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ARTICLE INFO ABSTRACT

Keywords: CUB and sushi multiple domains 1 (CSMD1) is predominantly expressed in brain and robustly associated with

CSMD1 schizophrenia risk; however, understanding of which cells express CSMD1 in brain and how it impacts risk is

golf_lpler}?em. lacking. CSMD1 encodes a large transmembrane protein including fifteen tandem short consensus repeats (SCRs),
chizophrenia

resembling complement C3 convertase regulators. CSMD1 complement regulatory activity has been reported and
mapped to SCR17-21. We expressed two SCR domains of CSMD1, SCR17-21 and SCR23-26, and characterised
their complement regulatory activity using a panel of functional assays testing convertase and terminal pathway
inhibition. Both domains inhibited the classical pathway C3 convertase by acting as factor I cofactors; neither
domain caused any inhibition in alternative or terminal pathway assays. Novel anti-CSMD1 monoclonal anti-
bodies cross-reactive with human and mouse CSMD1 were generated that detected endogenous CSMD1 in human
and rodent brain; immunostaining showed predominantly astrocyte and synaptic localisation of CSMD1, the
latter confirmed using isolated synapses. Using iPSC-derived cells, astrocyte expression was confirmed and
expression on cortical neurons demonstrated. We show that CSMD1 is a classical pathway-specific complement
regulator expressed predominantly on astrocytes, neurons, and synapses in human and mouse brain. These
findings will help reveal the mechanism by which CSMD1 impacts schizophrenia risk.

Monoclonal Antibody

1. Introduction Knockout (KO) of classical pathway genes Clga, C3 or C4 resulted in
aberrant developmental synaptic pruning in mice, implicating comple-
ment in brain development (Stevens et al., 2007; Schafer et al., 2012;

Sekar et al., 2016). In mouse models of Alzheimer’s disease (AD),

The complement system fulfils a critical role in innate immunity,
acting rapidly to defend the host organism from invading pathogens and

foreign antigens. Complement cytolytic and pro-phagocytic mechanisms
are indiscriminate and its pro-inflammatory effects can inflict damage to
the host; hence, complement is tightly regulated at many points in the
cascade by numerous membrane-bound and soluble regulatory proteins
(Schmidt et al., 2016). Over the past two decades, a complex role of
complement has been described in the central nervous system (CNS).

blocking of classical pathway activation via KO of CIga or C3 or ter-
minal pathway blockade by KO of C6 or C7 or treatment with a C7-
blocking antibody, ameliorated synapse loss (Hong et al., 2016; Shi
et al., 2017; Wu et al., 2019; Carpanini et al., 2022; Zelek et al., 2024a;
b). These findings demonstrate that complement plays a key role in both
developmental and pathological synapse loss in mice. In humans,
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altered synaptic pruning has long been postulated to contribute to the
pathophysiology of schizophrenia (Feinberg, 1982). Recent studies have
implicated complement in this process; common complex variation at
the complement C4 locus associated with increased expression of com-
plement C4A was identified as a risk factor for schizophrenia, possibly
mediated by dysregulated complement-mediated synaptic pruning
(Sekar et al., 2016; Sellgren et al., 2019; Comer et al., 2020; Yilmaz
et al., 2021).

Genome-wide association studies (GWAS) of schizophrenia have
robustly identified risk variants in the vicinity of CSMD1, encoding a
putative novel complement regulator (Trubetskoy et al., 2022). CSMD1
encodes a 388 kDa (3564 amino acid) transmembrane protein
comprising 14 N-terminal Clr/s, uEGF and BMP1 (CUB) domains, each
separated from the adjacent CUB module by a single short consensus
repeat (SCR) domain, followed by 15 tandem C-terminal SCR domains
(Kraus et al., 2006). CSMD1 is primarily expressed in brain and repro-
ductive tissues in humans, rats, and mice (Kraus et al., 2006; Escudero-
Esparza et al., 2013; Steen et al., 2013), and may be involved in a variety
of physiological functions including tumour suppression, gonadal
development, and brain development (Kraus et al., 2006; Lee et al.,
2019; Gialeli et al., 2021). Complement regulation by CSMD1 was first
reported in 2006; a recombinant fragment comprising the final two C-
terminal SCR-CUB repeats and twelve of the C-terminal tandem SCR
domains (SCR14-25) of rat CSMD1 inhibited activation of the classical
pathway, but not the alternative pathway (Kraus et al., 2006). A second
report demonstrated complement regulation on human CSMD1-
expressing cells, and investigated two tandem SCR regions in CSMD1,
SCR17-21 and SCR23-26, that displayed high sequence homology with
other SCR-containing complement regulators (Escudero-Esparza et al.,
2013). CSMD1 SCR17-21 inhibited activation of the classical pathway in
vitro by acting as a cofactor for cleavage of C3b and C4b by factor I (FI),
while SCR23-26 possessed no complement regulatory properties. These
authors reported that SCR17-21 additionally inhibited membrane attack
complex (MAC) assembly via interaction with C7 and to a lesser extent
C8.

Since the publication of these two studies, no further work investi-
gating the complement regulatory activity of CSMD1 has been pub-
lished. Several questions remain unanswered, including precisely how
CSMD1 inhibits the C3 convertase, whether it has convertase decay
accelerating activity, and how it inhibits the terminal pathway. This
latter property in an SCR-containing protein is unexpected, although
others reported that the SCR-containing factor H-related protein 1
(FHR1) impeded MAC assembly by binding to C5b6 (Heinen et al., 2009;
Michelfelder et al., 2018). There is also a lack of data on what cell types
express CSMD1 in human and mouse brain, largely a consequence of the
lack of validated CSMD1 antibodies, with only two published studies
reporting neuronal expression of CSMD1 protein in rodent tissue (Baum
et al., 2024; Kraus et al., 2006). Although a handful of CSMD1 anti-
bodies, mostly polyclonal (pAbs), have been reported and made avail-
able commercially, their specificity and utility in core methods such as
enzyme-linked immunosorbent assay (ELISA) and immunohistochem-
istry (IHC) is not clear, an issue that impacts study of the link between
complement and schizophrenia (Sekar et al., 2016; Sellgren et al., 2019;
Comer et al., 2020).

The dearth of studies and residual uncertainties necessitate replica-
tion and further characterisation of the complement inhibiting proper-
ties of CSMD1 and its potential role in regulation of complement in the
brain. To address these gaps, we recombinantly expressed CSMD1 re-
gions SCR17-21 and SCR23-26 as Fc-fusion proteins and characterised
their complement regulatory properties via an array of functional as-
says. Additionally, we generated a panel of mouse monoclonal anti-
bodies (mAbs) against CSMD1 SCR17-21 that detect intact human and
mouse CSMD1 in cells and tissues and utilised them to investigate which
brain cell types express CSMD1 in these species.
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2. Materials and methods
2.1. Chemicals

Reagents and chemicals were of analytical grade and were purchased
from Fisher Scientific unless stated otherwise. Composition of
phosphate-buffered saline (PBS) is 137 mM NacCl, 2.7 mM KCl, 10 mM
NayHPOy4, 1.8 mM KHPOy, pH 7.4. HEPES-buffered saline (HBS) com-
prises 10 mM HEPES, 150 mM NacCl, 135 uM CaCly, 1 mM MgCly, pH 7.4.
Alternative pathway buffer (APB) comprises 10 mM HEPES, 150 mM
NaCl, 3 mM MgCly, 5 mM EGTA, pH 7.4. Borate-buffered saline (BBS)
composition is 100 mM H3BOs, 75 mM NaCl, 25 mM NayB407, pH 8.0.

2.2. Cell culture

SP2/0-Agl4 mouse myeloma cells (European Collection of Animal
Cell Cultures) were cultured in RPMI 1640 medium containing 2 % (w/
v) penicillin/streptomycin, 2 mM glutamine, 1 mM sodium pyruvate,
and 15 % (v/v) foetal bovine serum (FBS; Gibco) at 37 °C (5 % CO»).
Expi293F cells (Gibco) were cultured in Expi293F medium (37 °C, 8 %
CO3). KOLF2 induced pluripotent stem cells (iPSCs; Wellcome Trust
Sanger Institute) were cultured in mTeSR Plus medium (STEMCELL
Technologies) at 37 °C (5 % CO3) on plates coated with Geltrex (Thermo
Fisher Scientific, A1413201). Published methods were followed for
differentiation of iPSCs into cortical neurons and astrocytes (Shi et al.,
2012; Serio et al., 2013; Maguire et al., 2021).

2.3. Animals

All animal procedures performed were compliant with the Animals
Scientific Procedures Act 1986 and local institutional regulations.
C57BL/6 wild-type (WT) mice (Envigo) were group-housed in envi-
ronmentally enriched cages, under standard pathogen-free conditions,
with a 12-hour light/dark cycle, food, and water available ad libitum.
Mice were humanely sacrificed via asphyxiation with increasing CO,
concentration, death was confirmed by palpation. Whole blood was
collected by transcardial puncture, incubated at room temperature (RT;
10 min) to allow clotting, followed by 1 h on ice, and then centrifuged at
17,000 x g (15 min, 4 °C). Serum was removed and stored at —80 °C.
Exsanguinated mice were intracardially perfused with cold PBS, brains
were extracted and halved sagittally, one half stored in 1.5 % (w/v)
paraformaldehyde (PFA) for use in immunofluorescence, the other half
snap frozen in liquid nitrogen and stored at —80 °C for synaptoneur-
osome isolation performed as described previously (Carpanini et al.,
2022).

2.4. Human tissue

Cryopreserved post-mortem brain tissue from five AD cases (Braak
VD) and five controls was provided by the Edinburgh Brain Bank
(Table S1). Immunostaining was performed on AD tissue; synapto-
neurosomes were isolated from control tissue using published methods
(Tzioras et al., 2023). Use of human tissue for post-mortem studies was
reviewed and approved by the Edinburgh Brain Bank Ethics Committee
and the Medical Research Ethics Committee (the Academic and Clinical
Central Office for Research and Development, a joint office of the Uni-
versity of Edinburgh and NHS Lothian, approval number 15-HV-016).
The Edinburgh Brain Bank is a Medical Research Council funded facility
with Research Ethics Committee (REC) approval (16/ES/0084).

2.5. Protein expression and purification

Custom pcDNA3.1 plasmids encoding human CSMD1 SCR17-21 and
SCR23-26 with C-terminal human IgG3-Fc-tags were designed in-house
and purchased from GenScript. Plasmid stocks were established by
transformation of DH5a Escherichia coli (Invitrogen), inoculation of
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overnight culture, and plasmid isolation via maxi-prep (QIAGEN; man-
ufacturer’s instructions). CSMD1 Fc-fusion proteins were expressed by
transfection of Expi293F cells according to the manufacturer’s in-
structions (Thermo Fisher Scientific); purification was performed using
protein G affinity with a 5 ml HiTrap Protein G HP column (Cytiva;
manufacturer’s instructions) followed by overnight dialysis (4 °C) into
PBS with 12-14 kDa cut-off dialysis tubing (Medicell). Aggregates were
removed and pure CSMD1 Fe-fusion proteins desalted into HBS by size-
exclusion chromatography on a Superdex 200 column (Cytiva; manu-
facturer’s instructions). Protein concentrations were determined by BCA
assay (Thermo Fisher Scientific; manufacturer’s instructions).

2.6. Haemolytic assays

Antibody-sensitised sheep erythrocytes (ShEA) were generated by
isolating erythrocytes from blood (TCS Biosciences) and sensitising with
Amboceptor (Siemens) as described previously (Zelek et al., 2019; Zelek
and Morgan, 2020; Byrne et al., 2021). Rabbit erythrocytes (RbE) were
prepared from blood (TCS Biosciences) as described (Zelek et al., 2019).
HBS containing calcium and/or magnesium ions was used in haemolysis
assays as described (Zelek et al., 2018a). Classical pathway regulatory
properties of CSMD1 Fc-fusion proteins, the positive control APT070
comprising SCR1-3 of human complement receptor 1 (CR1; gifted by Dr.
Richard Smith, King’s College London), and the negative control poly-
clonal human IgG3 (in-house) were investigated as follows: ShEA were
diluted to 2 % (v/v) in HBS and added (50 pl/well) to a serial dilution of
each test protein in HBS (100-0 ug/ml; 50 pl/well) in a 96-well round-
bottom plate; all wells were supplemented with a dose of normal human
serum (NHS; 2.5 % in HBS) previously calculated to give near-complete
lysis. ShEA (50 pl/well) supplemented with 100 pl/well of HBS or
ddH50 were used as references for 0 % and 100 % lysis, respectively.
Plates were incubated at 37 °C (30 min), centrifuged at 800 x g (5 min,
4 °C), supernatant (100 pl/well) transferred to a 96-well flat-bottom
plate and absorbance at 405 nm measured with a FLUOstar™ Omega
Microplate Reader (BMG LABTECH). Alternative pathway regulatory
activity was investigated as above with 2 % RbE instead of 2 % ShEA,
APB instead of HBS (containing EGTA to inhibit classical pathway
activation), and 25 % NHS instead of 2.5 % NHS.

Decay acceleration and inhibition of classical pathway convertase
assembly by CSMD1 Fc-fusion proteins was assessed as follows: C5-
depleted human serum (C5DHS; in-house; 5 % in HBS; 50 pl/well)
was added to ShEA (2 % in HBS; 50 ul/well) in 96-well plates and
incubated at 37 °C (10 min) to allow convertase assembly. Inhibition of
convertase assembly was tested by including serial dilutions of each test
protein in HBS (100-0 pg/ml; 50 pl/well). Plates were centrifuged (800
x g 1 min), supernatant removed, ShEA washed with cold HBS (200 ul/
well) and resuspended in 50 ul/well HBS. NHS (2.5 % in HBS containing
40 mM EDTA, 50 ul/well) was added and incubated at 37 °C (30 min) to
develop lysis from the residual pre-formed convertases. Convertase
decay acceleration was assessed by generating convertase as above,
incubating the convertase-coated cells at 37 °C (10 min) with a serial
dilution of each test protein in HBS containing 40 mM EDTA (100-0 pg/
ml; 50 pl/well), washing and developing lysis as above. In both assays,
percentage lysis was measured as for the standard haemolysis assay.

Terminal pathway inhibition by CSMD1 Fc-fusion proteins was
investigated using reactive lysis as described (Zelek et al., 2018b; Zelek
and Morgan, 2020). Guinea pig erythrocytes (GpE; TCS Biosciences)
were diluted to 1 % (v/v) in HBS and aliquoted into a 96-well round-
bottom plate (50 pl/well). Terminal pathway components (purified in-
house) were sequentially added (each at 12.5 ul/well), each addition
separated by a 10-minute incubation at 37 °C; C5b6 (45 ng/ml final
concentration in 150 ul), C7 (184 ng/ml final), C8 (168 ng/ml final), and
C9 (383 ng/ml final). The plate was then incubated at 37 °C (30 min)
and lysis measured as above. MAC inhibition by the test proteins was
assessed by adding them in serial dilution in HBS (100-0 pg/ml; 50 ul/
well) prior to addition of C7 or by pre-incubating with C7 or C8 (30 min,

289

Brain Behavior and Immunity 127 (2025) 287-302

37 °C) prior to addition to the cells to replicate a published study
(Escudero-Esparza et al., 2013). Plates were centrifuged and haemolysis
measured as before.

2.7. Factor I cofactor assays

C3 was purified from human plasma according to published methods
(Ruseva and Heurich, 2014); C4 was immunoaffinity purified from
human serum using a HiTrap NHS-Activated HP column coupled to the
anti-human C4 mAb D5H3 (in-house) according to the manufacturer’s
instructions (Cytiva). Methylamine-inactivated C3 (C3ya) and C4
(C4ya) were generated by incubating the respective proteins (0.5 mg/
ml) with 0.1 M methylamine (Merck) in BBS at 37 °C (2 h), then dialysed
into PBS overnight (4 °C). FI cofactor activity of CSMD1 Fc-fusion pro-
teins was investigated by incubating candidate cofactors (100 pg/ml)
with C3pya or C4ya (50 pug/ml) and FI (10 pg/ml; in-house) in HBS
overnight at 37 °C. Reactions were stopped by adding reducing sample
buffer and analysed via western blot (see SDS-PAGE).

2.8. Antibody Generation

WT mice (8-16 weeks of age) were immunised subcutaneously with
CSMD1 SCR17-21-Fc (50 pg) emulsified in complete Freund’s adjuvant
(Thermo Fisher Scientific). Mice were boosted with CSMD1 SCR17-21-
Fc (50 pg delivered subcutaneously in incomplete Freund’s adjuvant;
Thermo Fisher Scientific) four and five weeks after initial immunisation,
tail-bled one week after the second boost, and serum tested for immu-
noreactivity against CSMD1 SCR17-21-Fc via ELISA with the antigen
immobilised on the wells. Mice with the strongest immune responses
were boosted intra-peritoneally with CSMD1 SCR17-21-Fc (50 pg in
PBS), humanely killed and splenectomised two days later. Splenocytes
were harvested and fused with SP2/0-Agl4 cells; hybridomas were
selected using an established protocol (Zelek et al., 2019; Zelek and
Morgan, 2020; Byrne et al., 2021). Two weeks after fusion, conditioned
medium was harvested from each well and screened for immunoreac-
tivity against CSMD1 SCR17-21 by ELISA. Positive clones were sub-
cloned via limiting dilution three times to ensure monoclonality.
Selected CSMD1 SCR17-21-specific monoclonal hybridomas were
expanded, isotyped with an IsoStrip™ Mouse Monoclonal Antibody
Isotyping Kit (Roche), then inoculated into CELLine™ 1000 bioreactor
flasks (Corning). Conditioned media were harvested every 7-10 days
and IgG mAbs purified via protein G affinity chromatography. Selected
mAbs were conjugated to EZ-Link Sulfo-NHS-LC-Biotin according to the
manufacturer’s instructions (Thermo Fisher Scientific).

2.9. CSMD1 sandwich ELISA

CSMD1 Fc-fusion proteins were reduced to monomers with 5 mM
TCEP and alkylated with 18.75 mM iodoacetamide according to the
manufacturer’s instructions (Thermo Fisher Scientific). The mAb 3D10
was diluted to 5 pg/ml in carbonate buffer (35 mM NaHCOs3, 15 mM
NapCOs3, pH 9.6), dispensed (50 pl/well) into Nunc MaxiSorp™ flat-
bottom 96-well plates (Invitrogen), and incubated overnight (4 °C).
Blocking was performed with 100 pl/well 2 % (w/v) bovine serum al-
bumin (BSA) in PBS with 0.05 % (w/v) Tween-20 (PBS-T) for 1 h
(37 °C). Wells were washed three times with PBS-T (300 ul/well), and
either CSMD1 Fc-fusion protein monomers (1.25 pg/ml), neat NHS, neat
cerebrospinal fluid (CSF) or mouse brain homogenate (2.5 mg/ml) were
titrated in 0.2 % (w/v) BSA-PBS-T (50 pl/well) and incubated for 90 min
(37 °C). Wells were washed as above then incubated with a 2 pg/ml
dilution (50 pl/well) of biotinylated mAb 10A5 for 1 h (37 °C). Wells
were washed again and incubated with a 1:200 dilution (50 pl/well) of
peroxidase-conjugated streptavidin (R&D Systems) for 1 h (37 °C). A
final wash was performed, followed by development with O-phenyl-
enediamine dihydrochloride (SIGMAFAST™ OPD, SigmaAldrich).
Absorbance was measured at 492 nm with a FLUOstar™ Omega
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Microplate Reader.
2.10. SDS-PAGE

Samples were diluted with 5x SDS sample buffer (250 mM Tris-HCI,
pH 6.8; 50 % (v/v) glycerol, 5 % (w/v) SDS, 0.1 % (w/v) bromophenol
blue) with or without 5 % (v/v) B-mercaptoethanol and heated at 95 °C
(5 min). Samples were resolved on mPAGE 4-12 % Bis-Tris poly-
acrylamide gels (Bio-Rad) or NuPAGE 3-8 % Tris-acetate poly-
acrylamide gels with 10-250 kDa PageRuler Plus or 30-460 kDa HiMark
pre-stained protein standards, respectively (all from Thermo Fisher
Scientific). For protein staining, gels were incubated in InstantBlue
Coomassie Protein Stain according to the manufacturer’s instructions
(Abcam). For western blotting, proteins were transferred onto Amer-
sham Protran 0.45 Nitrocellulose blotting membrane (Cytiva). For total
protein quantification, post-transfer membranes were incubated in
Ponceau S staining solution (Thermo Fisher Scientific) and imaged via
autoexposure (G:BOX Chemi XX6; Syngene); densitometry was per-
formed using ImageJ (National Institutes of Health). Membranes were
blocked in PBS-T containing 5 % (w/v) BSA for 1 h (RT). Membranes
were then incubated with antibodies against CSMD1 (2 pg/ml; Abcam,
ab166908; or in-house), PSD-95 (1:500; Cell Signalling Technologies,
34508), synaptophysin (1:500; Abcam, ab32127), histone H3 (1:1,000;
Abcam, ab1791), C3b (2 pg/ml; C3.30, in-house), or C4 (2 ug/ml; E8, in-
house) in PBS-T with 5 % BSA overnight (4 °C). Membranes were
washed with PBS-T and incubated with peroxidase-conjugated donkey
anti-mouse IgG or donkey anti-rabbit IgG secondary antibodies (Jackson
Immunoresearch; 715-035-151, 715-035-152) in PBS-T with 5 % BSA
for 1 h (RT). Membranes were washed again, developed using Amer-
sham enhanced chemiluminescence (Cytiva), and imaged as above.

2.11. Immunostaining

Mouse brain halves were post-fixed overnight in 1.5 % PFA, trans-
ferred to PBS, then cut into 80 um free-floating coronal sections using a
VT1200S vibratome (Leica Biosystems). For mild antigen retrieval, brain
sections were transferred to 48-well plates containing citrate buffer (10
mM citric acid, 2 mM EDTA, 0.05 % (v/v) Tween-20, pH 6) and heated
at 62 °C (1 h). Some anti-CSMD1 mAbs (5G11, 9F10, 10D9) required
stronger antigen retrieval, in which case brain sections were transferred
to eppendorfs containing citrate buffer and heated at 95 °C (10 mins).
Sections were then blocked and permeabilised in PBS containing 0.1 %
(v/v) Triton X-100 (TxPBS) with 5 % (v/v) normal goat serum (NGS;
Vector Labs, S-1000) for 1 h (RT). Sections were then incubated with
mouse anti-CSMD1 mAbs 3D10, biotinylated 3D10, 5G11, 9F10, or
10D9 (all at 10 pg/ml; in-house), rabbit anti-CSMD1 pAb (1:1,000;
Invitrogen, PA5-67358), rabbit anti-GFAP pAb (1:4,000; Dako, Z0334),
rabbit anti-glutamine synthetase pAb (1:1,000; Abcam, ab73593), rab-
bit anti-Ibal pAb (1:1,000; Wako, 019-19741), or rabbit anti-HuC/D
mAb (1:1,000; Abcam, ab184267) in TxPBS overnight (4 °C). Co-
labelling with CSMD1 antibodies and cell markers was performed
sequentially to avoid non-specific interactions. Pre-adsorption of 3D10
was performed by incubation with a five-fold molar excess of CSMD1
SCR17-21-hIgG3-Fc for three hours (RT), centrifugation at 17,000 x g
(10 min, RT), then adding supernatant to sections. Pre-adsorption of
10D9 was performed with an excess of CSMD1 SCR17-21-hIgG3-Fc as
above. Isotype controls for CSMD1/GFAP co-staining included mouse
mADb IgG2b (BioLegend, 400301) and rabbit pAb IgG (Thermo Fisher
Scientific, 02-6102). Sections were washed three times with TxPBS and
incubated with DAPI (1:1,000; Merck), Alexa Fluor 488-conjugated goat
anti-mouse IgG (1:1,000; Invitrogen, A11001), and Alexa Fluor 594-con-
jugated goat anti-rabbit IgG (1:1,000; Invitrogen, A32740) secondary
antibodies in TxPBS for 1 h (RT). Alexa Fluor 488-conjugated strepta-
vidin (1:1,000; Invitrogen, S11223) was used to detect biotinylated
3D10. Sections were washed three times and endogenous auto-
fluorescence quenched with 0.1 % (w/v) Sudan Black B (Alfa Aesar) in
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70 % (v/v) ethanol for 10 min (RT), then washed, mounted in FluorSave
(Millipore, 345789), and imaged using an SP8 Lightning confocal mi-
croscope (Leica Biosystems). To confirm synaptic staining of CSMD1,
brain sections were incubated with 3D10 or 10D9 (10 ug/ml), chicken
anti-Homer1 pAb (1:1,000; post-synaptic maker; Synaptic Systems,
160006), and guinea pig anti-Bassoon mAb (1:1,000; pre-synaptic
marker; Synaptic Systems, 141318) in TxPBS overnight (4 °C). Sec-
tions were washed three times and incubated with Alexa Fluor 488-con-
jugated goat anti-mouse IgG (1:1,000), Alexa Fluor 594-conjugated goat
anti-guinea pig IgG (1:1,000; Invitrogen, A11076), and AlexaFluor 647-
conjugated anti-chicken IgY (1:1,000; Invitrogen, A21449) secondary
antibodies in TxPBS for 1 h (RT). Autofluorescence quenching and im-
aging were performed as above.

Human primary auditory cortex cryosections (18 um) were fixed in 4
% PFA for 10 min (RT), then blocked and permeabilised in TxPBS con-
taining 5 % NGS for 1 h (RT). Sections were then incubated with 3D10
anti-CSMD1 (10 pg/ml) and anti-GFAP (1:4,000), anti-Ibal (1:100), or
anti-HuC/D (1:1,000) in TxPBS with 5 % NGS overnight (4 °C). GFAP
and 3D10 staining was performed sequentially as for mouse tissue.
Sections were washed and incubated with DAPI (1:1,000) or Hoechst
33,342 (1:1,000; Invitrogen), Alexa Fluor 488-conjugated goat anti-
rabbit IgG (1:1,000; Invitrogen, A11008), and Alexa Fluor 594-conju-
gated goat anti-mouse IgG (1:1,000; Invitrogen, A32742) secondary
antibodies for 1 h (RT). For co-staining pre-adsorbed 3D10 with anti-
GFAP, and for GFAP-positive/CSMD1-positive cell quantification,
Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1,000) and Alexa
Fluor 594-conjugated goat anti-rabbit IgG (1:1,000) secondary anti-
bodies were used as above. Autofluorescence quenching and imaging
were performed as for mouse tissue. To confirm synaptic labelling of
CSMD1 in human brain, cryosections were fixed as above and blocked in
PBS-T containing 10 % NGS for 1 h (RT). Sections were then incubated
with 3D10 anti-CSMD1 (10 pg/ml), anti-Bassoon (1:1,000), and anti-
Homerl (1:1,000) overnight (4 °C). Secondary antibody incubations,
autofluorescence quenching, and imaging were performed as for mouse
tissue.

iPSC-derived astrocytes and neurons were separately seeded onto
sterile glass-bottomed 96-well plates (Greiner) coated with Geltrex
(Gibco). Adherent cells were washed with sterile PBS, fixed in 4 % PFA
for 10 min (RT), washed three times with PBS-T, and blocked with PBS-T
containing 10 % NGS for 30 min (RT). Astrocytes were then incubated
with 3D10 anti-CSMD1 (10 ug/ml) and anti-GFAP (1:1,000) in PBS-T
with 1 % NGS overnight (4 °C). Neurons were incubated with 3D10
anti-CSMD1 (10 pg/ml) and chicken anti-MAP2 pAb (1:1,000; Abcam,
ab92434) as above. All cells were then washed three times. Astrocytes
were incubated with Hoechst 33,342 (1:1,000), Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (1:1,000), and Alexa Fluor 594-conjugated
goat anti-mouse IgG (1:1,000) secondary antibodies for 1 h (RT); neu-
rons were incubated with DAPI (1:1,000), Alexa Fluor 488-conjugated
goat anti-mouse IgG (1:1,000), and Alexa Fluor 594-conjugated goat
anti-chicken IgY (1:1,000; Invitrogen, A32759) secondary antibodies for
1 h (RT). Stained cells were washed three times and imaged as above.

2.12. Image analysis

For quantification of synaptic puncta, four images were taken of
stained mouse (n = 6) or human (n = 4) tissue sections on a Leica SP8
confocal microscope (63x objective; image size 184.52 um?% single
plane). In mouse tissue, the cortical region overlying the hippocampus
was quantified. Laser power, gain and detection windows were kept
consistent for all images. Images were then cropped into 30 um? regions,
imported into Imaris (Version 10, Bitplane, Zurich, Switzerland) and
combined into a timeseries. Synapses were isolated in Imaris and clas-
sified as excitatory where Homer1 and Bassoon were co-localised. The
total number of synapses were considered as the total number of
Bassoon-positive puncta, CSMD1-positive synapses were quantified
where 3D10 co-localised with Bassoon.
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For quantification of CSMD1-positive astrocytes, whole section tile
scans were taken on an Axioscan slide Z1 scanner (Zeiss) and imported
into QuPath. The total number of GFAP-positive astrocytes and the
number of GFAP-positive astrocytes that co-localised with CSMD1 were
manually counted and the proportion of CSMD1-positive astrocytes
calculated. The proportion of CSMD1-positive astrocytes was quantified
in both the grey matter (GM) and white matter (WM) of mouse and
human brain sections. In mouse tissue, the GM cortex and WM corpus
callosum were quantified overlying the hippocampus.

2.13. Statistical analysis

All statistical analyses were performed with Prism (GraphPad,
version 10.4.1). Unpaired t-tests were used to compare haemolytic assay
ICsp values and FI cofactor activity. Paired t-tests were used to analyse
proportions of CSMD1-positive astrocytes in WM and GM, proportions of
CSMD1-positive total synapses and excitatory synapses, and CSMD1
expression levels in total brain homogenate and synaptoneurosomes
from the same brain samples. Results are indicated on graphs as * = p <
0.05, ** = p < 0.01, *** = p < 0.001. Figure legends contain statistical
information for each experiment and graph, including statistical tests
performed, definition of n (number of animals, samples), and definition
of error bars (e.g. standard error).

3. Results

3.1. Expression and characterisation of convertase inhibition by CSMD1
SCR domains

Custom pcDNA3.1 plasmids encoding human CSMD1 domains
SCR17-21 and SCR23-26 with C-terminal IgG3-Fc-tags were generated
(Fig. la,b, Fig. S1). Human (h)IgG3-Fc-tags were selected as the
extended hinge domain reduces risk of steric inhibition of the CSMD1
domains (Harris et al., 2002a). CSMD1 SCR17-21-hIgG3-Fc and SCR23-
26-hIgG3-Fc were expressed in Expi293F cells, purified by protein G
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chromatography (Fig. 1c).

Complement inhibitory properties of CSMD1 hIgG3-Fc-fusion pro-
teins were tested in classical pathway haemolytic assays; APT070, a
molecule comprising SCR1-3 of human CR1 (Smith et al., 2001), and
polyclonal hIgG3 were used as positive and negative controls, respec-
tively. Titration of CSMD1 SCR17-21-hIgG3-Fc and SCR23-26-hIgG3-Fc
(100-0.2 ug/ml) demonstrated that both Fc-tagged CSMD1 domains
efficiently inhibited the classical complement activation pathway;
SCR23-26-hIgG3-Fc was twice as potent as SCR17-21-hIgG3-Fc at
equimolar doses (P = 0.018; Fig. 2a,b). In alternative pathway haemo-
lytic assays, neither CSMD1 SCR17-21-hIgG3-Fc nor SCR23-26-hIgG3-
Fc (100-0.2 pg/ml) caused inhibition of lysis (Fig. 2c).

The mode of classical pathway convertase inhibition by CSMD1
hIgG3-Fc-fusion proteins was investigated using assays of convertase
assembly and decay and FI cofactor activity. Both CSMD1 domains
inhibited classical pathway convertase assembly with comparable effi-
cacy (Fig. 2d,e). When tested in assays of classical convertase decay,
while the positive control APT070 caused accelerated decay, neither of
the CSMD1 domains impacted rate of decay (Fig. 2f). Both SCR17-21-
hIgG3-Fc and SCR23-26-hIgG3-Fc enhanced cleavage of C4ya, evi-
denced by increased abundance of the C4d fragment and significantly
increased C4d:C4a/a’ ratio compared to the hIgG3 negative control (P
< 0.05; Fig. 2g,h). In contrast, neither CSMD1 domain caused enhanced
cleavage of C3y in FI cofactor assays (Fig. 2i), confirming classical
convertase specificity.

3.2. Testing impact of CSMD1 SCR domains on the terminal pathway

The CSMD1 SCR17-21 domain was reported to additionally inhibit
the terminal complement pathway (Escudero-Esparza et al., 2013); to
test this surprising finding we performed reactive lysis assays. Recom-
binant soluble (s)CD59 N18Q, a non-N-glycosylated form of CD59 with
comparable activity to glycosylated sCD59 (Bodian et al., 1997), was
used as a positive control. MAC was assembled in vitro on GpE via
reactive lysis by sequential incubation with C5b6, C7, C8, and C9;

affinity chromatography, and polished wusing size-exclusion omission of any one of these terminal components abolished lysis and
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Fig. 1. CSMD1 structure and expression of putative complement regulatory domains. (a) CSMD1 structure with the putative complement regulatory regions,
SCR17-21 and SCR23-26, highlighted (CUB, complement C1lr/Cls, uEGF, BMP1 domain; SCR, short consensus repeat domain; TM, transmembrane domain). (b)
Structures of CSMD1 SCR17-21 and SCR23-26 hIgG3-Fc-fusion proteins. (¢) Coomassie stained SDS-PAGE gel of CSMD1 SCR17-21-hIgG3-Fc and SCR23-26-hIgG3-Fc
following size-exclusion chromatography under non-reducing (NR) and reducing (R) conditions. Figures created with BioRender.com.
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Fig. 2. CSMD1 fusion proteins inhibit the classical pathway through FI cofactor activity. (a) Classical pathway haemolytic assay displaying titration of CSMD1
SCR17-21-hIgG3-Fc and SCR23-26-hIgG3-Fc (and APTO070 as positive control) with concentrations plotted in pM. (b) Calculated ICso doses of CSMD1 fusion proteins
interpolated from (a). (¢) Alternative pathway haemolytic assay displaying titration of CSMD1 fusion proteins with concentrations plotted in pM. (d) Classical
pathway convertase assembly assay displaying titration of CSMD1 fusion proteins with concentrations plotted in uM. (e) Calculated ICso of CSMD1 fusion proteins
interpolated from (d). (f) Classical pathway convertase decay assay displaying titration of CSMD1 fusion proteins with concentrations plotted in uM. (g,i) Repre-
sentative western blots of C4y4 and C3ya FI cofactor assays (0.5 ug C4ya/lane or C3ya/lane); CSMD1 fusion proteins increased FI-mediated cleavage of C4y4 but not
C3ma. FI cofactor assays were performed three times with comparable results. (h) Densitometry of three independent C4ya FI cofactor assays; C4d band intensity was
quantified relative to C4a/a’ within each lane. Uncropped westerns are shown in Fig. S2. Unpaired t-tests were used to analyse differences between SCR17-21-hIgG3-
Fc and SCR23-26-hIgG3-Fc in (b) and (e), and to compare higG3 with each CSMD1 fragment in (h). All error bars represent standard error of three independent
experiments performed in duplicate except for (h), which was three independent experiments without replicates; * = P < 0.05.

inclusion of sCD59 N18Q (100 pg/ml) caused complete inhibition
(Fig. 3a). Addition of CSMD1 SCR17-21-hIgG3-Fc or SCR23-26-hIgG3-
Fc (100-0.2 ng/ml) to C5b6-coated GpE prior to supplementation with
C7 did not inhibit lysis, demonstrating that neither domain caused ter-
minal pathway inhibition downstream of C5b6 (Fig. 3b). The published
study reported inhibition when CSMD1 SCR17-21 was pre-incubated
with C7 or C8 (Escudero-Esparza et al., 2013). To test this, CSMD1

domains (100-0.2 ug/ml) were preincubated with C7 prior to addition
to C5b6-coated GpE or C8 prior to addition to C5b67-coated GpE;
neither of these pre-treatments resulted in inhibition of lysis when the
respective CSMD1 domains preincubated with C7 or C8 were added into
the reactive lysis system (Fig. 3c,d). These data demonstrate that CSMD1
SCR domains do not inhibit terminal pathway activity and MAC
assembly.
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Fig. 3. CSMD1 fusion proteins do not inhibit the terminal pathway. (a) Reactive lysis assay validation. C5b6, C7, C8, and C9 were added sequentially to guinea
pig erythrocytes to cause MAC assembly and lysis. All components were essential for lysis, inclusion of sCD59 N18Q inhibited lysis. (b) Titration of CSMD1 SCR17-21-
hIgG3-Fc and SCR23-26-hIgG3-Fc added to GpE-C5b6 prior to addition of C7; sCD59 was titrated as positive control. (¢) C7 pre-incubated (30 min at 37 °C) with
CSMD1 fusion proteins prior to addition to GpE-C5b6 as above. (d) C8 pre-incubated with CSMD1 fusion proteins prior to addition to GpE-C5b6 as above. The fusion
proteins showed no inhibition in any of the assays. Error bars in (a) represent standard error of triplicates from one experiment. Error bars in (b), (c), and (d)
represent standard error of three independent experiments performed in duplicate. All test proteins were titrated from 100-0.2 ug/ml and data plotted in pM.

3.3. Generation and characterisation of CSMD1 antibodies

CSMD1 SCR17-21-hIgG3-Fc-immunised mice with the highest spe-
cific antibody titre were identified via ELISA (Fig. S3a), hybridomas
were generated and screened against CSMD1 SCR17-21-hIgG3-Fc and
human IgG; clones that also reacted with human IgG were discarded as
likely Fc-reactive (Fig. S3b,c). Six clones producing IgG mAbs specific to
CSMD1 SCR17-21 were identified, expanded and mAbs purified via
protein G affinity chromatography (Fig. S3d). The mAbs were all either
IgG2b (3D10, 10A5, 10D9) or IgG1 (3H3, 5G11, 9F10). Specificity to
CSMD1 SCR17-21 over CSMD1 SCR23-26 was confirmed by direct
ELISA (Fig. 4a). A sandwich ELISA comprising 3D10 capture and bio-
tinylated 10A5 detection showed dose-dependent measurement of
monomeric SCR17-21-hIgG3-Fc down to 10 ng/ml; the assay detected
CSMD1 in mouse brain homogenate, but did not detect any soluble
CSMD1 in human serum or CSF (Fig. 4b). Five of the six selected mAbs
recognised endogenous mouse and human CSMD1 as a ~ 388 kDa
doublet in western blots of brain homogenates (Fig. 4c). The mAb 3D10
showed negligible signal in western blots but was retained because it
displayed good signal in ELISA and immunostaining in mouse and
human brain tissue.

3.4. Identification of CSMD1-expressing brain cell types

Free-floating mouse brain sections were co-stained with mAb 3D10
and specific markers for the major brain cell types, neurons (HuC/D),
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astrocytes (GFAP), and microglia (Ibal). The mAb 3D10 stained cells
that also expressed GFAP in the cortex and hippocampus, indicating that
3D10 labelled astrocytes in mouse brain; specificity was confirmed by
pre-adsorption of the mAb resulting in loss of 3D10 immunostaining
(Fig. 5a,b). Punctate background staining suggestive of synapses was
present and abolished by pre-adsorption. 3D10 also labelled glutamine
synthetase-expressing astrocytes (Fig. S5a); there was trace staining of
HuC/D-expressing neurons, negligible after pre-adsorption of the anti-
body, and no staining of Ibal-positive microglia (Fig. S5b). Astrocytic
and punctate staining were also observed with other in-house anti-
CSMD1 mAbs (Fig. S6). No positive staining was observed with a com-
mercial anti-CSMD1 rabbit pAb (Invitrogen, PA5-67358; data not
shown). GFAP-positive/CSMD1-positive cells were quantified; the pro-
portion of GFAP-positive cells expressing CSMD1 was significantly
enriched in WM relative to GM in mouse brain (P < 0.001; Fig. 5c-e).
Human primary auditory cortex tissue sections were co-stained with
3D10 and specific cell markers; as in mouse, 3D10 staining co-localised
with GFAP-expressing cells indicating that CSMD1 is expressed on as-
trocytes (Fig. 6a), with specificity confirmed by pre-adsorption
(Fig. S7a). No CSMD1 expression was observed on neurons (HuC/D+)
or microglia (Ibal+; Fig. S7b). To verify our findings, human iPSCs were
differentiated into astrocytes and cortical neurons then stained with
3D10 and the appropriate cell markers. CSMD1 expression was detected
on both GFAP-expressing iPSC-derived astrocytes and MAP2-expressing
cortical neurons (Fig. 6b,c). GFAP-positive/CSMD1-positive cells were
quantified in the human AD brain; there was no significant difference
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Fig. 4. Characterisation of CSMD1 mAbs. (a) Direct ELISA data displaying binding of anti-CSMD1 SCR17-21 mAbs (2 ug/ml) to immobilised CSMD1 SCR17-21-
hIgG3-Fc or SCR23-26-hIgG3-Fc (0.5 ug/ml). Mouse immune serum (a-serum) was used as a positive control; error bars are standard error of triplicates. (b) CSMD1
sandwich ELISA displaying standard curves of CSMD1 SCR17-21-hIgG3-Fc dilutions with SCR23-26-hIgG3-Fc as a control; absorbance values are indicated on the y-
axis for mouse brain homogenate (tested at 2.5 mg/ml), undiluted serum (NHS), and undiluted CSF in the assay. Error bars are standard error of three independent
experiments performed in duplicate. (¢) Western blots displaying binding of anti-CSMD1 SCR17-21 mAbs (2 ug/ml) to CSMD1 in mouse (50 pg/lane) and human (10
pg/lane) brain homogenates. Mouse secondary (Ms 2°) only and rabbit (Rb) 2° only blots are negative controls. CSMD1 is a doublet around 388 kDa that shifts

upwards with reduction (R). Uncropped westerns are shown in Fig. S4.

between the proportion of GFAP-positive cells expressing CSMD1 in WM
compared to GM (Fig. 6d-f).

To confirm whether CSMD1 was expressed at the synapse as sug-
gested by the mouse immunostaining, human and mouse brain sections
were co-stained with anti-CSMD1 and synaptic markers. CSMD1 (3D10
staining) co-localised with Bassoon- and Homer1-positive synapses in
both mouse and human brain (Fig. 7a,b), demonstrating the presence of
CSMD1 at the synapse. Approximately a quarter of analysed Bassoon-
positive synapses were CSMD1-positive; significantly enriched pro-
portions of CSMD1-positive synapses were observed in Bassoon-
positive/Homer1-positive excitatory synapses in both mouse (P <
0.001; Fig. 7c) and human brain (P = 0.016; Fig. 7d). To further validate
synaptic CSMD1 expression in mouse and human brain, synaptoneur-
osomes were isolated, validated via western blot (Fig. S8), and CSMD1
expression analysed by western blot (Fig. 7e,f). CSMD1 expression in
synaptoneurosomes was significantly elevated relative to total brain
homogenate in both mouse (P < 0.001; Fig. 7g) and human brain (P =
0.008; Fig. 7h), supporting enrichment of CSMD1 at synapses.

4. Discussion

CSMD1 encodes a membrane-bound protein primarily expressed in
brain and reproductive tissues (Kraus et al., 2006; Escudero-Esparza
et al.,, 2013). Numerous functions have been ascribed to CSMDI,
although it has been most studied as a candidate tumour suppressor (Li
et al., 1994; Scholnick et al., 1996; Bockmiihl et al., 2001; Ermis Akyuz
and Bell, 2022). The first large schizophrenia GWAS identified variants
at the CSMD1 locus that were associated with increased schizophrenia
risk (The Schizophrenia Psychiatric Genome-Wide Association Study
(GWAS) Consortium, 2011), suggesting that CSMD1 might have roles in

maintaining brain health. Later genetic studies confirmed association
between CSMD1 and schizophrenia (Ripke et al., 2013; Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014; Pardinas
etal., 2018; Trubetskoy et al., 2022) and also identified the C4A locus as
a major contributor to schizophrenia risk (Sekar et al., 2016), the latter
linking the complement system to schizophrenia.

The first suggestion that CSMD1 might be a complement regulator
was made almost 20 years ago (Kraus et al., 2006). These authors
expressed the C-terminal region of rat CSMD1, comprised of 15 tandem
SCR domains, a structural motif typical of complement C3 fragment
receptors and C3 convertase regulators, which inhibited the comple-
ment classical pathway. These findings were later replicated for human
CSMD1; two regions of the C-terminus of CSMD1, SCR17-21 and SCR23-
26, were expressed and complement regulatory activity localised to
SCR17-21 (Escudero-Esparza et al., 2013). This construct not only
inhibited the classical pathway convertase but also inhibited the ter-
minal pathway and MAC assembly. These descriptions of CSMD1 as a
complement regulator have not been replicated, in part because tools
available for studying CSMD1 expression and function remain scarce.

Given the strong evidence for genetic association of CSMD1 with
schizophrenia and the abundance of evidence implicating complement
dysregulation in synapse loss (Stevens et al., 2007; Schafer et al., 2012;
Sekar et al., 2016), it is timely to further investigate the complement
regulatory properties and brain cell expression of CSMD1. To test
function, we expressed CSMD1 SCR17-21 and SCR23-26 as hIgG3-Fc-
fusion proteins. We only examined these regions previously identified
as candidate complement regulatory domains; SCR-containing regula-
tory units require a minimum of three consecutive SCR domains (Ojha
et al., 2019), and the tandem region SCR14-28 already contains two
candidate regulatory units (SCR17-21 and SCR23-26); hence, it is
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Fig. 5. CSMD1 is expressed by astrocytes in mouse brain. Immunostaining of (a) cortex and (b) hippocampus of free-floating mouse brain sections with anti-
CSMD1 mAb 3D10 (10 pg/ml) co-stained with rabbit anti-GFAP pAb (1:4,000). Controls included mouse IgG2b and rabbit IgG isotype controls (iso; 10 ug/ml),
secondary (2°) only controls, and anti-CSMD1 mAb 3D10 pre-adsorbed (Pre-A) with a 5x molar excess of CSMD1 SCR17-21-hIgG3-Fc. Staining in (a-b) was per-
formed in duplicate on brain sections from three 6-month-old WT mice. Blood vessel staining by the anti-mouse 2° is visible in the green channel and was not present
when biotinylated 3D10 was used (Fig. S5c¢). (¢) Quantification of GFAP-positive cells that were CSMD1-positive in GM and WM in 3-month-old WT mice (n = 6).
Dashed lines indicate paired data from the same tissue sample; a paired t-test was used to calculate significance, *** = P < 0.001. Representative immunostaining of
astrocytes in (d) grey matter and (e) white matter with anti-CSMD1 mAb 3D10 (10 ng/ml) and rabbit anti-GFAP pAb (1:4,000). All images are ~ 15 pm z-stacks.
DAPI in the blue channel, anti-mouse-488 to detect the anti-CSMD1 mAb in the green channel, and anti-rabbit-594 to detect the anti-GFAP pAb in the red channel.
Scale bars (100 ym) are shown on merged images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

unlikely that a third regulatory domain exists within SCR14-28.

Both CSMD1 domains efficiently inhibited classical pathway acti-
vation in haemolytic assays, in contrast to the previous report that only
SCR17-21 displayed complement regulatory activity (Escudero-Esparza
et al., 2013). We suggest that this may be due to the use of hIgG1-Fc-tags
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in their constructs, which we have previously shown cause steric hin-
drance of fused SCR-containing complement regulator constructs
(Harris et al., 2002a; b; 2003). Here we used human IgG3-derived Fc to
provide the most flexible hinge region, minimising risk of steric inhi-
bition (Phillips et al., 1994; Harris et al., 2002a). Both of the CSMD1
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Fig. 6. CSMD1 is expressed by astrocytes in human brain and by iPSC-derived astrocytes and neurons. (a) Representative immunostaining of human primary
auditory cortex (SD037/18) with anti-CSMD1 mAb 3D10 (10 ug/ml) co-stained with rabbit anti-GFAP pAb (1:4,000). (b) Human iPSC-derived astrocytes stained with
anti-CSMD1 mAb 3D10 (10 pg/ml) co-stained with rabbit anti-GFAP (1:1,000). In (a-b), Hoechst is in the blue channel, anti-rabbit-488 to detect the anti-GFAP pAb in
the green channel, and anti-mouse-594 to detect the anti-CSMD1 mAD in the red channel. (¢) Human iPSC-derived cortical neurons immunostained with anti-CSMD1
mAb 3D10 (10 pg/ml), co-stained with chicken anti-MAP2 pAb (1:1,000). DAPI in the blue channel, anti-mouse-488 to detect anti-CSMD1 mAb in the green channel,
anti-chicken-594 to detect anti-MAP2 pAbD in the red channel. Staining in (a-c) was performed in duplicate on at least three brain samples or three separate iPSC-
derived cell lines; secondary (2°) only controls are included. (d) Quantification of GFAP-positive cells that were CSMD1-positive in grey matter (GM) and white
matter (WM) in AD cases (n = 4; SD014/19, SD034/17, SD040/18, SD042/17). Dashed lines indicate paired data from the same tissue sample; a paired t-test was
used to calculate significance. Representative immunostaining of astrocytes in (e) GM and (f) WM (both in SD042/17) with anti-CSMD1 mAb 3D10 (10 pg/ml) and
rabbit anti-GFAP pAb (1:4,000). In (e-f), DAPI is in the blue channel, anti-mouse-488 to detect the anti-CSMD1 mAb in the green channel, and anti-rabbit-594 to
detect the anti-GFAP pAb in the red channel. All images in this figure are ~15 um z-stacks; scale bars (100 um) are shown on merged images. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. CSMD1 is expressed at synapses in mouse and human brain. Representative immunostaining of (a) free-floating mouse brain sections and (b) human
brain tissue sections with anti-CSMD1 mAb 3D10 (10 ug/ml) co-stained with guinea pig anti-Bassoon mAb (1:1,000) to tag pre-synaptic structures and chicken anti-
Homer1 pAb (1:1,000) to tag excitatory synapses. Anti-mouse-488 to detect anti-CSMD1 mAb in the green channel, anti-guinea pig-594 to detect anti-Bassoon mAb in
the red channel, anti-chicken-647 to detect anti-Homer1 in the grey channel. Scale bars (10 um) are on the merged images. Quantification of total synapses (Bassoon-
positive) and excitatory synapses (Bassoon-positive/Homer1-positive) that were CSMD1-positive in (¢) 3-month-old WT mice (n = 6) and (d) human AD cases (n = 4;
SD014/19, SD034/17, SD040/18, SD042/17). Representative western blots displaying detection of CSMD1 in (e) mouse and (f) human TBH and SN samples under
reducing conditions (50 pg/lane for mouse, 10 ug/lane for human), including secondary (2°) only control. Uncropped westerns are shown in Fig. S9. Western blot
densitometry to show CSMD1 signal relative to total protein in TBH and SN samples from (g) 4.5-month-old male WT mice (n = 6, no replicates) and (h) human
controls (n = 5, in duplicate; SD012/17, SD024/17, SD030/18, SD042/18, SD046,/17 (Table S1). In all graphs dashed lines indicate paired data from the same tissue
sample. Paired t-tests were used to calculate significance; * = P < 0.05, ** = P < 0.01, *** = P < 0.001. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

domains inhibited assembly of classical pathway convertases but did not
accelerate their decay, suggesting that they acted as FI cofactors. This
was tested in cofactor assays using methylamine-inactivated C3 and C4
(C3ma, C4pmp) as substrates for FI cleavage (Nilsson and Nilsson, 1986;
Vanderpuye et al., 1994), both CSMD1 domains mediated FI cleavage of
C4ya but not C3y4, demonstrating specificity for C4 and supporting our
haemolysis assay findings showing inhibition of the classical but not
alternative pathway. This finding is substantiated by a recent report
which utilised co-immunoprecipitation mass spectrometry in mouse
forebrain to identify CSMD1-interacting proteins; these included C4b
(Baum et al., 2024). These authors also reported an interaction between
mouse CSMD1 and Clq, an observation we have not yet investigated.
SCR17-21 and SCR23-26 regions are highly conserved between humans
and mice (>90 % sequence identity; Fig. S10); however, whether the
mouse domains possess comparable complement inhibitory properties
remains untested.

The published study reported that CSMD1 SCR17-21 not only
inhibited the classical C3 convertase but also blocked the terminal
pathway and MAC assembly (Escudero-Esparza et al., 2013). This is a
surprising finding given that SCR-containing regulators bind C3 and C4
fragments in the convertases to mediate regulatory activity and no
mechanism for interactions with MAC intermediates has been reported.
The SCR-containing protein FHR1 was reported to inhibit the terminal
pathway but this likely involves interactions with the C5 convertase
rather than MAC assembly (Heinen et al., 2009; Michelfelder et al.,
2018). To test this reported activity, we used reactive lysis assays where
MAC is sequentially assembled from the component proteins on eryth-
rocytes; putative regulators can be added at different stages of MAC
assembly (Zelek and Morgan, 2020). Neither CSMD1 SCR17-21 nor
CSMD1 SCR23-26 inhibited MAC formation when added at any stage of
assembly; in contrast, the terminal pathway regulator sCD59 completely
blocked MAC assembly in the assay. Both our study and the published
study tested CSMD1 domains at 100 ug/ml; however, the published
study utilised a 70 mM NaCl veronal buffer which may permit more non-
specific interactions compared to the 150 mM NaCl HBS employed in
our assay. To further replicate the published study, the CSMD1 con-
structs were pre-incubated with C7 or C8 prior to adding into the assay
(Escudero-Esparza et al., 2013); again, no inhibition was observed,
confirming that the complement regulatory domains in CSMD1 do not
regulate MAC assembly.

In order to better assess the distribution of CSMD1 in brain and
expression on brain cells we first developed better tools. We generated
six mouse mAbs against the CSMD1 SCR17-21 construct; the mAbs were
specific for the construct and detected endogenous CSMD1 in western
blots of both mouse and human brain homogenates, comparable to a
commercial rabbit mAb recommended for use solely in westerns
(Abcam, ab166908). To test the existence of a soluble form of CSMD1,
we established a sensitive ELISA; the assay detected soluble CSMD1 in
brain homogenates but gave no signal in either CSF or plasma. A recent
study reported the detection of soluble CSMD1 in plasma with reduced
levels in schizophrenia using an unvalidated commercial ELISA; our
results do not support this observation (Abd El Gayed et al., 2021).
Several of the mAbs worked well in mouse IHC, giving comparable
staining patterns. We selected mAb 3D10; this specifically
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immunostained GFAP- and glutamine synthetase-expressing cells
demonstrating that CSMD1 is expressed by astrocytes in both mouse and
human brain, an observation that was replicated in iPSC-derived as-
trocytes. 3D10 signal in brain IHC was eliminated by pre-adsorption of
the mAb with the CSMD1 domain, confirming specificity. No CSMD1
signal was detected with a commercial rabbit pAb (PA5-67358, Invi-
trogen; now discontinued). Astrocytic CSMD1 expression was abundant
in the hippocampus and in cortex, notably the prefrontal cortex, a region
long-established to be dysfunctional in individuals with schizophrenia
(Callicott et al., 2003). We observed a significant enrichment of GFAP-
positive cells expressing CSMD1 in GM relative to WM in mouse brain;
however, this finding was not replicated in human tissue. This analysis
was limited to AD brain tissue; a broader study comparing CSMD1-
positive astrocytes in healthy control and AD brain may elucidate
whether astrocyte expression of CSMDI1 is influenced by astrocyte
reactivity in the context of AD. Csmd1 mRNA expression by mouse as-
trocytes has previously been reported (Li et al., 2019; Habib et al., 2020;
Borgenheimer et al., 2022); however, our data provide the first evidence
of CSMD1 protein expression by astrocytes in mouse and human brain.

Neuronal expression of CSMD1 protein has been reported in rodent
brain (Kraus et al., 2006; Baum et al., 2024), while several RNA-
sequencing studies report substantially higher CSMDI expression in
neurons compared to astrocytes in both humans and mice (Saunders
et al.,, 2018; Karlsson et al., 2021; Schartz et al., 2024). CSMD1
expression in iPSC-derived glutamatergic cortical neurons has also been
reported (Baum et al., 2024), a finding that we replicated in MAP2-
expressing iPSC-derived cortical neurons. Although we did not detect
CSMD1 expression on neuronal somata by IHC in mouse or human brain,
we did observe punctate staining that we confirmed to be synaptic
CSMD1 by co-staining with synaptic markers in mice and humans.
CSMD1 expression was significantly enriched in both mouse and human
synaptoneurosomes, supporting synapse-specific expression of CSMD1,
and CSMD1 expression was enriched on Homerl-positive excitatory
synapses in both mouse and human brain. Our observations align with a
recent study reporting elevated CSMD1 expression in synaptosomes and
on VGLUT1/2-positive excitatory synapses in mice (Baum et al., 2024).
The precise role of CSMD1 at the synapse remains a matter of conjecture.
We suggest that CSMD1 regulates complement classical pathway acti-
vation at the synapse, protecting from synapse loss.

The findings from genomic studies implicates dysregulation of the
classical complement pathway in the aetiology of the disorder; CSMD1
and C4A are GWAS risk loci and their encoded proteins CSMD1 and C4
converge on the classical pathway, C4 an essential component of the
convertase and CSMD1 a key regulator in the brain. Excessive synaptic
pruning mediated by dysregulation of the classical pathway has been
postulated as one of the pathophysiological mechanisms contributing to
schizophrenia, with the role of C4 being extensively studied. Mice
expressing human risk variant C4A displayed excessive synaptic pruning
during development compared to C4B-expressing mice (Yilmaz et al.,
2021), vulnerability of iPSC-derived neurons to C3 fragment deposition
increased proportionally with C4A copy number (Sellgren et al., 2019),
and overexpression of C4 in the mouse prefrontal cortex increased
microglial engulfment of synapses (Comer et al., 2020). The authors of
the latter study recently suggested that mouse C4 overexpression-
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induced synapse loss may be complement-independent and occur due to
impaired AMPAR trafficking, as indicated with CR3 KO mice and
overexpression of C4 mutants that cannot assemble C4b2a (Phadke
et al., 2024). However, these findings do not account for phagocytosis
mediated by other complement receptors, synaptic engulfment by cells
that do not express CR3 such as astrocytes, and the role of alternative
pathway convertases that do not include C4b. Together, these data
support a scenario where the C4 risk variant enhances complement
dysregulation at the synapse to exacerbate synapse loss. In stark
contrast, little is known about the roles of CSMD1. One study reported
that CSMD1 KO iPSC-derived glutamatergic cortical neurons were more
vulnerable to C3 fragment deposition, Csmdl KO mice displayed a
reduced number of retinogeniculate synapses and elevated co-
localisation of C3 fragments with retinogeniculate synapses, and
mouse microglia preferentially engulfed synaptoneurosomes isolated
from Csmd1 KO mice in a complement-dependent manner, all suggesting
increased complement activation on neurons and synapses in the
absence of CSMD1 (Baum et al., 2024).

Taken together, the data suggest that neuronal-expressed CSMD1
may act to defend neurons from complement deposition and subsequent
engulfment of synaptic material by microglia. Hence, we propose that
while C4A enhances synaptic pruning, CSMD1, expressed at the synapse
and by astrocytes, acts as an inhibitory regulator. A range of astrocyte
functions have been suggested to be involved in the aetiology of
schizophrenia (Notter, 2021), but understanding of how these could
affect schizophrenia pathogenesis and whether CSMD1 plays roles is
lacking. Astrocytes contribute to complement-dependant phagocytosis
of synapses (Dejanovic et al., 2022); whether schizophrenia risk-
associated variants at the CSMDI locus cause dysregulation of this
process remains unknown. The risk variants in CSMD1 are non-coding
and their impact on expression or function unknown. It may be that
these variants cause decreased expression of CSMD1 in the brain, pre-
disposing to complement dysregulation and synapse loss.

In summary, we show that CSMD1 possesses two complement reg-
ulatory domains, each with FI cofactor activity specific for the classical
pathway convertase. We demonstrate using novel anti-CSMD1 mAbs
that CSMD1 is expressed on astrocytes and at synapses in mouse and
human brain. The work provides clues to the observed genetic associa-
tion of CSMD1 with schizophrenia risk and tools for future studies of
mechanism.
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