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Microglial-derived inflammation has been linked to a broad range
of neurodegenerative and neuropsychiatric conditions, including
amyotrophic lateral sclerosis (ALS). Using single-cell RNA sequenc-
ing, a class of Disease-Associated Microglia (DAMs) have been
characterized in neurodegeneration. However, the DAM pheno-
type alone is insufficient to explain the functional complexity of
microglia, particularly with regard to regulating inflammation that
is a hallmark of many neurodegenerative diseases. Here, we iden-
tify a subclass of microglia in mouse models of ALS which we term
RIPK1-Regulated Inflammatory Microglia (RRIMs). RRIMs show sig-
nificant up-regulation of classical proinflammatory pathways, in-
cluding increased levels of Tnf and //1b RNA and protein. We find
that RRIMs are highly regulated by TNFa signaling and that the
prevalence of these microglia can be suppressed by inhibiting
receptor-interacting protein kinase 1 (RIPK1) activity downstream
of the TNF receptor 1. These findings help to elucidate a mecha-
nism by which RIPK1 kinase inhibition has been shown to provide
therapeutic benefit in mouse models of ALS and may provide an
additional biomarker for analysis in ongoing phase 2 clinical trials
of RIPK1 inhibitors in ALS.
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N euroinflammation has been recognized as an important
pathological mechanism underpinning many neurodegen-
erative and neuropsychiatric conditions, ranging from acute in-
sults such as stroke, to neurodevelopmental alterations as in
autism and schizophrenia, to chronic neurodegenerative disorders
such as multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), Alzheimer’s Disease (AD), and Parkinson’s Disease (PD)
(1). The presence of dysregulated microglia, a primary mediator of
neuroinflammation, is a hallmark of neurodegenerative disorders
(2). Microglia act as primary immune defenders of the central
nervous system and play diverse roles, including engulfing and
degrading extracellular aggregates and debris and promoting re-
pair (3). When dysregulated, microglia can inappropriately prune
neuronal circuits in development or generate a proinflammatory
milieu to promote neurodegeneration (4).

Microglial “activation” has been broadly used to describe
biochemical and morphological divergence from a homeostatic
state. Emerging single-cell RNA sequencing (scRNAseq) and
functional studies reveal that microglia assume many distinctive
states that change over time. These states can be defined by
unique RNA and protein markers, as well as by spatial locali-
zation within the brain and spinal cord (5, 6). For example,
scRNAseq has identified Disease-Associated Microglia (DAMs)
in mouse models and human samples of AD and ALS that do not
reflect either an M1 or M2 state (7). DAMs have been shown to
localize proximally to amyloid beta (Ap) plaques in postmortem
human AD brain samples, although their functional interactions
with Ap plaques and functional contributions to the pathology of
AD remain unclear. Further studies have gone on to suggest that
these DAMs may play a protective role in the context of disease,
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but also lack metabolic, engulfment, and digestive functions as-
sociated with microglia in healthy brains (8, 9). While the field
has moved toward a better understanding of DAMs, the nature
of the microglial activation states focused on the production of
proinflammatory cytokines has yet to be deeply characterized
using sophisticated sequencing approaches.

Neuroinflammation in PD, AD, and ALS has been shown to
be strongly driven by TNFa signaling through TNF receptor 1
(TNFR1) and the NF-xB signaling pathway (10). However,
clinical trials in MS using anti-TNFo antibodies or soluble TNF
receptors to remove TNFo from the central nervous system
(CNS) have exacerbated pathology as these approaches also block
prosurvival signaling in neurons through TNFR2 (11). There remains
significant interest in targeting neuroinflammation by selectively
inhibiting inflammatory TNFR1 signaling while sparing TNFR2 (12).
Receptor-interacting protein kinase 1 (RIPK1), a death-domain
containing serine/threonine kinase, has an established role in selec-
tively mediating deleterious mechanisms downstream of TNFR1 (13).
RIPK1 kinase function is required for multiple forms of cell death,
including necroptosis and RIPK1-dependent apoptosis, both of which
have been linked to the death of CNS cells in response to inflam-
matory stimuli. RIPK1 kinase activity has also been shown to promote
inflammatory responses under caspase-deficient conditions (14).

Significance

Amyotrophic lateral sclerosis (ALS) is a devastating neurode-
generative disease. Inhibition of RIPK1, a kinase which regu-
lates cell death and neuroinflammation, has been efficacious in
treating mouse models of ALS. RIPK1 inhibitors have reached
phase 2 clinical trials in ALS patients. Here, we explore the
impact of RIPK1 inhibition on microglial-mediated neuro-
inflammation in ALS mouse models. We find that there is a
subclass of microglia which produces proinflammatory cyto-
kines in a RIPK1-dependent manner, and that this population is
reduced by RIPK1 inhibition. We believe that these inflam-
matory microglia are a hallmark of ALS which may be clini-
cally relevant in advancing RIPK1 inhibitors as a potential
ALS therapy.
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Mice carrying a RIPK1 D138N or K45A kinase dead knock-in
mutation have been shown to develop normally but are resistant
to TNFo-induced systemic inflammatory response (15, 16). We
have developed a highly specific, blood brain barrier-permeable
small molecule inhibitor of RIPKI1, R-7-Cl-O-Necrostatin-1
(Nec-1s) (K4 = 3.1 nM) (17-19), which phenocopies the genetic
inactivation seen with the D138N or K45A mutations in pro-
tecting against TNFa-mediated neuroinflammation (20-22).
Further studies have gone on to assess the efficacy of Nec-1s and
RIPK1 kinase inactivation in treating neuroinflammatory dis-
eases and have demonstrated protective effects in the contexts of
MS, ALS, and AD (20-22).
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ALS is a devastating, terminal neurodegenerative disease af-
fecting the motor neurons of the spinal cord and brainstem. In
ALS pathogenesis, the myelinating oligodendrocytes surround-
ing the motor neurons die by necroptosis mediated by RIPK1
kinase activation (20). The loss of myelinating oligodendrocytes
and subsequent death of motor neurons by Wallerian degener-
ation is an important driver of motor pathology. However, there
is also clear evidence of microgliosis, microglial activation, and
neuroinflammation in spinal cord tissue from postmortem ALS
patients (23). In particular, both plasma and cerebrospinal fluid
(CSF) from ALS patients show strong TNFa-mediated inflam-
mation; however, it remains unclear which cells are responsible
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scRNAseq of spinal cords in SOD15%3A mouse model of ALS. (A) Schematic summarizing experimental design: whole spinal cords from 3.5-mo-old WT

D16934 eated with either a vehicle control or Nec-1s for 4 wk in drinking water were prepared using Drop-Seq
bups and identified based on differentially expressed genes generated using Seurat. n = 6 animals. (C)
= 6 animals. (D) tSNE plots of cells isolated plotted by group. n = 2 animals per group.
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models (20, 26). In the CNS compartment, RIPK1 is highly
expressed in microglia and astrocytes in healthy subjects, sug-
gesting an important role for glial cells in perpetuating RIPK1-
mediated disease pathology (27). Elevated production of proin-
flammatory cytokines in the spinal cords of Optn™~ mice can be

for producing and responding to TNFoa and whether this is a
therapeutically tractable approach to the treatment of ALS (24, 25).
There is substantial evidence supporting a proinflammatory
role of RIPK1 kinase activity in the CNS of multiple animal
models of ALS including SOD1%%*4, Optn™~, and TBK1"'~
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Fig. 2. RIPK1-regulated inflammatory microglia are up-regulated in SOD1%3* mice. (A) tSNE plot of microglia from all groups reclustered in Seurat using
semisupervised clustering to identify three subpopulations, including previously identified DAM and HOM. n = 6 animals. (B) Violin plots of marker genes for
the RRIM subcluster from all groups generated using Seurat. Values plotted are transcripts per million (TPM). n = 6 animals. (C) GO analysis of pathways
i RRIM subcluster analyzed using GSEA. (D) Proportion of RRIM cluster as a percentage of total microglia
ay ANOVA with multiple comparison testing relative to SOD1°%* Vehicle group. n = 2 animals per

are represented as mean + SEM.
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inhibited upon blocking the kinase activity of RIPK1. Further-
more, RIPK1 drives the transcription of a large set of genes in
Optn™~ microglia to promote inflammatory response. However,
currently it is unclear if the activation of RIPK1 in microglia
leads to a functional change in cellular state that can be defined
at the molecular level.

Here, we investigate the impact of RIPK1 activation on the
heterogeneity of microglia using multiple single-cell RNA se-
quencing approaches. We demonstrate the existence of a distinct
inflammatory microglial subclass, named RIPK1-Regulated In-
flammatory Microglia (RRIMs), which are enriched in and
contribute to the inflammatory environment in the spinal cords
of multiple mouse models of ALS. We demonstrate that these
RRIMs show increased RIPK1 kinase-dependent production of
proinflammatory cytokines, including 7nf and 111b, at both the
transcript and protein levels. Furthermore, we show that RRIMs
are transcriptionally distinct from DAMs and may peak at dif-
ferent time points over the course of disease. Finally, we dem-
onstrate that pharmacologic or genetic inhibition of RIPK1
kinase activity reduces levels of RRIMs in mouse models of ALS.
Taken together, our data suggest that RRIMs may represent a
microglial state that promotes RIPK1-mediated neuroinflammation
in ALS.

Results

Elucidation of the Single-Cell Transcriptome in a Mouse Model of
Familial ALS. We performed scRNAseq using the Drop-Seq pro-
tocol on cells from the spinal cords of mice with mutations in
SOD1, a commonly used model of familial ALS, compared with
age- and sex-matched wild-type (WT) littermate controls (28,
29). Furthermore, within our group of SOD19%** transgenic
mice, we treated a subset of the mice beginning at 2.5 mo of age
for 4 wk with necrostatin-1s (Nec-1s), a highly specific inhibitor
of RIPK1 kinase activity, and the remaining SOD1%%** mice and
WT controls with a vehicle control (Fig. 14) (19, 20). We ana-
lyzed 4,329 single cells isolated from six adult male mice aG%ed
3.5 mo including two WT vehicle-treated, two SOD1°%4
vehicle-treated, and two SOD1%%*A Nec-1s-treated using the
Seurat package for unsupervised clustering (30, 31). This analysis
identified clusters of 14 cell types, which were visualized by
t-Distributed Stochastic Neighbor Embedding (tSNE) plotting
(Fig. 1B). Cluster identities were determined using differential
expression analysis of variable genes; canonical marker genes of
each cluster were used to confirm cluster identity (SI Appendix,
Fig. S14) (27, 32, 33).

Consistent with findings across species that glia comprise the
majority of cells in spinal cords, our data showed distinguishable
populations of astrocytes (27%) and microglia (15%) as a pro-
portion of total cells (Fig. 1C) (34). All cell populations were
identified in all groups with the exception of skeletal muscle seen
in the SOD19%** vehicle-treated group, which may be the result
of dissection due to the atrophied nature of the spinal cord in
these animals (Fig. 1D and SI Appendix, Fig. S1B).

The degeneration of mature, myelinating oligodendrocytes in
SOD1%** mice and two models of MS (induced by experi-
mental autoimmune encephalomyelitis and cuprizone demye-
lination) is driven in part by RIPK-dependent necroptosis (20,
22). To validate the integrity of our scRNAseq data, we exam-
ined whether we could observe these changes in captured cell
populations. Consistent with published data, we found that
SOD1%%** vehicle-treated mice had a significant reduction in
myelinating oligodendrocytes as a proportion of total oligoden-
drocytes relative to WT littermates, which was protected by
RIPK1 inhibition with Nec-1s (SI Appendix, Fig. S1C).

Differential expression analysis at the whole spinal cord level
between groups yielded a surprisingly low number of differen-
tially expressed genes relative to prior datasets comparing cell
types with and without RIPK1 inhibition,"which may be in part
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due to significant dropout effects seen with scRNAseq method-
ologies (SI Appendix, Fig. S24) (20, 21). However, at both the
gene and pathway level, as assessed during Gene Set Enrichment
Analysis (GSEA) Gene Ontology (GO) pathways, there was
evidence of differences in glial populations in SOD1°%*# animals
treated with Nec-1s (SI Appendix, Fig. S2B). Given prior work
from our laboratory showing a role for RIPK1 kinase activity in
mediating microglial inflammation in ALS, we focused subse-
quent analyses on understanding whether RIPK1 inhibition may
impact microglial activation (20).

Identification of Altered Microglial States in SOD19%** ALS. The
cluster of microglia defined by high levels of Tmem119, Cx3crl,
Aifl, P2ryl12, Csflr, Trem2, and Clga containing 654 cells
(Fig. 14) was extracted and reclustered in Seurat using semi-
supervised clustering; the resultant analysis showed three sub-
clusters of microglia (Fig. 24) (30, 31). One cluster was
identified as DAMs based on significantly high expression of
Apoe, Cd9, Trem2, Cd63, Cd52, and Ctsb as previously published
(8I Appendix, Fig. S3A4) (7). Another microglial cluster did not
show marker genes associated with pathways beyond essential
transcription, translational, and metabolic processes, which
appeared to be Homeostatic Microglia (HOM).

The third unidentified cluster of microglia showed differen-
tially expressed marker genes associated with inflammatory and
NF-«xB-regulated pathways, including Tnf, Il1a, Il1b, Ccl2, Ccl3,
Ccl4, Tnfaip3, and Nfkbia (Fig. 2B). Tnf, Illa, and Il1b encode
proinflammatory cytokines typically produced by immune cell
populations during inflammatory responses in both autoimmune
and neurodegenerative diseases. Increased levels of TNFa and
IL1p have been reported in CSF and plasma from patients with
SOD1 and C9ORF72 ALS mutations or sporadic ALS and may
correlate negatively with patient survival (25). C-C motif che-
mokine ligand 2 (Cc/2, also known as monocyte chemoattractant
protein 1 or Mcp2), C-C motif chemokine ligand 3 (CcI3, also
known as macrophage inflammatory protein 1-alpha or Mipl«a),
and C-C motif chemokine ligand 4 (Ccl4, also known as mac-
rophage inflammatory protein 1-beta or Mip1p) are up-regulated
by multiple types of antigen-presenting cells (APCs) in the
context of inflammatory and autoimmune diseases to recruit and
activate CD8™ T cells, and are also up-regulated in DAMs
(5, 35). Tumor necrosis factor alpha-induced protein 3 (Tnfaip3,
which encodes the protein A20) is induced by activation of the
TNFa-induced NF-kB pathway and acts as a critical regulator of
RIPK1 activation, cell death, and inflammation via its deubi-
quitinase activity (36, 37). Protein IkBa, encoded by Nfkbia, is
transcribed and activated in response to multiple inflammatory
stimuli and, depending on other cellular signals and posttrans-
lational modifications, can either promote or inhibit NF-xB
signaling (38, 39). Using GSEA to assess GO pathway enrich-
ment of marker genes for this unidentified subcluster, TNFa
signaling via the NF-kB pathway was highly enriched, along with
canonical RIPK1-associated pathways such as cell death and
inflammatory responses (Fig. 2C). Based on the expression of
proinflammatory and NF-kB-regulated genes associated with
RIPK1 kinase activity, we hypothesized that these cells may
represent an inflammatory state and thus termed this subcluster
RIPK1-Regulated Inflammatory Microglia (RRIMs) (Fig. 24).

Assessing Proinflammatory Microglia in SOD1°%** ALS. Given that
RRIMs show the greatest up-regulation of TNFa signaling
through the NF-kB pathway, we hypothesized that microglial
polarization to the RRIM state would likely be impacted by
RIPKI1 inhibition, which has been shown to disrupt many sig-
naling pathways through NF-«xB (40). As hypothesized, relative to
WT mice, SOD1°%** mice treated with vehicle had a significant in-
crease in RRIMs, where this prevalence was reduced in SOD19%4
mice treated with Nec-1s (Fig. 2D and SI Appendix, Fig. S3B).
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Interestin§1 , while RIPK1 inhibition altered the levels of RRIMs in
SOD1%%A mice, it did not seem to alter DAM prevalence, which was
not significantly up-regulated in SOD1%%*A mice relative to WT
controls. We believe that this reflects the earlier time point of animals
used in our experiments (3.5 mo old) relative to prior publications,
which show a disease-progression-dependent increase in DAMs (7).
While we have previously identified a role for RIPK1 regulating the
expression of Cst7 in the endosomal/lysosomal degradation pathway
within the DAM phenotype, we believe that RIPK1 is likely involved
in perpetuating dysfunctional degradation within DAMs rather than
inducing the initial formation of DAMs, which has increasingly been
linked to the Apoe-Trem?2 axis (8, 9, 21).

To validate the presence of RRIMs in an additional scRNA-
seq dataset with samples prepared using a different protocol, we
analyzed the CD458%sorted population from spinal cords of
SODY?** mice at various ages published by Keren-Shaul et al.
(7). Using both unsupervised and semisupervised clustering in
Seurat, we were able to identify both RRIMs and DAMs from
spinal cord microglia in the Keren-Shaul et al. (7) dataset,
confirming that RRIMs are a distinct subcluster from DAMs (SI
Appendix, Fig. S44). The Keren-Shaul et al. dataset also allowed
us to interrogate the dynamics of RRIMs and DAMs at two time
points in disease progression: day 80 and day 135. The SOD%**#
mouse model of ALS starts to display motor dysfunction in-
cluding hindlimb weakness beginning around day 90 and die or
require euthanasia due to paralysis around day 130 (29, 41).
Accordingly, the two time points represented in the dataset show
a presymptomatic or early stage of the disease compared to a
terminal stage. As was previously demonstrated, DAMs increase
over the course of disease in the SODY** model (as well as
Alzheimer’s Disease) (7). We found that RRIMs were more up-
regulated at the early stage of pathogenesis, representing 38% of
total microglia in SOD1%%** animals at day 80, relative to ter-
minal stage, where RRIMs represent only 18% of total microglia
(SI Appendix, Fig. S4B). This led us to the hypothesis that per-
haps DAMs could evolve from RRIMs as perhaps the published
deficiencies in DAM metabolic fitness may mirror immune cell
exhaustion as seen in the adaptive immune system (9, 21). Fur-
thermore, the presence of plaques adjacent to these DAMs
suggests that the induction of DAMs may be the result of a local
need to remove misfolded proteins seen at later stages of disease
(7). We used Monocle to computationally assess whether RRIMs
may represent an intermediate “activated” state along the path
to the “exhausted” DAM state (SI Appendix, Fig. S4C) (42-44).
To our surprise, Monocle identified that both RRIMs and
DAMs evolved from common homeostatic microglia. These re-
sults suggest that microglial polarization to DAMs or RRIMs
originates from HOMs in response to varying stimuli at different
stages of disease.

RRIMs Are Present in an Optn~—'~ Model of ALS. To explore the
significance of RRIMs in ALS more broadly, we used the opti-
neurin knockout (Optn™") mouse model of ALS to explore
microglial subclusters in disease using the inDrop scRNAseq
protocol (20, 45, 46). Dysfunction of Optn, a ubiquitin-binding
protein, has been shown in both familial and sporadic ALS,
where it can mediate microglial- and RIPK1-mediated inflam-
mation and pathology (20, 47). We enriched for CD45™" cells
from the spinal cords of Optn™~ mice treated with Vehicle or
Nec-1s and Optn™"' control animals treated with Vehicle for
further analysis (Fig. 34). We confirmed that this population was
comprised predominantly of microglia, including 625 cells
showing high levels of Tmem119 and Cx3crl (SI Appendix, Fig.
S5A4). Semisupervised clustering of microglia revealed three
subclusters, including HOMs, DAMs, and RRIMs (Fig. 3B).
Consistent with our findings in SOD1%** animals, RRIMs in
the Optn dataset are defined by inflammatory cytokines and
chemokines, markers of NF-kB pathway activation, as well as up-
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regulation of TNFa-driven inflammatory and cell-death-associated
signaling pathways (Fig. 3 C and D). Similarly, OE&E_/ ~ mice also show
a higher number of RRIMs compared to Optn™"" controls, which is
reduced by treatment with Nec-1s (Fig. 3E and SI Appendix, Fig. S5B).
Optn™~ mice show spinal cord demyelination and axonal degeneration
with weakness in the hind legs at 3.5 mo of age, but do not develop the
severe phenotype including accumulation of misfolded SOD1 protein,
loss of motor neurons, and paralysis seen in the SOD1%*** model (20).
As we do not see evidence for increased levels of DAMs in Optn™~
mice irrespective of treatment, this may be due to a lack of protein
aggregates in this model, which is different from what has been dem-
onstrated in SOD1°*# mice and the APP/PS1 Alzheimer’s Disease
mouse model where the induction of DAMs corresponds strongly to
the presence and localization of misfolded proteins (7, 48).

While cytokines and chemokines, in particular /b, show dif-
ferential expression in ALS mouse models, these transcripts were
particularly prone to dropout effects in our DropSeq and inDrop
datasets. To more robustly capture transcriptional changes in
cytokines and chemokines in RRIMs, we used a modified Smart-
seq2 protocol to analyze microglia sorted from untreated
Optn™™ mice using fluorescence-activated cell sorting (FACS)
(SI Appendix, Fig. S6A4) (49). Overall, there was much greater
depth of gene expression in the Smart-seq2 dataset capturing on
average 1,800 genes per cell, which corresponded well to ex-
pression patterns from the prior Optn™~ dataset (SI Appendix,
Fig. S6B). Using semisupervised clustering, we found two sub-
clusters corresponding to HOM and RRIMs, confirming the
relative low levels of DAMs in Optn™ relative to the SOD19%4
model (Fig. 3F). The Optn~~ Smart-seq2 dataset confirmed
significant up-regulation of Tnf and I/1b in RRIMs relative to
HOM and also captured significant increases in other inflammation-
associated chemokines such as Ccl6 and Cxcl2 (Fig. 3G and SI Ap-
pendix, Fig. S6C).

In Situ Validation of RRIMs. Several publications have identified
microglial activation signatures induced by tissue digestion as is
required for scRNAseq or FACS protocols (5, 50). Thus, it is
critical to validate microglial immune activation transcriptional
signatures seen in RRIMs using in situ methodologies that do
not require tissue digestion. Using RNAscope in situ hybridiza-
tion, we analyzed levels of individual Tnf and Apoe puncta in
Clq™ microglia from the spinal cords of WT and SOD19%*4
mice treated with Vehicle or Nec-1s as was previously described
(Fig. 44 and SI Appendix, Fig. S7). Consistent with our se-
quencing data, Clg™ microglia in SODAIG()3A mice treated with
vehicle display higher levels of Apoe™" Tnf“*" and Apoe™"
Tnf" cells relative to WT littermates, which may correspond to
DAMs and RRIMs, respectively (Fig. 4C). Furthermore,
SOD1%%*4 mice treated with Nec-1s showed decreased Clg™*
Apoe®” Tnf'" RRIMs relative to those treated with vehicle,
but no significant impact on Clg* Apoe'™" Tnf“*" DAMs. To
confirm the distinction between these two populations of cells,
we cohybridized probes for Tnf and Ccl4, the former which
should be restricted to RRIMs and the later which is increased in
both RRIMs and DAMs. In SOD19%** untreated mice, Clg*
Ccl4"8" Tnf'8" cells, representing 34% of analyzed cells, were
distinct from Clg* Ccl4"8"T njg“’w cells, which represented
~14% of analyzed cells, but were not statistically different from
WT littermates (SI Appendix, Fig. S84). Conversely, cohybrid-
ization of probes for Tnf and Il1b, which should both be rimaril}l
in RRIMs and not DAMs, showed 39% Clg* IIIb™" Tuf™s"
cells and only 7% Clq* cells that were either 116" Tnf~"" or
1= Tnf"%’h in SOD1%%** mice (SI Appendix, Fig. SSB).

As genetic validation that induction of RRIMs relies specifi-
cally on RIPK1 kinase activation, we bred double-mutant mice
harboring both Optn™~ and a RIPK1 kinase dead D138N mu-
tation (15). Similar to the findings above with SOD1%%** mice,
Optn™~ mice also showed increased Clg* Apoe™® Tnf"s"
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Fig. 3. RRIMs are increased in the Optn™~ mouse model of ALS. (A) inDrop isolated spinal cords enriched for CD45* cells of 3.5-mo-old Optn™*' and Optn~~

male mice (n = 2 per group) treated with either a vehicle control or Nec-1s. tSNE plot of cells isolated from all groups and identified based on differentially
expressed genes generated using Seurat. n = 6 animals. (B) tSNE plot of microglia from all Optn groups reclustered in Seurat using semisupervised clustering
to identify four subpopulations, including HOM, DAM, and RRIM. n = 6 animals. (C) Violin plots of marker genes for RRIM subcluster from all Optn groups
generated using Seurat. Values plotted are TPM. n = 6 animals. (D) GO analysis of pathways enriched in marker genes (padj < 0.01, logfFC >1.5) for RRIM
subcluster analyzed using GSEA. (E) Proportion of RRIM cluster as a percentage of total microglia were calculated for each animal and quantified using two-
way ANOVA with multiple comparison testing relative to Optn~~ Vehicle group. n = 2 animals per group. *P < 0.05; ns, not significant. Data are represented
as mean + SEM. (F) SmartSeq2 prepared scRNAseq of FACS microglia from 3.5-mo-old Optn"‘ untreated male mice (n = 2). tSNE plot of all cells generated
ons between RRIM and HOM subclusters in SmartSeq2 Optn dataset. Significant genes indicated in red
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Fig. 4. Validation of RRIMs in ALS mouse models using in situ hybridization. (A) Fresh-frozen spinal cords from 3.5-mo-old WT and SOD1%%3 littermates
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section). (Scale bar, 5 um.) (C) Quantification of (A) average of 14 microglia analyzed per image using CellProfiler. n = 3 mixed gender animals per group; n=5
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0.01; ***P < 0.001; ns, not significant. Data are represented as mean + SEM. (D) Quantification of (B) average of 17 microglia analyzed per image using
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testing relative to Optn~'~ Vehicle group. ****P < 0.0001; ns, not significant. Data are represented as mean + SEM.
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microglia corresponding to RRIMs, but minimal evidence of
DAM:-like cells, relative to Optn™*" controls (Fig. 4 B and D).
Similar to the sequencing data from Optn~/~ mice treated with
Nec-1s, double mutant Optn™";Ripk1°"**N mice also showed a
reduction in Clg* Apoe™®” Tnf"¢" microglia.

While changes in RIPKI1 activation may impact cellular
function at the transcriptional level, the gold standard biomarker
for assessing RIPK1 activation is phosphorylation of S166 (51).
To determine whether ALS mouse models showed RIPK1 acti-
vation in TNFa-producing inflammatory microglia, we coim-
munostained pRIPK1 S166, TNFa, and IBA1l, a microglial
marker. Similar to the findings from in situ hybridization, im-
munofluorescent staining and quantification showed a si%niﬁcant
increase in pRIPK1"TNFa*IBA1* microglia in SOD19%** mice
treated with vehicle relative to WT littermates (Fig. 54). We also
wanted to examine whether at the protein level it was possible to
distinguish RIPK1-activated microglia from DAMs and found
that APOE*IBA1* microglia were up-regulated in SOD19"** mice
irrespective of treatment, but that these microglia were distinct from
pRIPK1*IBA1* cells (SI Appendix, Fig. S94). Consistent with initial
findings from our SOD19”** scRNAseq data and prior publications,
pRIPK1 signal can be seen outside of IBA1* microglia in SOD19%*
mice, in particular in Olig2* myelinating oligodendrocytes (SI Appen-
dix, Fig. S9B). In Optn™~ mice, we also found significant up-regulation
of pRIPK1*TNFa " IBA1* microglia corresponding to RRIMs relative
to Optn™ controls, which were decreased in Optn™;Ripk1P"*N
double-mutant mice (Fig. 5B). Taken together, these experiments
support the presence of RRIMs, a subclass of microglia with RIPK1-
dependent activation of proinflammatory signatures in genetic models
of ALS.

Discussion

In this paper we use two mouse models of ALS to identify a
subset of microglia, RRIMs. We demonstrate that these micro-
glia express increased levels of proinflammatory cytokines, such
as Tnf and I/1, transcriptionally, in situ, and at the protein level.
We confirm that RRIMs are up-regulated in the SOD19%** and
Optn™~ mouse models of ALS relative to WT and Optn™*!
controls, respectively. Of potential therapeutic relevance, we show
that the prevalence of these microglia is governed by RIPK1 ki-
nase activation, as inhibition of RIPK1 with Nec-1s or Ripk1P!¥*N
kinase dead mutation can restore RRIMs to wild-type levels.
RRIMs are transcriptionally distinct from the previously identified
DAMs and may occur at earlier time points in ALS pathogenesis
relative to DAMs.

Collectively, based on our findings, we propose a model where
early in disease pathogenesis TNFa signaling polarizes microglia
to a RRIM state, increasing the proinflammatory milieu dam-
aging the surrounding tissue. This increased production of in-
flammatory cytokines by RRIMs may contribute to the induction
of “Al-like” reactive astrocytes observed in SOD1%%*A mice, the
death of myelinating oligodendrocytes, and subsequent demye-
lination and death of motor neurons in a RIPK1-dependent
manner (20, 22, 52). While DAMs have been primarily associ-
ated with aggregates, RRIM levels are increased in the Optn™~
model, more so than in the SOD1°%*4 model. Optn‘/ ~ mice do
not express a misfolded protein such as the misfolded SOD1
seen in SOD19%*4 transgenic mice. Thus, induction of RRIMs
may represent a distinct path in early stages of ALS which is
independent of protein aggregation (7).

It remains unclear what the functional roles of RRIMs may be:
Specifically, why do both transcriptomic and in situ analyses
suggest that RRIM-like cells may exist in the homeostatic spinal
cord at detectable levels? Microglia have been shown to assume
Ml-like, activated phenotypes in response to neurotrophic
viruses, playing the same antiinfective, protective role of acti-
vated macrophages against pathogens in the periphery (53).
However, it has been shown that activated microglia functionally
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remain poor antigen-presenting cells and are typically not the
primary inducers of immune responses in conditions such as MS
(54). As both RRIMs and "Al-like" reactive astrocytes appear to
be regulated by TNFa-signaling pathways, we believe that RIPK1
inhibitors may offer a broad approach to reducing glial-mediated
inflammation in chronic neurodegenerative diseases, such as
ALS. Due to the significant reduction in inflammatory microglia
seen downstream of Nec-1s treatment or Ripk1P'**N kinase
dead mutation in mouse models of ALS, we believe this helps to
define RRIMs as a potential hallmark of RIPK1 activation for
ongoing phase 2 clinical trials of RIPK1 inhibitors in ALS (51).
‘While no direct markers of RIPK1 activation in the CNS, such as
a PET tracer, are currently available, due to the inflammatory
nature of RRIMs, it is possible that a pan-inflammatory bio-
marker like translocator protein (TSPO) PET imaging may
capture changes in RRIM biology.

Materials and Methods

Animals. Optn™" and Optn™~ mice were generated as described in ref. 20.
Optn~/~;RIPK1P138N/D138N mpjce were generated by crossing Optn™~ mice with
RIPK1P138ND138N mice provided by Manolis Pasparakis of the University of
Cologne, Germany, as described in ref. 15. SOD1°%** mice [B6SIL-
Tg(SOD1G93A)1Gur/J; stock no: 002726] and C57BL/6 (B6) mice were
obtained from Jackson Laboratory. All animals were maintained in a
pathogen-free environment, and experiments on mice were conducted
according to the protocols approved by the Harvard Medical School Animal
Care Committee.

Nec-1s Administration. The method of Nec-1s [R-5-((7-Chloro-1H-indol-3-yl)
methyl)-3-methyl-2,4-imidazolidinedione] formulation and delivery was
previously described in refs. 21 and 22. Custom synthesized Nec-1s was first
dissolved in dimethylsulfoxide (50% wt/vol) and then transferred into 35%
polyethylene glycol solution which was suspended in water containing 2%
sucrose. Mice were provided with vehicle control or Nec-1s as drinking water
ad libitum. Each mouse drank vehicle or Nec-1s containing water of about 5
to 10 ml/day (Nec-1s = 2.5 to 5 mg/day).

Tissue Preparation for Drop-Seq. Mice were euthanized and perfused with
phosphate-buffered saline (PBS). Spinal cords were removed and chopped
with a razor blade in Accutase (Sigma). After 20 min of digestion, the spinal
cords were homogenized with a 21-gauge needle and filtered through a
40-uM cell strainer. The pellet was resuspended in a gradient of OptiPrep
and Hibernate A optimized for CNS isolation as described in ref. 55.

Tissue Preparation for inDrop. Mice were euthanized and perfused with PBS.
Spinal cords were removed and chopped with a razor blade followed by
homogenization with a 19-gauge needle in Accutase (Sigma). After 10 min of
digestion, the spinal cords were homogenized twice with a 21-gauge needle.
The sample was centrifuged at room temperature for 5 min at 200 x g. The
pellet was resuspended in PBS + 0.5% bovine serum albumin (BSA) (IgG and
Protease Free from Jackson ImmunoResearch) and filtered through a 40-uM
cell strainer. A gradient of 25% BSA was added on top, and the suspension
was centrifuged for 10 min at 1,200 x g at room temperature. A top layer of
myelin and supernatant was removed. The pellet was resuspended in an
OptiPrep gradient for live/dead cell isolation as described in the OptiPrep
Application Sheet C13. The sample was centrifuged for 20 min with the
break off at 800 x g in room temperature. The top interface containing vi-
able cells was transferred into a new tube, centrifuged for 5 min at 200 x g at
room temperature. The pellet was resuspended in PBS + 0.5% BSA. Each
sample was encapsulated and barcoded, and subsequently the comple-
mentary DNA (cDNA) library was prepared according to the protocols out-
lined in refs. 45 and 46.

Microglial Isolation for Smart-seq2. Tissue was isolated and prepared for flow
cytometry as described (21). The resulting pellet was blocked with Rat Anti-
Mouse Fc (BD Biosciences) and then stained with CD11b, CD45, and CX3CR1
antibodies. Individual microglia (CD11b"i9" Cp4s'ntermediate  cx 3R 1High)
were sorted into 96-well plates using a FACSAria Il (BD Biosciences) and
FACSDiva Software (BD Biosciences) and frozen at —80 °C. Smart-seq2 li-
braries were prepared with an optimized version of the protocol that was
shared with us by Monika Kowalczyk and Aviv Regev of the Broad
Institute (49).
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Fig. 5. Validation of RRIMs in ALS mouse models using immunofluorescence. (A) Spinal cords from 4-mo-old WT and SOD1%%3 |ittermates treated with
either vehicle or Nec-1s for 4 wk were sectioned and immunostained for TNF, pS166 RIPK1, and IBA1. White arrow indicates representative TNF*pRIPK1*IBA1*
RRIM. n = 3 mixed gender animals per group; n = 5 to 6 images from ventral horn. One-way ANOVA with multiple comparison testing relative to SOD1%4
Vehicle group. **P < 0.01; ***P < 0.001. Data are represented as mean + SEM. (Scale bar, 20 pm.) (B) Spinal cords from 3.5-mo-old OptnFVF', Optn"', and
Optn~~;Ripk1°"*®N mice were sectioned and immunostained for TNF, pS166 RIPK1, and IBA1. White arrow indicates representative TNF*pRIPK1*IBA1* RRIM.
n = 3 mixed gender animals per group; n = 5 to 6 images from ventral horn. One-way ANOVA with multiple comparison testing relative to Optn™~ Vehicle
group. ***P < 0.001. Data are represented as mean + SEM. (Scale bar, 10 um.)
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RNA Sequencing. All cDNA libraries were assessed for quality using a Bio-
analyzer 2100 (Agilent). All samples were sequenced on a NextSEq. 550
(llumina).

Computational Analysis. Computational analyses were conducted using R
(Version 3.6.1), Seurat (Version 2.3.4) (28, 30, 31), and Monocle 2 (Version
2.6.3) (42-44). GO analyses were conducted using the GO gene sets from the
Broad Institute GSEA (56). Following publication of these findings, raw and
processed datasets will be available on the National Center for Biotechnol-
ogy Information Gene Expression Omnibus (GEO). The DropSeq raw se-
quencing dataset was processed using the data alignment tools described by
the McCarroll Lab (28). The inDrop raw sequencing dataset was processed
using the inDrop.py bioinformatics pipeline with support from the Harvard
Chan Bioinformatics Core. The SmartSeq2 raw sequencing dataset was
processed as previously described with support from Joshua Levin’s group at
the Broad Institute (49). The DropSeq dataset was aligned to mm9 and
inDrop, and SmartSeq2 datasets were aligned to mm10. Cells were filtered
based on expressing between 200 and 2,000 genes. Single-cell data were
normalized by the library size of each cell, and each gene was centered and
normalized before undergoing principal component analysis and clustering.
Unsupervised clustering was conducted including principal components with
pval < 1e-03. Semisupervised clustering was conducted using known RIPK1
and DAM associated genes to define principal components followed by
clustering. These genes were selected from published papers, specifically:
Tnf, Apoe, ll1a, ll1b, Cst7, Spp1, Il10ra, Tnfaip3, Tnip1, Tnfaip2, Nfkbia, Ctsb,
P2ry12, Aldoc, and Ccl2 (7, 57) Published data from Keren-Shaul et al. was
obtained from GEO under accession no. GSE98969 (7). To conduct the
Monocle Pseudotime analysis, the starting state was defined as the RRIM
state based on Seurat-generated marker genes, and the end state was not
specified.

Fluorescence In Situ Hybridization. Animals were euthanized and perfused
with PBS. Tissues were fresh frozen in Tissue-Tek OCT and rapidly cooled by
submersion in 2-methylbutane (ThermoFisher). The lumbar regions of the
spinal cord were dissected, and 16 pm spinal cord cross-sections were pre-
pared on a Cryostat (Leica). Samples were prepared for RNAscope Fluores-
cent Multiplex Assay according to the manufacturer’s instructions with an
overnight hybridization of catalog probes. Probes used were Mm-C1ga-C3
(ACD Bio, #441221-C3), Mm-Tnf-O1-C2 (ACD Bio, #844961-C2), Mm-Apoe
(ACD Bio, #313271), Mm-Il1b (ACD Bio, #316891), and Mm-Ccl4 (ACD Bio,
#421071). Five to six images per sample were randomly selected from the
ventral horn of spinal cords. All images were collected with a Nikon Ti-E
confocal microscope equipped with A1R scan head with spectral detector
and resonant scanners; images were acquired with Nikon Elements Software
(v4.11). For each image point, z-series optical sections were collected with a
step size of 1 pm and then Z-stack projected with average intensity. Gamma,
brightness, and contrast were adjusted on displayed images (identically for
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compared image sets) using FlJI software (ImageJ v1.53c). All image stacks
except DAPI were converted into binary masks before analysis in CellProfiler.
Quantification of fluorescence in situ hybridization data was conducted
using a custom analysis pipeline built using the CellProfiler software devel-
oped by the Broad Institute as detailed in S/ Appendix, Fig. S7 (58, 59).

Immunofluorescence. Animals were euthanized and perfused with PBS fol-
lowed by 100 mL 4% paraformaldehyde. Spinal cords (L2-L3) were dissected
and immersed in 4% PFA for 30 min. Brain sections (30 um) were prepared
on a cryostat. For immunostaining, tissue sections were mounted and
blocked with 10% normal goat serum and 1% BSA and then incubated with
primary antibodies at 4 °C overnight. Four to six images per sample were
randomly selected from ventral horn of spinal cords. All images were col-
lected with a Nikon Ti-E confocal microscope equipped with A1R scan head
with spectral detector and resonant scanners; images were acquired with
Nikon Elements Software (v4.11). For each image point, z-series optical
sections were collected with a step size of 1 um and then Z-stack projected
with maximum intensity. Gamma, brightness, and contrast were adjusted on
displayed images (identically for compared image sets) using FlJI software.

Antibodies. CD11b (BioLegend, #101235), CX3CR1 (BioLegend, #149007),
CD45 (BioLegend, #103116 and #103125), CD16/CD32 Fc (BD Biosciences,
#553142), pS166 RIPK1 (Biolynx, #BW60008), TNF (Thermo, #14-732-81),
Apoe (Santa Cruz, #sc-390925), Olig2 (Santa Cruz, #sc-515947), and IBA1
(Abcam #ab48004). Alexa Fluor secondary antibodies against the various
species were purchased from Life Technology and used according to the
manufacturer’s instructions.

Data Availability. The scRNAseq data have been deposited in GEO under
accession no. GSE167332.
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