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Abstract
Extracellular vesicles (EVs) are pivotal in intercellular communication, impacting
diverse physiological and pathological processes. Current in vitro EV biogenesis
studies often utilize pharmacological inhibitors, inducing off-target effects and over-
looking cell-specific production nuances. Addressing these limitations, we utilized
CRISPR/Cas9 to generate heterozygous full-body and conditional sphingomyelin
phosphodiesterase 3 (Smpd3) knockout (KO) transgenic mice. Smpd, also known as
neutral sphingomyelinase 2 (nSMase2), triggers membrane curvature through sphin-
gomyelin hydrolysis to ceramide, thereby influencing exosome release. Intriguingly,
Smpd deficiency demonstrated no impact on EV release both in vitro and in vivo,
underscoring its potential cell-type-specific role in EV biogenesis. Notably, bone
marrow derived macrophages (BMDMs) did exhibit reduced EV release upon Alix
deletion. Our findings open avenues for subsequent inquiries, enriching our knowl-
edge of EV biogenesis and illuminating intercellular communication in health and
disease.
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 INTRODUCTION

Extracellular vesicles (EVs) are nanosizedmembrane particles released by a broad variety of cell types, acting as important medi-
ators of intercellular communication in both physiological and pathological conditions (EL Andaloussi et al., 2013; Gurung et al.,
2021; van Niel et al., 2018). EV research is complicated due to the broad heterogeneity of EVs, as their size and composition
rely on the cell of origin and the pathway(s) by which they are produced (EL Andaloussi et al., 2013; Gurung et al., 2021; van
Niel et al., 2018). EVs are generally subdivided into two major subtypes, namely exosomes and ectosomes (or microvesicles),
based on their way of biogenesis. On the one hand, exosomes are formed as a part of the endosomal pathway, initiated by the
formation of intraluminal vesicles (ILVs) within multivesicular bodies (MVBs). Subsequently, ILVs are released as EVs into the
extracellular environment via fusion of MVBs with the plasmamembrane. The formation of ILVs can occur via different mecha-
nisms, depending on the involvement of endosomal sorting complexes required for transport (ESCRT) (e.g., TSG101, STAM, and
ALIX), or independent of ESCRT, which can bemediated by lipids (e.g., via neutral sphingomyelinases (nSMases)) or proteins of
the tetraspanins family (e.g., CD63), amongst others (Abels & Breakefield, 2016; Gurung et al., 2021; Teng & Fussenegger, 2020;
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van Niel et al., 2018; Verderio et al., 2018). On the other hand, microvesicles originate directly from the plasma membrane via
outwards membrane budding (EL Andaloussi et al., 2013; Gurung et al., 2021; van Niel et al., 2018).
EV studies often rely on the use of pharmacological EV biogenesis inhibitors to gather fundamental insights into the functional

consequences of EVs and their applicability as disease biomarkers. Such inhibitors can affect one ormore EV biogenesis pathways
and therefore, the level of EVs produced by cells in vitro or present in biofluids in vivo can be targeted. For example, GW4869 is a
pharmacological inhibitor that is widely used in EV research as it acts on neutral sphingomyelinase (nSMase) enzymes (Luberto
et al., 2002; Shamseddine et al., 2015). These enzymes catalyse the conversion of membrane lipid sphingomyelin to ceramide, cre-
ating a local change of membrane fluidity and spontaneous membrane curvature (Jarsch et al., 2016; Verderio et al., 2018). More
specifically, nSMases are reported as key players in ESCRT-independent ILV formation (Trajkovic et al., 2008) and regulate fusion
of MVBs with the plasma membrane (Choezom & Gross, 2022). Furthermore, inhibition of nSMases was shown to alter cargo
and metabolite composition of EVs (Menck et al., 2017). Of all four mammalian nSMase enzymes that are described, nSMase2,
encoded by the Smpd gene, is the most prominent and primarily studied nSMase (Airola & Hannun, 2013; Shamseddine et al.,
2015). Hence, nSMase2 is believed to be the main nSMase that is predominantly involved in ESCRT-independent exosome gen-
eration. This is supported by the observation that EV reduction can be achieved through general inhibition of nSMases with
GW4869, as well as by specific silencing of Smpd expression via siRNA knockdown (Choezom & Gross, 2022; Menck et al.,
2017; Mittelbrunn et al., 2011; Trajkovic et al., 2008; Yuyama et al., 2012). GW4869-mediated nSMase inhibition was shown to
block exosome generation and reduce EV release in vitro and in vivo. GW4869-mediated EV reduction has been described in
various cell types, including but not limited to astrocytes (Dinkins et al., 2014), neurons (Dinkins et al., 2014; Yuyama et al., 2012),
oligodendrocytes (Trajkovic et al., 2008), T-cells (Mittelbrunn et al., 2011), macrophages (Xu et al., 2016), HeLa cells (Choezom
& Gross, 2022) and HEK cells (Kosaka et al., 2010). Also, systemic administration of GW4869 in mice was reported to lower EV
levels in body fluids such as the blood and cerebrospinal fluid (CSF) (Balusu et al., 2016; Dinkins et al., 2014; Vandendriessche
et al., 2021). Recently, a set of new nSMase inhibitors was discovered (i.e., DPTIP, PDDC, cambinol), showing improved phar-
macokinetic and pharmacodynamic characteristics. These new pharmacological inhibitors are also reported to reduce EV levels
in vitro and in vivo (Figuera et al., 2015; Rojas et al., 2018, 2019). Conclusively, the conventional wisdom in the research field is
that nSMases are generally involved in EV biogenesis and that their inhibition reduces EV production.
The use of pharmacological inhibitors to influence EV production and/or release has a number of disadvantages. For example,

pharmacological inhibitors embody off-target effects that are not directly linked to EVs. Furthermore, they do not allow targeting
EV processes in specific cell types when administered systemically for in vivo studies. To overcome the drawbacks of pharmaco-
logical inhibitors in EV research, we generated both a heterozygous full body Smpd knockout (KO) and conditional Smpd KO
transgenic mouse line. Similar to other Smpd KOmodels, prenatal mortality was observed in our homozygous Smpd deficient
mice. In our study, we used both Smpd+/− and Smpdfl/fl mice crossedwith cell-specific Cre recombinase expressionmouse lines
to characterize EV production and release in vivo and by specific cell types, namely MCC and BMDMs. The choice for MCC is
based on the predominant expression of Smpd in the brain whereby neurons and glial cells are well-known EV producing cell
types (Ahmad et al., 2022), whereas BMDMs were selected as a cell type unrelated to the nervous system and with a potential
impact on plasma EV levels. Indeed, immune cells including monocytes are reported as EV sources in the blood in both health
and disease (Burgelman et al., 2021).With our study, we aimed to validate the applicability of thesemouse lines asmodels to study
the functional effects of EVs in physiological and pathological settings. In parallel, we evaluated the effect of Alix deficiency on
released EV levels.

 MATERIALS ANDMETHODS

. Mice

Mice were housed with 14- to 10-h light and dark cycles and free access to food and water in specific pathogen-free (SPF) con-
ditions. All experiments comply with the current laws of Belgium and were approved by the animal ethics committee of Ghent
University. Smpd knockout (KO) (Smpd+/−; C57BL/6J background) and conditional Smpd KO mice (Smpdfl/fl; C57BL/6J
background) were generated in house, as described below. Alixfl/fl mice (C57BL/6N background) were provided by Rémy Sadoul
from the Grenoble Institut Neurosciences (Laporte et al., 2017). In all experiments age- and gender-matched wildtype littermates
(aged between 6 and 15 weeks) were used.

. Generation of Smpd3+/− and Smpd3fl/fl mice using CRISPR/Cas

Smpd KO (Smpd+/−) and conditional Smpd KO mice (Smpdfl/fl) were generated by injecting C57BL/6J zygotes with two
RNP complexes and a ssDNA megamer (iDT) repair template. One RNP was loaded with a cr/tracrRNA duplex (iDT) with
protospacer 5′-GATTCCCAGGGAATAAGGGT-3′ targeting intron 2 of the Smpd gene (ENSMUSG00000031906). The other
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RNP was loaded with a cr/tracrRNA duplex with protospacer 5′-CCCAGGGGATCAGCTCCACA- 3′ targeting intron 3 of the
Smpd gene. The 1974 nt long ssDNA Megamer repair template contains the following sequences: 123 nt 5′ homology, loxP,
EcoRV site, 83 intronic nt, exon 3, 68 nt downstream of exon 3, EcoRI site, loxP, 98 nt 3′ homology. In the Smpd conditional KO
mice, the LoxP sites are inserted between genomic base positions at chr8:106991154–106991155 and chr8: 106992826–106992827,
respectively. The ssDNAMegamer also introduced a silent T/C point mutation at base (chr8:106991973).
crRNAs were designed using the Crispor algorithm (Haeussler et al., 2016). One-cell C57BL/6JRj zygotes (Janvier Labs) were

microinjected with the two RNP complexes (cr/tracr at 20 ng/μL each; Cas9 protein (Protein Service Facility, IRC-VIB) at
50 ng/μL) and ssDNA Megamer (4 ng/μL) in DNase- and RNase-free micro-injection buffer (10 mM Tris and 1 mM EDTA,
pH 7.5; iDT). Injected embryos were transferred into the oviducts of day 0.5 pseudo pregnant B6CBAF1 (Janvier Labs) recipient
female mice.
In the Smpd KOmice, the ssDNAMegamer did not integrate. Instead, a 1788 bp deletion (chr8:106991037-106992824) and a

2 bp insertion at the deletion site was created between both crRNA target sites. The deletion encompasses the complete exon3
(ENSMUSE00000222203) of the Smpd gene. This exon contains 205 nucleotides belonging to the 5′UTR and it codes for 439 of
the in total 655 amino acids of the SMPD3 protein. All base annotations are according to C57BL/6J genome assembly GRCm39.
When breeding the SmpdKOmice (Smpd+/− × Smpd+/−), no homozygous SmpdKO offspring was obtained, suggesting the
appearance of prenatal mortality, similar to what has been reported to occur in previously generated full body SmpdKOmodels
(Aubin et al., 2005; Sillence et al., 1993).
Genotyping of the SmpdKOmice and conditional Smpdmicewas performedon crudeDNAextracts from toe tissue samples.

Primers used to genotype themice are provided in Table 1. Confirmation of Smpd deletion in heterozygous SmpdKOmice and
conditional Smpd KO mice, was validated in the organs and cell types of interest on DNA, RNA and protein level using deflox
PCR, RT-qPCR and western blot or protein activity assays, as described below.

. Mixed cortical cell (MCC) cultures

MCC culturing was performed as previously described with some adaptations (Balusu et al., 2016; Vandendriessche et al., 2021).
Briefly, the cerebral cortex and hippocampus were obtained from neonatal P1-P3 Smpdfl/fl and Alixfl/fl mice, from which the
meninges were completely removed. Tissues were finely minced with a surgical scalpel in D-PBS (14190-169; Sigma). Next, the
samples were spun at 400 g for 5 min at room temperature (RT), after which they were digested with 0.25% trypsin (T-4424;
Sigma) in 0.04% EDTA (Merck) for 10 min in a water bath at 37◦C. After digestion, the cells were centrifuged at 400 g for 5 min
and washed twice with complete culture medium (DMEM (41965-062; Gibco) supplemented with 10% foetal calf serum (Gibco);
1X penicillin/streptomycin (P4333; Sigma); 1X non-essential amino acids (BE13-114E; Lonza), 0.4 mM sodium pyruvate (S8636;
Sigma) and 2mML-glutamine (BE17-605F; Lonza)). Typically, 3–5× 105–6 cells were obtained from each pup, which is a sufficient
number of cells to plate one 24-well plate. Cells were resuspended in complete culturemediumandplated directly in 24-well plates
coated with 0.1 mg/mL poly-l-lysine (P6282; Sigma). Cells were maintained in standard tissue culture conditions and 50% of the
medium was replaced every two days. The presence of three different cell types was confirmed previously by staining GFAP,
IBA1 and TUBB3 for astrocytes, microglia, and neurons, respectively (Balusu et al., 2016). When the cells reached confluence,
they were incubated for 24 h at 37◦C and 5% CO2 with either TAT-CRE (5 μg in Opti-MEM; 9.23 mg/mL; > 95% purity; batch
JL200827; Protein Core IRC-VIB) or Opti-MEMmedium (11058-021; Life Technologies Europe B.V.) alone. One week after TAT-
CREmediated deletion, the culture mediumwas switched to Opti-MEM (supplemented with 1X penicillin/streptomycin (P4333;
Sigma)) and incubated for 8 h in standard culture conditions. EV-containing culture medium was collected and centrifuged at
300× g for 5min at 4◦C for removal of dead cells, followed by supernatant collection and an additional centrifugation of 2000× g
for 10 min at 4◦C to remove debris. The final supernatant was stored into low adhesion tubes at −80◦C until ExoView analysis.
To lyse the cells for RNA extraction, TRIzol reagent (500 μL/well; 15596018; Life Technologies Europe) was added to the cells
followed by storage at −80◦C until RNA isolation.

. Bone marrow-derived macrophage (BMDM) cultures

Mice were euthanized in a CO2-chamber followed by dissection of femur and tibia bones as described previously (Amend et al.,
2016). After dissection, the bones were briefly rinsed in 70% ethanol and cold D-PBS (14190-169; Sigma) and femur and tibia
of each limb were dislodged and opened at the knee side. Next, femur and tibia bones of one limb were combined into an 18-G
perforated 0.5 mL Eppendorf with the open knee side facing downwards. The 0.5 mL tube was placed into a 1.5 mL Eppendorf
and centrifuged for 1 min at 1900 × g (RT) to collect the bone marrow (BM) into the 1.5 mL collection tubes. Subsequently, the
resulting BMpellets were resuspended in ACK lysis buffer (1 mL/pellet, 10–548E; Lonza) and incubated at RT for 1min, following
filtration of the cell suspension over a 70 μm cell strainer (734-0003; VWR International). Cell suspensions obtained from one
mouse were pooled and spun for 5 min at 1500 rpm at 4◦C to pellet the BM cells. After counting, the BM cells were resuspended
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in complete DMEM medium (41965-062; Gibco) supplemented with 10% foetal calf serum (Gibco); 1X penicillin/streptomycin
(P4333; Sigma); 1X non-essential amino acids (BE13-114E; Lonza), 0.4 mM sodium pyruvate (S8636; Sigma), 2 mM l-glutamine
(BE17-605F; Lonza) and 20 ng/mLmurineM-CSF (Protein Service Facility, IRC-VIB), and seeded into untreated 9 cmpetridishes
at 4 to 5 × 106 cells/dish. Cells were maintained in standard tissue culture conditions and the mediumwas replaced for 50% three
days after seeding, with complete DMEMmedium to whichmurineM-CSF (40 ng/mL) was freshly added. Six days after seeding,
the cells were detached using accutase solution (A-6964; Sigma), counted and reseeded in 6-well plates at 1 × 106 cells/well. One
day after reseeding, the medium was switched to Opti-MEMmedium (11058-021; Life Technologies Europe B.V.) supplemented
with 20 ng/mL M-CSF. The culture medium was collected for ExoView analysis 8 h after switching. To remove dead cells and
debris, the medium samples were subjected to two subsequent centrifugations (5 min, 300 g, 4◦C; 10 min, 2000 × g, 4◦C). The
resulting supernatant was collected and aliquoted into low adhesion tubes and stored at −80◦C until ExoView analysis. The
BMDM cells were lysed with TRIzol reagent (500 μL/well; 15596018; Life Technologies Europe) and stored at −80◦C until RNA
isolation. To check the purity of the BMDM culture, cells were detached and processed for flow cytometry, as described below.

. BMDM purity assessment with flow cytometry

BMDMs were detached with accutase solution (A-6964; Sigma), pelleted by centrifugation and resuspended in staining mix
containing anti-CD45-BUV805 (1:400; 748370; Becton Dickinson Benelux NV), anti-CD11b-BUV395 (1:200; 563553; Becton
Dickinson Benelux NV), anti-F4/80-BV785 (1:200; 123141; BioLegend) and fixable Viability Dye eFluor 506 (1:1000; 65-0866-
18; Life Technologies Europe B.V.) in PBS. Cells were incubated for 30 min at 4◦C and subsequently resuspended in FACS buffer
(PBS with 5% FCS). Cells were then analysed using an BD FACSymphony A5 with FLow Jo software (Tree Star, Ashland, OR,
USA). First, single cells were selected based on the forward and side scatter (FSC-A and SSC-A, respectively), followed by select-
ing the alive cell population based on the fixable live/dead staining signal. After selecting all CD45+ cells within the alive cell
population, macrophages were selected based on the expression of CD11b and F4/80. Purity assessment following the described
gating strategy showed >99% purity of BMDM cultures (Figure S1).

. Blood collection and plasma preparation

Mice were anesthetized with 200 μL of ketamine/xylazine (100 mg/kg ketamine; 20 mg/kg xylazine) and blood was isolated via
heart puncture and collected in EDTA tubes (Microvette 500, 20.1341; Sarstedt). On average, 500 μL of whole blood could be
collected per mouse. To prepare blood plasma from whole blood samples, blood-containing EDTA tubes were centrifuged at
1300 × g for 10 min at 4◦C. The supernatant was transferred to a new Eppendorf and subjected to a second centrifugation at
2400 × g for 15 min at 4◦C. Finally, the supernatant was transferred to a low adhesion Eppendorf (B74030; Biozym) and stored
at −80◦C until ExoView analysis.

. Cerebrospinal fluid (CSF) collection

CSFwas collected using the cisternamagna puncturemethod as described earlier (VanHoecke et al., 2021; Vandendriessche et al.,
2021). Briefly, capillaries to isolate CSF were made from borosilicate glass capillary tubes (B100-75-15; Sutter Instruments) using
the Sutter P-87 flaming micropipette puller (pressure 330 Pa, heat index 300). Just before CSF isolation, mice were anesthetized
with 200 μL of ketamine/xylazine (100 mg/kg ketamine; 20 mg/kg xylazine). The occiput was disinfected with 70% ethanol and
an incision was made inferior to the occiput. The dura mater was exposed by separating the muscle tissue on the dorsal side of
the skull. Next, the animal was mounted at an angle of 135◦ and CSF was collected by puncturing the dura mater of the cisterna
magna using the capillary needle. On average, 5 μL of CSF could be isolated per mouse. After collection, the CSF was centrifuged
at 300× g for 5min at 4◦C for removal of cells and debris, whereafter the supernatant was transferred to a low adhesion Eppendorf
(B74029; Biozym) and stored at −80◦C until ExoView analysis.

. ExoView analysis

The ExoView Mouse Tetraspanin Kit (EV-TETRA-M2; Unchained Labs) was used to determine EV quantities in CSF, plasma
and culture medium according to the manufacturer’s instructions. Briefly, samples were diluted in 1X Incubation solution (CSF –
1:40; plasma – 1:50;MCCmedium– 1:15; BMDMmedium– 1:10) and 35–50 μL of diluted sample was spotted on a CD81, CD9 and
IgG antibody-coated Lunis chip and incubated overnight (O/N) at RT in a sealed Luni washer 24-well plate (251-1055; Unchained
Labs). Next, the chips were washed with 1X Solution A using the CW100 ExoView Chip Washer (NanoView Biosciences). For
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secondary detection of CD81, CD9 and CD63 tetraspanins on the EV surface, a mixture of anti-CD81 (CF® 555), anti-CD9 (CF®
488A) and anti-CD63 (CF® 647) (1:500 in blocking solution) was added to the chips. After 1 h of incubation at RT, the chips
were washed with 1X Solution A, 1X Solution B and ultrapure MilliQ water in the plate washer. For chip drying, the chips were
mounted at a 45◦ angle into the Luni plate wells and the remaining liquid was drained from the wells with the plate washer. Once
dry, the chips were scanned with the ExoView R100 reader and the data were analysed using the NanoViewer analysis software
version 3.2.

. Tissue sample isolation for DNA, RNA and protein extraction

Following anaesthesia with ketamine/xylazine (100 mg/kg ketamine; 20 mg/kg xylazine), mice were transcardially perfused with
a mixture of D-PBS (14190-169; Sigma) and 0.2% heparin sodium (5000 IU/mL; LEO Pharma B.V.). Next, the brain was isolated,
and cortex and hippocampus tissue weremicroscopically dissected from the brain. In parallel, ileum and lung tissue were isolated
for RNA extraction, and kidney, liver and spleen were dissected for DNA analysis. All tissues were snap-frozen in liquid nitrogen
and stored at −80◦C until RNA or DNA extraction.

. DNA extraction and Deflox PCR

DNA was extracted from the tissues and cells of interest using the ISOLATE II Genomic DNA Kit (BIO-52066; GC Biotech
BV) according to the manufacturer’s instructions. DNA concentration was measured using the Nanodrop ND-1000 (Nanodrop
Technologies, Thermo Scientific). As input for the Deflox polymerase chain reaction (PCR), 30 ng of DNA was mixed with the
correct primers (Table 1) and ALLIn HS Red Taq Mastermix (HSM0350; highQu). Next, amplified DNA samples were separated
on a 2% agarose (15510-027; Life Technologies) gel for 30−40 min at 160 V and visualized with Gel Doc XR+ (Biorad).

. Real time quantitative PCR (RT-qPCR)

RNAwas isolated from cortex, hippocampus, ileum and lung tissue as well as fromBMDMandMCC cells using the AurumTotal
RNA Mini Kit (732-6820; Bio-Rad) according to the manufacturer’s instructions. RNA concentration was measured using the
NanodropND-1000 (Nanodrop Technologies, Thermo Scientific) and cDNAwas prepared using the SensiFAST cDNA synthesis
kit (BIO-65054; Bioline). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed with the Light Cycler 480
system (Roche) using the SensiFAST SYBR No-ROX Kit (BIO-98002; Bioline). Expression levels of the genes of interest were
normalized to three to four most stable reference genes, as determined by the geNorm Housekeeping Gene Selection Software
(Vandesompele et al., 2002). Housekeeping genes Gapdh, Hprt and/or Rpl were used in case of BMDM and MCC cells, while
Gapdh, Hprt, Rpl and Ubc were used for normalizing expression values for all tissue samples. Expression values were scaled
as relative expression to the wildtype condition (i.e., Smpd+/+, SmpdMye-WT and Alix Mye-WT). The primer sequences of the
forward and reverse primers for the different genes are provided in Table 1.

. nSMase activity assay

To measure nSMase activity, BMDMs (1.5 × 106 cells/well) were lysed with ice-cold buffer containing 1% Triton X-100, 150 mM
NaCl and 25 mM Tris-HCl (pH 7.4) 24 h after switching to Opti-MEM medium (11058-021; Life Technologies Europe B.V.).
Next, the lysates were transferred into eppendorfs and spun at 16,260 × g for 5 min at 4◦C, the supernatant was collected, and
the protein concentration was measured using the Pierce BCA Protein Assay Kit (23225; Thermo Fisher Scientific) according
to the manufacturer’s instructions. On average, 1.6 mg/mL of protein could be retrieved from the BMDM cell lysates. nSMase
activity was assessed in BMDM cell lysates with the Neutral Sphingomyelinase Activity Assay kit (K-1800; Echelon Biosciences)
according to manufacturer’s instructions. For each sample, 60 μg of protein was used. All appropriate controls recommended by
the manufacturer, that is, no-sphingomyelin controls of each sample and the choline chloride for positive control, were included
in the assay. The assay was incubated O/N to increase sensitivity, as described by the manufacturer.

. Western blot analysis

Tissues (cortex and hippocampus) or cells (BMDMs) were lysed with RIPA buffer containing 50 mM Tris HCl pH 8.0, 150 mM
NaCl (1.064.045.000;Merck), 1%NP-40 (I3021; Sigma), 0.5 mMEDTA (ED-500 g; Sigma) pH 8.0, 1X complete protease inhibitor
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cocktail (11873580001; Sigma) in PBS and protein concentration was measured using the Pierce BCA Protein Assay Kit (23225;
Thermo Fisher Scientific) according to the manufacturer’s instructions. When protein extraction was intended for SMPD3
western blot, 0.5% sodium deoxycholate (D6750; Sigma) was added to the lysis buffer composition.
Equal protein amounts of each sample (i.e., 85 μg protein for tissue and 30 μg for cell lysate) were mixed with 6X load-

ing buffer (0.35 M Tris HCl pH 6.8, 10% sodium dodecyl sulphate (442444H; VWR), 35% glycerol (7122301; Biosolve), 5%
β-mercaptoethanol (441433A; Sigma), 0.5% bromophenol blue (P0126; Sigma)) and boiled for 10 min at 95◦C. Consequently,
proteins were separated on a 10% SDS-PAGE gel and transferred to a 0.45 μm nitrocellulosemembrane (NBA085G001EA; Perkin
Elmer) via wet blotting. Next, the membrane was blocked for 1 h at RT with blocking buffer, that is, 5% skimmed milk (232100;
BD) in Tris-buffered saline (10 mM Tris HCl pH 7.4, 140 mMNaCl in bidistilled water) for SMPD3 western blot, or 1:2 Intercept
Blocking Buffer (927-70001; Li-Cor) in PBS in case of ALIX western blot, followed by O/N incubation with primary antibody
mouse anti-SMPD3 (1:700; sc-166637; Bio-Connect B.V.) in blocking buffer or rabbit anti-ALIX (1:1000; ab76608; Abcam) in
1:4 Intercept Blocking Buffer (927-70001; Li-cor) in PBS. After washing, the membrane was incubated with secondary antibody
goat anti-mouse IgG Dylight 800 (1:10 000; SA5-35521; Life Technologies Europe) in 0.1% Tween20 in Tris-buffered saline or
goat anti-rabbit IgG Dylight 800 (1:10 000; SA5-35571; Life Technologies Europe) in 0.1% Tween20 in Tris-buffered saline. After
washing the membrane, bands were visualized using the Odyssey Fc Imager (Li-Cor, Germany). For the detection of ACTIN,
the membrane was incubated with mouse anti-β-actin (1:1000; MA5-15739; Life Technologies Europe B.V.) in 0.1% Tween20 in
Tris-buffered saline for 1 h at RT. After washing, the membrane was incubated with goat anti-mouse IgG Dylight 680 (1:10 000;
35518; Life Technologies Europe) for 1 h at RT, followed by washing of the membrane and imaging with the Odyssey Fc Imager
(Li-Cor, Germany).

 RESULTS

. Validation of Smpd3 deletion in Smpd3+/− mice

To investigate the impact of Smpd deficiency in vivo, we aimed to generate conditional Smpd mice (Smpdfl/fl) using
CRISPR/Cas9 technology. As shown in Figure 1a, this approach also resulted in the generation of heterozygous full body knock-
out (KO) mice (Smpd+/−). In agreement with literature, homozygous Smpd KO mice were not viable. Consequently, we used
Smpd+/- mice in the next analyses. First, we validated Smpd deficiency on RNA and protein level in several brain regions and
peripheral organs of Smpd+/− compared to Smpd+/+ mice. In cortex, hippocampus and ileum tissue, Smpd gene expression
was significantly decreased to 50% or lower in Smpd+/− compared to wildtype Smpd+/+ littermates (Figure 1b–d). In the lung, a
decreased trend for Smpd expression in Smpd+/− versus Smpd+/+ was detected (p= 0.0668) (Figure 1e). Additionally, western
blot analysis on cortex and hippocampus tissue lysates showed significantly decreased SMPD3 protein expression in Smpd+/−
versus Smpd+/+ mice (Figure 1f–i).

. EV levels in CSF and plasma of Smpd3+/− mice are not altered compared to Smpd3+/+ mice

To assess the impact of SMPD3 deficiency on the amount of EVs in different biofluids, namely CSF and plasma, these biofluids
were collected from Smpd+/− and Smpd+/+ mice and analysed using the ExoView technology (Figure 2). Detection of EVs with
the scatter mode implies the quantification of captured EVs with a size between 50 and 200 nm, whereas EVs smaller than 50 nm
can be captured with secondary fluorescent marker detection. According to the guidelines of the ExoView technology, detection
of at least 500 EVs in fluorescent mode and at least 1000 EVs in label free scatter mode is stated as a reliable measurement. For
both biofluids, total CD9 positive (+) EV levels, as well as CD9+/CD81+, CD9+/CD63+, CD9+/CD9+ and the label free scatter
positive EVs (50–200 nm) detected on the CD9 capture spot were not significantly different between the two genotypes. Similarly,
no altered EV levels were detected on the CD81 capture spot (Figure S2A–E, L–P), except for the significantly increased amount
of scatter+ EVs in plasma of Smpd+/− mice (Figure S2P). However, the overall amount of scatter+ EVs captured on the CD81
capture was below the limit for reliable label free detection. To verify whether Smpd deficiency resulted in a different distribution
of the tetraspanins on the released EVs, the colocalization of CD9, CD81 and CD63 was analysed in more detail (Figure S2F–K,
Q–V), and in agreement with the other data, this did not reveal any significant alterations upon Smpd deficiency. Altogether,
these data show that whole body heterozygous loss of Smpd expression does not affect EV levels in murine CSF and plasma.
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F IGURE  Validation of Smpd deficiency in heterozygous Smpd knockout mice (Smpd+/−). (a) Schematic overview of the generation of Smpd
deficient (Smpd+/− and Smpdfl/fl) mice using CRISPR/Cas9 technology. (b–e) Smpd expression levels evaluated with RT-qPCR on cortical (b), hippocampus
(c), ileum (d) and lung (e) tissue samples from Smpd+/+ (n = 5) versus Smpd+/− mice (n = 5). Results are represented relative to Smpd+/+. (f–i) SMPD3
western blot analysis (f, h) and quantification of the SMPD3 expression (70 kDa) normalized to ACTIN (42 kDa) (g, i) in cortical (f, g) and hippocampal (h, i)
brain tissue from Smpd+/+ (n = 2) versus Smpd+/− mice (n = 2). Data are represented as means ± SEM. Statistical analyses were performed by unpaired
t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant). CRISPR, clustered regularly interspaced short palindromic repeats; cr/tracr RNA,
crispr/trans-activating crispr RNA; Smpd, sphingomyelin phosphodiesterase 3.

. Homozygous knock-out of Smpd3 does not affect the amount of EVs released by mixed
cortical cultures

Since the residual ∼50% Smpd expression in the Smpd+/− micemight suffice tomaintain ESCRT-independent ILV production
at a normal level, our next step was to achieve homozygous Smpd deletion in specific cell types. Thereto, we made use of our
generated conditional Smpd mice (Smpdfl/fl) displayed in Figure 1a. Since Smpd is predominantly expressed in the brain
(Hofmann et al., 2000; Sperker & Spence, 1983; Tan et al., 2018), we hypothesized that EV production by mixed cortical cells
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F IGURE  Heterozygous deletion of Smpd expression does not result in altered EV levels in biofluids. (a) Schematic representation of Smpd+/+ and
Smpd+/− mice. (b–k) Quantification of CD9+ EVs in CSF (b–f) and plasma (g–k) from Smpd+/+ (n = 3–4) and Smpd+/− (n = 3–6) mice with the ExoView
R100 platform, showing the total (b, g), CD81+ (c, h), CD63+ (d, i), CD9+ (e, j) and label-free scatter+ (50–200 nm) (f, k) EVs, captured on the CD9 spot. Data
are represented as means ± SEM. Statistical analyses were performed by unpaired t-testing or Mann–Whitney testing (ns, not significant). CSF, cerebrospinal
fluid; EV, extracellular vesicle; Smpd, sphingomyelin phosphodiesterase 3.

(MCCs) may be affected by Smpd deletion. To this end, we prepared MCCs starting from Smpdfl/fl pups, followed by TAT-
CRE recombinase treatment to induce deletion of the floxed Smpd gene fragment in the cell culture (Figure 3a). Verification of
the deletion on both DNA and RNA level confirmed that Smpd expression was efficiently deleted upon TAT-CRE incubation
(Figure 3b,c). Next, the amount of EVs released over a time span of 8 h was compared between SmpdWT and Smpd KOMCC
cultures. This showed that the total CD9+ EV levels, as well as CD9+/CD81+, CD9+/CD63+, CD9+/CD9+ and the label free
scatter positive EVs (50–200 nm) detected on the CD9 capture spot were not significantly altered upon Smpd deletion inMCCs
(Figure 3d–h). Similar effects were seen with EVs captured on the CD81 capture spot (Figure S3A–E). In addition, co-expression
of the different tetraspanins on the surface of EVs isolated from both genotypes was exactly the same (Figure S3F–K). Next, we
checked whether Smpd deletion resulted in compensational upregulation of other genes that are known to be involved in EV
biogenesis pathways and that could potentially explain the unaltered EV levels (Figure 3i–m). We selected Smpd and Smpd as
members of the sphingomyelinase family together with targets that are more linked to ESCRT-dependent EV pathways namely
Alix, Tsg and Stam. However, we could only observe a trend for downregulated Smpd expression in the Smpd KO MCCs.
Taken together, the number of EVs released by MCCs in presence or absence of Smpd show that Smpd might not play a role
in EV exosome biogenesis by cortical cells.

. Alix deficiency does not result in altered levels of EVs released by mixed cortical cells

Next, we investigated whether affecting a different EV biogenesis pathway may have more impact on EV release by these MCCs.
Thereto, we analysed MCC-derived EV production upon genetic Alix deletion (Figure 4a). Similar to Smpd deletion, also Alix
deficiency (Figure 4b,c) had no impact on the number of released EVs (Figures 4d–h, S4A–E) or the tetraspanins colocalization
of the released EVs (Figure S4F–K). We did observe a decreasing trend for the amount of scatter+ EVs on the CD9 capture spot
(p = 0.07) (Figure 4h), but the amount of EVs detected was below the limit of reliable detection. In addition, expression analysis
of EV-related genes did not reveal any differences (Figure 4i–m).
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F IGURE  Smpd deletion in mixed cortical cell (MCC) cultures does not affect the level of EV production. (a) Schematic overview of the experimental
set-up for Smpdfl/fl MCC culture, TAT-CRE mediated Smpd3 deletion and EV collection. (b) Deflox PCR on lysed MCC cells. The presence of the deletion
band (402 bp) shows effective TAT-CRE mediated ‘defloxing’. The flox band (2121 bp) is nearly absent in TAT-CRE induced Smpd3 KOMCCs (Smpd3 KO)
while still present in the Smpd3 WTMCCs (Smpd3 WT). (c) Smpd3 expression in Smpd3 KOMCCs analysed with RT-qPCR, relative to Smpd3 WTMCCs.
(d–h) ExoView quantification of CD9+ EVs in MCC culture medium from Smpd3 WT (n = 3) and Smpd3 KO (n = 3) MCC cultures, showing the total (d),
CD81+ (e), CD63+ (f), CD9+ (g) and label-free scatter+ (50–200 nm) (h) EVs on the CD9 capture spot. (I–M) Expression level of Smpd (i), Smpd (j), Alix (k),
Tsg (l) and Stam (m) in MCCs from Smpd3 WT (n = 4) versus Smpd3 KO mice (n = 3). Results are represented relative to Smpd3 WTMCC expression
values. Data are represented as means ± SEM. Statistical comparison of two groups was performed by unpaired t-testing or a Mann–Whitney test (**p < 0.01;
ns, not significant). Alix, apoptosis linked gene 2 interacting protein X; EV, extracellular vesicle; MCC, mixed cortical cell; Smpd, sphingomyelin
phosphodiesterase.

. Smpd3 deletion in macrophages does not affect the amount of released EVs

To evaluate the effect of Smpd deficiency in a peripheral cell type, we created Smpdfl/fl × LysM-CreTg/+ mice, thereby estab-
lishing a myeloid cell specific Smpd KO (SmpdMye-KO). As controls, age- and gender-matched Smpdfl/fl × LysM-Cre+/+
(SmpdMye-WT) littermates were used. First, we confirmedmyeloid Smpd deficiency on isolatedmacrophages followed by DNA,
RNA and protein analysis, using deflox PCR, RT-qPCR and nSMase activity assay, respectively. On DNA level, the deletion band
of 402 bp could be detected in BMDMs derived from SmpdMye-KO mice, while there was no detection of LoxP site(s) bymeans of
the flox band of 2121 bp (Figure 5b). All peripheral organs from SmpdMye-KO mice showed both the deletion and flox band due to
the local presence ofmyeloid cells (Figure 5b). RNA analysis confirmed that Smpd expression in SmpdMye-KO BMDMs is almost
completely absent compared to SmpdMye-WT BMDMs (Figure 5c). To confirm Smpd deficiency on protein level, we assessed
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F IGURE  Alix deficiency in mixed cortical cell (MCC) cultures does not affect the level of EV production. (a) Schematic overview of the experimental
set-up for Alixfl/fl MCC culture, TAT-CRE mediated Alix deletion and EV collection. (b) Deflox PCR on lysed MCC cells. The presence of the deletion band
(473 bp) shows effective TAT-CRE mediated ‘defloxing’. The flox band (368 bp) is less pronounced in Alix KOMCCs while clearly present in Alix WTMCCs.
(c) Alix expression in Alix KOMCCs analyzed with RT-qPCR, relative to Alix WTMCCs. (d–h) ExoView quantification of CD9+ EVs in MCC culture
medium from Alix WT (n = 3) and Alix KO (n = 3) MCC cultures, showing the total (d), CD81+ (e), CD63+ (f), CD9+ (g) and label-free scatter+ (50–200 nm)
(h) EVs on the CD9 capture spot. (i–m) Expression level of Smpd (i), Smpd (j), Smpd (k), Tsg (l) and Stam (m) in MCCs from Alix WT (n = 4) versus
Alix KO mice (n = 4). Results are represented relative to Alix WTMCC expression values. Data are represented as means ± SEM. Statistical comparison of two
groups was performed by unpaired t-testing or a Mann–Whitney test (*p < 0.05; ns, not significant). Alix, apoptosis linked gene 2 interacting protein X; EV,
extracellular vesicle; MCC, mixed cortical cell; Smpd, sphingomyelin phosphodiesterase.

nSMase activity in BMDM cell lysate. Importantly, the performed nSMase activity assay does not exclusively measure nSMase2
activity, but also activity of other nSMase enzymes such as nSMase1 and nSMase3. In BMDM cell lysate from SmpdMye-KO mice,
we observed a lower nSMase activity, illustrating that the genomic Smpd deletion is accompanied with a decrease in nSMase
activity (Figure 5d).

After confirming specific deletion of Smpd in BMDMs from SmpdMye-KO mice, we compared the amount of EVs released by
these cells. Thereto, the medium of BMDM cells (Figure 5a) was collected after culturing for 8 h followed by ExoView analysis
(Figures 5e–I, S5A–K). This revealed no significant changes in total CD9+ EV levels, as well as CD9+/CD81+, CD9+/CD63+,
CD9+/CD9+ and the label free scatter positive EVs (50–200 nm) detected on the CD9 capture spot. Moreover, also plasma EV
levels from the SmpdMye-KO mice did not show significant differences compared to SmpdMye-WT (Figures 5j–n, S5L–V). Because
no changes in EV levels could be detected upon SmpdMye-KO, we investigated whether Smpd deletion mediated a compensa-
tional upregulation of other EV-biogenesis related-genes. There were no significant differences observed in the expression levels
of Smpd, Alix, Tsg and Stam in SmpdMye-KO compared to SmpdMye-WT (Figure 5o–s), which may suggest the absence of



 of  MARLIES et al.

F IGURE  Smpd deletion in bone marrow-derived macrophages (BMDMs) does not affect the amount of EV release. (a) BMDMs were differentiated
from whole bone marrow from Smpdfl/fl × LysM-CreTg/+ (SmpdMye-KO) mice and Smpdfl/fl × LysM-Cre+/+ (SmpdMye-WT). Twenty four hours before the
start of the assays, BMDMs were re-seeded at equal cell densities. At the start of incubation, the culture medium was switched to Opti-MEM. Cells were lysed
and culture medium was collected for analyses 8 h after switching to Opti-MEMmedium. (b) Deflox PCR on several myeloid cell-containing organs and
BMDMs derived from Smpd3Mye-KO mice. The presence of the deletion band (402 bp) shows effective Cre-mediated ‘defloxing’. The flox band (2121 bp) is
absent in BMDMs while still present in the organs. (c) Smpd3 expression in BMDMs analysed with RT-qPCR, relative to Smpd3Mye-WT, showing efficient KO
of Smpd3 on RNA level. (d) nSMase activity assay illustrating reduced nSMase enzyme activity in Smpd3Mye-KO mice. (e–n) ExoView quantification of CD9+
EVs in BMDM culture medium (e–i) and plasma (j–n) from Smpd3Mye-WT (n = 3–7) and Smpd3Mye-KO (n = 3–7) mice, showing the total (e, j), CD81+ (f, k),
CD63+ (g, l), CD9+ (h, m) and label-free scatter+ (50–200 nm) (i, n) EVs captured on the CD9 spot. (O–S) Expression level of Smpd (o), Smpd (p), Alix (p),
Tsg (r) and Stam (s) in BMDMs from Smpd3Mye-WT (n = 4–5) versus Smpd3Mye-KO mice (n = 5–6). Results are represented relative to Smpd3Mye-WT. Data

(Continues)
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F IGURE  (Continued)
are represented as means ± SEM. Statistical analyses were performed by unpaired t-testing (*p < 0.05, ****p < 0.0001; ns, not significant). Alix, apoptosis linked
gene 2 interacting protein X; BMDM, bone marrow-derived macrophage; EV, extracellular vesicle; Smpd, sphingomyelin phosphodiesterase.

compensatory upregulation of the analysed alternative EV biogenesis pathways at gene expression level. However, we did detect
significant Smpd downregulation in SmpdMye-KO derived BMDMs. Taken together, these results indicate that Smpd deletion
does not impact the amount of EVs released by macrophages.

. Alix deletion significantly decreases EV release by macrophages

Next, we investigated whether alternative EV biogenesis pathways may be more important for the overall EV production
by macrophages. Hence, Alixfl/fl mice were crossed with LysM-CreTg/+ mice to generate myeloid cell specific Alix KO mice
(AlixMye-KO) (Figure 6a). First, we verified the specificity and efficiency of Alix deletion in the macrophages. As shown in
Figure 6b,c, we could show defloxing at DNA level, as well as strongly downregulated Alix gene expression in the BMDMs from
AlixMye-KO mice. Moreover, western blot analysis on BMDM cell lysate showed that ALIX protein expression was completely
absent in AlixMye-KO derived BMDMs (Figure 6d). Next, we performed ExoView analysis on BMDM culture medium from
AlixMye-WT and AlixMye-KO cultures 8 h after incubation (Figure 6a,e–i). This analysis revealed that the total amount of CD9-
captured EVs, as well as CD9+/CD81+, CD9+/CD63+ and CD9+/CD9+ EV numbers were significantly decreased in AlixMye-KO

BMDM medium compared to AlixMye-WT. In addition, also the level of label free, scatter positive EVs (50–200 nm) captured
on the CD9 spot showed a decreased trend for AlixMye-KO versus AlixMye-WT (p = 0.0588). The same trends could be observed
on the EVs captured by the CD81 capture spot (Figure S6A–E). Moreover, Alix deficiency resulted in a significant decrease
of CD9+/CD63+ double positive EVs, CD9+/CD81+/CD63+ triple positive EVs as well as a small but significant decrease in
EVs that were only positive for tetraspanin CD9 (Figure S6F–K). In contrast, ExoView analysis of plasma of AlixMye-WT and
AlixMye-KO mice did not show differences in EV numbers (Figures 6j–n, S6L–P) or tetraspanin colocalization (Figure S6Q–V).
Furthermore, we investigated whether other EV-biogenesis related genes (i.e. Smpd, Smpd, Smpd, Tsg and Stam) were dif-
ferentially expressed as a response to Alix deletion (Figure 6o–s). No compensatory expression of other EV-related genes upon
Alix deletionwas detected. Collectively, these results indicate thatAlix deletion inmacrophages results in a decrease in EV release,
while this has no impact on the overall plasma EV levels in vivo.

 DISCUSSION

Due to the drawbacks of using pharmacological inhibitors of EV production, more specifically non-EV related off-target effects
and the inability to target specific cell types or tissues, we aimed to generate a transgenic mouse model that would allow to study
the effect of EV inhibition in several physiological and pathological conditions. Given the number of studies available showing
GW4869-mediated nSMase inhibition and siRNA-mediated Smpd silencing, Smpd was selected as suitable candidate and we
generated a classical and conditional Smpd KO transgenic mouse line to study the effect of nSMase2-specific deletion on EV
release.However, as CSF and plasma of Smpd+/−mice both did not show a reduction in EV levels, we hypothesized that complete
Smpd deficiency might be necessary to affect ESCRT-independent EV production. Moreover, we considered the fact that the
importance of the ESCRT-independent, Smpd-mediated EV generation may be more relevant in certain cell types compared to
others. As a consequence, while in some cell types EV production could be affected upon Smpd deletion, this might be masked
or compensated by EV release by unaffected cell types. Therefore, we used the conditional Smpdfl/fl mice to achieve complete
Smpd deletion in a mix of cortical brain cells, as well as in bonemarrow-derivedmacrophages (BMDMs). Unexpectedly, Smpd
deletion had no effect on the amount of released EVs in any of the investigated cell types.
The results of our study are intriguing and raise questions regarding the generalization of nSMase2’s role as regulator of exo-

some biogenesis. It is essential to consider thatmuch of the pioneering research on nSMase2-dependent effects on EV production
was conducted on a limited amount of cell types or cell lines. For instance, Trajkovic et al. initially described nSMase(2)-mediated
ceramide production as involved in ESCRT-independent biogenesis of intraluminal vesicles (ILVs) inside multivesicular bod-
ies (MVBs) (Trajkovic et al., 2008). In this study, both pharmacological nSMase inhibition as well as siRNA-mediated Smpd
silencing could reduce the amount of proteolipid protein (PLP) enriched EVs, but this was specifically described for an oligoden-
drocyte cell line. Similarly, Menck et al. observed decreased levels of small EVs, defined as EVs obtained via ultracentrifugation
at 100,000 × g, upon GW4869 treatment or Smpd siRNA delivery in human SKBR3 cells and mouse L-cells, while EVs pelleted
by 14,000 × g ultracentrifugation increased upon nSMase inhibition (Menck et al., 2017). A potential mechanism for participa-
tion of nSMase2 in controllingMVB fusion with the plasma membrane was recently provided by Choezom et al., demonstrating
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F IGURE  Alix deletion in bone marrow-derived macrophages (BMDMs) results in decreased EV production. (a) BMDMs were differentiated from
whole bone marrow from Alixfl/fl × LysM-CreTg/+ (AlixMye-KO) mice and Alixfl/fl × LysM-Cre+/+ (AlixMye-WT). At 24 h before the start of the assays, BMDMs
were re-seeded at equal cell densities. At the start of incubation, the culture medium was switched to Opti-MEM. Cells were lysed and culture medium was
collected for analyses 8 h after switching to Opti-MEMmedium. (b) Deflox PCR on several myeloid cell-containing organs and BMDMs derived from
AlixMye-KO mice. The presence of the deletion band (473 bp) shows effective cre-mediated ‘defloxing’. The flox band (368 bp) is merely absent in BMDMs while
still present in the organs. (c) Alix expression in BMDMs analysed with RT-qPCR, relative to AlixMye-WT, showing efficient KO of Alix on RNA level. (d) ALIX
western blot, visualizing the absence of ALIX (96 kDa) in BMDMs from AlixMye-KO BMDM lysates. Red bands represent ACTIN protein (42 kDa) expression.
(e–n) ExoView quantification of CD9+ EVs in BMDM culture medium (e–i) and plasma (j–n) from AlixMye-WT (n = 3–4) and AlixMye-KO (n = 3–4) mice,
showing the total (e, j), CD81+ (f, k), CD63+ (g, l), CD9+ (h, m) and label-free scatter+ (50–200 nm) (i, n) EVs captured on the CD9 spot. (O–S) Expression
level of Smpd (o), Smpd (p), Smpd (q), Tsg (r) and Stam (s) in BMDMs from AlixMye-WT (n = 6) versus AlixMye-KO mice (n = 5). Results are represented

(Continues)
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F IGURE  (Continued)
relative to AlixMye-WT. Data are represented as means ± SEM. Statistical analyses were performed by unpaired t-testing or Mann–Whitney testing (*p < 0.05,
***p < 0.001, ns, not significant). Alix, apoptosis linked gene 2 interacting protein X; BMDM, bone marrow-derived macrophage; EV, extracellular vesicle;
Smpd, sphingomyelin phosphodiesterase.

that nSMase2 regulates V-ATPase-mediated endosomal acidification, which in term determines MVB fate (Choezom & Gross,
2022). However, this mechanismwas proposed based on results obtained by only studying HeLa cells. In addition, it is important
to note that, when nSMase2 indeed controls MVB-plasma membrane fusion, this might not exclusively affect MVBs containing
ILVs formed through the nSMase2-mediated, ESCRT-independent pathway but may also influence the fate of MVBs with ILVs
resulting fromESCRT-dependent pathways. In our study, neithermixed cortical cells (MCCs) nor BMDMs showed decreased EV
release upon Smpd deletion, whereas in BMDMs an EV reduction was observed upon Alix deletion. This finding may suggest
that BMDM-mediated ILV production in basal conditions is mainly dependent on ESCRT-dependent machinery rather than
ESCRT-independent mechanisms, but this remains to be investigated further. Notably, a few studies also reported that nSMase2
blockage in some specific cell types (melanoma cells, PC-3 cells) did not result in altered MVB biogenesis or EV release (Niel
et al., 2011; Phuyal et al., 2014).
As mentioned above, there are many additional studies reporting reduced EV production by several other cell types upon

nSMase(2) blockage (Balusu et al., 2016; Cheng et al., 2018; Kosaka et al., 2010; Mittelbrunn et al., 2011; Vandendriessche et al.,
2021; Xu et al., 2016; Yuyama et al., 2012). However, the EV analysis methods differ strongly from our approach, as the ExoView
platform has never been used before to quantify the amount of EVs present in biofluids or culture medium in the context of
nSMase inhibition or deletion. Indeed, previous studies mainly use Nanoparticle Tracking Analysis (NTA) and western blot on
purified EV fractions. Quantifying EVs through a limited set of EV markers using western blot is not always reliable because of
potential shifts in marker abundance under different conditions and the lack of suitable reference proteins for normalization.
Moreover, the technique used to isolate EVs can introduce bias towards certain EV subpopulations or co-isolation of particular
contaminants (Clos-Sansalvador et al., 2022; Monguió-Tortajada et al., 2019; Veerman et al., 2021). ExoView encounters the
advantage to be able to analyse EV counts without prior EV isolation, since the technique is based onmarker-specific capturing of
the EVs. Formouse studies, tetraspanins CD81 and CD9 are standardly used to capture EVs, while secondary detection for CD81,
CD9 and CD63 is possible. Since these tetraspanins are believed to be present on all EV populations, ExoView offers efficient
inspection of EVs. However, the lack of CD63 capture spots entails a risk for losing EVs which are only CD63+ or harbor very
limited levels of CD81 and CD9. Indeed, there are examples illustrating that the distribution or abundance of general tetraspanin
EVmarkers on EV populations can differ depending on the EV-producing cell type. For example, a study onMHC-II-expressing
HeLa cells noted that CD63 was most enriched in small EVs, while CD63 negative EVs were also present (Colombo et al., 2013).
Furthermore, it is important to note that, according to the MISEV2018 guidelines, CD81 and CD63 are recognized as non-tissue
specificmarkers, whereas CD9 is absent onNK-, B- and someMSC-cells (Théry et al., 2018). Another ExoView-related limitation
is its restricted size range, detecting EVs between 50 and 200 nm in the label-free scatter mode and <50–200 nm in fluorescent
mode (Deng et al., 2022), thus excluding larger EVs. Therefore, we can’t exclude that SMPD3 deficiency causes a potential shift
in EV size distribution. Moreover, sample dilutions implemented in this study were optimized for quantification of fluorescently
labelled EVs while it was not appropriate for reliable detection of EVs with label-free quantification.
While the amount of EVs released by cells was not changed upon absence of Smpd, we did not check intracellular effects of

Smpd deletion on MVB and ILV formation. Since the role of Smpd in EV biogenesis is related to ILV formation within MVBs
as well as MVB fusion with the plasma membrane (Choezom & Gross, 2022; Trajkovic et al., 2008), Smpd deficiency could
potentially lead to intracellular MVB accumulation and/or reduced ILV generation. In addition, we did not analyse the effect
of Smpd deficiency on the levels of its substrate sphingomyelin and its released product ceramide. Nevertheless, irrespective
of potential MVB accumulation or decreased ILV formation, the results of this study indicate that this does not influence the
number of EVs that are eventually released. The latter observationmay also suggest that the proposed role of nSMase in favouring
MVB-plasma membrane fusion, which potentially affects MVBs containing ESCRT-dependent and -independent formed ILVs,
is not as important in all cell types or environmental contexts.
Importantly, we did not distinguish exosomes from ectosomes during our analyses. Up to date, there is no good discrimina-

tive marker that allows to differentiate between both EV subtypes, thus we cannot eliminate the possibility that Smpd3 deletion
did affect specific EV subtypes. As mentioned above, previous research by Menck et al. showed that nSMase inhibition can
differentially affect EV populations (Menck et al., 2017). They defined exosomes and ectosomes based on pelleting at differen-
tial centrifugation forces of 100,000 g and 14,000 × g, respectively, which were referred to as P100 and P14 EV fractions. Here,
nSMase inhibition reduced the release of P100 ‘exosomes’ while increasing the release of P14 ‘ectosomes’ (Menck et al., 2017).
While pelleted EV fractions showed overlap in size, there was more enrichment for EV markers CD81 and ALIX, in the P100
“exosome” fraction compared to the P14 ‘ectosome’ fraction. Moreover, reduced levels of CD81, ALIX and syntenin in the P100
fraction and enrichment for Wnt proteins in the P14 EV fraction were reported upon nSMase inhibition via GW4869 as well as



 of  MARLIES et al.

siRNA-mediated silencing of Smpd and/or Smpd (Menck et al., 2017). These findings illustrate the ability of nSMases to poten-
tially mediate EV content alterations. This statement is further supported by the study of Trajkovic et al. describing that a specific
subset of PLP-containing EVs, produced by Oli-neu cells was three times enriched for ceramide (Trajkovic et al., 2008). The
production of this specific EV population was shown to depend on nSMase. While we checked whether Smpd deletion could
mediate a shift in EV tetraspanin distribution, we did not address other potential content alterations of EVs, so it is still a pos-
sibility that, despite the lack of EV reduction upon Smpd deletion, EV populations show shifts into content. Furthermore, our
ExoView protocol was only able to detect surface and not internal tetraspanins, which could be evaluated by adding a fixation
and permeabilization step to the ExoView protocol.
In our study, we carefully examined the expression levels of other genes involved in both ESCRT-dependent and -independent

ILV biogenesis pathways, ruling out compensatory upregulation. Interestingly, we observed a decrease in the expression of Smpd
in Smpd deficient cells. We examined whether this could be due to unspecific binding of the Smpd primers with Smpd cDNA,
but BLAST analysis rules this out. Hence, the reduction in Smpd expression appears to be a genuine biological consequence
of Smpd deficiency. In contrast to Smpd, the functions of Smpd are less well understood, and its physiological role remains
unknown. Neither Smpd KO nor overexpression significantly affects lipid storage or metabolism (Tallon et al., 2021; Wu et al.,
2010). Importantly, its role in EV biogenesis is poorly investigated. In fact, only a few studies compared the effect of Smpd versus
Smpd knock-down on EV release. For example, the study ofMenck et al. (2017) observed that siRNA-mediated Smpd silencing
showed similar effects to Smpd knock-down in terms of EV production by SKBR3 cells, whereas Yuyama et al. (2012) reported
that released EV levels were only reduced in case of Smpd knock-down in neuronal N2a cells. Regarding studies using siRNA-
mediated Smpd silencing, it is worth noting that not all studies describe siRNA specificity for Smpd compared to other nSMases.
Overall, further research is needed to fully understand the contribution of Smpd to ESCRT-independent EV biogenesis.

Lastly, it is noteworthy that we are not the first to generate Smpd deficient or KOmice. For example, a spontaneous recessive
Smpdmutation referred to as fragilitas ossium (fro) in mice significantly attenuated nSMase activity and displays a phenotype
similar to a skeletal disorder namely osteogenesis imperfecta (Aubin et al., 2005; Muriel et al., 1991; Sillence et al., 1993). These
so-called fro/fro mice suffer from perinatal mortality in approximately 90% of the offspring (Sillence et al., 1993). Similarly,
conditional SmpdKOmice were previously generated by crossing Smpdfl/fl mice with chondrocyte- and osteoblast-specific Cre
lines, successfully mimicking the skeletal phenotype of fro/fro mice (Li et al., 2016). Additionally, Stoffel et al. (2005) described
Smpd−/− mice that exhibit severe retardation of late embryonic and postnatal growth, described as a dwarfism phenotype with
skeletal defects and growth hormone deficits (Stoffel et al., 2005). However, these studies did not investigate the effect of Smpd
deficiency on EV biogenesis. One study described that Smpd KO mediates impaired vesicular protein transport at the Golgi
membrane in neurons, leading to the accumulation of neurotoxic proteins such as amyloid precursor protein (APP), amyloid-
beta and phosphorylated Tau, consequently leading to neuronal cell death and cognitive decline (Stoffel et al., 2018). Nonetheless,
this study did not quantify EV production by neurons or in CSF of these mice.
In conclusion, our findings reveal no significant impact of Smpd deficiency on EV release in the cell types tested. These

intriguing results suggest that the involvement of Smpd in EVbiogenesismay be cell type or species dependent, indicating that its
effectsmight not be universally applicable across all cellular contexts. These findings open new avenues for further research aimed
at understanding the intricate interplay between EVs and their parent cells, providing valuable insights into the fundamental
processes governing intercellular communication in both healthy and diseased conditions.
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