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Complement component C3 mediates pathology in CNS neurodegenerative
diseases. Here we use scRNAseq of sorted C3-reporter positive cells from
mouse brain and optic nerve to characterize C3 producing glia in experimental
autoimmune encephalomyelitis (EAE), a model in which peripheral immune
cells infiltrate the CNS, causing reactive gliosis and neuro-axonal pathology.
We find that C3 expression in the early inflammatory stage of EAE defines
disease-associated glial subtypes characterized by increased expression of
genes associated with mTOR activation and cell metabolism. This pro-
inflammatory subtype is abrogated with genetic C3 depletion, a finding con-
firmed with proteomic analyses. In addition, early optic nerve axonal injury
and retinal ganglion cell oxidative stress, but not loss of post-synaptic density
protein 95, are ameliorated by selective deletion of C3 in myeloid cells. These
data suggest that in addition to C3b opsonization of post synaptic proteins
leading to neuronal demise, C3 activation is a contributor to reactive glia in the

optic nerve.

Neurodegenerative diseases are increasingly prevalent with our aging
population and are largely untreatable. When neurons die in the CNS
there is a robust astroglial and microglial response characterized by
phagocytosis and clearance of cellular debris, which may facilitate
tissue repair'”. However, both of these glial types also have effector
functions that are deleterious. They can recruit peripheral immune
cells and release injurious molecules, including cytokines and factors
associated with oxidative stress’. The early complement component
C3 is one of the most highly differentially expressed genes in neuro-
toxic astroglia, is elevated in most neurodegenerative diseases, and is
specifically associated with multiple sclerosis (MS) disease severity*’.

Genetic deletion of C3 in the murine experimental autoimmune
encephalomyelitis (EAE) models of MS is protective of synapses in the
hippocampus and lateral geniculate nucleus, supporting the notion
that C3-mediated pathology is a major mechanism of injury®’.

The mechanisms by which the prominent neuroinflammation
observed in MS progresses into neurodegeneration are still not fully
understood. The inability of lymphocyte-modifying therapies
to arrest the progressive form of the disease has highlighted
the key role that glial cells play in initiating and sustaining smol-
dering neuroinflammation®. Indeed, astro and microglial cells may be
primary drivers of neuronal loss both in MS and in other
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neurodegenerative  diseases”™. Since optic neuritis and

retinal pathology are hallmarks of MS?, and given the retina’s
accessibility to noninvasive monitoring with techniques such as
optical coherence tomography (OCT), the anterior visual pathway
(AVP) provides an attractive neuroanatomical location to study how
CNS-localized cells contribute to neuroinflammation and subsequent
neurodegeneration.

In a recent study, we observed the loss of retinal ganglion cells
(RGCs) in post-mortem retinas from people with MS (pwMS) and
identified elevated levels of complement component C3 in reactive
astrogliotic regions of retinas that had thinning on OCTs obtained in
vivo®. Complement fulfills physiological roles in the retina: early
complement components Clq and C3 have been shown to be
involved in retinal synaptic pruning during normal development**,
C3 can bind to cellular surfaces following its activation by C3 con-
vertases into C3b, at which point it serves as a target for microglia and
macrophages that express the C3 receptor (CD11b). These phagocytic
myeloid cells then eliminate excess synapses opsonized in this man-
ner to facilitate somatotopic projections*°. While complement has
therefore been shown to be important in the CNS during develop-
ment through its ability to opsonize synapses, C3 has also been
implicated in contributing to inflammatory environments during
disease, with CNS-resident cell types such as astrocytes and microglia
being noted as significant sources of early complement
components*”. Furthermore, C3 is expressed highly even in the
synapse-free white matter, such as in chronic active MS lesions in
both microglia inflamed in MS (MIMS)" and in reactive astrocytes
across multiple neurodegenerative diseases®'. Co-localization of
elevated levels of C3 onto synapses during inflammation has led to
the hypothesis that elevated complement may be aberrantly opso-
nizing synapses’?>?, leading to excessive synaptic damage and sub-
sequent neuronal death. Early excessive synaptic loss leading to
neurodegeneration is also reported in other diseases such as
Alzheimer’s**?, Huntington’s®*, and West Nile virus”, making the
hypothesis relevant to the broader question of neurodegenerative
mechanisms. However, it has been shown that synaptic pruning or
reduction in synaptic signaling can also be a protective response by
neurons that are experiencing stress and injury to temporarily reduce
excitatory input**?. In this situation, where the injury is not due to
excessive synaptic stripping, C3 may still be an important contributor
to the activation of glia in the optic nerve using similar mechanisms as
those that occur in the periphery. In addition to the role of circulating
complement as an opsonin, C3 is also known to be activated by
proteases or C3 convertases to form C3a in the extracellular space
where it can act in a paracrine or autocrine manner by binding to
complement receptors such as C3aR1. Many of these complement
receptors are expressed on astrocytes, microglia, and a subset of
classical CD16+ monocytes which are involved in CNS immune sur-
veillance and inflammation®*°, Furthermore, there are several
examples of C3a having intracellular functions as part of what is now
called the complosome. In such instances, C3a can signal intracellu-
larly in adaptive and innate immune cells and modulate immune cell
metabolism, autophagy, and gene regulation®. Complosome activity
has also been described recently in synovial fibroblasts where intra-
cellular C3a-C3aR activity led to increased mammalian target of
rapamycin (mTOR) activity, a pathway strongly linked with both
cellular survival and inflammation®. Another possibility is that C3’s
inflammatory effects might be mediated by downstream complement
activation, as C3 forms a component of the C5 convertase that
eventually leads to the formation of the membrane attack complex
(MAC). However, previous studies have shown that mice deficient in
C5 (which therefore are unable to produce the MAC) actually
experienced worsened demyelination and axonal damage in EAE***,
suggesting that the majority of the detrimental actions of comple-
ment stem from early complement components such as C3.

During EAE, mice injected with immunogenic myelin peptides
reliably develop inflammation, optic neuritis, and eventually loss of
RGCs*. Astrocytes and microglia are activated in the retina as well as
the optic nerve early in the course of disease®. Global and astrocyte-
specific deletion of the C3 gene results in amelioration of RGC loss and
promotes neurite health in the EAE retina”. However, other models of
CNS injury have highlighted microglia and other myeloid cells as
having the potential to dramatically upregulate C3 production®%,
Additionally, given C3'’s cleavage products’ ability to signal via com-
plement receptors and modulate immune and CNS cell profiles,
studying whether C3 may play a role bridging the gap between
inflammation and neurodegeneration beyond opsonization is worth
considering. C3 has been suggested to be important for mediating
inflammatory glial crosstalk®, yet the effect of C3 depletion on cellular
phenotype and transcriptomic profiles has not been examined in EAE.

In this work, we leverage a floxed C3-tdTomato reporter mouse
line to characterize CNS cells which produce C3 during neuroin-
flammation, how C3 depletion would affect the transcriptomic land-
scape of the AVP, and whether we could identify early signs of C3-
mediated pathology in the retina of EAE mice.

Results

Single cell analysis of EAE CNS tissue demonstrates C3-defined
myeloid cells

Both astroglia and CNS myeloid cells (including resident microglia and
infiltrating monocytes) are known to upregulate C3 following adaptive
immune-mediated inflammation and aging">*"*¢, We therefore sought
to use single cell transcriptomics to characterize both myeloid and
non-myeloid C3 producing cells in the CNS during inflammation. We
induced EAE in six transgenic C3-tdTomato reporter mice, a previously
described mouse line that allowed us to identify C3 producing cells
using a fluorescent reporter and sort them without fixation*®, We
waited 18 days after immunization (-2-4 days after disease score peak)
to collect the tissue to allow ample time for peripheral monocyte
recruitment and activation as well as local astrocyte and microglial
response. We dissociated brain and spinal cord from the six transgenic
mice and created 3 independent pooled samples (2 mice per pool),
then labeled and sorted cells from each pool into three populations: C3
positive myeloid cells (CD45*;CD11b*;C3 reporter positive), C3 nega-
tive myeloid cells (CD45*;CD11b*;C3 reporter negative), and a third
population that included both C3 positive and negative astrocyte cell
surface antigen 2 (ACSA2)+ cells (CD457;ACSA2";C3 reporter positive
and negative) (Figs. 1a, b, S1a). Surprisingly, we detected very few C3-
reporter positive ACSA2+ cells (Supplemental Fig. S1b, ¢) which sug-
gests these cells are not efficiently isolated with this procedure. Given
how few of the ACSA2+;C3+ cells we observed, we gated this third
population in such a way to enrich for the C3+ population while still
capturing C3- cells as well to ensure that the few ACSA2 +;C3+ cells
sorted would not be lost in subsequent washing steps due to low initial
yield (Supplemental Fig. S1b). In total we generated 9 samples - 3 cell
types from 3 replicates (Supplemental Data 1). We then performed
single cell transcriptomics using a commercial probe-based assay*
targeting 19,070 genes that allowed us to multiplex the 9 samples
using equal numbers of cells from each sample into a single library
while retaining which sample each cell originated from. An added
advantage of this strategy is that, by sorting the C3 positive and
negative cells separately in the myeloid population, we could identify
which population each cell came from without relying on detection of
the C3 transcript itself in the transcriptomic data. We captured 17,133
cells across 9 samples which we merged into a single dataset.
The combined dataset contained 13 distinct cell types over 28 different
clusters (Figs. 1c; S2, Supplemental Data 2). We then subsetted the
microglia clusters (identified by expression of P2ry12, Tmemi19, and
Sparc) and monocyte/macrophage clusters (identified by expression
of Clecl2a and Ccr2 (Fig. S2f)) separately*>*’. The microglia
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subclustering revealed 6 subclusters, with clusters 0, 1, 2, and 4 con-
sisting primarily of cells from the C3-tdTomato™ sorted populations,
while clusters 3 and 5 contained cells primarily from the C3-tdTomato*
sorted population (Fig. 1d). Amongst the C3™ clusters, cluster 1 con-
tained the highest levels of classic homeostatic markers P2ry12,
Tmemil19, and Fcrls, while cluster 4 was positive for interferon-
responsive genes (Ifitml10, Ifitm3) and MHC-II antigen presentation
genes (Cd74, H2-Aa, H2-EbI), together indicating the existence of both
homeostatic and pro-inflammatory C3~ populations (Fig. S3). Similarly,
monocytes/macrophages were segregated into two major populations
defined by production of C3, suggesting a significant difference
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between C3" and C3™ myeloid cells (Fig. 1e). Indeed, differential gene
expression analysis comparing C3* and C3™ sorted samples indicated
3533 differentially expressed genes (DEGs) in microglia, with
inflammation-linked genes such as Apoe, Saa3, Fthl, and Lyz2 being
upregulated in C3" microglia, while more homeostatic genes such as
Crybb and Siglech were downregulated (Fig. 1f). Gene set enrichment
analysis (GSEA) of these microglial DEGs showed enrichment for IL-17
and T cell signaling in C3" microglia, as well as antigen presentation
and metabolic processes like oxidative phosphorylation (Fig. 1g)
among others. C3" monocytes and macrophages broadly upregulated
early complement cascade proteins and their receptors (Clga, Cigb,
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Fig. 1| Single cell RNA-sequencing of C3-tdTomato mice reveals that myeloid
cells have distinct populations defined by expression of C3 in the setting

of EAE. a Schematic of the C3-tdTomato reporter, showing the insertion of an IRES
site and reporter gene following the final C3 exon, with flanking loxP sites allowing
for excision by a Cre recombinase. As a nonfusion reporter, the tdTomato remains
intracellular following expression allowing for identification of C3-producing cells.
b Experimental paradigm. EAE was induced in 6 mice allowing for 3 independent
replicates of 2 pooled brains and spinal cords each. For each replicate, sorting was
performed on CD45, CD11b, ACSA2, and tdTomato to collect tdTomato* and
tdTomato™ myeloid cells, and an astrocyte-enriched third sample. ¢ UMAP plot of
integrated dataset with key populations (from the CD45+ sorted samples) colored
while the CD45~ ACSA2* sample is in grey. Each cluster is annotated with cell
identity (the cluster labeled N/A was not able to be identified). d, e Hierarchical
subclustering and reanalysis of microglia and monocytes/macrophages separately

with the tdTomato* sample highlighted in orange and the tdTomato™ sample
highlighted in blue. f, Volcano plot showing DEGs in microglia based on tdTomato
expression. A positive log fold change represents genes upregulated in tdTomato*
microglia. Dashed yellow lines represent FDR of 0.05 (horizontal) and log2FC of +/
-1 (vertical lines). g, GSEA indicating directionality of pathways in C3-tdTomato*
microglia compared to C3-tdTomato™ microglia. Normalized enrichment scores
indicated in parentheses. h asin (f) but for C3-tdTomato* monocytes/macrophages.
i as in (g) but for monocytes/macrophages. j, UMAP plot of the captured T cells
showing diverse subtypes with cells from the tdTomato* sort in orange, cells from
the tdTomato™ CD11b" sort in blue, and cells from the ACSA2" sort in grey. k Volcano
plot of DEGs in T cells based on C3-tdTomato expression. Figure 1a created in
BioRender. Smith, M. (2025) https://BioRender.com/w65n506. Figure 1b created in
BioRender. Smith, M. (2025) https://BioRender.com/e30b984.

Clgc, C3arl, C5arl) when compared to C3~ monocytes and macro-
phages (Fig. 1h) as did microglia, although to a lesser extent. As with
microglia, inflammatory cytokine production was upregulated in C3*
monocytes/macrophages, while pathways associated with cell cycle
progression and DNA repair (for example, Kntcl, Cenpm, Exol, Cdc?)
were suppressed (Fig. 1i). We confirmed the presence of these C3*
myeloid subclusters in a second single cell transcriptomic experiment,
this time using 3’ RNA sequencing instead of probe-based (Fig. S4).
Given the lossy and multiplet-prone nature of massively parallel single
cell transcriptomic experiments, it remains possible that there is cross-
contamination between the microglia and monocyte/macrophage
subsets detected. We observe, however, a great deal of overlap
between C3+ microglia and C3+ monocytes/macrophages when
compared to their respective C3- populations (complement cascade,
oxidative stress and redox pathway, cytokine and chemokine signal-
ing) suggesting that similar pathways are at work in both populations
which would render modest cross-contamination less problematic.

Two additional C3* clusters (identified based on presence of C3
transcript) were noted in the CD45;ACSA2" sorted population,
belonging to a subset of ependymal cells that also upregulated antigen
presentation, phagocytosis, IL-17 signaling, and pro-inflammatory
cytokines (Fig. S5) and a reactive astrocyte cluster that upregulated
T cell interactions but downregulated cholesterol and fatty acyl bio-
synthesis (Fig. S6). We further confirmed the presence of this C3+
reactive astrocyte cluster in an independent previously-published 3’
RNA sequencing dataset** and confirmed that C3-producing astrocytes
contained the highest levels of classic reactive astrocyte markers,
upregulated inflammatory signaling pathways, and downregulated the
IL-10 signaling pathway (Fig. S7). Despite not directly sorting for lym-
phocytes, we did still capture a cluster of contaminating T cells that
contained a wide spectrum of polarizations, including Thl cells, Th17
cells, Tregs, CD8" cells, and NKT cells. However, unlike the myeloid cell
clusters, C3" T cells did not cluster independently from the C3™ lym-
phocytes (Fig. 1j). Differential expression analysis indicated that there
were only two DEGs between C3" and C3™ T cells, suggesting that unlike
in microglia and monocytes/macrophages, C3 production is not a
defining feature of CNS T cells in this murine model of neuroin-
flammation (Fig. 1k).

C3" microglia in EAE resemble Microglia Inflamed in MS (MIMS)
A recently-identified microglial subtype defined by early classical
complement production called MIMS is highly correlated with
pathology around paramagnetic rim chronic active white matter
lesions in MS and express elevated levels of C3'°. We were therefore
curious whether the C3* microglia we observed in EAE were tran-
scriptionally similar to these MIMS. We first compared the expression
of the 16 MIMS marker genes'® in C3-tdTomato* microglia to their
non-C3 producing counterparts and found that 14/16 of those genes
were significantly upregulated in the C3* cells (FDR < 0.05, Fig. 2a).
These MIMS markers were only associated with cluster 3 microglia.

The other C3* microglial cluster, cluster 5 did not show elevated
expression of any of the classic MIMS markers (Fig. 2b). Comparing
cluster 3 to the other microglia showed that cluster 3 was char-
acterized primarily by not only the MIMS markers and antigen pre-
sentation, but by Saa3 (recently shown to be involved in
maintenance of Thi7 cells in the CNS following inflammation®),
Fabp$ (a potentially pathologic modulator of the immune response
in EAE*®), and Sppl (recently shown to be critical in the ability for
microglia to phagocytose synapses in a model of Alzheimer’s
Disease*®) (Fig. 2c). Cluster 3 microglia broadly upregulated genes
associated with metabolic processes including the electron transport
chain, glycolysis and gluconeogenesis, as well as translation (Fig. 2d).
In contrast, cluster 5 microglia were defined by production of the
calcium binding proteins S100a8 and S100a9, which are involved in
leukocyte recruitment”, as well as IL-1 signaling genes and Mmp9
(Fig. 2¢). GSEA on cluster 5 microglia in comparison to all other
microglial subtypes showed upregulation of chemokine-chemokine
receptor interaction pathways and interferon signaling, with a
stronger focus on signaling to lymphocytes (Fig. 2e). In the initial
characterization of MIMS derived from post-mortem samples of
pwMS, two sub-populations were observed - MIMS-foamy and
MIMS-iron. The foamy subtype had elevated expression of genes
related to lipid storage, response to lipoprotein particles and
inflammatory regulation. The other population, MIMS-iron, was
notable for expression of genes related to ferritin complex, MHC
Class II, and ribosomal genes. We did not observe enrichment for
genes from one type or the other in the C3" microglia analyzed,
instead we saw expression of both (ie lipid storage and response -
Lpl, Apoe as well as ferritin complex—Fthl) (Fig. 2a, b). This dis-
crepancy may be a result of low cell count (microglia cluster 3 is 236
cells which may not be enough to resolve two distinct phenotypes) or
differences between the animal model and human disease (particu-
larly that EAE is an acute condition vs the chronic time point at which
human tissue is collected). Together, these analyses demonstrate the
presence of two distinct C3" microglial cell clusters in EAE, one
characterized by the presence of MIMS genes and metabolic demand
and the other by immune cell interactions.

Global C3 depletion affects astrocyte and myeloid tran-
scriptomes and results in dramatic reduction of pro-
inflammatory phenotypes

Given the pro-inflammatory characteristics of the cells defined by C3
production, we hypothesized that C3 deletion might attenuate their
potentially pathological transcriptomes. We chose to test this
hypothesis by performing snRNA-seq analysis on unsorted nuclei from
the optic nerves of mice 16 days after EAE immunization, based on our
recent findings of the role for C3 in mediating RGC loss and AVP
pathology"”. Due to the challenge posed by the small tissue size of each
optic nerve, we pooled optic nerves from 5 EAE mice (10 optic nerves
total) per sample and compared two C3KO samples to two WT samples
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expression test with edgeR. b Violin graphs showing the 16 canonical MIMS markers
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(Figs. 3a; S8). We have previously shown that in our experience, global
C3KO animals are not protected from EAE induced paralysis and that
there is no difference in the immune infiltrate (including T-cell polar-
ization and peripheral myeloid cell recruitment) between WT and
C3KO animals at the peak of disease'. To further control for possible
effects of C3 depletion on adaptive immune infiltrate, we matched
samples based on EAE disease score (Supplemental Data 1).

Our experiment yielded 9,412 nuclei across the four samples,
which included oligodendrocytes, astrocytes, microglia, monocytes/

macrophages, and T cells as well as other populations such as OPCs,
dendritic cells, fibroblasts, and vascular endothelium across 17 clus-
ters (Figs. 3b; S8). We then subsetted individual cell types and
repeated dimensionality reduction, after which we observed that
while C3KO and WT cells did not completely separate in the reduced
dimension space, they did appear to segregate within the astrocytes,
microglia, and monocytes/macrophage cell types (Fig. 3¢) indicating
some distinction between the C3KO and WT cells. We further
explored this separation by genotype in the microglia by performing
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clustering and differential abundance analyses. Seven clusters were
identified in the subsetted microglia and while they showed some
overlap, distinct expression patterns did exist (Fig. S9a). Cluster O
had the highest expression of homeostatic microglia genes such as
P2ry12 and CsfIr which are known to be suppressed upon activation
and suggests that cluster O represents a less activated subset of
microglia. Cluster 2 on the other hand had the highest expression of
avariety of genes previously identified as enriched in MIMS including
Tyrobp, Apoe, Clqa, and Fthl in addition to genes related to transla-
tion suggesting a highly activated subset. Differential abundance

analyses showed that the WT microglia were enriched in cluster 2
while the KO microglia were enriched in cluster O (Fig. S9b). Even
within the same cluster, wild type nuclei showed lower expression of
homeostatic genes (cluster 0) and higher expression of reactive
genes (cluster 2) (Fig. S9c, d). Other clusters also showed evidence
of a distinct reactive state, such as clusters 1 and 3 which had higher
expression of genes related to lipid transport and metabolism
(Abcal, Eepdl, Acsll, Lpl) and cluster 5 which had high expression of
canonical interferon response genes such as /igp1, Cxcl10, Oas3, and
Statl (Supplemental Data 3).
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Fig. 3 | Single nucleus RNA-sequencing from optic nerves reveals that global C3
depletion results in widespread alterations in transcription characterized by a
reduction in reactive glial profiles. a Experimental paradigm. 10 C3KO mice and
10 WT mice were immunized and carried out to the peak of disease (PID 16). 5 mice
were pooled per sample, resulting in 10 optic nerves per sample that were flash

frozen and from which nuclei were extracted. snRNA-seq analysis was performed
on the resulting 4 samples. b Annotated integrated UMAP plot of nuclei captured
from optic nerves of N=2 WT samples and N =2 C3KO samples (See Fig. S8 for full
UMAP and cluster identification markers). ¢ Hierarchical subclustering and reana-
lysis of four key cell types showing cells from WT samples in orange and cells from
C3KO samples in blue. d Specific gene changes in astrocytes and microglia. Gene
names in red indicate MIMS and TIC-responsive genes in microglia and astrocytes
respectively. Green gene names indicate homeostatic or neuroprotective genes.

FDR < 0.1 denoted with an asterisk. e GSEA of DEGs in C3KO vs WT astrocytes (top),

microglia (middle), and monocytes/macrophages (bottom). Color scheme for each
pathway indicated below the GSEA plots. Pathways with peaks on the left are
downregulated in C3KO cells. All shown pathways have FDR < 0.05.

f Representative image of immunofluorescent staining of hippocampi from the
mice used for the optic nerve snRNA-seq experiment (top is WT, bottom is C3KO).
CA-1region used for quantification highlighted. Inset depicts an example of an
IBAL" CD68' Tyrobp® cell from a WT mouse Scale bar = 500 pM in low magnification
view of hippocampus, 50 puM in high magpnification insets, and 5 uM in single cell
magnification insets. g Quantification of IBA1* CD68" Tyrobp* cells in the CA-1
region of the hippocampus (N =5 mice per genotype, WT average final EAE

score =2.3 +/- 0.24; C3KO average final EAE score =1.9 +/- 0.2; 60% male in both
genotypes; p-value from unpaired student ¢-test, data presented as mean +/- SEM).
Source data are provided as a source data file. Figure 3a created in BioRender.
Smith, M. (2025) https://BioRender.com/k30u268.

Differential expression testing comparing C3KO and WT astro-
cytes, microglia, and monocytes/macrophages using pseudobulked
data identified numerous DEGs with FDR < 0.05 in multiple cell types
(156 DEGs in astrocytes, 102 in monocytes/macrophages, and 163 in
microglia) (Fig. S9). Notably, oligodendrocytes were more modestly
affected (Fig. S10), and in agreement with our first single cell tran-
scriptomic experiment, T cells had no DEGs between the two condi-
tions (Fig. S11). C3KO astrocytes exhibited specific reduction in
expression of TNF, IL1a, and Clg-induced (TIC) genes H2-DI, H2-T23,
PsmbS8, ligpl, and Serpingl’ as well as the pan-reactive marker Lcn2
while not affecting the ischemia-specific Ptx3 or the homeostatic
markers Sox9 and AldhilI (Fig. 3d). Critically, we confirmed that C3KO
significantly decreased the presence of MIMS markers in microglia
such as Cd68, Cigb, Tyrobp, and Apoe, with similar trends in Fthl and
Cd74, while the expression of homeostatic microglial markers
Tmemli19, P2ry12, and Salll were unchanged in the C3KO samples
(Fig. 3d). GSEA showed a common theme across astrocytes, microglia,
and monocytes/macrophages, with mTOR signaling, complement
cascade, translation, oxidative phosphorylation, inflammatory
response, and antigen presentation all being significantly down-
regulated in the C3KO compared to WT cells (Fig. 3e). We also iden-
tified downregulation of genes encoding ribosomal proteins in C3KO
astrocytes, microglia, and monocytes/macrophages, consistent with a
broad decrease in inflammatory hyperactivity and reductions in mTOR
signaling, which regulates ribosomal biogenesis (Fig. S11)**. Interest-
ingly, very few pathways were upregulated in the C3KO samples, with
methylation of histone lysines (a broad pathway with no singular
downstream effect) being the sole pathway upregulated in microglia
and monocytes/macrophages (Fig. 3e). There were many genes that
were differentially expressed in only one cell type, implying cell-
specific effects of C3 deletion (Fig. S12a). For example, Tgfb3 was only
upregulated in C3KO astrocytes, Tnf was only downregulated in C3KO
microglia, and Trem2 was only downregulated in C3KO monocytes/
macrophages. Conversely, there were a number of genes that were
affected in all three of these key cell types, implying both cell-specific
as well as more general changes in the setting of C3 deletion (Fig. S12b).

To assess whether this change in myeloid cell phenotype follow-
ing C3 depletion was restricted to the optic nerve or present in other
regions of the CNS, we used immunofluorescence staining to quantify
CD68'TYROBP* myeloid cells in the hippocampus. We chose these two
markers as they are both genes previously shown to be upregulated in
MIMS and were also differentially expressed in both our single cell
transcriptomic studies (Figs. 2, 3). In addition, both are well described
in the literature as markers of microglia and macrophage
inflammation*’. We chose to look in the hippocampus because it is a
grey matter region (as opposed to white matter of the optic nerve) that
has previously been shown to have synapse loss in this model of EAE
and is at least in part dependent on C3%°°°', As in the transcriptomic
data from the optic nerve, we saw a decrease in CD68";TYROBP*

double positive myeloid cells (IBA1*) in C3KO mice compared to WT
controls with no change in overall myeloid cell density (Fig. 3f-g).

Given the depletion of pro-inflammatory phenotype in the
microglia from C3KO animals compared to WT, we were curious
whether the WT optic nerve microglia might more closely resemble the
C3" microglia in the brain and vice versa for the C3KO microglia and C3-
microglia in the brain. We therefore integrated the optic nerve nuclei
dataset with the sorted C3-tdTomato positive and negative microglia
from the EAE brain (using the 3’ poly-A dataset presented in Fig. S3
(Fig. S13c)). We observed 6 clusters in the integrated dataset and then
tested for conserved marker genes shared between both datasets.
Clusters 2, 3, and 5 had shared marker genes between both datasets
and we focused on those (Fig. S13e, Supplemental Data 4). Cluster 2
had higher expression of several microglial identity genes suggesting a
less reactive state, cluster 3 had higher levels of interferon response
genes, and cluster 5 had the highest expression of C3, antigen pre-
sentation genes, and various other pro-inflammatory genes or MIMS
related genes (Fig. S13g). When comparing the abundance of each
sample (WT vs C3KO in optic nerve, C3-tdTomato+ vs C3-tdTomato-
sorted in brain), we found that both C3WT optic nerve nuclei and C3-
tdTomato+ sorted brain cells appeared to be enriched in the C3+
reactive cluster 5, while C3KO optic nerve nuclei and C3-tdTomato-
sorted brain cells were enriched in the less activated cluster 2
(Fig. S13f). To determine whether these C3 depleted cells were returned
to a “non-diseased” phenotype, we compared our single nuclei data
with the single cell dataset from the recent paper by Fournier et al.”?,
which compared MOG-immunized animals to controls to elucidate
differences between disease state and healthy brain. Integration of our
dataset with theirs demonstrated that our C3KO microglia and astro-
cytes predominantly overlapped with their “control” cells, implying
that C3KO restores microglia and astrocytes towards a healthy phe-
notype even in the setting of peak EAE (Fig. S13a, b). Our data therefore
suggest that global C3 depletion has consistent effects on astrocyte
and myeloid transcriptomes as well as cell-specific alterations, and that
C3 depletion dramatically attenuates the disease-associated glial pro-
files and reduces metabolically demanding processes.

Proteomics reveals role of C3 in regulating mTORCI at peak EAE
To explore whether these findings could be validated outside of
transcriptomics, we performed a full proteomic and phospho-
proteomic experiment on optic nerves of C3KO and WT mice at the
peak of EAE. Specifically, we took 7 WT and 7 C3KO mice that were EAE
score-matched as well as 2 naive WT and 2 naive C3KO mice to serve as
non-disease controls, and we utilized mass spectrometry to evaluate
relative protein and phosphorylation site abundance across all sam-
ples. While our lab has previously published that C3KO does not affect
global inflammation in the EAE model”, we ensured our animals were
matched in terms of their EAE scores to ensure that we were com-
paring animals that had similar inflammatory burden (EAE disease
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score at day 16 reflects the amount of acute-stage inflammation in the
spinal cord™**).

We observed that our C3KO mice did indeed have similar altera-
tions in biological processes in our proteomics experiment as in our
single cell transcriptomic experiments. Metabolic shifts away from
inefficient glycolysis towards more energetically favorable oxidative
phosphorylation in C3KO was confirmed and importantly, we
observed agreement in the broad alterations in ribosomal biogenesis
and mTORCl1 signaling (Fig. 4a-c). By analyzing the upstream

regulators of mTORC1 activity, we identified a consistent effect of
mTORCI inhibition in our C3KO mice, which agrees with our tran-
scriptomic studies and suggests a mechanism by which C3KO might be
mediating its anti-inflammatory effects. mTORCl is primarily regulated
by RHEB which activates mTORCI signaling®. RHEB is decreased in
C3KO (Fig. 4d), suggesting a reduced ability to activate mTORCI. This
could be due to a trending increase in GAPDH which has been shown to
bind to RHEB and cause its degradation. RHEB'’s activity is dependent
on binding to GTP, and TSC1/2 act as GTPase-activating proteins
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Fig. 4 | Proteomic and phosphoproteomic analysis of optic nerves at the peak
of EAE to validate the effects of C3KO on mTORCI signaling in the CNS.

a Volcano plot of all detected proteins in full proteomic analysis of N=7 WT (mean
score=2) vs N=7 C3KO (mean score =1.8) EAE mouse optic nerves (each group
consisted of mice from both sex). Both optic nerves from a mouse were needed to
generate sufficient protein to constitute a biological replicate. To validate the
findings of reduced ribosomal biogenesis in C3KO mice from our transcriptomic
experiments (See supplemental Fig. S11) both small and large ribosomal proteins
have been highlighted in red. b Ingenuity Pathway Analysis performed on the dif-
ferentially abundant proteins from the proteomics experiment. Proteomics con-
firmed pathway-level decreases in mTOR signaling, glycolysis, mRNA translation,
and antigen presentation in C3KO optic nerves, while C3KO mice upregulated
energetically efficient processes like oxidative phosphorylation and the TCA cycle
as well as reparative programs like the detoxification of reactive oxygen species. All
pathways are significant by an adjusted p-value of <0.05. ¢ Pre-ranked GSEA was run

on the average relative log2 fold change in protein abundances between EAE C3KO
vs WT mice. Proteins that were most upregulated in C3KO mice lie on the left of the
ranked protein list, so a positive Normalized Enrichment Score (NES) indicates an
upregulated pathway in C3KO mice (scores listed above each plot). d Individual
analysis of the abundance of proteins that regulate mTORCI signaling. Adjusted p-
values are listed as numbers above the comparison bars. Note that TSC2 S939 refers
to relative abundance of phosphorylation of TSC2 at serine 939, a post-translational
modification that inhibits the TSC complex from acting as a GAP for Rheb. All other
bar graphs indicate total protein abundance. Note that we compared the 7 WT and 7
C3KO EAE mice to 2 WT and 2 C3KO naive mice optic nerve proteomes for controls.
Data presented as mean +/- SEM, one-way ANOVA adjusted for multiple compar-
isons. e Diagram depicting results from proteomics and phosphoproteomics
experiments on how C3 knockout affects mTORCI regulation. Figure 4e created
in BioRender. Smith, M. (2025) https://BioRender.com/d23a966.

(GAPs) to swap out the GTP for GDP, thus inhibiting RHEB***". The
ability of TSC1/2 to do this depends on the activity of upstream kinases
including AMPK (which activates TSC1/2°® and is more abundant in
C3KO0), IKKb (which inhibits TSC1/2*° and is less abundant in C3KO),
and Akt (whose phosphorylation of TSC2 at S939 is known to inhibit
TSC activity’>—the presence of this phosphorylation is reduced in
C3KOs) (Fig. 4d). As evidence of a lack of mTORCI activity there is a
reduction in the amount of ribosomal protein S6 in C3KOs which is
directly responsible for translation and ribosomal biogenesis®
(Fig. 4d). Unlike the single cell resolution of the transcriptomic data-
sets, the proteomics were performed on full optic nerve which also
includes neuronal axons, which raises the possibility that some of the
alterations we observed are due to changes in neuronal proteomes.
Many of the pathways we see differentially regulated between geno-
types, however, are classically associated with glia. Additionally, given
that we saw similar pathways across microglia, astroglia, and infiltrat-
ing monocytes/macrophages in our transcriptomic data (particularly
mTOR signaling), seeing similar results from tissue level proteomics
further supports this change following C3 depletion.

As in the transcriptomic analyses above, we once again performed
immunofluorescent quantification in the hippocampus of WT and
C3KO mice at peak EAE to assess whether the effect of C3 depletion in
the optic nerve was present in other regions. Consistent with the optic
nerve results, we found a decrease in the percentage of myeloid
(IBA1+) cells positive for phosphorylated ribosomal protein-Sé6 with
no change in quantity of myeloid cells (Fig. S14). In sum, our proteomic
findings suggest that C3KO mice experience reduced mTORCI activity
through alterations in regulatory mechanisms which could explain
why C3KO mice have reductions in inflammatory glia and reduced
neuronal injury.

EAE mice exhibit significant retinal pathology at the peak of
disease that is ameliorated by conditional knockout of myeloid
but not astrocyte C3

While previous studies have demonstrated that both global C3
depletion as well as astroglial-specific C3 depletion has an effect on
retinal ganglion cell (RGC) loss at the chronic stages of EAE (42 days
post-immunization, approximately 4 weeks after disease score has
peaked and by which point T-cell infiltrate in the optic nerve has
fallen)”, our transcriptomic data suggests a dramatic effect of C3 on
optic nerve glial phenotypes immediately following the peak of disease
(16 days post-immunization, shortly after paralysis has peaked and at
which point immune-infiltrate is high). We therefore sought to ascer-
tain whether there was evidence of early neuronal insults potentially
mediated by this C3-dependent pathologic phenotype. We first
quantified RGC dropout at peak of EAE and tested whether this loss
was dependent on astrocytic C3 using GFAP-Cre, C3-floxed mice to
deplete C3 from GFAP-expressing astrocytes. Flat-mounted retinas
revealed a mild yet significant loss of RGCs (identified with Brn3a

labeling) at day 16 post-immunization when comparing GFAP-Cre~
animals to CFA-only controls not immunized with MOG (Fig. 5b, c).
GFAP-Cre* animals surprisingly were not protected from RGC loss
compared to Cre™ animals in contrast to what we have previously
shown at the chronic timepoint (day 42)". To confirm this finding of
early RGC loss, we quantified with neuronal markers that are not
downregulated in injury, namely y-Synuclein (ySyn) and Tujl, and
observed progressive RGC loss occurring at day 14 and continuing to
day 21 (Fig. S15).

After observing this modest early neuron loss, we next char-
acterized whether retinal synapses were being affected in the early
stage of EAE by quantifying the synaptic proteins Synaptophysinl
(Synl) and PSD95. Synl is a protein embedded in synaptic vesicles
released from the presynaptic terminal of inner nuclear layer neurons
and reflects the abundance of synaptic vesicles®, whereas PSD95 is a
structural protein in the post-synaptic membrane of the RGCs and can
therefore indicate physical synapse presence or loss®”>. Compared to
the mild dropout of RGCs, both presynaptic (Synl) and post-synaptic
(PSD95) synaptic markers were significantly downregulated in the IPL
of mice at peak EAE (Fig. 5d, e). Once again, however, deletion of C3
from astrocytes did not ameliorate this pathology (Fig. 5d, e). We
further confirmed this finding of early synaptic loss using confocal
imaging of retinas stained for PSD95 and Ribeye, the latter of whichis a
pre-synaptic component of synaptic ribbons (Fig. S16)%*. Similar to our
observations using epifluorescent quantification of Synl and PSD95,
confocal imaging showed loss of intact synapses (puncta colabeled
with PSD95 and Ribeye) as well as an overall reduction in PSD95+
synaptic density when comparing MOG immunized WT mice with WT
CFA controls at the peak of EAE. Indeed, the percent area positive
staining of PSD95 as measured with confocal microscopy correlated
well with PSD95 integrated density as measured with epifluorescent
microscopy when measured on the same retina (R?= 0.8508, Fig. S17).
We therefore used epifluorescent measurement of retinal synaptic
markers for all further quantifications given its ability to measure lar-
ger sections of the retina.

Given the dramatic effect of C3KO on both microglia and infil-
trating myeloid cells, we next used a LysM-Cre, C3-floxed system to
deplete C3 from cells expressing the Lysozyme 2 gene, which includes
both microglia and peripheral monocyte/macrophages but not astro-
cytes (Fig. S18). As we have previously demonstrated in both global
C3KO and astrocyte-specific C3 depletion, the LysM-Cre;C3 floxed
mice did not experience any differences in behavioral scores, indi-
cating a similar inflammatory timeline and spinal cord damage to WT
mice (Fig. S19). In these mice, Synl was significantly protected in the
IPL whereas PSD95 levels were not changed (Fig. 5f, g). After observing
this protection of pre-synaptic markers without a concomitant pro-
tection of post-synaptic markers in the LysM-Cre mice, we theorized
that C3 derived by Lysozyme 2 producing cells was not directly causing
physical synapse loss (as we would predict if the mechanism of action
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was C3b-mediated synapse opsonization) but instead was influencing
synaptic signaling in an alternative manner. It has been demonstrated
that stressed or injured neurons can alter their synaptic signaling in an
attempt to avoid excitotoxicity as part of an unfolded protein
response®’, so we hypothesized that the reactive myeloid phenotype
we observed in WT but that was decreased in C3KO may be involved in
direct injury of RGCs potentially via insult to their axons in the optic
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nerve and that any changes in synaptic signaling were a protective
measure against excitatory/inhibitory balance alterations.

RGCs exhibit signs of myeloid C3-mediated neuronal stress and
injury at peak EAE in conjunction with synaptic pathology

To assess whether these neurons were experiencing high levels of
injury prior to their destruction and concurrently with their synapse
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Fig. 5 | Retinas are affected at peak EAE (day 16) and exhibit signs of synaptic
pathology that are ameliorated by depletion of myeloid but not astrocytic C3.
a Diagram of experimental paradigm showing how eyes were either evaluated for
synaptic pathology (left) via cross-sections or retinal ganglion cell (RGC) loss via flat
mounts (right) on EAE d16 mice. b Representative image of flat-mounted retina with
12 regions selected for Brn3a® RGC quantification. Scale bar in full retina image =
500 pm, in high magpnification counting fields scale bar = 20 pm. ¢ Quantification of
Brn3a" RGCs at peak EAE. N = 4 per experimental group. d Quantification of the
integrated density of markers Synl1 (left) and PSD95 (right) in the inner plexiform
layer of CFA vs GFAP-Cre animals at peak EAE. Signal intensity values are normal-
ized to CFA control, with AU representing “arbitrary units”. N=4 CFA, 10 GFAP-Cre~

and 7 GFAP-Cre" mice. e Representative immunofluorescent staining of Synl (red)
and PSD95 (green) in the inner and outer plexiform layers across GFAP-Cre
experimental groups. Scale bar =50 um. f Same as in e but evaluating synaptic
markers in the inner plexiform layer of LysM-Cre" and LysM-Cre™ mice. Values are
normalized to the CFA only animals utilized in Fig. 5d. N=4 CFA, 6 LysM-Cre” and 8
LysM-Cre" mice. g Representative immunofluorescent staining of Synl and PSD95
in LysM-Cre™ vs LysM-Cre* mice. Scale bar =50 um. All bar graphs presented as
mean +/- SEM, with one-way ANOVAs adjusted for multiple comparisons. Source
data are provided as a source data file. Figure 5a created in BioRender. Smith, M.
(2025) https://BioRender.com/j21s335.

loss, we quantified a marker of double stranded DNA breaks, yH2AX, in
the RGCs of peak EAE animals. The percentage of RGCs with elevated
levels of YH2AX was highly increased at peak EAE, which was not
ameliorated in GFAP-Cre* animals (Fig. 6a, b). However, the levels of
YH2AX in the RGCs of LysM-Cre* animals were reduced, again indi-
cating that myeloid production of C3 mediates neuronal injury at this
time point (Fig. 6¢, d). Since the C3" glia identified in the tran-
scriptomic experiments above had upregulated genes related to oxi-
dative stress and metabolically demanding pathways, we hypothesized
that oxidative stress may contribute to RGC injury. We observed ele-
vations of 8-OHdG, a marker of nucleic acid oxidation, in the RGCs of
LysM-Cre™ mice at peak EAE, suggesting neuronal oxidative stress. This
increased oxidative damage was ameliorated in LysM-Cre" mice
(Fig. 6e, f) and was concurrent with signs of axonal pathology in the
optic nerve as evidenced by SMI32 staining, which again was reduced
by myeloid C3 knockout (Fig. 6g, h). Altogether, this data suggests that
deletion of myeloid but not astrocytic C3 reduces the high level of
oxidative stress and dsDNA breaks in peak EAE RGCs concurrent with
the previously demonstrated restoration of Synaptophysin 1, a marker
of synaptic vesicles.

Discussion

Herein, we utilized scRNAseq and C3 td-Tomato reporter mice to
examine the transcriptomic profiles of subsets of macrophages,
microglia, and astroglia from the CNS of WT and C3 KO mice at day 16
of EAE. We show that an early timepoint of EAE, before there is sig-
nificant neurodegeneration, the phenotype of the glia is highly similar
to the previously described microglial profile, called MIMS, which are
in the edge of chronic active MS lesions™. Our ability to isolate these
MIMS:-like cells with C3 reporter-based sorting indicate that the most
inflammatory subset of microglia in early EAE can be defined largely by
their production of C3 itself, and we show that C3 deletion prevents
the formation of this cell population. These C3" microglia upregulate
metabolically inefficient processes such as glycolysis while increasing
their levels of translation and transcription of pro-inflammatory genes.
C3 depletion resulted in a restoration of homeostatic phenotypes and
a reduction in energetic pathways. Importantly, in this animal model,
we did not observe any differences between C3* and C3™ lymphocytes,
nor did we identify any effect of C3 deletion on murine lymphocyte
populations. We have shown previously that in our EAE studies there is
no impact of C3KO on T cell infiltration nor EAE behavioral score—an
indicator of global inflammation®. Therefore, it is likely that in models
of CNS inflammation, the effects of C3 depletion are due at least in part
to how C3’s cleavage products can produce significant alterations in
the transcriptomes of myeloid cells and local CNS glial cells. This
makes targeting C3 a promising avenue for progressive MS, where
local smoldering inflammation is largely unaffected by lymphocyte
depletion or blocking cell trafficking.

Axonal transport disruption as a result of inflammatory demyeli-
nation has previously been suggested as a contributor to MS
pathology®>*®, and our findings of increased SMI32 positive spheroids
in the optic nerves suggests that RGCs may be vulnerable to axonal
pathology earlier than anticipated. In keeping with the extensive

literature on the role for synaptic pruning in mediating neurodegen-
eration, our results could be explained by reduction in C3 mediated
pruning of RGC dendrites. One would then need to speculate that this
then modulates the optic nerve glia profiles in a manner to further
suppress their activation. Indeed, we saw significant protection of
synaptophysin in the inner plexiform layer in LysM-Cre mice vs WT,
but no significant protection of PSD95, suggesting that myeloid-
produced C3'’s contribution to excessive pruning may be less promi-
nent. This discrepancy suggests that the role myeloid C3 plays in
axonal damage and neuronal injury could result from an additional
mechanism. We therefore think that consideration should be given to
other mechanisms by which C3 deletion is preventing propagation of
glial activation through paracrine or autocrine signaling.

The key molecular elements responsible for this propagation are
still not fully determined. A recent study showed that stimulation of
microglia with extracellular iC3b, the opsonizing form of C3, results in
upregulation of some MIMS markers such as CIga and Apoe as well as
other pro-inflammatory markers such as Lgals3 and Ctsl®. It is there-
fore possible that depletion of C3 results in a reduction in MIMS via a
reduction in extracellular iC3b signaling. In addition to C3b and iC3b,
the other cleavage product C3a serves as a potent signaling molecule
that can modulate global inflammation in a variety of contexts by
binding to its receptor C3aR®. This C3a-C3aR signaling has direct
effects on a variety of cell types including mast cells, smooth muscle
cells, and critically, CNS glial cells such as astrocytes and microglia®®’°.
Several recent studies show C3aR depletion is beneficial in reversing
HIF1la metabolic impairment and crossing C3arl-knockout mice with
the APP-KI mice showed that C3aR ablation rescued the dysregulated
lipid profiles”. In a recent study of a neuromyelitis optica lesion, in vivo
spinal cord imaging revealed a striking physical interaction between
microglia and astrocytes that required signaling from astrocytes by the
C3a fragment of their upregulated complement C3 protein®’. Thus, we
suggest C3a may be mediating some of the pathology seen in our
experiments and warrants further investigation.

In addition to its role as an intercellular signaling agent, recently
C3a has been shown to have functions intracellularly as part of the
newly described complosome™. Interestingly, human T cells have been
shown to utilize intracellular or autocrine C3 signaling to modulate
mTOR activity resulting in their activation and polarization>”*, The
postulated mechanisms for this modality of complement signaling
include intracellularly-localized complement receptors or potentially
interactions between complement cleavage products with additional
intracellular machinery”>’. For instance, C3aR has been described as
being stored intracellularly in granulocytes and macrophages”. It
therefore may be possible that the transcriptional changes in C3KO
mice are instead due to a reduction of intracellular complement sig-
naling. In our study, C3 deletion resulted in a reduction of pro-
inflammatory genes in microglia, astrocytes, and monocytes/macro-
phages, perhaps due to reductions in genes downstream of mTOR
signaling which modulates stress responses to amino acid
deprivation”. Targeting mTOR broadly in disease is a challenging
proposition, since while it plays a role in generating inflammatory
responses in certain cells like microglia and astrocytes™”, it promotes
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processes in C3KO cells. Previous studies have suggested that pro-
moting the integrated stress response in oligodendrocytes, which
results in a global reduction in translation similar to what we observed
in our C3KO cells, is protective in EAES*®,

As with any animal-based models of neuroinflammatory demye-
lination, there are some important limitations to consider when
interpreting the results of our study. While myeloid cells (both
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Fig. 6 | RGCs exhibit signs of myeloid C3-mediated neuronal injury both in the
retina and in the optic nerve at peak EAE. a Representative immunofluorescent
staining of yH2AX (red) in the RGCs (ySyn - green) in the ganglion cell layer of
retinas from CFA as well as MOG-injected GFAP-Cre" and GFAP-Cre™ animals at peak
EAE. Scale bar represents 20 pm. b Quantification of the percentage of RGCs that
exhibit yH2AX staining. N=4 CFA, 10 GFAP-Cre", and 7 GFAP-Cre" mice. ¢ As in (a)
but for LysM-Cre* and LysM-Cre™ animals. Scale bar represents 20 um.

d Quantification of ¢. N=4 CFA, 6 LysM-Cre", and 8 LysM-Cre" animals. CFA bar
represents the same analysis as in 6b, as retinas were co-stained and analyzed
simultaneously. e Representative immunofluorescent staining of 8-OHdG (red) in

ySyn* RGCs of CFA, LysM-Cre*, and LysM-Cre™ animals at peak EAE. Scale bar
represents 20 pm. f Quantification of (e). N=4 CFA, 6 LysM-Cre", and 9 LysM-Cre*
animals. g Representative immunofluorescent staining of SMI32" axonal spheroids
(red) in the optic nerves of CFA, LysM-Cre*, and LysM-Cre™ animals at peak EAE.
Scale bar represents 100 pm (or 10 pm in high magnification inset). h Quantification
of SMI32 density in optic nerves. N=3 CFA, 5 LysM-Cre", and 6 LysM-Cre" animals.
Each dot represents mean values from 3 different regions along the length of each
optic nerve. For all comparisons, data presented as mean +/- SEM, with one-way
ANOVA adjusted for multiple comparisons. Source data are provided as a source
data file.

microglia and monocytes/macrophages) express very high levels of
Lysozyme 2 and thus are efficiently targeted in the LysM-Cre trans-
genic mouse line, recombination with this Cre system has also been
reported in neurons by multiple groups®*® which means that in
addition to myeloid cells, C3 depletion may also be occurring in neu-
rons in the LysM-Cre;C3-floxed mouse line used here (Figs. 5, 6). How
common neuronal production of C3 is in the retina is unclear, a pre-
vious transcriptomic study of the mouse retina did not observe sig-
nificant C3 production by retinal ganglion cells in either healthy or
diseased mice®. The fact that both microglia and peripheral myeloid
cells express Lysozyme 2 also means that the effects we describe here,
in both global KO and LysM-Cre targeted depletion, may still originate
in the periphery. Despite the absence of effect on infiltrate quantity,
T-cell Thl/Thl7 polarization and disease score (Fig. S15), it is still
possible the C3 depletion is affecting monocyte and macrophage
phenotype first, and any effect observed in the local CNS cells is
downstream of this effect®”. In addition, granulocytes also express
Lysozyme 2 and have been shown to produce high levels of C3 in the
setting of neuroaxonal injury®’. However, the fact that T-cells initiate
the injury in EAE and circulating monocytes typically begin to differ-
entiate upon infiltrating into the tissue suggests that at least some of
the effects we observe is mediated by local C3 production in the CNS.
Future studies with more cell-type specific depletion strategies will be
needed to work out how each Lysozyme 2 producing cell population
contributes to our observed C3 mediated pathology. Another caveat
worth noting is that our experiments analyze an acute inflammatory
response as opposed to the lengthy pathological processes that
underlie chronic active MS lesions; however given the similarities
between the mouse model transcriptomes and established tran-
scriptomes from postmortem human samples, we believe there is
value in studying the progression of chronic active lesions using an
acute model. Throughout this report mice from both sexes were
used in experiments. While we did not observe differences in the
readouts by sex, it is possible that our sample sizes were too small to
detect such differences. There is evidence for differences in circu-
lating complement levels between males and females®®. However,
how this translates to complement activity is not clear. When C3
activity specifically was examined in C57BL6 mice (the strain used
here), no difference was observed between male and female mice®.
And in a recent EAE study, C3 levels were more highly induced in
female compared to male optic nerve astrocytes®. Our findings of
C3-mediated early injury in such acute models could be of additional
relevance for treating patients in the early stages of MS, including
clinically isolated syndrome (CIS) and radiologically isolated syn-
drome (RIS). Subtle subclinical inflammation in CIS and RIS patients
as detected by the presence of IL-8 in cerebrospinal fluid has been
associated with a higher risk of disease progression to MS¥. Recog-
nizing and treating early inflammation and neuronal stress in pre-
symptomatic or early symptomatic patients may be key to prevent-
ing future disease progression. C3 inhibition in the retina has been
discussed elsewhere®, but the Phase Il clinical trials OAKS
(NCT03525613) and DERBY (NCT03525600) have demonstrated that
intravitreal injections of the C3 inhibitor pegcetacoplan can reduce
rates of geographic atrophy in the eye”. It may be important to

consider CNS-penetrant C3 therapies early in the course of MS for
reduction of neuronal pathology throughout the CNS.

In sum, with this work we identified a microglial subtype defined
by C3 production in EAE that resembles MIMS observed in human
disease and showed that C3 deletion has a marked effect on reducing
the pathology-associated pro-inflammatory markers that define this
and other reactive cell populations at both the transcript and protein
level. We demonstrated the presence of neuronal injury and synaptic
loss in the retinas of mice at the peak of EAE. Finally, we found that
myeloid cells but not astrocytes producing C3 were involved in neu-
ronal injury at the peak of EAE, suggesting that microglial complement
is an early mediator of retinal pathology and that therapeutically tar-
geting complement-producing microglia may be beneficial for neu-
roprotection, even in early MS.

Methods

Animals

All studies conducted as part of this work were reviewed and approved
by the Animal Care and Use Committee at Johns Hopkins University
under the protocol MO22M158. C57BL/6 ) mice (strain 000664) were
purchased from The Jackson Laboratory. C3-tdTomato/floxed (C3“™)
reporter mice, which were recently described*’, were used to confirm
C3 expression and conditionally deplete C3. Previously described mice
deficient in C3 were utilized in the snRNA-seq experiment*°, GFAP-
Cre;C3“™ mice were generated as described previously”. Additionally,
LysM-Cre;C3“"" mice were generated by crossing the C3-tdTomato/
floxed reporter mice with LysM-Cre mice purchased from The Jackson
Laboratory (strain 004781). All animals were housed in the pathogen-
free, temperature-controlled animal facility at the Johns Hopkins Uni-
versity School of Medicine with 12 h/12 h light/dark cycles and fed with
standard food and water ad libitum. NIH guidelines for the use of
experimental animals were exactly followed and all experimental
protocols were approved by the Johns Hopkins Institutional Animal
Care and Use Committee under protocol MO22M158.

EAE model

EAE was induced as described previously®. All studies were carried out
using 10-13 week-old mice. Briefly, mice were injected subcutaneously
with 150 pg of MOGss.ss (Johns Hopkins Peptide Synthesis Core) in
complete Freund’s adjuvant (CFA) (ThermoScientific, Rockford, IL,
USA) containing 600 pg of mycobacterium tuberculosis (BD, Franklin
Lakes, NJ) on the lateral abdomen. Control animals were injected with a
CFA-only emulsion that lacked the MOG peptide addition. Con-
comitant with immunization and 2 days later, mice were also injected
IP with 300 ng of pertussis toxin (List Biological Labs, Campbell, Cali-
fornia, USA). Mice were sacrificed at the peak of disease, PID 16, using
the drop method in which mice were exposed to high concentrations
of isoflurane until they were unresponsive to noxious stimuli. Mice
were then rapidly cardiac perfused with PBS then 4% paraformalde-
hyde followed by decapitation and tissue collection.

Clinical EAE behavioral scores were obtained daily, in a masked
manner, using the established standard scoring from 1-5; O = no signs
of disease; 1=1loss of tail tonicity; 2=1loss of tail tonicity and mild
paralysis of hindlimbs; 3=paralysis of hindlimbs; 4 =hindlimbs
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paralysis and mild paralysis of forelimbs; and 5=complete paralysis
or death.

For immunhistochemical analyses of mouse RGC counts, N=3
GFAP-Cre+ mice (average final EAE score 2 +/-1.08; sex =100% male)
and N=4 GFAP-Cre- (average final EAE score 2.875 +/- 0.22; sex = 0%
male) were compared to N=4 CFA injected controls (EAE score =0).
For immunohistochemical analysis of synapse markers, N=7 GFAP-Cre
+ mice (average final EAE score 2 +/-0.76; sex =42.85% male) were
compared with N=10 GFAP-Cre- mice (average final EAE score 2.3 +/
-0.6; sex=10% male) with 4 CFA injected controls. For LysM-Cre
analyses, N = 8 LysM-Cre+ mice (average final EAE score 1.32 +/- 0.242;
sex = 0% male) were compared to N=6 LysM-Cre- mice (average final
EAE score 1.75 +/- 0.56; sex = 50% male) with 4 CFA injected controls.

Mouse retina and optic nerve sample preparation

Mouse retina and optic nerves were collected as described
previously*. Briefly, after being sufficiently anesthetized by inhalation
of evaporated isoflurane in a sealed container, mice underwent rapid
cardiac perfusion with 30 mL phosphate buffered saline (PBS). After
PBS perfusion, the eyes and attached optic nerves were removed from
the eye socket by blunt enucleation using curved dressing forceps and
immediately placed into 4% paraformaldehyde (PFA) for immersion
fixation for four hours then transferred into 30% sucrose for cryo-
protection. Mice were then perfused with 4% PFA and decapitated.

Optic nerves were separated from the eyes and evenly divided
into three parts and then vertically placed into TissueTek mold filled
with O.C.T. and snap frozen on dry ice. Frozen samples were stored at
-80°C until cryosectioning. Optic nerves were sectioned at 10 pm
thickness and then mounted on slides for further immunofluorescence
staining.

Whole flat mount retinas and vertical sectioned retinas were
prepared as described using paired eyes from a single mouse as we
previously showed RGC counts across retinas are the same within an
EAE mouse™. Flat mount retinas were processed for RGC labeling with
anti-Brn3a (Pou4fl) antibody. After staining, the whole retinas were flat
mounted onto slides and imaged for RGC counting. For vertical sec-
tioned retinas, the eyes were placed into TissueTek mold filled with
Optimal Cutting Temperature (0.C.T.) compound (VWR, Radnor, PA,
USA), snap frozen by placing on dry ice and then stored at -80 °C until
cryosectioned. The eyes were sectioned at 16 um vertically and then
mounted onto slides (ThermoScientific, Rockford, IL, USA) followed
by staining with antibodies.

Immunofluorescence staining

All immunofluorescence staining protocols are previously published®.
Briefly, mice were deeply anesthetized by inhalation of a high con-
centration of isoflurane in a sealed container followed by rapid cardiac
perfusion with PBS then 4% PFA before decapitation and tissue col-
lection. Tissue sections were permeabilized with PBS containing 0.4%
of Triton X-100 then blocked with PBS containing 5% normal goat
serum and 0.1% Triton X-100 for 1h at room temperature and incu-
bated with primary antibody of interest overnight at 4 °C. The primary
antibodies that were used were Rabbit anti-Brn3a (Synaptic Systems,
411003; 1:1000), Rabbit anti-mouse PSD95 (abcam, ab18258; 1:1000),
Chicken anti-mouse Synaptophysinl (Synaptic Systems, 101006;
1:500), Rabbit anti-CD3 (Dako, A0452; 1:200), Rabbit anti-mouse IBAL
(Wako, 019-19741; 1:500), Chicken anti-IBA1 (Encor CPCA-IBAL;
1:1000), Mouse anti-TMEMI19 (Synaptic Systems, 400 011; 1:500),
Mouse anti-yH2AX (Thermo Scientific, MA1-2022; 1:400), Mouse anti-
Tubulin Il (Biolegend; 1:500) Rabbit anti-ySynuclein (ySyn) antibody
(custom; via Covance as discussed elsewhere’®), Mouse anti-DAP12
(Tyrobp) (Santa Cruz, sc-166085; 1:400), Rat anti-CD68 (Thermo Sci-
entific, 14-0681-82; 1:300), Mouse anti-SMI32 (BioLegend 801701;
1:500), Mouse anti-80OHdG (R&D Systems 4354-MC-050; 1:400), and
Rabbit anti-Phospho-S6 Ribosomal Protein (Cell Signaling Technology

#4858; 1:100). The sections were then incubated for 1h at room tem-
perature with species-specific secondary antibodies directly con-
jugated to Alexa fluorophores (1:1000, Invitrogen) followed by nuclei
staining with Hoechst. A coverslip was mounted onto sections using
aqua poly/mount reagent (Polysciences, Warrington, PA, USA). Images
were captured using a Zeiss Axio Observer Z1 epifluorescence micro-
scope and Axiovision software with the appropriate excitation and
emission filters. For confirmation of microglial expression of key
markers in mouse brain, images were taken using a Zeiss 900 Confocal
Microscope.

For all mouse retinal synaptic marker quantifications, the IPLs of
six equidistant 145 pm-wide ROIs per retina were analyzed using Ima-
geJ software (Fig. S20). IPLs were outlined using the Hoechst nuclear
stain to identify the nuclear layer boundaries. Intensity of staining was
measured using Raw Integrated Density. To confirm correlation of Raw
Integrated Density analysis with confocal percent area positive meth-
ods, we imaged retinas at peak EAE on a Zeiss 900 Confocal Micro-
scope at 63x and performed consistent thresholding with ImageJ on
the IPL region to determine the percentage of the IPL that stained
positive for PSD95. For quantification of yH2AX, each RGC (denoted as
ySyn* cells) along the length of an entire retina was assessed for the
presence or absence of yH2AX signal. For 80OHdG signal intensity
quantification, 6 equidistant regions were selected per retina as pre-
viously described and the MFI of 8OHdG was calculated in the ganglion
cell layer. Image) software was used to quantify mean fluorescent
intensity of the immunofluorescent signal by persons blinded to
sample information. For optic nerve, three cross sectional regions
were quantified as previously described®.

To confirm the reduction in post-synaptic density in the IPL,
Imaris10 software was used to analyze confocal images of retinas from
mice at peak EAE (day 16) that were stained for the presynaptic marker
Ribeye (clone 2D9 kindly gifted by the Frank Schmitz lab, located in
ribbon synapses between interneurons and RGCs) and PSD95. In brief,
retinas were sectioned and stained as previously described. Four
regions sized 33.7 um x 33.7 um x 2.5 um were placed in the center of
each retina and imaged at 63x with 0.1 um step size. Iterative analysis
was performed by highlighting first Ribeye+ synapses with the circle
drawing mode on multiple z-stack sections throughout each region,
highlighting negative space, and then repeating that analysis for
PSD95+ regions. The locations where there was a non-zero overlap
between Ribeye+ and PSD95+ punctae were analyzed for density of
intact synapses.

RGC counts

To count RGC number in whole retina, a mosaic image of the whole
mount retina was captured using a Zeiss Axio Observer Z1 epi-
fluorescence microscope with a motorized stage and a z-stack step size
of 1um. After the images were acquired, each retinal quadrant was
segmented into central, middle, and peripheral regions and 4 areas
were counted per region, as shown in Fig. 5b and described
previously*. Our MATLAB-based semi-automated RGC counting
algorithm was used to determine RGC number in each mouse®®. Briefly,
selected segments were exported as tagged image file format (TIF) and
fed into a custom MATLAB (Mathworks, Natick, MA, USA) size seg-
mentation algorithm to perform automated counts. Cells in selected
retinal segments undergo filtering, automatic or user-defined thresh-
olding, and binarization followed by identification of cell boundaries.
Labeled RGCs were counted at 20X magnification and a total of twelve
regions were averaged to represent RGC density for each mouse retina.
All analyses were performed masked to genotype and behavior score
and data underwent quality control check.

Single cell isolation
Two new single-cell RNA transcriptomic experiments are described in
this paper (in addition to the new single nucleus RNA sequencing

Nature Communications | (2025)16:3481

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58708-3

experiment experiment described below) - probe-based RNA profiling
(Figs. 1, 2) and 3’ Poly-A myeloid C3 reporter (Fig. S4).

Single cell isolation and FACS - probe-based RNA profiling (Figs. 1,
2, $1-S3). 6 C3 reporter animals (3 M, 3 F) were sacrified at day 18 post-
immunization (EAE scores: 2.5,2,2.5,1.5,2,1.5). Mice were euthanized by
exposure to a high concentration of evaporated isoflurane in a sealed
container then rapidly cardiac perfused with chilled Hanks Balanced
Salt Solution (HBSS) without cations containing triptolide (10uM
Sigma-Aldrich, cat T3652-IMG), anisomycin (27.1ug/mL, Sigma-
Aldrich, cat A9789-5MG), and actinomycin D (Sug/mL, Sigma-Aldrich,
cat A1410-2MG) to prevent papain induced transcriptional artifacts as
previously described’ followed by decapitation. Brains were dissected
out from skulls and spinal cords were flushed from columns with
hydrostatic pressure into the same HBSS used to perfuse. Tissue was
then chopped into small pieces and transferred into digestion buffer
(20 U/mL Papain (Worthington Biochemical, cat LS003120), 100 U/mL
Deoxyribonuclease I (Worthington Biochemical, LS002006), 22.5 mM
D(+) glucose, 26 mM NaHCO3, 0.5 mM EDTA, ImM L-cysteine, 10uM
triptolide, 27.1 ug/mL anisomycin, Sug/mL actinomycin D in Earle’s
Balanced Salt Solution with pH adjusted to 7.41). Tissue was dis-
sociated at 37°C under slow rotation for 30 min with manual trituration
every 10 min. Following dissociation, tissue was passed over pre-wet
100um filters which were washed with additional HBSS with cations.
Dissociated tissue was then centrifuged at 300g for 10 min, then
resuspended in chilled Phosphate Buffered Saline (PBS). Myelin was
removed using Myelin Removal Beads Il (Miltenyi Biotec, cat 130-096-
731). Dissociated cell pellets were resuspended in 2.34 mL MACS buffer
(0.5% Bovine Serum Albumin, 2 mM EDTA in PBS) and 260uL of Myelin
Removal Beads were added. Cells and beads were mixed and incubated
for 15 min at 4c then washed with 13 mL MACS buffer and centrifuged
at 300 g for 10 min. Supernatant was removed and cell pellet was
resuspended in 4 mL MACS Buffer. Each 4 mL sample was then passed
over 4 separate pre-wetted LS columns (Miltenyi Biotec, cat 130-042-
401), 1mL per column. LS columns were then washed twice and then
eluted with 1 mL MACS buffer. All flowthrough from the 4 columns per
sample containing the myelin free cells was collected and pooled. Cells
were then centrifuged at 300 g for 10 min and resuspended in chilled
PBS then counted by flow cytometer. From the initial 6 mice, 3 pools
were created by combining 2 mice per pool. Pool 1 was 2 F, Pool 2 was
2M, and Pool 3 was 1M and 1F (individual cell counts per mouse in
Supplemental Data 1). Following pooling, cells were incubated with an
Fc blocking antibody (clone S17011E, Biolegend, cat 156604) at 1:200
and Live/Dead Violet at 1:1000 (Life Technologies cat L34963) in
PBS for 20 min. Cells were washed with 0.1% BSA in PBS and then
stained with surface antibodies in 0.1% BSA. Surface antibodies inclu-
ded Anti-ACSA2 APC at 1:50 dilution (clone REA969, Miltenyi Biotec,
cat 130-116-245) Anti-CD45 APC-Fire750 (clone 30-F11, Biolegend, cat
103154) and Anti-CD11b BV510 at 1:500 dilution (clone M1/70, Biole-
gend, cat 100353). After 30 min in surface stain, cells were washed with
0.1% BSA and resuspended in 0.1% BSA and sorted on a BD Fusion (4
laser - V/B/Y/R) at the SKCCC High Parameter Flow Core using a
100 um nozzle using gates as described in Supplemental Fig. 1a. The
CD45-;ACSA2 +;C3-tdT+ population was too small to be sorted on its
own (given the number of washing steps that were required following
the sort), so the sorting gate for the CD45-;ACSA2 +;C3-tdT+ and C3-
tdT- population was drawn in such a way to capture all of the C3-tdT+
cells and only a small fraction of the C3-tdT- cells. This was in an effort
to enrich for the rarer C3-tdT+ population relative to the larger C3-tdT-
population.

Single cell isolation and FACS - 3' Poly-A Myeloid scRNAseq
(Fig. S4). 4 C3 reporter animals (3F, IM) were deeply anesthetized by
exposure to a high concentration of evaporated isoflurane in a sealed
container then rapidly cardiac perfused with chilled HBSS without

cations containing triptolide, anisomycin, and actinomycin D followed
by decapitation and dissociated at day 18 post-immunization (EAE
scores: 3,3,3,2.5) as in the probe-based RNA profiling, except only
brains and not spinal cords were extracted and dissociated. In addi-
tion, instead of myelin removal beads, myelin was removed using
Debris Removal Solution (Miltenyi Biotec, 130-109-398) by resus-
pending the cell pellet in 4.3 mL chilled PBS, then adding 1.25mL
Debris Removal Solution and mixing by pipetting 10 times. Cells were
then overlayed with 4 mL chilled PBS and spun 3000 g for 15 min with
medium acceleration and brake. The supernatant was aspirated all the
way to the pellet and the tube was filled with 15 ml chilled PBS. Cells
were then spun again at 1000 g for 10 min with full brake and accel-
eration. Supernatant was again aspirated and cells were resuspended
in 500ul chilled PBS then all 4 mice were pooled into a single sample
prior to proceeding to fluorescence-activated cell sorting (FACS).
FACS was performed as in the probe-based RNA profiling except the
CD11b antibody was conjugated to PerCP-Cy5.5 (Biolegend 101228),
the live/dead stain was Live/Dead NIR (Life Technologies L34975), and
cells were sorted into two populations - CD45+;CD11b+;C3-tdTomato+
and CD45+;CD11b+;C3-tdTomato- (cell counts in Supplemental Data 1)
on a BD FACS Aria Ilu (3 laser - V/B/R) at the JHU Ross Flow
Cytometry Core.

Single nuclei isolation

For the new single nucleus RNA sequencing data from the optic nerve
experiment (Fig. 3), either wild type or C3 knockout mice were
euthanized at day 16 post immunization by exposure to a high con-
centration of evaporated isoflurane in a sealed container until suffi-
ciently anesthetized then were rapidly cardiac perfused with chilled
HBSS. Eyeballs were enucleated and optic nerves detached and flash
frozen in liquid nitrogen then stored at liquid nitrogen long term. Mice
were then cardiac perfused with 4% PFA followed by decapitation.
When sufficient samples had been collected, optic nerves were
retrieved from liquid nitrogen and nuclei were isolated using 10X
Chromium Nuclei Isolation Kit (10X Genomics, cat 1000493) accord-
ing to manufacturer’s recommendations but with some modifications.
Briefly, optic nerves were mechanically dissociated in Lysis Reagent
(10X genomics, cat 2000558) with Surfactant A (10X genomics, cat
2000559), Reducing Reagent B (10X genomics, cat 2000087) and
RNAse Inhibitor (10X Genomics, cat 2000565) using a glass Dounce
homogenizer (Sigma-Aldrich, cat D8938-1SET), with 20 twists using
large pestle then 15 twists using small pestle. Samples were transferred
to a Nuclei Isolation Column (10X Genomics, cat 2000562) and cen-
trifuged at 16,000 G for 20 s at 4 °C. Column was discarded and flow-
through briefly vortexed and then transferred to pre-chilled 5mL
conical and centrifuged for 3 min at 500 g and 4 °C. Supernatant was
aspirated and pellet was resuspended in 500 uL Debris Removal
Reagent (10X Genomics, cat 2000560) and centrifuged for 10 min at
700 g and 4 °C. The top portion of the supernatant was aspirated and
the remaining supernatant and nuclei pellet were centrifuged again for
10 min at 150 g and 4 °C. Supernatant was completely aspirated and
nuclei were resuspended in 2 mL Wash Buffer (1% BSA in PBS with
RNase Inhibitor). Nuclei were then centrifuged one final time at 500 g,
4 °C, supernatant was removed, and nuclei were resuspended in 30 pL
nuclei resuspension buffer (IX Nuclei Buffer (10X genomics, cat
2000207), 1:1000 Reducing Agent B, 1:40 RNase Inhibitor) in nuclease-
free water.

Single cell and nuclei partitioning and RNA-seq library
preparation

Probe-based RNA profiling (Figs. 1, 2, S1, S2). For the Probe-based
RNA samples (Figs. 1, 2), following FACS 9 samples (3 cell types per
pool, 3 pools) were centrifuged then resuspended in 1 mL Fixation
Buffer (4% Formaldehyde (ThermoFisher, cat BP531-25), 1X Conc. Fix
and Perm Buffer (10X Genomics, cat PN-2000517) in nuclease free

Nature Communications | (2025)16:3481

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58708-3

water) and left overnight at 4 °C (Sorted counts available in Supple-
mental Data 1). The next morning the samples were centrifuged,
supernatant removed, and cell pellet resuspended in 1 mL quenching
buffer (10X Genomics, cat PN-2000516). Then 100uL of Enhancer (10X
Genomics, cat 2000482) and 275uL 50% glycerol were added and
samples were stored at —80 °C until processing. Samples were later
thawed at the Johns Hopkins Single Cell and Transcriptomics Core and
processed according to manufacturer’s recommendation for Chro-
mium Fixed RNA Profiling using Multiplexed samples. Steps consisted
of probe hybridization (where each probe is barcoded to a particular
sample) followed by a post-hybridization cell count. The 9 samples
were then pooled equally (22,750 cells per sample) and washed. GEM
generation and barcoding were performed using a Chromium Next
Gem Chip Q, which was run in a Chromium X controller, followed by
library construction. Which probe barcode corresponds to which
sample is included in Supplemental Data 1.

3' chemistry (Fig. S3). For the myeloid C3 reporter (Fig. S3), following
FACS cells were centrifuged then resuspended in 0.1% BSA and coun-
ted on hemocytometer. Cells were then loaded onto a Chromium Next
Gem Chip G and GEMs were generated using 10X Genomics Single
Index 3’ v3.1 chemistry according to manufacturer’s recommendation.
The GEM generation and library preparation was done at the Johns
Hopkins Single Cell and Transcriptomics Core.

Multiome. The optic nerve nuclei dataset was generated using the
10X Genomics MultiOme ATAC + Gene Expression kit (cat 1000285).
Following nuclei isolation (as detailed in “Single Nuclei Isolation”
above), nuclei were counted on a Countess 3 FlI automated cell
counter (Life Technologies) in 1 pg/mL acridine orange using a GFP
light cube. We counted 14,910 (WT-1), 103,500, (WT-2) 57,000 (KO-1),
and 30,000 (KO-2) nuclei for the 4 samples. For samples WT-1, KO-1,
and KO-2 we transferred 5 pL of nuclei (-1543, 5901, and 3106 nuclei
respectively) into 10 pL transposition mix (7 uL ATAC Buffer B (10X
Genomics, cat 2000193)), 3 uL ATAC Enzyme B (10X genomics, cat
2000272). For sample WT-2 we only transferred 2.84 pL (-6086
nuclei) and 2.16 pL of the nuclei resuspension buffer to avoid having
too much variability in nuclei number between the samples. The
15puL (SpL nuclei, 10 pL transposition mix) were pipette mixed 6
times (pipette set to 10 pL), and then incubated at 37 °C for 60 minin
a C1000 touch thermal cycler (Bio-Rad) with reaction volume set to
15 L and lid set to 50 °C. Nuclei were then loaded onto Chromium
Next Gem Chip ] and partitioned into GEMs on a Chromium Con-
troller. Both gene expression and ATAC libraries were then prepared
according to manufacturer’s recommendation. While the ATAC data
were of high quality, there were insufficient nuclei to find convincing
differences between the WT and KO datasets given the sparsity of the
ATAC data. These analyses were not included in this paper, but the
raw sequencing data and fragment quantification is available in the
GEO repository.

Library sequencing. All transcriptomic libraries were sequenced on
an Illumina NovaSeq 6000 at the Johns Hopkins Single Cell and
Transcriptomics Core according to Illumina and 10X Genomics
recommendations. The Probe-based RNA Profiling and optic nerve
nuclei Multiome Gene Expression libraries were sequenced on S4
200 flow cells as follows: Read 1: 28 base pairs (bp), i7 Index: 10 bp, i5
Index: 10 bp, Read 2: 91 bp. The myeloid C3 reporter libraries were
sequenced on an S4 200 flow cell as follows: Read 1: 28 bp, i7 Index:
8 bp, Read 2: 91 bp. The CD45 C3 Reporter 3’ library was sequenced
on an S2 100 flow cell as follows: Read 1: 28 bp, i7 Index: 10 bp, i5
Index: 10 bp, Read 2: 90 bp. The optic nerve nuclei Multiome ATAC
libraries were also sequenced on a NovaSeq 6000 using an S4 200
flow cell as follows: Read 1N (R1): 50 bp, i7 Index (I1): 8 bp, i5 Index
(R2): 24 bp, Read 2 N (R3): 50 bp. Fastq files from all sequencing reads

were generated when data was uploaded to the Basespace Sequen-
cing Hub (Illumina).

Generation of expression matrices from sequencing data. Fastq files
from Illumina Sequencing Hub were processed using Cell Ranger (10X
Genomics) to generate gene expression matrices. The optic nerve
nuclei from the Multiome library preparation were processed with
cellranger-arc count (v2.0.2) against mm10-2020-A reference provided
by 10X Genomics with “Include introns” option set to True. The Probe-
based RNA Profiling libraries were processed with cellranger multi
(v7.1.0) using 10X provided mm10-2020-A reference and Chromium
Mouse Transcriptome Probe Set v1.0.1. The 3’ Myeloid C3 reporter
libraries were processed with cellranger count (v7.0.1) (“Include
introns” set to True) against a custom reference generated with cell-
ranger mkref that added the sequence for tdTomato and EGFP (called
TDT and GFP in reference) to the Ensembl GRCm39.104
transcriptome®,

Transcriptomic data processing

Expression matrices generated by Cell Ranger were primarily pro-
cessed in R (v.4.2.3) with the package Seurat (v4.3.0.1)°° with additional
functionality being provided by R packages SingleCellExperiment
(v1.20.1)°7%8,  scuttle (v1.8.4)”7, scran (v1.26.2)°°, scDblFinder
(v.112.0)'%°, scCustomize (v.1.1.3)'"", and edgeR (v3.40.2)'>. For all
datasets, the cell count, average UMI count, median feature count, and
mean mitochondrial ratio both before and after quality control are
listed in Supplemental Data 1.

Probe-based RNA Dataset comparing C3* Myeloid, C3™~ Myeloid,
and CD457;ACSA2’ Cells. Filtered feature counts were imported into
R with Seurat’s ReadlOX h5 function then converted to Seurat
Objects with CreateSeuratObject using default options. The ratio of
detected transcripts mapping to mitochondrial genes was calculated
with Seurat’s PercentageFeatureSet function. For each individual
sample (n=9), poor quality cells were identified with the per-
CellQCFilter function from the scuttle package which identifies out-
liers for UMI count, feature count, and mitochondrial ratio as being
more than 3 median absolute deviations from the median. Outliers
were then removed from each dataset. Doublets were predicted with
scDblFinder using default settings on each individual sample and the
predicted doublet score and class were then added to each cell’s
metadata. The predicted doublets were retained to help identify
likely doublets in downstream analyses that did not rise to the
threshold of being called a doublet. The 9 datasets were then merged
into a single dataset and UMI count data was normalized with a
regularized negative binomial regression with Seurat’s SCTransform
function using default parameters. Using the normalized dataset, we
then used Seurat to run principle component analysis (RunPCA),
perform uniform manifold approximation and project (UMAP)
dimensionality reduction (RunUMAP, using first 30 principle com-
ponents), create a nearest neighbor graph (FindNeighbors, using first
30 principle components), and identify clusters based on the nearest
neighbor graph using the original Louvain algorithm (FindClusters).
Cell types were then identified based on marker gene expression and
subsetted to cell types of interest (astrocytes, microglia, monocytes/
macrophages) (Fig. S2b, f). Subclustering was then performed on
these cell subsets by repeating the above analyses on only the cells of
interest, except using the glmGamPoi'® method instead of the
default poisson in the UMI normalization and resolution for
FindClusters was set to 0.8.

Optic nerve nuclei comparing C3 WT vs C3 KO. Filtered feature
counts were processed identically as for the probe-based RNA dataset
above, but with 4 samples (n=2 WT, n=2 KO). The negative binomial
transformation used the glmGamPoi method for the UMI count
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normalization of both the full dataset as well as in the subclustering
analyses. The UMAP and nearest neighbor graph for the full dataset
were constructed with the first 29 principal components. Cell type
subsets were subclustered as in the probe-based RNA dataset
(Fig. S7b).

3' Myeloid C3 reporter and 3' CD45- C3 reporter datasets. Both of
these datasets were analyzed similarly to those above. Both contained
2 libraries, a C3-tdT* sorted population and a C3-tdT" sorted popula-
tion. Poor quality cells were identified as those greater than 3 median
absolute deviations from the median for UMI count, Feature Count, or
mitoRatio except for the CD45™ C3 reporter dataset, for which we used
an absolute value of 15% as the upper threshold for mitochondrial
ratio. After quality control was performed for each individual library as
described above, the positive and negative populations were merged
into a single Seurat object and analysis proceeded as described above.
For both datasets, 40 principles components were used for the nearest
neighbor graph and Louvain clustering. Cell type subclustering was
performed as described above.

Integration of transcriptomic datasets. For comparing C3 WT and C3
KO optic nerve nuclei with a dataset that included CFA controls, raw
sequencing data was retrieved for the 3 EAE and 3 control 5" scRNA-
seq libraries previously published by Fournier et al.*> under GEO
accession GSE199460. Reads were aligned with Cell Ranger (v7.1.0)
against the mm10-2020-A reference provided by 10X Genomics with
“Include introns” set to True. The filtered feature counts were then
imported into R using Seurat and QC was done similarly to the pre-
viously published analysis, with cells being removed that had a fea-
ture count less than 750 or greater than 5500 or a mitochondrial
ratio greater than 10. Doublets were predicted on a per sample basis
with scDblFinder but retained. Data were normalized and the
microglia populations were subsetted. We then integrated three
datasets using canonical correlation analysis (CCA) with Seurat’s
IntegrateData pipeline'® - microglia from the merged C3 WT vs KO
optic nerve nuclei dataset described above, the merged microglia
from the 1st batch of samples in the Fournier dataset (n=1 EAE, 2
control) and the merged microglia from the 2™ batch of samples in
the Fournier dataset (n=2 EAE, 1 control) after each dataset had
independently been normalized for UMI count with SCTransform.
Following integration, we ran PCA, created a nearest neighbor graph
(with 1* 30 PCs), ran Louvain clustering, and performed UMAP ana-
lysis (with 1 30 PCs) with Seurat. For comparing the optic nerve
microglia (Fig. 3) with those from the brain (generated with 3’ PolyA
scRNAseq methodlogy, Fig. S4), the two subsetted microglia datasets
were merged into a single Seurat object then integrated with cano-
nical correlation analysis using the log normalized expression
values'®*. We then performed UMAP dimensionality reduction using
the first 20 dimensions of the CCA integration followed by unsu-
pervised clustering as described above (again with the first 20
dimensions)using a resolution of 0.4.

Pseudobulk differential expression testing. Differential expression
testing was performed using the methodology of the pseudoBulkDGE
function in the scran package but was done step by step as previously
described’® rather than via the function call itself. Briefly, pseudo-
bulked expression for each sample:cell type pairing was generated
with Seurat’s AggregateExpression function on the raw count data.
These count matrices were then converted to DGEList objects with
edgeR and lowly expressed genes were removed with the function
filterByExpr. Per sample normalization factors were calculated (calc-
NormFactors) followed by estimated negative binomial dispersions
(estimateDisp). We then fit a quasi-likelihood negative binomial
model (glmQLFit, robust argument set to TRUE) and tested for dif-
ferential expression between genotypes (or sort for the probe-based

RNA profiling experiment). Genes with a false discovery rate (FDR)
adjusted p-value less than 0.05 were considered to be differentially
expressed.

Marker gene identification. Marker genes for individual clusters
throughout the transcriptomic datasets were identified using Seurat’s
FindAllMarkers function with default parameters. Marker genes for
microglia subclusters included in Supplemental Data 3 were filtered on
those that had adjusted p-values <0.05. For integrated datasets, Ser-
uat’s FindConservedMarkers function was used filtering on genes that
were positive with a minimum percentage set to 0.25 and a log2Fold-
change threshold set to 1.5.

GSEA analysis of differentially expressed genes. The gene-set
enrichment analysis (GSEA) was performed using GSEA software ver-
sion 4.3.2 using pre-ranked gene lists generated by the edgeR pseu-
dobulk differential expression testing'®'°. When comparing
microglial subclusters in Fig. 2, FindAlIMarkers was used to generate a
list of DEGs in each cluster which were subsequently sorted based on
log 2-fold change, resulting in a ranked gene list. Normalized enrich-
ment score and FDR were used to determine pathway enrichment
significance. GSEA plots were visualized with the R package “ggplot2”.

Pathway analysis with IPA. To determine which pathways were sig-
nificantly enriched in key cell types, genes with FDR <0.05 (as deter-
mined with the edgeR pseudobulk differential testing) were analyzed
using Ingenuity Pathway Analysis software (Qiagen, version
107193442). The top enriched pathways (smallest p-value) were plot-
ted using the R package “ggplot2”.

Differential abundance testing. Differential abundance testing was
done with the edgeR package which uses a negative binomial gen-
eralized linear model’®'®, Abundances (% of each sample within each
cluster) were used from each biological (n=4, 2 per genotype). The
design formula tested for effect of genotype, ie ~ genotype. We esti-
mated negative binomial dispersion with estimateDisp with trend set to
none, then quasilikelihood dispersion using gimQLFit with abundan-
ce.trend set to false, then tested for differences in abundance between
genotypes with glmQLFTest and report p-values for each cluster
adjusted for false discovery in Fig. S9.

Proteomic and phosphoproteomic analysis of the optic nerves
of C3KO and WT EAE mice

For the proteomic and phosphoproteomic experiments, N=7 WT and
N =7 C3KO mice that were given EAE until PID 16 were score matched
and euthanized using a high concentration of evaporated isoflurane in
a sealed container to achieve sufficient anesthetization followed by
rapid cardiac perfusion with PBS after which their optic nerves were
harvested and flash frozen. Mice were then perfused with 4% PFA and
decapitated. In addition, N=2 WT and N=2 C3KO naive mice were
used as controls with the same protocol. Proteomic analysis, except for
the phosphopeptide enrichment, was conducted as described pre-
viously with minor modifications. Optic nerves were lysed by soni-
cating in 8 M urea and 50 mM triethylammonium bicarbonate (TEAB).
The samples were reduced and alkylated in 10 mM tris (2-Carbox-
yethyl) phosphine hydrochloride (TCEP) with 40 mM chloroacetamide
(CAA) at room temperature (RT) for 1h, followed by digesting them
with LysC (lysyl endopeptidase mass spectrometry grade, Fujifilm
Wako Pure Chemical Industries Co., Ltd., Osaka, Japan) at one-to-
hundred ratio for 3 h at 37 °C. After diluting urea concentration from
8 M to 2 M by adding 3 volumes of 50 mM TEAB, proteins were further
digested with sequencing-grade trypsin (Promega, Fitchburg, WI, USA)
at a one-to-fifty ratio at 37°C overnight. Peptides were desalted using
C18 StageTips (3M EmporeTM;3 M, St. Paul, MN, USA) and were
labeled using TMTpro 18-plex reagents following the manufacturer’s
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instructions (Thermo Fisher Scientific, Waltham, MA, USA). These
TMT-labeled peptides were pooled, with 25% allocated for total pro-
teome analysis and the remaining 75% allocated for phosphopeptide
enrichment.

The phosphopeptide enrichment was conducted using sequential
enrichment using a metal oxide affinity chromatography (SMOAC) kit
according to the manufacturer’s instructions (Thermo Fisher Scien-
tific, Waltham, MA, USA). Samples for total proteome analysis were
pre-fractionated using basic pH reversed-phase liquid chromato-
graphy into 96 fractions and concatenated into 24 fractions; similarly,
the enriched phosphopeptides were pre-fractionated into 96 fractions
and concatenated into 12 fractions. The samples were analyzed on an
Orbitrap Fusion Lumos Tribrid mass spectrometer interfaced with an
Ultimate 3000 RS Autosampler nanoflow liquid chromatography sys-
tem (Thermo Scientific). The acquired mass spectra files were fed into
Proteome Discoverer (version 2.4.1.15, Thermo Scientific) to identify
and quantify proteins by searching against the mouse UniProt data-
base (released in December 2019) containing common contaminant
proteins using SEQUEST HT algorithms.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism software
version 10.0.0 (GraphPad, San Diego, CA, USA). Unpaired two-tailed
Student’s t-test was used to analyze data with two comparative con-
ditions. Ordinary one-way ANOVA was used to analyze datasets with
multiple conditions. Results were considered significant if the p-value
was <0.05. Error bars indicate SEM in all figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw sequencing data, as well as Cell Ranger generated filtered
count matrices, newly generated in this manuscript are available in
the Gene Expression Omnibus under the SuperSeries accession
GSE260984. The probe-based single cell data is available in the
accession GSE260982, the 3’ myeloid data is available in the acces-
sion GSE260983, and the optic nerve nuclei data (both gene
expression and ATAC data) are available under the accession
GSE260978. The previously published 3’ CD45- C3 reporter scRNA-
seq dataset is available in the Gene Expression Omnibus under
accession GSE254863. The mass spectrometry data and search
results from this study have been deposited to the ProteomeXchange
via PRIDE partner repository with the dataset identifier ‘PXD054869’,
project name ‘Myeloid lineage C3 induces reactive gliosis and neu-
ronal stress during CNS inflammation.” [https://www.ebi.ac.uk/pride/
archive/projects/PXD054869]. Source data for immunofluorescent
quantifications and EAE behavioral scores are provided in Source
Data file. Source data are provided with this paper.
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