other immune cells
(Figure 1A) and organ-specific CD11b-sorted macrophages (Fig-
ure 1, B and C). As shown by real-time quantitative RT-PCR (qRT-
PCR), Entpdl and Ly6cl identified reciprocal populations (Figure
1, B and C). These findings were confirmed by FACS analysis of
CD11b-sorted cells from naive adult CNS, bone marrow, PBMCs,
and spleen (Figure 1D). In naive animals, specificity for microglia
as measured by flow cytometry was observed both with our anti-
CD39 mAb (clone SE12) and with commercially obtained anti-
CD39 antibody (eBioscience, Supplemental Figure 2E). In inflam-
matory conditions such as EAE and glioblastoma mouse models,
microglia sepcificity was only observed with our anti-CD39 mAb.

Activation of the chemotaxis pathway in CD39* resident microglia in the
spinal cord but not in the brain of SOD1 mice. Our ability to distinguish
infiltrating monocytes from resident microglia allowed us to per-
form expression profiling of CD11b"CD39* microglia isolated from
the spinal cord and brain of SOD1* mice at different stages of dis-
ease. We used NanoString nCounter gene expression, which is more
sensitive than microarrays, similar in accuracy to real-time PCR, and
more scalable than real-time PCR or microarrays in terms of sample
requirements (28-30). Importantly, it does not require conversion
of mRNA to cDNA by reverse transcription or the amplification of
the resulting cDNA by PCR (31) and allows expression analysis of up
to 800 genes from as few as 3000 cells; it is thus perfectly suited for
analysis of the limited number of cells infiltrating the CNS. Of 179
inflammation-related genes measured by quantitative nCounter,
20 were upregulated (Figure 2A) and 38 were downregulated rela-
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tive to non-transgenic (non-Tg) mice in spinal cord CD39" resident
microglia (Figure 2B). Microglia had prominent expression of genes
related to chemortaxis (e.g., Ccl2, Ccl3, Ccl4, CclS, Cxcr4, and Cxcl10).
Tgfbl and Tgfbrl were among the downregulated genes. Biological
network analysis (MetaCore, GeneGo Inc.) identified key transcrip-
tion factors and target genes (Table 1) and activation of inflamma-
tory pathways, with the chemotaxis pathway being the most signifi-
cantly affected (Table 2). The expression of these genes was observed
1 month prior to symptom onset and was observed in the spinal
cord, but not in the brain (Figure 2C).

Ly6C" monocytes in the spleen exhibit a proinflammatory profile 2
months prior to clinical disease onset and during disease progression in SOD1
mice. We examined the gene expression profile of Ly6C" monocytes
isolated from the spleen of SOD1 mice at 1 and 2 months prior
to clinical disease onset and during disease progression. We found
a pronounced proinflammatory profile at all time points (Figure
3A). Of 179 inflammation-related genes measured by nCounter,
40 were upregulated relative to non-Tg mice. We also identified 7
genes that were downregulated in Ly6CM cells, including the antiin-
flammatory cytokine Tgfbl and Tgfbr1 (Figure 3B). Of note, we did
not find differences in the inflammatory signature between non-Tg
and SOD1¥T mice in CD39* spinal cord microglia or splenic Ly6CM
monocytes at onset and end-stage disease (data not shown).

Biologic network (Table 3) and pathway (Table 4) analysis (Meta-
Core, GeneGo) demonstrated that the most significantly affected
pathways related to inflammation, which included SP1, CREBI,
and NF-«B (Table 3 and Supplemental Figure 3). These pathways
have been shown to play an important role in both monocyte acti-
vation and differentiation (32, 33). Thus, the gene expression pro-
filing demonstrates an activated proinflammatory Ly6Ch mono-
cyte population in the peripheral immune compartment of SOD1
mice that we observed 2 months prior to disease onset.
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Table 1

Key transcription factors and target genes affected in spinal cord microglia at disease onset in SOD1 mice

Affected genes

No. Network Total nodes Seed nodes
1 RelA (p65 NF-kB subunit) 40 39
2 NF-xB 33 32
3 STAT3 33 32
4 SP1 33 32
5 STATH 32 31
6 IRF1 32 31
7 PU.1 31 30
8 HIF1A 29 28
9 ETS1 29 28
10 c-Jun 26 26
11 CREB1 26 26
12 c-Myc 27 26
13 C/EBPB 27 26
14 NF-xB1 (p50) 27 26
15 IRF5 27 26
16 c-Rel (NF-xB subunit) 26 25
17 IRF7 25 24
18 p53 25 24
19 EGFR 24 23
20 ATF-2 24 23

Random genes

P Seed nodes P
8.6 x 10121 14 6.1 x 103
7.9%x10°%8 16 1.2 x 1049
7.9%x10°%8 14 7.4x103
7.9x10% 15 2.0x 104
1.3 x 10-% 18 1.1x 1022
1.3 x 10-% 14 1.1 x 103
2.2 x 109 13 3.4 %102
5.2 x 1078 ND ND
5.2 x 1078 17 5.8x10-38
4.2 x 10780 13 7.0x 104
4.2 x10°80 15 5.8 x10-38
1.1x 1078 7 1.6 x 1047
1.1x1078 10 4.8 x 1032
1.1x 1078 10 1.5%x 104
1.1 %1078 ND ND
1.6 x 107 9 1.6 x 1047
2.2x 1072 ND ND
2.2 x1072 ND ND
2.9 x 106 ND ND
2.9 x 1069 ND ND

MetaCore (GeneGo) analysis based on identified up- and dowregulated genes (Figure 2, A and B). Note: Seed nodes and P values for random genes repre-
sent average of 5 random sets, each consisting of 58 genes selected from the original list of nCounter 179 inflammation-related genes. ND, not detected.

The gene expression differences between non-Tg and SOD1
microglia and monocytes were determined starting from a set con-
taining only inflammatory response-related genes. Because this
may have led to a bias toward networks related to inflammation,
we performed additional analysis based on a random selection of
genes from the original list and found that the networks identified
were indeed statistically significant relative to the network iden-
tified based on random analysis (Tables 1 and 3). Furthermore,
by interrogating gene expression found in the network analysis,
but not tested by the nCounter assay set, we found that Abr (aryl
hydrocarbon receptor), which is implicated in the SP1 and NF-kB
networks and was found to trigger the downstream NF-kB and
CREBI1 signaling (34, 35), was significantly upregulated in Ly6Ch
monocytes but not in Ly6C'® monocytes in SOD1 mice (Figure 3C).
Thus, we not only identified a gene independent of the nCounter
set, we further verified the link between monocyte subsets in ALS
subjects and the SOD1 mouse (see below).

Changes in microRNA profiles of spleen-derived Ly6C" monocytes and
spinal cord—derived CD39" microglia duringthe course of disease. MicroR-
NAs (miRNAs) belong to a family of small, non-protein-coding
RNAs that regulate expression of multiple target genes and are
involved in fundamental biological processes. Several hundred
mammalian miRNAs have been identified, many of which are
tissue specific and modulate hematopoietic lineage differentia-
tion (36). Affected expression of specific miRNAs is associated
with pathologic processes including heart disease (37), cancer
(38), Alzheimer’s disease (39), and autoimmune inflammation
(40). To investigate microglia and the Ly6C" monocyte subset, we
performed miRNA analysis of these populations in the spleens of
SOD1 mice at the presymptomatic stage (60 days), at the onset of
symptoms, and at end-stage disease. To our knowledge, no study
3066

The Journal of Clinical Investigation

http://www.jci.org

to date has investigated miRNAs in the immune system in ALS.
miRNA profiling of spleen-derived Ly6C" monocytes during all
stages of disease (Figure 4A) showed 34 significantly affected miR-
NAs in Ly6CPi cells, confirmed by Singleplex TagMan PCR (Figure
4B). Inflammation-related miRNAs such as let-7a (41), let-7b (42),
miR-27a (43), miR-146a (44), miR-451 (45), miR-223 (46), miR-
142-5p (47), and miR-155 (48) were significantly upregulated in
the Ly6Ch subset in the spleen 1 month prior to clinical onset
and during disease progression in SOD1 mice (Figure 4, A and B).
These miRNAs have been shown to be upregulated during inflam-
matory responses. Thus, miR-146a was identified as a regulator
of Ly6Ch monocyte function in inflammation (49), and miR-155

Table 2
Major biological pathways affected in spinal cord microglia
at disease onset in SOD1 mice

No. Top 10 affected hiological pathways P

1 Chemotaxis 4.2 x10-20
2 Inflammation: alternative complement pathway 1.4 %1019
3 Inflammation: innate inflammatory response 1.2 x10°17
4 Cell adhesion: leukocyte chemotaxis 7.0x1014
5 Inflammation: neutrophil activation 3.4 %1013
6 Inflammation: Jak/STAT pathway 1.4 x 1012
7 Development: regulation of angiogenesis 3.0x 102
8 Development: blood vessel morphogenesis 3.6 x 10
9 Inflammation: TREM1 signaling 6.8 x 10"
10 Immune response: phagocytosis 2.0 x 10-10

MetaCore (GeneGo) analysis based on identified up- and downregulated
genes (Figure 2, A and B).
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geometric mean of 6 housekeeping genes (Cltc, Gapdh, Gusb, Hprt1,
Pgk1, Tubbb). (C) gRT-PCR analysis of Ahr mRNA expression in splenic
Ly6C monocyte subsets sorted by flow cytometry from non-Tg, SOD1WT,
and SOD1693A mice at disease onset. Total RNA was isolated and pooled
from 3-5 mice for each cell population. Expression levels were normal-
ized to Gapdh. Data represent mean + SEM. ***P < 0.001, Student’s t
test (2-tailed). Results are representative of 2 independent experiments.
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Table 3

Key transcription factors and target genes affected in splenic Ly6C" monocytes at disease onset in SOD1 mice

Affected genes

No. Network Total nodes Seed nodes
1 CREB1 40 39
2 RelA (p65 NF-xB subunit) 39 38
3 NF-«xB 36 36
4 SP1 37 36
5 NF-kB1 (p50) 35 35
6 STAT3 36 35
7 c-Rel (NF-kB subunit) 36 35
8 C/EBPB 36 35
9 IRF1 36 35
10 SRF 36 35
11 STAT1 34 34
12 NF-kB p50/p65 35 34
13 HIF1A 35 34
14 ETS1 35 34
15 GATA-1 35 34
16 IRF5 35 34
17 GCR-a 33 33
18 PU.1 34 33
19 IRF7 34 33
20 HSF1 34 33

Random genes

P Seed nodes P
2.7 x 10124 10 26x10%
8.0x 102 18 1.2 x 1041
1.7 x 10115 16 1.7 x10-%
6.3 x 10-114 13 11x102
4.5 % 1012 10 2.0x10-28
1.6 x 10-110 8 26 x10%
1.6 x 10-110 13 26x10%
1.6 x 10-110 8 3.2x 102
1.6 x 10-110 8 1.5x104
1.6 x 10-110 ND ND
1.2 x 10-108 12 4.4 %102
4.0 x 10-107 2 1.9 x 1027
4.0 x 10107 1 32x102
4.0 x 10-107 13 2.5 x 10-81
4.0 x 10-107 6 2.6x10%
4.0 x 10107 ND ND
2.8 x 10-105 8 5.5x 1022
9.6 x 10-104 9 2.6x10%
9.6 x 10-104 ND ND
9.6 x 10-104 ND ND

MetaCore (GeneGo) analysis based on identified up- and downregulated genes (Figure 3, A and B). Note: Seed nodes and P values for random genes rep-
resent average of 5 random sets, each consisting of 58 genes selected from the original list of nCounter 179 inflammation-related genes.

has been shown to promote tissue inflammation (48) and mac-
rophage inflammatory responses (50-52) and to be upregulated
in EAE (53) and MS lesions (54). Furthermore, miR-155 has been
implicated in increasing proinflammatory cytokine secretion by
targeting SOCSI mRNA (55), thereby releasing the intrinsic cel-
lular “brake” on cytokine secretion.

miRNA target scan Ingenuity pathway analysis (IPA) based
on miRNA (Figure 4B) and inflammation-related quantitative
NanoString analysis (Figure 3, A and B) revealed that the top 10
miRNA-mRNA interactions unique in Ly6Ch splenic monocytes
were related to proinflammatory genes (including Tnf, Myd88,
Statl, Ccr2, Tlr2, Myc, Jun, Cd40, H2-Eb1) that are associated with
the M1 monocyte phenotype. The top 10 affected miRNAs in Ly6ht
splenic monocytes (at onset) yielded 58 miRNA-mRNA interac-
tions (Figure 5) with 47 affected inflammatory genes. In addition
to performing miRNA profiles of Ly6C" subsets, we performed
miRNA analysis of microglial cells at different stages of disease
(Figure 6A) and found 26 miRNAs that were upregulated and 2
downregulated, as confirmed by Singleplex qRT-PCR (Figure
6B). For CD39* microglia, the top 10 affected miRNAs yielded 80
miRNA-mRNA interactions (Figure 7) with 58 affected inflamma-
tory genes. To assess the significance of the observed interactions
of the top 10 miRNA families from IPA, we mapped the miRNA
families and mRNAs to the list of possible predicted miRNA-
mRNA interactions in TargetScan 4.1. This resulted in 18 miR-
NAs showing 80 interactions in CD39* spinal cord microglia and
17 miRNAs in Ly6CP splenic monocytes showing 51 interactions
with the affected inflammatory genes in each case. We removed
the affected inflammatory genes from the database of all possi-
ble miRNA targets to assess the specificity of interaction of the
observed miRNAs with non-inflammatory genes. In each case, we
3068
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generated 1,000 random sets of these non-inflammatory genes
(for CD39* microglia each set contained 40 genes, and for Ly6CM
monocytes each set contained 33 genes), and we identified their
predicted interactions with the affected miRNAs. The mean num-
ber of random interactions identified for CD39" microglia was
36.09 +12.9 and for Ly6Ch was 25.06 + 10.09. The number of these
interactions was significantly lower than the number of affected
miRNA-inflammatory mRNA interactions (for CD39, 80 vs. 36.09
and for Ly6CM, 58 vs. 25.06). Thus, analysis of the random network
showed a substantially lower number of interactions than what
we observed using the inflammation-related genes and confirms
that we did not bias our analysis by using the inflammatory gene

Table 4
Major biological pathways affected in splenic Ly6C" monocytes
at disease onset in SOD1 mice

No. Top 10 affected biological pathways P

1 Inflammation: amphoterin signaling 9.3x10%
2 Inflammation: histamine signaling 1.5 % 1020
3 Immune response: TCR signaling 3.7x102
4 Inflammation: neutrophil activation 74 %1018
5 Signal transduction: cholecystokinin signaling 7.9x10-18
6 Inflammation: IL-2 signaling 1.5x 1017
7 Inflammation: inflammasome 2.2 x 1017
8 Inflammation: IL-6 signaling 6.8 x 10-17
9 Cell cycle: G1-S growth factor regulation 1.6 x 10-16
10  Development: hemopoiesis, erythropoietin pathway 2.6 x 10-16

MetaCore (GeneGo) analysis based on identified up- and downregulated
genes (Figure 3, A and B).
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set. These results demonstrate differences between resident CD39*
microglia and infiltrating Ly6Ch monocytes and identify a unique
miRNA signature in spinal cord microglia and peripheral inflam-
matory Ly6CM monocytes of SOD1 animals.

Ly6C" inflammatory monocytes infiltrate the spinal cord with disease
progression in SODI mice. We measured CD11b"Ly6C* monocytes
and CD11b*CD39" microglia in the CNS of SOD1 mice during
disease progression. As shown in Figure 84, in wild-type mice,
98% of CD11b* cells were CD39* and 1%-2% were Ly6C* in both
spinal cord and brain. In SOD1 mice with end-stage disease (135
days), 31% of CD11b cells in the spinal cord were Ly6C*, and there
was a decrease in the number of CD39" cells (22%). No change in
Ly6C* cells or in CD39* cells was observed in the brains of SOD1
mice (Figure 8B). Our observation of changes in the spinal cord
and not the brain is consistent with our observation of changes
in inflammatory gene expression in microglia from spinal cord
but not brain (Figure 8C). Furthermore, these findings suggest
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Figure 4

- — — Changes in miRNA profiles of spleen-derived Ly6Chi
i Presymptomatic ~ Monocytes during the course of disease. (A) miRNA
miR-193b B Onset profiling of splenic Ly6Chi monocytes compared
miR-491 with non-Tg mice at presymtomatic (60 days), onset
miR-574-3p kil End-stage (defined by body weight loss), and end stages of dis-
) ; ease was performed by rodent TLDA (containing 364
miR-1460 i) mouse miRNA assays; 2 arrays for each group, pool
miR-146a of 6-8 mice per group). Heatmap shows miRNAs with
miR-10a at least 2-fold-altered transcription levels. Microarray
miR-142-3p z data were normalized using quantile (R software; http://
miR-126-3p www.r-project.org/) normalization. Each row of the
miR-532-3p = heatmap represents an individual miRNA and each
- column an individual group in biological duplicate. The
let-7g relative abundance of transcripts is indicated by a color
miR-200c ks scale (red, high; green, median; blue, low). (B) Sum-
miR-150 5 mary of significantly affected miRNAs in splenic Ly6Chi
miR-501-3p monocytes in SOD1 mice compared with non-Tg mice
miR-425 i validated in Singleplex gRT-PCR. Data represent mean
miR-27a -y + SD. All shown miRNAs were significantly affected
) (P < 0.05). miRNA expression level was normalized
miR-200b = using ACt against U6 miRNA.
miR-132 ==
miR-339-3p -
miR-155 g
miR-199a-3p —=
m!Fi-351 - a relationship between the recruitment of Ly6C*
mlFli-682 . cells and the areas of CNS damage in SOD1 mice.
r‘mFi-Qa — We then quantified the percentage of CD11b*Ly6C*
miR-411 — monocytes and CD11b"CD39* microglia in the CNS
miR-190 & over time. We found an increase in Ly6C* monocytes
miR-331-5p that began at 60 days of age (1 month before dis-
let-7f ——=] ease onset) and which continued as the disease pro-
let-7a — gressed (Figure 8, C and D). At 120 and 135 days,
miR-342-5p = respectively, the proportion of Ly6C monocytes and
miR-676 L] myeloid cells significantly increased compared with
miR-34a that in wild-type mice at age 135 days (P < 0.01 and
miR-680 E— P < 0.001, respectively), whereas CD39* microglia
miR-451 significantly decreased (P < 0. 01 and P < 0.001,
miR-376b = respectively). No contribution of myeloid subsets

was detected in brains of SOD1 mice (Figure 8C). No
Ly6C* monocytes were detected in the spinal cord
at 30 days of age, even though they had increased
expression of inflammatory genes at this time (Fig-
ure 3A). As shown in Figure 8E, Ly6C expression
was upregulated with disease progression, and CD39* microglia
remained negative for Ly6C, which is consistent with our obser-
vation that CD39 and Ly6C represent non-overlapping CD11b
populations (Figure 1, B-D).

SOD1 spinal cord microglia induce recruitment of Ly6C* monocytes.
It is known that CCL2 interacts with CCR2 receptors on the sur-
face of Ly6CM monocytes and is required for the recruitment of
Ly6CM monocytes to areas of inflammation (19-21). As shown
above, gene profiling revealed an increase in the expression of Cel2
on microglia (Figure 2A) and Ccr2 on Ly6C" monocytes (Figure
3A). We validated this observation using qRT-PCR to measure the
kinetics of Ccr2 expression in Ly6Ch splenic monocytes and Ccl2
expression in CD39* microglia in the spinal cord over the course
of disease. We found that Ccr2 was upregulated in splenic Ly6CP
monocytes both at disease onset and at end-stage disease. This was
paralleled by an upregulation of Ccl2 in CD39" microglia at disease
onset. In addition, we observed no expression of Ccr2 in CD39*
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Top miRNA-mRNA interactions in splenic Ly6Ch monocytes in SOD1 mice. Ingenuity target filter analysis showing the top 10 miRNA-mRNA
interactions based on identified affected mRNAs (Figure 3, A and B) and miRNAs (Figure 4, A and B) at disease onset.

microglia or of Ccl2 in Ly6CM monocytes at any time during the
disease course (Figure 8F). This suggests that expression of Ccl2
and other chemokines (Figure 2A) on microglia plays a role in the
recruitment of Ly6C" monocytes to the CNS.

To address whether CD39" spinal cord microglia in SOD1 mice
facilitate recruitment of peripheral Ly6C* monocytes, we isolated
microglia from the spinal cord of both wild-type and SOD16934
mice at disease onset and transplanted them intracranially in WT
and SOD1 recipient mice. Forty-eight hours after transplantation,
we isolated brain mononuclear cells and analyzed them by FACS
for Ly6C and CD11b expression (Figure 9A). We found a signifi-
cant increase in recruited Ly6C* monocytes when we transferred
microglia from SOD1 mice versus WT or PBS (sham)-injected
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mice (Figure 9B). These experiments demonstrate that spinal cord-
derived CD39* microglia directly recruit the Ly6C* monocytes.
Furthermore, we observed a greater increase in Ly6C* monocytes
when microglia from SOD1 mice were transplanted into recipient
SOD1 brain as opposed to WT brain (Figure 9B). This is consistent
with our observation that splenic Ly6C* monocytes in SOD1 mice
are activated in the periphery and thus there is enhanced recruit-
ment of these cells to the spinal cord in SOD1 mice. Of note, we
did not observe recruitment of T, B, or NK cells following intracra-
nial transplantation of microglia (data not shown).

Although we observed changes in Ly6C" monocytes and CD39*
microglia, during the course of disease, it is theoretically possible
that these markers are affected by inflammation that occurs in the
Number 9
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ﬁ;g:gg miR-324-3p dﬂ" a loss of resident microglia (Supplemental Figure 4) in
miR194 miR-184 1 association with recruited monocytes that were in close
E:-R?'bng ) " proximity to dying motor neurons in the ventral horn
miR-361 miR-132 d’ (Supplemental Figure S, A and B). These results demon-
mgﬁiéﬂ miR-146a _!" strate reciprocal changes in these two cell populations
m;g:g:g%p miR-222 =l during the course of disease.
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mgg;g;g miR-451 Q Animals were treated i.p. every other day beginning at
miR-140 miR-155 —— disease onset (defined by body weight loss) until end-
miR-680
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spinal cord of SOD1 animals. To rule out this possibility, we gener-
ated chimeras in which donor peripheral monocytes expressing GFP
under the Cx3crl promoter were transplanted into recipient irradi-
ated SOD1 or non-Tg mice. In these chimeras, peripheral monocytes
are distinguishable from microglia by FACS. Consistent with our
observations above, we found progressive recruitment of Cx3cr1%F7/*
monocytes (Figure 10, A-C), which were Ly6C* and CD39 negative
(Figure 10, B and D). Of note Ly6Chi recruited monocytes express
low levels of CX3CR1 during all disease stages (Figure 10E). This
inflammatory monocyte subset (CD11b*CCR2*Ly6CMCX3CR1)
(56) has been shown to infiltrate into inflamed tissues and contrib-
ute to inflammation (18, 20, 24, 25).

Ly6C" monocytes proliferate and CD39* microglia undergo apoptosis
and are lost in the spinal cord during disease progression in SODI mice.
To further investigate Ly6CM monocytes and CD39* microglia in
the spinal cord during the course of disease, we assessed cellular
proliferation as measured by BrdU and apoptosis as measured by
Annexin V and 7-AAD staining for apoptotic and necrotic cells,
respectively. As shown in Figure 11, A and B, CD39* microglia in
the spinal cord underwent apoptosis at all disease stages . Con-
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stage disease. We monitored body weight (every 3-4
days starting at day 80), clinical neurologic score (daily),
and rotarod performance (3 times/week). Treatment
with 100 ug anti-Ly6C antibody prolonged survival
by 16 days (P = 0.0097) (Figure 12A), extended time to
reach a neurologic score of 2 by 9 days (P = 0.0127) (Figure 12B),
enhanced rotarod performance (Figure 12C), reduced weight loss
(P=0.001at day 137) (Figure 12D), and delayed early (P < 0.001)
and late (P < 0.05) disease onset (Figure 12E). These results are
representative of 3 independent experiments in female animals.
In the other 2 experiments (n = 7-9/group), treatment with 100
ug anti-LyC6 mAb extended survival by 18 days (P < 0.01) and 8
days (P < 0.05). No significant effects were observed in animals
treated with 10-ug or 1-ug doses (data not shown). Cumulative
results of statistical analysis of isotype-treated and anti-Ly6C-
treated groups are shown in Table 5. In one experiment, males
treated with anti-Ly6C had an increased survival of 6 days versus
isotype control (n = 10/group).

Anti-Ly6C treatment affects the phenotype of splenic Ly6C” monocytes
in SOD1 mice. To examine the effects of anti-Ly6C treatment on
Ly6C* cells, we sorted CD11b*Ly6C* monocytes from the spinal
cord and spleen of treated animals after 1 month of treatment (age
120 days). We performed quantitative nCounter analysis of splenic
Ly6Ch cells for the 179 inflammation-related genes we examined
in untreated animals above (Figure 3, A and B). As shown in Figure
Volume 122 Number 9
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13A, genes related to inflammation, including Tnf, Il1b, and 116 were
downregulated, whereas Tgfb1 and Tgfbrl were upregulated. We then
validated these results by qRT-PCR (Figure 13B). Consistent with
our nCounter results, anti-Ly6C mAb suppressed Il1b and Tnfand
increased expression of Tgfb1 in Ly6Ch splenic monocytes. In the
spinal cord, we observed downregulation of Tnfand upregulation
of Tgfbl. No changes in Il1b or 116 were observed in the spinal cord.
In addition, to determine the degree to which recruitment to
the spinal cord affected the expression profile of Ly6CM recruit-
ed monocytes, we measured Il1b, 116, Tnf, and Tgfbl expression in
spleen-derived and spinal cord-recruited Ly6CM monocytes in both
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WT and SOD1 untreated mice at 120 days of age (Figure 13C).
In the spleen, we found increased expression of I/1b and Tnfand
decreased expression of Tgfbl in SOD1 versus WT mice. We found
similar patterns in the spinal cord, viz., increased expression of I[1b
and Tnfand decreased expression of Tgfb1 in SOD1 versus WT mice.
In addition, we found increased expression of 16 in the spinal cord
in SOD1 versus WT mice. Thus, in untreated animals, we observed
an increase in expression of Il1b and 16 when cells were recruited to
the spinal cord, but no difference in Tnf or Tgfb1 expression. This
may explain why anti-Ly6C treatment did not affect Il1b and 1l6
expression in the spinal cord, whereas it did affect Tnfand Tgfbl.
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Figure 8

LyBCh monocytes are recruited to the spinal cord with disease progression in SOD1 mice. (A) FACS analysis of isolated spinal cord and (B) brain-
derived mononuclear cells for CD11b, CD39, and Ly6C at 135 days in SOD1 mice. Numbers represent the percentage of CD11b-gated cells in
each quadrant. (C) Proportional increase in inflammatory monocytes (black) and myeloid cells (gray) and decrease in CD39* resident microglia
(white) as related to total CD11b* cells. Data represent mean + SEM from 3 experiments (pool of 4-5 mice per group). (D) Expansion of Ly6C
monocytes from Ly6C' to Ly6Ch during disease progression in the spinal cord. Numbers represent the percentage of cells in each quadrant. (E)
Ly6C expression is increased during disease progression on recruited monocytes but not on resident microglia. The numbers show percentage
of Ly6CP (left) and LyBCh (right) monocytes. Open profiles represent staining pattern with an IC antibody; solid red profiles indicate CD11b+*CD39*
microglia; and green profiles show recruited CD11b*Ly6C+ monocytes. Each panel represents a pool of 5 mice. Results are representative of 3
independent experiments. (F) gRT-PCR analysis of Ccr2 and Cc/2 mRNA expression in FACS-sorted CD39+ microglia and Ly6C" monocytes
from spinal cords of SOD1WT and SOD 16934 mice. Total RNA was isolated and pooled from 5 mice for each cell population. Expression levels were
normalized to Gapdh. Data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Dunnett’s multiple-comparison
post hoc test. Results are representative of 2 independent experiments.

Anti-Ly6C mADb treatment decreases infiltration of Ly6C" monocytes
into the spinal cord and attenuates neuronal loss. To further investigate
the effect of anti-Ly6C mADb treatment, we performed FACS analy-
sis of Ly6Ch monocytes in the spinal cord. At 30 days after treat-
ment, we found a marked decrease in the percentage of Ly6C" cells
as shown both by FACS (Figure 14A) and quantitative analysis
(Figure 14B), indicating depletion of these cells. It is not known
whether there is a particular activation/signaling event; however,
based on the effects shown in Figure 13, A and B, anti-Ly6C mAb
treatment modulates the M1 Ly6Ch phenotype. Concomitant
with the decrease in Ly6C* cells, we found an increase in CD39*
microglial cells. Because we treated animals with anti-Ly6C anti-
body and also used anti-Ly6C antibody to measure Ly6C cells
in the spinal cord, it is possible that the decrease we observed is
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related to the antibody and not to actual loss of cells. To address
this issue, we used CD169 (SiglecI), which is a well-characterized
marker of inflammatory monocytes and differentiated dendritic
cells (57). Using SOD1-chimeric mice, we found that CD169 was
expressed by all recruited GFP* bone marrow-derived monocytes,
but not by microglia (Supplemental Figure 5B). Consistent with
our results above, we found a decrease in CD169" monocytes in
the spinal cord following anti-Ly6C treatment both by FACS (Fig-
ure 14C) and by immunohistochemical analysis (Figure 14D). We
then asked whether anti-Ly6C treatment affected neurons in the
spinal cord. As shown in Figure 14, D and E, we found an increase
in the numbers of neurons both in the dorsal and ventral horns
of anti-Ly6C-treated animals. Concomitant with this, there was
a decrease in the number of inflammatory monocytes (CD169*
Volume 122 3073
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cells). Because CD169, like Ly6C is expressed on the surface of
inflammatory monocytes, we treated SOD1 mice with anti-CD169
mAD, but unlike with anti-Ly6C, we found no effect on disease
(data not shown).

Our results thus far demonstrate that peripheral Ly6Chi cells
play an important role in disease progression. It is known that
the spleen is a major reservoir of Ly6C* cells (58), and it has been
reported that the spleen atrophies during the course of disease in
the SOD1 mouse (4). Thus, we examined spleen size to determine
whether splenic atrophy had occurred and whether this was affect-
ed by treatment with anti-Ly6C mAb. We found that the splenic
atrophy that occurred in SOD1 mice was reversed by anti-Ly6C
mADb treatment (Supplemental Figure 6). It has been shown that
splenectomy is of benefit in an animal model of stroke (59) and
cardiac ischemia (58). Thus, we asked whether splenectomy would
have a beneficial effect on the disease course in the SOD1 mouse.
We performed splenectomy during the presymptomatic stage (60
days of age). However, rather than ameliorating disease, splenec-
tomy worsened disease (Supplemental Figure 7).

miRNA and gene profiling of peripheral monocytes (CD14*CD16") in
ALS patients demonstrate an inflammatory phenotype analogous to that
observed in SOD1 mice. To investigate whether the inflammatory
phenotype we observed in splenic Ly6Ch monocytes in SOD1 mice
was also present in patients with ALS, we sorted CD14*CD16" cells
(Supplemental Figure 8A), which are the analog of Ly6Ch cells in
mice (56) and which we found to be decreased compared with
those from healthy controls (Supplemental Figure 8B). We then
profiled blood-derived CD14*CD16- and CD14*CD16* monocyte
subsets for 664 miRNAs using quantitative nCounter analysis.
We also profiled untreated relapsing-remitting MS patients to
determine whether any inflammatory signatures we observed in
ALS subjects were unique to ALS or were also present in a classic
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Figure 9

SOD1 spinal cord microglia induce recruitment of Ly6C+ monocytes.
(A) FACS analysis of myeloid cells isolated from recipient WT and
SOD1 brains at disease onset 48 hours after transplantation (intra-
cranial) with spinal cord—derived CD39+ microglia (5 x 104 cells) from
donor WT and SOD1 mice at disease onset. Cells were gated using
Annexin V and 7-AAD to eliminate apoptotic and necrotic cells. Num-
bers represent the percentage of cells in each quadrant. Panels are
representative of 3—4 mice in each group. (B) Quantitative analysis
showing absolute numbers of recruited Ly6C+ cells per hemisphere
of injected mice. Data represent mean + SEM (3—4 mice per group).
**P < 0.01, ***P < 0.001, 2-way ANOVA with Bonferroni post hoc test.

inflammatory CNS disease such as MS. In ALS, we found 56 miR-
NAs that were significantly affected in CD14*CD16- monocytes
(Figure 15, A and B). We identified 19 miRNAs similarly affected
in SOD1 mice and human ALS (Supplemental Table 3). Principal
component analysis (PCA) showed that both ALS and MS were
distinct from healthy controls and that we could distinguish
ALS from MS, although there was some overlap (Figure 16A).
To validate these findings, we performed quantitative Single-
plex qRT-PCR on 6 miRNAs (Figure 16B), including 5 (miR-27a,
miR-155, miR-142-5p, miR-223, and miR-532-3p) that we found
upregulated in Ly6C" monocytes in the SOD1 mouse (Figure 4A).
In our validation, these miRNAs showed the least overlap between
MS and healthy control subjects. Of note, miR-27a was highly
expressed in ALS subjects, with no expression in healthy control
or MS subjects. To further validate these findings, we investi-
gated a separate independent cohort of ALS patients and healthy
controls and found identical results (data not shown). When
we analyzed CD14'CD16" monocytes, we found relatively small
numbers (17 miRNAs) of significantly affected miRNAs (Supple-
mental Figure 9). However, 12 miRNAs were similarly affected
in CD14*CD16- monocytes. These results are consistent with
our findings in the SOD1 mice of prominent changes in Ly6C"
monocytes, the mouse analog of CD14*CD16- monocytes (56).
We also tested cerebrospinal fluid (CSF) from ALS subjects for
43 selected miRNAs that we found upregulated in SOD1 spinal
cord CD39* microglia and splenic Ly6Ch monocytes, and found
3 miRNAs (miR-27b, miR-146a, and miR-532-3p) in common
elevated in ALS CSF that were elevated both in monocytes and
microglia from SOD1 mice and from human ALS subjects (Sup-
plemental Figure 10). To further evaluate monocytes in subjects
with ALS, we performed gene expression, in which we examined
184 inflammatory-related genes as we had in SOD1 mice (Figure
3,Aand B). We found upregulation of inflammatory genes in ALS
that were not observed in healthy controls. Nonetheless, although
there were some differences, unlike in our experiments above with
miRNAs, the inflammatory gene expression pattern in ALS was
similar to that observed in MS (Supplemental Figure 11).

To further investigate immune-related gene expression in ALS,
we examined 511 immune-related genes in monocytes from ALS
subjects. With this panel, we were able to distinguish ALS sub-
jects from healthy controls and sporadic ALS (sALS) from familial
ALS (fALS) with SODI mutation in the small number of samples
tested (Figure 17, A and B, and Figure 18A). We validated these
findings using Singleplex qPCR in an independent cohort of ALS
patients and healthy controls in which we chose the genes that
were the most significantly upregulated (AHR, CCL2, PTAFR,
NFKBI, TRAF3, and FCER1A) or downregulated (CXCR4, SOCSI)
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Figure 10

Reciprocal expression of CD39 and Ly6C in CNS-resident microglia and bone marrow—derived monocytes in SOD1 chimeric mice.
SOD169% and non-Tg littermates were transplanted with syngeneic bone marrow cells from CX3CR167P+ mice. Spinal cords were analyzed
at presymptomatic (60 days), disease onset, and end stages. (A) GFP+ recruited IBA1+* monocytes in lumbar spinal cord of non-Tg— and
SOD1-Cx3cr16GFP+-mice. Scale bar: 500 um. (B) Confocal images of GFP+ recruited monocytes (IBA1+GFP+; white arrowheads) and resi-
dent microglia (IBA1+*GFP-; yellow arrowhead) in ventral horns of non-Tg— and SOD1-Cx3cr1 chimeric mice at 120 days of age. Represen-
tative confocal images (5—6 mice per group). Scale bars: 50 um. (C) Quantitative analysis showing the kinetics of bone marrow—derived
CXBCR16GFP+ monocytes recruited into spinal cords during disease at 90, 120, and 145 days of age in SOD1-Cx3cr1GFF+- chimeric mice.
Data represent mean + SEM (5-6 mice per group). ***P < 0.001, 1-way ANOVA followed by Dunnett’s multiple-comparison post hoc test.
(D) FACS analysis of CD39 and Ly6C expression in spinal cord—derived populations of microglia (MG) and peripheral monocytes (PMs)
isolated from non-Tg— and SOD1-chimera mice at 120 days of age. Note: CD11b*GFP+ gated peripheral monocytes express Ly6Ch and do
not express CD39, whereas all resident microglia express CD39 and are negative for Ly6Ch. (E) Expansion of the recruited Ly6C"NCX3CR-
GFP monocyte subset in the spinal cord of SOD1 mice during disease progression. Numbers in D and E represent the percentage of
CD11b-gated cells in each quadrant. Each panel represents a pool of 4-5 mice.

in ALS (Figure 18B). Of note, we found differences between fALS We then analyzed both the miRNA and gene expression profile
and sALS in 3 of 8 genes (NFKB1, TRAF3, and FCERIA). Although  in monocytes from ALS subjects. We found that the abnormali-
only 4 fALS subjects were studied, it is possible that these genes  ties related to miRNA and gene expression in monocytes from
may be related to the SODI mutation. Furthermore, Ingenu-  ALS subjects were linked to inflammatory and immune-related
ity miRNA-mRNA target filter analysis revealed that the top 10  genes (Supplemental Table 6 and Supplemental Figure 12).
miRNA-mRNA interactions in ALS were linked to the genes we ~ When these miRNA-mRNA interactions in CD14*CD16" blood
found to be the most significantly affected in ALS subjects (Figure ~monocytes in ALS were analyzed, the interactions were shown
19). When we analyzed the human peripheral monocyte gene data  to be statistically significant using TargetScan 4.1 prediction
for degree of overlap with the mouse, we did not find different  analysis both in SOD1 mice and in ALS subjects (Supplemen-
or more extensive overlap of fALS than sALS with data from the tal Figure 13, A and B). Furthermore, GeneGo pathway analysis
mouse mutant model (see Supplemental Table 3 for alist of simi-  identified 9 inflammation-related networks (Supplemental Fig-
lar miRNAs and mRNAs between splenic Ly6C" monocytes and  ure 14) that were identical to those that we observed in splenic
CD14'CD16 blood monocytes in ALS). Ly6Ch monocytes in SOD1 mice (Table 3).
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Figure 11

Ly6C" monocytes proliferate and CD39+ microglia undergo apoptosis during disease progression in the spinal cord of SOD1 mice. Spinal
cord—isolated myeloid cells at onset (90 days), early symptomatic (120 days), and late symptomatic (135 days) stages from SOD1WT and SOD1
mice were analyzed. (A) Microglia viability was evaluated using Annexin V and 7-AAD for apoptotic and necrotic cells, respectively. No significant
apoptosis was detected in Ly6C* monocytes (data not shown). Numbers represent the percentage of cells in each quadrant. (B) Quantification of
microglia viability reveals an approximately 2.5-fold increase in microglial apoptosis at 90, 120, and 135 days in comparison to wild-type microglia.
Data represent mean + SEM. *P < 0.05, **P < 0.01. (C) Proliferation of CD39+ resident microglia and Ly6C+ monocytes assessed by BrdU incor-
poration. BrdU was injected (i.p.) daily for 5 consecutive days before the spinal cords were analyzed. Wild-type mice received the same course of
BrdU injection. Spinal cords were excised 5 days after the first BrdU injection. Gs-gated CD11b*CD39* microglia; G.-gated Ly6C"i; and Gs-gated
Ly6C'> monocytes. Flow cytometric analysis was based on live cell population after exclusion of Annexin V—and 7-AAD—positive cells. Numbers
represent the percentage of cells in each quadrant. (D) Ly6C" monocytes proliferate 3- to 4-fold more than Ly6CP cells during the disease course.
Data represent mean + SEM (pool of 3—4 mice per group). ***P < 0.001, Student’s t test (2-tailed).

Discussion expression on CD39" resident microglia. Even before disease

We have identified an important role for Ly6Ch monocytes
in a mouse model of ALS. One month prior to disease onset,
Ly6Ch monocytes in the spleen had a pronounced proinflam-
matory profile, as detected by both miRNA and gene expres-
sion profiling. The inflammatory gene profile in the spleen
was also observed at 2 months prior to disease onset (age 30
days). Ly6Ch monocytes were recruited to the spinal cord, but
not brain, and proliferated in the spinal cord during disease
progression. This occurred in association with increased Ccr2
expression in Ly6CM peripheral monocytes and increased Ccl2
3076
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onset and neuronal loss, CD39" resident microglia expressed
Ccl2 and other chemotaxis-associated molecules in the spinal
cord, but not brain. Furthermore, we observed increased apop-
tosis of CD39* microglia in association with Ly6CP infiltration
and neuronal loss.

Given these findings, we treated SOD1 mice with anti-Ly6C
mAD at the time of disease onset. We found that targeting of
peripheral Ly6C" monocytes with anti-Ly6C mAb slowed dis-
ease progression and attenuated neuronal damage by decreasing
infiltration of Ly6Ch cells to the spinal cord. In addition, anti-
Volume 122
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Figure 12

Anti-Ly6C mAb treatment delays disease onset and extends survival in SOD1 mice. SOD 1G94 mice were treated i.p. with IgG2a (IC;
100 ug, n = 11) or 100 ug anti-6C3 mAb (n = 11) every other day starting at the onset of the disease. (A) Kaplan-Meier analysis of the prob-
ability of surviving of SOD1 as function of age. Mantel-Cox’s F-test comparison showed groups treated with 100 ug IC versus anti-Ly6C
(P =0.0097). (B) Time-to-event analysis for disease neurologic onset (neurological severity score of 2). Disease onset was significantly delayed
(P =0.0127) by anti-Ly6C (100 ug) treatment. (C) Rotarod performance of IC- and anti-Ly6C—treated groups as a function of age. Data repre-
sent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, IC compared with anti-Ly6C groups by factorial ANOVA and Fisher’s least significant
difference post hoc test. (D) Weight loss plotted for IC- and anti-Ly6C—treated groups. Data represent mean + SD. *P < 0.05, **P < 0.01,
***P < 0.001, 2-way ANOVA, Bonferroni post hoc test. (E) Duration of an early disease phase (from onset to 5% weight loss) and a later

disease phase (from 5% weight loss to end stage). Data represent mean + SEM. *P < 0.05, ***P < 0.001, 1-way ANOVA.

Ly6C mAb treatment reduced microglial loss. Anti-Ly6C treat-
ment modulated the cytokine profile of Ly6CP monocytes in
both the spinal cord and spleen by decreasing Tnfand increasing
Tgfbl. Thus, it appears that we were both decreasing the infiltra-
tion of disease-promoting monocytes and inducing an alterna-
tively (M2) monocyte population.

We then investigated subjects with ALS to determine wheth-
er the SOD1-like inflammatory monocyte profile occurred in
people with the disease. In humans, CD14*CD16- monocytes
express CCR2 and low levels of CX3CR1 and are functionally
equivalent to Ly6Ch monocytes (56). We tested CD14*CD16-
monocytes from the peripheral blood of ALS subjects for
expression of the miRNAs we found
upregulated in Ly6CM cells in SOD1 mice
and found analogous patterns. In addition, Table 5
using gene expression profiling, we found
an analogous inflammatory profile in ALS
subjects, consistent with classically activat-
ed (M1 type) monocytes, the same pattern
we observed in the SOD1 mouse.

The chemokine receptor CCR2 and its
ligand CCL2 participate in regulating
monocyte Ly6CMCCR2" subset infiltration
(19, 20). The CCL2 protein is expressed in
astrocytes in ALS and is increased in the

Disease onset
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Peak body weight to death
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CSF of ALS patients (7). These results support the involvement
of immune/inflammatory responses in motor neuron degenera-
tion in ALS. CCL2 is produced at 3-fold-higher levels by SOD1-
mutant microglia compared with wild-type human SOD1
microglia activated with LPS in vitro (60). Henkel et al. reported
increased CD14" monocytes in the spinal cord in close proximity
to motor neurons, and this was associated with disease progres-
sion in ALS patients (7). Consistent with this, the authors report-
ed increased expression of CCL2 in ALS glial cells. Furthermore,
Mantovani et al. reported a decrease in CD14" cells in the blood
of ALS patients and postulated that this was related to their
early recruitment to CNS areas of primary neurodegeneration

Cumulative results of statistical analysis of isotype-treated and anti-Ly6C—treated groups

Kaplan-Meier survival fit

Median time (d) P
IC o-Ly6C  Change Log-rank  Wilcoxon
38 44 +6 0.0026 0.0078
113 122 +9 0.0127 0.0654
132 148 +16 0.0097 0.0269
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Anti-Ly6C treatment affects the phenotype of splenic Ly6Ch monocytes in SOD1 mice. (A) SOD1 mice were treated with systemic (i.p.) injec-
tion every other day with IgG2a IC (100 ug; n = 5) or anti-Ly6C mAb (100 ug; n = 6) starting at disease onset (body weight loss). After 1 month
of treatment (120 days of age), the mice were sacrificed and their splenic CD11b+Ly6C" sorted cells were analyzed with quantitative nCounter
profiling for 179 inflammation-related genes. Bars show affected genes with at least 2-fold-altered transcription levels. Gene expression levels
were normalized against the geometric mean of 6 housekeeping genes (Cltc, Gapdh, Gusb, Hprt1, Pgk1, Tubb5). (B) Validation of /l1b, II6,
Tnf, and Tgfb1 by gRT-PCR (TagMan) in spleen- and spinal cord—derived Ly6Ch monocytes. Expression levels were normalized to Gapdh.
Results represent data from 2 independent experiments, each with 3—6 mice. Error bars represent mean + SEM. **P < 0.01, ***P < 0.001,
Student’s t test (2-tailed). (C) Expression of //1b, /I6, Tnf, and Tgfb1 (QRT-PCR) in spleen- and spinal cord (SC)—derived Ly6C" monocytes
in untreated WT and SOD1 mice at 120 days of age. Expression levels were normalized to Gapdh. Data represent mean + SEM from 6 mice.
*P < 0.05, ***P < 0.001, 1-way ANOVA followed by Dunnett’s multiple-comparison post hoc test.

(61). We also observed a modest but significant decrease in
CD14*CD16" peripheral blood monocytes in the ALS subjects
we studied. These findings in humans are consistent with our
findings that Ly6CM monocytes are recruited to the CNS in the
SOD1 mice in association with increased Ccl2 expression in resi-
dent microglia. Of note, this occurs both prior to disease onset
and during disease.

An important question is why Ly6Ch cells are recruited to the
spinal cord but not to the brain in SOD1 mice. These findings
are consistent with the observation that neurons in the spinal
cord, but not the brain, are damaged in the SOD1 mouse. They
are also consistent with the fact that we only found changes
in microglia in the spinal cord of SOD1 mice. It appears that
expression of CCL2 and other chemokines in microglia plays
a role in the recruitment of Ly6C" monocytes to the CNS. We
found increased recruitment of Ly6C* monocytes to the CNS
when we transferred microglia from SOD1 mice to the CNS
of both WT and SOD1 mice. There was greater recruitment of
Ly6C* monocytes to the CNS when SOD1 microglia were trans-
planted into SOD1 as opposed to WT CNS. This is consistent
with our observation that SOD1 splenic Ly6C* monocytes are
activated and this results in enhanced recruitment of these cells
to the spinal cord in SOD1 mice. This process plays an impor-
3078
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tant role in damage to spinal cord neurons, since modulation of
Ly6ChM monocytes prolongs survival and decreases motor neuron
loss. Thus, based on our results in the SOD1 mouse, we postu-
late that treatment to modulate inflammatory monocytes in ALS
may slow disease progression.

Of note, we found that the activation of splenic inflammatory
Ly6CM monocytes occurs at 30 days of age in SOD1 mice, which
is 2 months prior to disease onset. Furthermore, we observed no
changes in CNS microglia at this age. This raises the possibil-
ity that the SOD1 mutation triggers autonomous activation of
peripheral monocytes independent of its effects in the nervous sys-
tem. Of note, in Huntington’s disease peripheral innate immune
activation is detectable before clinical onset (62). Our identifica-
tion of an analogous SOD1-like miRNA profile in monocytes of
subjects with ALS provides a direct link between the animal model
and the human disease. Furthermore, it is now possible to test
whether the SOD1-like profile of monocytes in the blood of ALS
patients is linked to disease stage or progression and whether it
has prognostic significance.

One of the important insights from our studies was that
CD39* was able to distinguish resident microglial cells from
infiltrating monocytes. This led to the discovery that there was
resident microglial loss, not “microgliosis,” in the spinal cord of
Volume 122
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Figure 14

Anti-Ly6C mAb treatment decreases infiltration of Ly6Ch monocytes into the spinal cord and attenuates neuronal loss. SOD1 mice were treated
as described in Figure 12. (A) FACS analysis of Ly6C+ monocytes in the spinal cord of anti-Ly6C—treated SOD1 mice compared with the IC group
30 days after treatment. Cells were gated using Annexin V and 7-AAD to eliminate apoptotic and necrotic cells. Numbers represent the percent-
age of CD11b-gated cells in each respective quadrant as indicated. Pooled data from 5 mice are shown. (B) Significantly reduced proportion of
Ly6C+ monocytes and increased numbers of CD39+ microglia among CD11b* cells 50 days after a-Ly6C treatment. (C) Significant reduction in
CD11b*CD169+ monocytes was detected after 50 days of a-Ly6C treatment. Numbers represent the percentage of cells in each gate. (D) Repre-
sentative confocal images stained for NeuN (green; neurons), IBA1 (blue; myeloid cells), and CD169 (red; recruited monocytes) of whole mount
lumbar axial sections of spinal cords from IC- and Ly6C-treated mice at the end stage (140 days old). Scale bar: 500 um. Boxed areas showed
insets at high magnification. Scale bars: 200 um. (E) Quantitation of neurons (NeuN*) and recruited monocytes (IBA1+/CD169+) in ventral and
dorsal horns in the spinal cord of SOD1 mice treated with isotype control or anti-Ly6C mAbs (n = 6—8 per group). Results are representative of 2
independent experiments. Error bars represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test (2-tailed).
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these animals. Our findings support previous work by Fendrick
et al., who demonstrated the occurrence of severe abnormalities
in microglia and hypothesized that degeneration of microglia is
part of the pathogenesis in ALS (63). It has been proposed that
microglia in the adult brain arise from Ly6CMCCR2* monocytes
under defined host conditions (20). However, in line with our
data, recent studies suggest that this is not the case and that resi-
dent microglia represent a unique, indigenous cell population in
the brain (25, 64, 65).

Numerous studies demonstrate that miRNAs play an essential
role in the regulation of immune function (40). Based on miRNA
profiling, we found that the peripheral monocytes in the SOD1
mouse and in humans with ALS exhibit a unique inflammatory
phenotype. In the SOD1 mouse, we observed upregulation of let-
7, miR-15b, miR-16, miR-27a, miR-34a, miR-132, miR-146a, miR-
155, miR-223, and miR-451, all of which have been associated with
inflammatory responses (41-44, 48). Specifically, the expression
of miR-15b, miR-16, miR-132, miR-146a, miR-155, and miR-223
is induced in response to LPS stimulation and by proinflamma-
tory stimuli such as IL-1f and TNF-a and mediated by the TLR
ligands via the NF-kB pathway and signaling through the JNK
pathway (50, 66, 67). Interestingly, a recent study demonstrated
that extracellular let-7b induces neurodegeneration through
TLR7 (42). We found let-7b to be upregulated in inflammatory
monocytes in both SOD1 mice and ALS subjects, which may con-
tribute to the neuronal loss observed in ALS.

Innate immune effector cells are armed with an extensive
repertoire of pattern recognition receptors including CD14
and TLRs that are necessary for detection and rapid elimina-
tion of invading microorganisms. Upon ligand binding, the
CD14/TLR signaling cascade via a common adaptor, MyD88,
induces activation of transcription factor 2 (ATF2) and NF-kB
transcription factors, both of which subsequently regulate
the expression of numerous immune response genes includ-
ing inflammatory cytokines and also have been recognized as
responding to endogenous ligands (68). Several reports indicate
the involvement of TLR2 and TLR4 in oxidative stress-related
cell activation, a hypothesized mechanism of ALS pathogenesis
(69). Moreover, in ALS, mSOD1 protein aggregates (70) and is
secreted into the extracellular space (71). Thus, having observed
a marked upregulation of Myd88 and NfkbI in Ly6Ch splenic
monocytes, we hypothesize that in ALS, recruited monocytes
could be activated autonomously in the periphery prior to dis-
ease onset by aggregated extracellular mSOD1 protein via innate
immune receptors, which in turn modulate proinflammatory
activation of Ly6Ch monocytes associated with neuronal death.
Interestingly, miR-132, miR-146a, and miR-155 were shown
to be upregulated by LPS via the adaptor MyD88 and NF-xB
(50, 66) and are all upregulated in Ly6Ch monocytes in SOD1
mice. Consistent with this, in our gene expression profiling, we
found activation of SP-1, NF-kB, and CREB1, which are path-
ways related to inflammatory responses. Furthermore, we found
that Abr, which is implicated in the SP1 and NF-kB networks,
is upregulated in splenic Ly6CP monocytes in SOD1 mice and
CD14*CD16" blood monocytes in ALS subjects. AhR is reported
to trigger the downstream CREB1 (34) and NF-kB (35) signal-
ing, leading to transactivation of the c-Myc oncogene, which
we also found to be upregulated in SOD1 mice and ALS. AhR
expression is induced during monocytic differentiation (72),
and AhR-dependent upregulation of MMP-12, CCL2, and IL-8
3080
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in vascular macrophages correlates with recruitment and acti-
vation of inflammatory cells in a mouse model of atheroscle-
rosis (73). We found high expression of Jun and Fos in Ly6CP
monocytes in SOD1 mice, indicating that the JNK pathway is
activated, and recent studies showed that the NF-kB pathway is
activated in ALS (74). Thus, AhR activation in monocytes may
be related to misfolded SOD1 and serve a “sensor of toxin expo-
sure” that is linked to inflammation in ALS.

The miRNA profile we found in SOD1 mice was also observed
in ALS and consisted of miR-27a, miR-155, miR-146a, and
miR-532-3p, with miR-27a being highly expressed in ALS sub-
jects and not expressed in healthy control or MS subjects. Con-
comitant with the upregulation of these miRNAs, we observed
downregulation of TGF-f1 in monocytes from both SOD1
mice and ALS patients. It has been shown that overexpression
of miR-155 reduced TGF-B1 production by repressing SMAD2
(52) and SMADS (75). In ALS patients, miR-21 and miR-106b
were upregulated, and these miRNAs have been shown to target
TGF-B1 (76). Indeed, in mice, treatment with anti-Ly6C antibody
upregulated Tgfb1 and decreased Tnfin Ly6C* monocytes in both
the spleen and CNS.

Recently, the spleen has been identified as a main reservoir for
Ly6C monocytes. This has been shown most dramatically in a
myocardial ischemia model in which Ly6C" monocytes accumu-
late in the myocardium, which is associated with en masse exit of
monocytes from the spleen (58). Consistent with these findings,
Oftner et al. report that splenic atrophy occurs in a model of exper-
imental stroke (77). This phenomenon has also been reported in
ALS models. Banerjee et al. showed that spleens of SOD1 mice
were reduced in size and weight at the end stage of disease (4), and
in our experiments we found a decrease in spleen size in untreat-
ed SOD1 mice. Furthermore, we found that in association with
disease amelioration in the CNS following treatment with anti-
Ly6C mADb, the spleen returned to normal size. We hypothesize
that splenic atrophy was linked to the deployment of inflamma-
tory monocytes during disease progression. Nonetheless, we found
that splenectomy worsened, rather than ameliorated disease, sug-
gesting that the spleen may harbor disease-protective monocytes
or other protective elements.

Although immune abnormalities have been reported before in
ALS, it is not generally considered an inflammatory disease. MS
is a classic neuroinflammatory disease with well-documented
changes in the peripheral immune compartment and proven
response to immune-modulatory treatment. Although we found
broad similarities between the miRNA and inflammatory gene
patterns in monocytes from MS and ALS patients, we identified
unique miRNA and gene profiles in the blood of ALS patients.
General immunosuppressive treatments including cyclophospha-
mide (15, 16) and total lymphoid irradiation (78) have been tested
in ALS without positive results. Furthermore, as described above,
affecting the entire monocyte pool by splenectomy worsened dis-
ease in the mouse model. Thus, specific modulation of inflamma-
tory monocytes may be required. The identification of common
inflammatory pathways between ALS and MS further supports a
role for inflammation in ALS and raises the possibility that immu-
nomodulatory therapies that target monocytes may be beneficial
in both MS and ALS.

Most subjects with ALS have the sporadic form (sALS), though
some have a familial form (fALS) linked to specific gene mutations.
The clinical characteristics of the sporadic and familial forms are
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Figure 15
miRNA profiling of peripheral monocytes (CD14+*CD16-) in ALS patients demonstrates an inflammatory phenotype analogous to that observed
in SOD1 mice. (A) Quantitative nCounter expression profiling of blood-sorted CD14*CD16- monocytes for 664 miRNAs in sporadic ALS (n = 8)
and relapsing-remitting MS patients (n = 8) versus healthy controls (HC; n = 8). Heatmap of uncentered Pearson correlation was used as the
distance metric with average linkage for the unsupervised hierarchical clustering. P < 0.01, nonparametric Kruskal-Wallis test, significance based
on Benjamini-Hochberg FDR; selected FDR limit, 0.05. (B) Bars show fold differences of significantly affected miRNAs in ALS and MS subjects
versus healthy controls. miRNA expression level was normalized against the geometric mean of 5 internal housekeeping genes (ACTB, B2M,
GAPDH, RPL19, RPLPO0). Data represent mean + SD. All shown miRNAs were significantly affected (P < 0.05). The complete list of P values for
each significantly affected miRNA is shown in Supplemental Table 4.
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similar. We studied monocytes from 4 fALS subjects with SODI
mutations and found, by miRNA and gene profiling, that they had
profiles similar to those we had observed in SOD1 mice. Although
only 4 fALS (mSOD1) subjects were studied, the similar immune
abnormalities we identified may indicate that these immune abnor-
malities represent common pathways that are affected in different
forms of ALS. It is now known that there are other forms of familial
ALS-related mutations such as TDP-43, FUS, and the newly discov-
ered mutation in a noncoding region of COORF72 (79, 80), which
is the most common known genetic cause of fALS (46%) and also
accounts for approximately 21% of sALS cases in Finland. Based
on our findings, it will now be possible to determine the degree to
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which the changes in inflammatory monocytes we identified are
linked to the various genetic forms of the disease.

In conclusion, we demonstrate that recruitment of inflamma-
tory monocytes into the CNS plays an important role in ALS dis-
ease progression. Furthermore, we found that the inflammatory
miRNA signature in peripheral monocytes from ALS subjects to
be analogous to that observed in the spleen of SOD1 mice, pro-
viding a direct link between the mouse model and the human
disease. Thus, the SOD1-like profile of monocytes in the blood
of ALS patients we identified may serve as a biomarker linked to
disease stage or progression and modulation of these cells is a
potential therapeutic approach.
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Figure 17

Immune gene profiling of periph-
eral monocytes (CD14+CD16")
in ALS patients. Quantitative
nCounter expression profiling of
CD14+CD16- monocytes for 511
immune- and 184 inflammation-
related genes in sALS (n = 10)
and fALS-SOD1 patients (n = 4)
versus healthy controls (n = 10).
(A) Heatmap of unsupervised
hierarchical clustering (Pearson
correlation) shows significantly
affected genes (P < 0.01, non-
parametric Kruskal-Wallis test,
significance based on FDR
Benjamini-Hochberg; selected
FDR limit, 0.05). (B) Bars show
fold differences of significantly
affected genes in sALS and fALS
subjects versus healthy controls.
Gene expression level was nor-
malized against the geometric
mean of 15 internal-reference
housekeeping genes (ABCFT,
ALAS1, EEF1G, G6PD, GAPDH,
GUSB, HPRT1, OAZ1, POLR1B,
POLR2A, PPIA, RPL19, SDHA,
TBP, TUBB). Data represent
mean + SD. All shown miR-
NAs were significantly affected
(P < 0.05). The complete list of
P values for each significantly
affected miRNA is shown in Sup-
plemental Table 5.
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Methods Behavioral analysis. See Supplemental Methods.

See Supplemental Methods for detailed methodology.

Animals. Lewis rats were used to generate hybridoma cells for antibody pro-
duction and were purchased from Charles River Laboratories. B6/SJL-SOD15%34
Tg, SOD1 wild-type, CX3CR1-GFP (B6.129P-Cx3cr11L#/]) and non-Tg mice
were provided by Prize4Life or purchased from the Jackson Laboratory.
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Generation of chimeric mice. See Supplemental Methods.

Generation of mAbs specific for resident microglia and peripheral inflammatory

monocytes. See Supplemental Methods.

Cell transfection. See Supplemental Methods.
Flow cytometry. See Supplemental Methods.

Volume 122 Number 9

September 2012

3083



research article

A

sALS

L
TRAF3 @ o CSF2RBg
RELB  LIMK1 IL18

]
CD‘M. CISH
SHC1

KEAP1
o

® LTB4R

HC

@DDIT3

o LILRAS
TNFRSF8  ® PLAUR

CcDs&3

LCP2

ccL2
o TLR2
O HLA-D,

.RAC‘I'

® ALS : 0

cc CFP
FCER1A @ ©

B *kk
5000 TR
= 'TT)
_g 4000 .

% gm ..!.l
o .

Sgaed ot
':;'mno * _'.-_ -“—“: e

HC MS sALS fALS
*ok
‘_‘1900' I *k
@ 10004 +

g v

O3 . A,

O 2 5004 adk —
: I
£ . .

03 L]
HC MS sALS fALS
2500 *hk
= | Kk
S 2000 LR
[ M

E 81500 As 2 —=Ir-

<5 u

E‘ ; 1000 .

- ‘
2
5

on &

w e

<5

K2
Z
e

HC MS sALS fALS
3084

socs1

NFKB1 AHR
(relative expression) (relative expression)

(relative expression)

FCER1A

(relative expression)

TNFSF8
R a0 ° NCR1 ""TAF & nrrsiz
f‘_‘;?71\u=s;=-.'4° PTK2 q o TGFB1
ILTRN@® ®  1pAP Q e om 'cxcm
MYC D © IRAK2 ; S
cxc;_:. CXCL1 @ PAXS TAGAP
AHR PTAFR o /(IR2DS4 ® prgs2
CSFiccLd ®ecamp e ros
ITGAM CCL7 o TLR4 ©
° 9 RIPK2

oKLRB1
o” CCL5
I L7R
MS4A1

FCER1G
o

oSELL

LILRB4
O NFKB1

L]
CASP10

cDg 1'.

&k
2000 Tk
*
1500- L]
100i *
1] [ ]
500 ...o
[ ]
" * I..l —AH‘. AT
HC MS sALS fALS
ik
|
5000 - ¥k .
4000 ’_ v
3000 n
2000 - —:— Tev
- n
1000 'n:: ut ::
" HC MS sALS fALS
d ko
150+
1004 v
'
50 . .
. i
HC MS sALS fALS
250. *kk
m v
150 [ ]
100 . v
— M
50+ ’
Y . .
0 T it :
HC MS sALS fALS

The Journal of Clinical Investigation

http://www.jci.org  Volume 122

Number 9

Figure 18

Identification of a unique gene signature in
CD14+CD16- blood monocytes from ALS sub-
jects. (A) PCA analysis of the identified affected
genes between sALS and fALS subjects versus
healthy controls with spatial gene distribution.
(B) gRT-PCR validation of 8 selected genes in
an independent cohort that were the most sig-
nificantly upregulated or downregulated. Relative
expression in sALS and fALS against healthy
controls were calculated using the 2-24Ct method.
Gene expression level was normalized against
the geometric mean of 3 housekeeping genes
(GAPDH, TUBB, and GRB2). PCRs were run
in duplicate per subject. Each data point rep-
resents an individual subject. Horizontal bars
denote mean of gene expression for each group.
**P < 0.01, ***P < 0.001, 1-way ANOVA followed
by Dunnett’s multiple-comparison post hoc test.
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Top miRNA-mRNA interactions in CD14+CD16- blood monocytes from ALS subjects. Ingenuity target filter analysis showing miRNA-mRNA
interactions based on identified significantly affected miRNAs (Figure 15) and mRNAs (Figure 17) in ALS subjects.

Patients. See Supplemental Methods.

Blood samples. See Supplemental Methods.

CSF samples. See Supplemental Methods.

Isolation of human blood monocytes. Fresh peripheral blood mononuclear
cells were obtained by Ficoll density gradient centrifugation. CD14*CD16"
and CD14°CD16" monocyte subsets stained with mouse anti-human
CD14-PE and CD16-PeCy7 (BD Biosciences — Pharmingen) were sorted
with a FACSAria (BD Biosciences). The sorted cells were further prepared
for the RNA isolation protocol indicated below.

Analysis of miRNA and mRNA expression. To assess miRNA and mRNA
expression in human CD14'CD16™ and CD14'CD16* monocyte subsets
and brain and spinal cord CD11b*CD39* microglia and CD11b*Ly6C*
spinal cord and splenic monocytes from WT and SOD1 mice, total RNA
was isolated and analyzed by qRT-PCR using specific primers for selected
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mRNAs and miRNAs all purchased from Applied Biosystems. For analysis
of miRNA expression, QRT-PCR analyses were carried out using TagMan
miRNA assays (Applied Biosystems), and relative expression was calculat-
ed using the ACt method as described elsewhere (81) and normalized to
uniformly expressed U6 (Applied Biosystems) for miRNAs and to house-
keeping genes for relative gene expression indicated in each corresponding
figure legend. All QRT-PCRs were performed in duplicate or triplicate, and
the data are presented as mean + SD.

Administration of BrdU and tissue preparation. See Supplemental Methods.

Immunobistochemistry. See Supplemental Methods.

RNA isolation and miRNA profiling in CSF. See Supplemental Methods.

TaqMan miRNA low-density array (TLDA) miRNA analysis and TLDA data
analysis. See Supplemental Methods.

Statistical analysis of TLDA data. See Supplemental Methods.
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Quantitative NanoString nCounter miRNA/gene expression analysis. See Sup-
plemental Methods.

GeneGo biological pathway analysis. See Supplemental Methods.

IPA miRNA-mRNA target filter analysis. See Supplemental Methods.

GEO dataset. The gene expression data set has been deposited in the GEO
database (GSE39644).

Statistics. Prism software (GraphPad Software) was used for 1-way
ANOVA with Dunnett’s or Bonferroni post hoc test. Differences between
2 groups were examined using Student’s ¢ test (2-tailed). Unsupervised
hierarchical clustering of significantly affected miRNA and gene expres-
sion profiles was analyzed by nonparametric Kruskal-Wallis test, with sig-
nificance based on Benjamini-Hochberg false discovery rate (FDR). The
results were visualized by heatmap and PCA using MeV (Multi Experiment
Viewer software version 4.7.4). miRNA and mRNA expression between WT
and SOD1 mice was compared by ANOVA with Dunnett’s post-hoc test. A
Pvalue less than 0.05 was considered statistically significant.

Study approval. Animal protocols were approved by the IACUC at Harvard
Medical School and were performed according to NIH guidelines. Concern-
ing the use of human materials, the study was approved by the MGH and
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