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Abstract 
 

Progression of prion diseases is driven by the accumulation of prions in the brain. Ablation of 

microglia or deletion of the eat-me-signal milk-fat globule EGF factor VIII (Mfge8) accelerate 

prion pathogenesis, suggesting that microglia defends the brain by phagocytosing prions. Like 

Mfge8, Developmental endothelial locus-1 (Del-1) is a secreted protein that acts as an opsonin 

bridging phagocytes and apoptotic cells to facilitate phagocytosis. We therefore asked whether 

Del-1 might play a role in controlling prion pathogenesis. We first determined the expression 

pattern of Del-1 in mice, and found that the brain expresses the highest level of Del-1. In mouse 

brains, Del-1 was mainly expressed by neurons. We then assessed the anti-inflammatory and 

phagocytosis-promoting functions of Del-1 in prion disease, and determined whether Del-1 

complements Mfge8 in prion clearance in mice with a C57BL/6J genetic background. We found 

that Del-1 deficiency did not change prion disease progression and lesion patterns. Also, prion 

clearance and PrPSc deposition were unaltered in Del-1 deficient mice. Additionally, prion-

induced neuroinflammation was not affected by Del-1 deficiency. We conclude that Del-1 is 

not a major determinant of prion pathogenesis in this context.  
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1. Introduction 
 

Prion diseases are lethal neurodegenerative disorders that include scrapie in sheep and goats, 

bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids 

and Creutzfeldt-Jakob disease (CJD) in humans (Aguzzi, et al., 2013b). Prion diseases are 

characterized by deposition of scrapie prion protein (PrPSc) in the central nervous system 

(CNS) (Aguzzi and Zhu, 2012). PrPSc is a misfolded form of the cellular prion protein (PrPC), 

which can seed and convert PrPC into an altered, aggregated conformation. Therefore, prion 

diseases are transmissible. PrPSc, biochemically defined as a proteinase-K resistant variant of 

the prion protein, is considered a reliable surrogate marker of the infectious agent. The 

accumulation of PrPSc within the central nervous system goes along with astrogliosis, microglial 

activation, and neuronal loss.  

Microglia are the main innate immune cells in the CNS and can defend against various 

neuroinvasive agents. Removal of microglia by expression of a suicide gene greatly enhances 

PrPSc accumulation in prion-infected cultured organotypic cerebellar slices (COCS) and in 

mice, suggesting that microglia exerts a defensive role against prions (Aguzzi and Zhu, 

2017,Falsig, et al., 2008,Zhu, et al., 2016). The prion removal capacity of the brain is 

considerable, since in Prnp-ablated mice, which cannot replicate prions because they lack the 

conversion substrate, prions are removed within just a few days (Sailer, et al., 1994). However, 

the defense provided by microglia is only temporary and PrPSc accumulate over time, 

eventually leading to prion pathology in wild-type mice.  

The molecular mechanisms underlying prion clearance by microglia are not entirely clear. We 

have reported enhanced prion pathogenesis in mice lacking the astrocytes-borne opsonin 

protein, milk-fat globule EGF factor VIII (Mfge8). This observation suggests that Mfge8 can 

opsonize PrPSc aggregates and facilitate their engulfment by microglia. However, the 

deficiency of Mfge8 is deleterious only in C57BL/6J x 129Sv, but not in C57BL/6J mice 

(Kranich, et al., 2010,Kranich, et al., 2008), suggesting the existence of additional factors 

involved in prion clearance (Aguzzi, et al., 2013a). Triggering receptor expressed on myeloid 
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cells-2 (TREM2), a molecule expressed mainly by microglia in the brain, is important for 

phagocytosis of apoptotic neurons and suppression of inflammation (Takahashi, et al., 2005). 

Variants of the TREM2 gene are risk factors for Alzheimer’s disease (Guerreiro, et al., 

2013,Jonsson, et al., 2013). This is probably due to impaired phagocytosis and clearance of 

Aβ (Wang, et al., 2015). However, although TREM2 is involved in prion-induced microglial 

activation, it is not a main transducer of prion clearance (Zhu, et al., 2015a). 

Developmental endothelial locus-1 (Del-1) was originally found as an endothelial cell-derived 

extracellular matrix protein structurally containing three EGF-like repeats and two discoidin 

I-like domains. Del-1 regulates vascular morphogenesis or remodeling (Hidai, et al., 1998). 

Del-1 has also emerged as an inhibitor of leukocyte-endothelial interaction by interfering with 

lymphocyte function-associated antigen (LFA)-1-dependent leukocyte recruitment (Choi, et al., 

2008), thereby limiting ischemia-related angiogenesis (Klotzsche-von Ameln, et al., 2017). 

Recently, Del-1 has appeared as a potent antagonist of interleukin 17 (IL-17)-triggered 

neutrophil-mediated inflammatory bone loss and osteoclast-induced bone resorption (Eskan, 

et al., 2012,Maekawa, et al., 2015,Shin, et al., 2015). The anti-inflammatory function of Del-1 

has been observed also in the CNS, and Del-1-/- mice develop accelerated experimental 

autoimmune encephalomyelitis (EAE) pathogenesis due to increased neuroinflammation and 

demyelination (Choi, et al., 2015). Another study found that Del-1 is expressed by various cells 

in bone marrow and functions as a regulator of myelopoiesis in the hematopoietic stem cell 

(HSC) niche (Mitroulis, et al., 2017). As a structural homologue of Mfge8, Del-1 can also bind 

to αvβ3 integrin on phagocytes via an Arg-Gly-Asp (RGD) motif in the second EGF domain, 

and to phosphatidylserine exposed on the outer leaflet of apoptotic cells through its discoidin 

I-like domains, therefore bridging apoptotic cells and phagocytes to facilitate uptake and 

removal of apoptotic cells (Hanayama, et al., 2004). However, it has also been reported that 

Del-1 attenuates complement-dependent phagocytosis by blocking macrophage-1 antigen 

(Mac-1) integrin (Mitroulis, et al., 2014). 

In this study, we aimed to investigate whether the phagocytosis-promoting and anti-

inflammatory functions of Del-1 may have an impact onto prion pathogenesis, and to determine 
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whether Del-1 complements Mfge8 in prion clearance in mice with a C57BL/6J genetic 

background. We first determined the expression pattern of Del-1 and found that Del-1 is mainly 

expressed by neurons in mouse brains. We observed that Del-1-/- mice displayed disease 

progression and lesion patterns similar to those of their heterozygous (Del-1+/-) and wild-type 

(Del-1+/+) littermates. Importantly, PrPSc deposition was not altered by Del-1 deficiency, 

suggesting that Del-1 is not involved in prion clearance in vivo. Furthermore, Del-1 deficiency 

did not overtly affect prion-induced neuroinflammation. On the basis of these observations, we 

conclude with a high degree of confidence that Del-1 is not a major determinant of prion 

clearance and does not impact prion pathogenesis in any measurable way, Del-1 does not 

complement Mfge8 in prion clearance in mice with a C57BL/6J genetic background. 
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2. Material and methods 
 

2.1 Ethical statement 

All animal experiments were carried out in strict accordance with the Rules and Regulations 

for the Protection of Animal Rights (Tierschutzgesetz and Tierschutzverordnung) of the Swiss 

Bundesamt für Lebensmittelsicherheit und Veterinärwesen and were preemptively approved 

by the Animal Welfare Committee of the Canton of Zürich (permit # 41/2012). 

2.2 Animals 

Del-1-/- mice with a C57BL/6J genetic background (Choi, et al., 2008) were generated by a 

targeted replacement of exon 1 by a reporter gene β-galactosidase, therefore expressing β-

galactosidase instead of Del-1 under the control of the endogenous Del-1 promoter. Del-1-/- 

mice were backcrossed again to C57BL/6J mice to obtain Del-1+/- offspring, which were then 

intercrossed to generate Del-1+/+ (wild type), Del-1+/- and Del-1-/- mice for experiments 

described here. All animals were maintained in a high hygienic grade facility under a 12 h 

light/12 h dark cycle (from 7 am to 7 pm) at 21±1°C, and fed with diet and water ad libitum. 

2.3 Prion inoculation 

Mice at 6-8 weeks old were intracerebrally (i.c) inoculated with 30 μl of brain homogenate 

diluted in PBS with 5% BSA and containing 3 x 105 LD50 units of the Rocky Mountain 

Laboratories scrapie strain (passage 6, thus called RML6). Mice were monitored and actions 

were taken to minimize animal suffering and distress according to details described previously 

(Zhu, et al., 2015b). Scrapie was diagnosed according to clinical criteria (ataxia, limb 

weakness, front leg paresis and rolling). Mice were sacrificed by CO2 inhalation on the day of 

appearance of terminal clinical signs of scrapie (specific criteria referred to (Zhu, et al., 2015b)), 

organs were taken and then were either snap-frozen for biochemical analysis or fixed in 4% 

formalin for histological assessment. The time elapsed from prion inoculation to the terminal 

stage of disease was defined as incubation time for the survival study. 
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2.4 Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted using TRIzol (Invitrogen Life Technologies) according to the 

manufacturer’s instruction. The quality of RNA was analyzed by Bioanalyzer 2100 (Agilent 

Technologies), RNAs with RIN>7 were used for cDNA synthesis. cDNAs were synthesized 

from ~1 µg total RNA using QuantiTect Reverse Transcription kit (QIAGEN) according to the 

manufacturer’s instruction. Quantitative real-time PCR (qRT-PCR) was performed using the 

SYBR Green PCR Master Mix (Roche) on a ViiA7 Real-Time PCR system (Applied 

Biosystems). The following primer pairs were used: GAPDH sense, 5´-CCA CCC CAG CAA 

GGA GAC T-3´; antisense, 5´-GAA ATT GTG AGG GAG ATG CT-3´. Del-1 sense, 5´-GCC 

TGG CTT TTG GTT GGA CT-3´; antisense, 5´-ACC TGC GAA GCC TTC TGG AC-3´. Mfge8 

sense, 5´-ATA TGG GTT TCA TGG GCT TG -3´; antisense, 5´-GAG GCT GTA AGC CAC CTT 

GA-3´. TNFα sense, 5´-CAT CTT CTC AAA ATT CGA GTG ACA A-3´; antisense, 5´-TGG 

GAG TAG ACA AGG TAC AAC CC-3´. IL-1β sense, 5´-CAA CCA ACA AGT GAT ATT CTC 

CAT G-3´; antisense, 5´-GAT CCA CAC TCT CCA GCT GCA-3´. IL-6 sense, 5´-TCC AAT GCT 

CTC CTA ACA GAT AAG-3´; antisense, 5´-CAA GAT GAA TTG GAT GGT CTT G -3´. 

Expression levels were normalized using GAPDH. 

2.5 Immunohistochemistry 

For X-gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside) staining, cryosections were 

fixed at 0.4% glutaraldehyde at 4°C for 5 min. After washing with PBS, sections were 

pretreated with permeabilization buffer (PBS containing 0.02% NP-40, 0.01% sodium 

deoxycholate and 2 nM MgCl2) at RT for 30 min. Sections were washed with PBS and 

incubated with staining solution (5 mM FeKCN(II), 5 mM FeKCN(III), 2 mM MgCl2 and 1mg/ml 

X-Gal (Promega V3941)) at 37°C for 24 hours. Sections were washed again with PBS 

containing 0.02% Igepal and 2 mM MgCl2, and mounted with DAKO faramount. Only cells that 

express β-galactosidase can catalyze the hydrolysis of X-gal into galactose and 5-bromo-4-

chloro-3-hydroxyindole, the second compound is then oxidized into 5,5’-dibromo-4,4’-dichloro-

indigo that will visualize the cells blue. Sections were imaged using a Zeiss Axiophot light 

microscope. 
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Prion-infected brain tissues were harvested and fixed in formalin, followed by treatment with 

concentrated formic acid for 60 min to inactivate prion infectivity and embedded in paraffin. 

Paraffin sections (2 μm) of brains were stained with hematoxylin/eosin (HE) to visualize prion-

induced lesions and vacuolation. For the histological detection of partially proteinase K-

resistant prion protein deposition, deparaffinized sections were pretreated with formaldehyde 

for 30 min and 98% formic acid for 6 min, and then washed in distilled water for 30 min. 

Sections were incubated in Ventana buffer and stains were performed on a NEXEX 

immunohistochemistry robot (Ventana instruments, Switzerland) using an IVIEW DAB 

Detection Kit (Ventana). After incubation with protease 1 (Ventana) for 16 min, sections were 

incubated with anti-PrP SAF-84 (1:200, SPI bio, A03208) for 32 min. Sections were 

counterstained with hematoxylin. To detect astrogliosis and microglial activation, brain sections 

were deparaffinized through graded alcohols, anti-GFAP antibody (1:300; DAKO, Carpinteria, 

CA) were applied for astrogliosis, anti-Iba1 antibody (1:1000; Wako Chemicals GmbH, 

Germany) was used for highlighting activated microglial cells. Stainings were visualized using 

DAB (Sigma-Aldrich), hematoxylin counterstain was subsequently applied. Sections were 

imaged using a Zeiss Axiophot light microscope.  

2.6 Immunofluorescent staining 

Cryosections were first fixed in acetone at room temperature for 10 min, followed by blocking 

in blocking buffer (0.5% BSA (Albumin Fraktion V, Roth, Karlsruhe), 1% goat serum (X0907, 

DAKO) and 1% Triton X-100 (T9284-100ML, Sigma-Aldrich) in PBS) for 30 min. Sections were 

then incubated with primary antibodies diluted in staining buffer (0.5% BSA, PBS, 1% goat 

serum and 0.1% Triton X) at 4°C overnight. After washing, sections were incubated with 

secondary antibodies conjugated with different fluorophores at room temperature for 1 hour. 

After washing, nuclei were stained with DAPI (sigma, D9542). Sections were mounted with 

DAKO Faramount Aqueous mounting medium. Images were captured using confocal laser 

scanning microscope FluoView Fv10i (Olympus). The following antibodies were used for 

immunofluorescent staining: Anti-β-galactosidase (1:500, Abcam, ab9361); Anti-MAP2 (1:300, 

Abcam, ab32454); Anti-GFAP (1:500, DAKO, Z0334); Anti-CD68 (1:200, Bio-Rad, MCA1957); 
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anti-MAG (1:200, Millipore, MAB1567); DyLight 488 goat anti chicken (1:500, Abcam, 

ab96947); Alexa Fluor 594 Goat anti rabbit (1:500, Invitrogen, A11037); Alexa Fluor 594 goat 

anti rat (1:500, Invitrogen, A11007); Alexa Fluor 594 goat anti mouse (1:500, Invitrogen, 

A11032). 

2.7 Western blot analysis 

To detect PrPC in the mouse brains, one hemisphere of each brain was homogenized with 

buffer PBS containing 0.5% Nonidet P-40 and 0.5%CHAPSO. Total protein concentration was 

determined using the bicinchoninic acid assay (Pierce). ~8 ug protein was loaded and 

separated on a 12% Bis-Tris polyacrylamide gel (NuPAGE, Invitrogen) and then blotted onto 

a nitrocellulose membrane. Membranes were blocked with 5% (wt/vol) Topblock 

(LuBioScience) in PBS supplemented with 0.1% Tween 20 (vol/vol) and incubated with primary 

antibodies POM1 in 1% Topblock (400 ng ml−1) overnight. After washing, the membranes were 

then incubated with secondary antibody horseradish peroxidase (HRP)-conjugated goat anti–

mouse IgG (1:10,000, Jackson ImmunoResearch, 115-035-003). Blots were developed using 

Luminata Crescendo Western HRP substrate (Millipore) and visualized using the Stella system 

(model 3000, Bio-Rad). To avoid variation in loading, the same blots were stripped and 

incubated with anti-actin antibody (1:10,000, Millipore). The PrPC signals were normalized to 

actin as a loading control. To detect Mfge8 protein in mouse brains by Western blot, 20 µg of 

total brain protein were loaded and anti-Mfge8 antibody (1:1000; R&D Systems, AF2805) and 

horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG(1:10,000, Jackson 

ImmunoResearch, 705-035-147) were used as primary and secondary antibodies, respectively.  

Actin was used as the loading control. 

To detect PrPSc, prion infected forebrains were homogenized in sterile 0.32 M sucrose in PBS. 

Total protein concentration was determined using the bicinchoninic acid assay (Pierce). 

Samples were adjusted to 20 µg protein in 20 µl and digested with 25 µg ml−1 proteinase K for 

30 min at 37°C. PK digestion was stopped by adding loading buffer (Invitrogen) and boiling 

samples at 95°C for 5 min. Proteins were then separated on a 12% Bis-Tris polyacrylamide 

gel (NuPAGE, Invitrogen) and blotted onto a nitrocellulose membrane. POM1 and horseradish 
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peroxidase (HRP)-conjugated goat anti–mouse IgG were used as primary and secondary 

antibodies, respectively. Blots were developed using Luminata Crescendo Western HRP 

substrate (Millipore) and visualized using the FUJIFILM LAS-3000 system. To detect Iba1 and 

GFAP in prion-infected brains by Western blot, 20 µg of total brain protein were loaded and 

anti-Iba1 antibody (1:1000; Wako Chemicals GmbH, Germany, 019-19741), anti-GFAP 

antibody (D1F4Q) XP Rabbit mAb (1:3000; Cell Signaling Technology, 12389) and horseradish 

peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000, Jackson ImmunoResearch, 111-

035-045) were used as primary and secondary antibodies, respectively.  Actin was used as 

the loading control. 

2.8 Real-time quaking-induced conversion assay (RT-QuIC) 

RT-QuIC assays of prion-infected mouse brain homogenates were performed as previously 

described (Frontzek, et al., 2016). Briefly, recombinant hamster full-length (23–231) PrP 

(HaPrP) was expressed in Rosetta2(DE3)pLysS E.coli competent cells and purified by affinity 

chromatography using Ni2+-nitrilotriacetic acid Superflow resin (QIAGEN). In the RT-QuIC 

assay, recombinant HaPrP was used as substrate for PrPSc-catalyzed conversion. RT-QuIC 

reactions containing HaPrP substrate protein at a final concentration of 0.1 mg mL-1 in PBS 

(pH 7.4), 170 mM NaCl, 10 μM EDTA, 10 μM Thioflavin T were seeded with 2 μL of serially 

diluted brain homogenates in a total reaction volume of 100 μL. NBH- and RML6-treated brain 

homogenates were used as negative and positive controls, respectively. The RT-QuIC 

reactions were amplified at 42 °C for 100 h with intermittent shaking cycles of 90 s shaking at 

900 rpm in double orbital mode and 30 s resting using a FLUOstar Omega microplate reader 

(BMG Labtech). Aggregate formation was followed by measuring the thioflavin T fluorescence 

every 15 min (450 nm excitation, 480 nm emission; bottom read mode). 

2.9 Statistical analysis 

Results are presented as the mean of replicas ± standard error of the mean (SEM). An 

unpaired Student’s t-Test was used to assess statistical significance between two experimental 

groups. One-way ANOVA with Tukey’s multiple comparison test or Dunnett’s multiple 

comparison test was used for comparison of all columns to a control column for statistical 
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analysis of experiments involving the comparison of three or more groups. For prion inoculation 

experiments, incubation times were analyzed using the Kaplan-Meier method and compared 

between groups using Log-rank (Mantel-Cox) test. p-values <0.05 were considered statistically 

significant. 
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3. Results 
 

3.1 Del-1 is highly expressed in the mouse brain in an age-dependent manner 

Del-1 is a secreted glycoprotein. We have not been able to acquire a specific antibody against 

the mouse Del-1 protein, and two commercially available antibodies (Novus Biologicals, NBP1-

28632; Proteintech, 12580-1-AP) were found to only yield nonspecific bands in Western blots 

(Supplemental figure 1). Therefore, we assessed Del-1 expression using quantitative reverse-

transcription PCR (qRT-PCR). We first compared expression levels of Del-1 in brain, liver, 

thymus, spleen, lung, kidney, heart, limb muscle and bone marrow collected from 2-month old 

wild-type C57BL/6J mice. Organs from Del-1-/- littermates were also collected and used as 

negative controls. Consistent with a previous report (Choi, et al., 2008), we found that mouse 

brains expressed the highest level of Del-1 of all organs; the lungs also expressed conspicuous 

levels (Figure 1A). However, the expression of Del-1 was barely detectable in other organs 

(Figure 1A). In contrast, Mfge8, the structural and functional homologue of Del-1 produced by 

follicular dendritic cells and astrocytes, showed ubiquitous expression among different organs 

with the highest expression in secondary lymphoid organs such as spleen (Figure 1B). The 

restricted expression pattern of Del-1 suggested that Del-1 may exert certain specific functions 

in the central nervous system. 

The observed expression of Del-1 during the early embryogenesis stage corresponded a 

developmentally restricted pattern (Hidai, et al., 1998). To determine whether Del-1 expression 

in adult brain is also developmentally regulated, we carried out qRT-PCR on mRNA isolated 

from C57BL/6J mice at the age of 1, 2, 4, 6, and 7 months. We observed that Del-1 expression 

in the brain increased from 1-month to 4-month old and then remained constant thereafter 

(Figure 1C). We also analyzed the expression of Mfge8 in the brain at different ages. 

Interestingly, Mfge8 showed a similar expression pattern to Del-1, with the expression level of 

Mfge8 increasing steadily from 1-month to 4-months old followed by a stabilization at 7-months 

old (Figure 1D). 
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3.2 Cerebral Del-1 is mainly expressed by neurons 

Del-1 has been reported to be expressed by endothelial cells and a subset of macrophages, 

as well as several cells in hematopoietic stem cell niche (Mitroulis, et al., 2017). However, a 

detailed study on the expression pattern of Del-1 in the CNS has not been performed. To 

determine which cell types in the brain express Del-1, we applied immunohistochemical 

staining to wild-type C57BL/6J mouse brain sections. However, we could not detect Del-1 

specific signal immunolabeling in wild-type mice, since a similar signal was also observed in 

Del-1-/- brain sections (data not shown). We then analyzed Del-1-/- mice in which the exon1 of 

Del-1 open reading frame was replaced by the β-galactosidase expression cassette. 

Expression of β-galactosidase is under the control of the endogenous Del-1 promoter, 

therefore the expression pattern of β-galactosidase could indicate the expression pattern of 

endogenous Del-1. We then first performed an X-gal (5-bromo-4-chloro-3-indolyl-β-d-

galactopyranoside) staining on brain sections prepared from Del-1-/- mice to visualize cells 

expressing β-galactosidase. Sections from wild type littermates were used as negative 

controls. We observed intense blue staining in the granular layer of the cerebellum and dentate 

gyrus of the hippocampus in Del-1-/- brain sections (Figure 2A), suggesting that Del-1 promoter 

is highly active in granular neurons. These results implicate that granule neurons are the main 

cells expressing endogenous Del-1.  

To confirm the above observation that neurons are the primary cell type expressing Del-1, we 

performed immunofluorescent co-stainings using antibodies against β-galactosidase and 

specific cell markers. Brain tissues from Del-1-/- and C57BL/6J wild type mice were co-stained 

with anti-β-galactosidase antibodies and one of the cell markers: MAP2 for neurons, GFAP for 

astrocytes, CD68 for microglia, and MAG for oligodendrocytes. Green dots representing β-

galactosidase were observed in Del-1-/- but not in wild-type brain sections (Figure 2B). The β-

galactosidase signal predominantly co-localized with the neuronal cell marker MAP2 (Figure 

2B), suggesting that β-galactosidase was mainly expressed in neurons of Del-1-/- mice. No 

colocalization was observed between β-galactosidase and GFAP, CD68 or MAG 

(Supplemental figure 2), suggesting that astrocytes, microglia and oligodendrocytes do not 
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express Del-1. Our observation not only confirmed previous investigations but also expanded 

what was reported by another study (Choi, et al., 2015). We therefore conclude that Del-1 is 

mainly expressed by neurons in mouse brains.  

3.3 Del-1 deficiency does not affect prion progression and lesion pattern 

Del-1 deficiency did not change the transcription of Prnp and the protein levels of PrPC in brains 

(Figure 3A-B), which are major determinants of susceptibility to prion diseases. To determine 

the role of Del-1 in prion diseases, we tested whether Del-1 deficiency could affect prion 

disease progression and prion-induced lesion pattern in mouse brains. We then intracerebrally 

inoculated 30 µl of diluted infectious brain homogenate, corresponding to 3 x 105 LD50 units of 

RML6 prions (a prion strain derived from the Rocky Mountain Laboratory, passage 6) into 

Del-1+/+, Del-1+/-, and Del-1-/- littermates. Prion-inoculated mice were monitored every other 

day for signs of scrapie, and mice were sacrificed when they reached the terminal stage of 

disease. Incubation times were calculated by the time elapsed from prion inoculation to 

terminal stage. We observed that Del-1+/+, Del-1+/- and Del-1-/- mice succumbed to prion 

disease in a similar rate (median survival: 186 dpi for female Del-1+/+ mice (n=6), 191.5 dpi for 

female Del-1+/-(n=16) and 193.5 dpi for female Del-1-/- mice (n=8), p=0.26; median survival 

196.5 dpi for male Del-1+/+ mice(n=14), 195 dpi for male Del-1+/-(n=19) and 197 dpi for male 

Del-1-/- mice (n=11), p=0.87) (Figure 3C). These results indicate that Del-1 deficiency does not 

significantly affect prion progression. 

We then analyzed the histology of brain sections prepared from prion-infected terminally sick 

Del-1+/+, Del-1+/- and Del-1-/- mice. The typical histological features of prion disease, including 

spongiform vacuolation, were observed in all mice with different genotypes (Figure 3D). Lesion 

pattern analysis failed to find any qualitative differences between the three groups (Figure 3D). 

These results indicate that Del-1 deficiency does not affect prion-induced lesion pattern in 

mouse brains. 
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3.4 Del-1 deficiency does not alter PrPSc accumulation 

We next sought to determine whether Del-1, which is similar to its structural and functional 

homologue Mfge8, is involved in prion clearance in mouse brains. If Del-1 were to contribute 

to prion clearance, Del-1-/- mice would display more PrPSc deposition in their brains. We 

performed PrPSc staining on brain sections prepared from prion-infected terminally sick 

Del-1+/+, Del-1+/- and Del-1-/- mice. However, we observed similar PrPSc deposition level in all 

three groups (Figure 4A). We next carried out Western blot to detect proteinase K-resistant 

PrPSc in brains of prion-infected terminally sick Del-1+/+, Del-1+/- and Del-1-/- mice. Again, we 

found similar level of PrPSc in mouse brains of the three genotypes (Figure 4B). Furthermore, 

we assessed the seeding activity in brain homogenates of prion-infected terminally sick 

Del-1+/+, Del-1+/- and Del-1-/- mice by RT-QuIC. We detected a similar prion 50% seeding dose 

(SD50) in all three groups (Figure 4C). These results suggest that, in contrast to Mfge8, Del-1 

does not contribute to prion clearance and PrPSc accumulation in mouse brains. 

To test the possibility that Del-1 deficiency could upregulate Mfge8 expression through a 

compensatory mechanism, therefore blunting the acceleration of prion progression in Del-1-/- 

mice,  we assessed the expression of Mfge8 in Del-1+/+, Del-1+/- and Del-1-/- mouse brains. 

Both qRT-PCR and Western blot failed to detect obvious change of Mfge8 mRNA and protein 

levels in Del-1-/- mouse brains (Figure 4D-E), suggesting that the unchanged prion 

pathogenesis in Del-1-/- mice is not due to a compensatory effect of its homologue Mfge8. 

3.5 Del-1 deficiency does not affect prion-induced neuroinflammation 

Del-1 is an anti-inflammatory factor under various conditions. To determine whether Del-1 also 

plays an anti-inflammatory effect in prion pathogenesis, we analyzed microglial activation and 

astrogliosis in prion-infected terminally sick Del-1+/+, Del-1+/- and Del-1-/- mice. Histology failed 

to reveal overt differences in Iba1 (microglial marker) and glial fibrillary acidic protein (GFAP, 

astrocytic marker) immunoreactivity between Del-1+/+, Del-1+/- and Del-1-/- mice (Figure 5A-B). 

We then performed Western blots to detect Iba1 and GFAP protein in prion-infected terminally 

sick Del-1+/+, Del-1+/- and Del-1-/- mouse brains. Again, we observed similar levels of Iba1 and 

GFAP in all three groups (Figure 5C-D). These results suggest that, in contrast to other models 
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of neurological disease such as EAE, Del-1 deficiency does not overtly affect prion-induced 

microglial activation and astrogliosis.  

We also performed cytokine profiling using qRT-PCR to assess the expression of 

proinflammatory cytokines including TNFα, IL-1β and IL6 in prion-infected terminally sick 

Del-1+/+, Del-1+/- and Del-1-/- mouse brains.  This experiment did not detect obvious differences 

in cytokine expression between three groups (Figure 5E), suggesting that Del-1 deficiency fails 

to alter prion-induced cytokine expression. 
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4. Discussion 
 

Neuroinflammation characterized by astrogliosis and microglial activation is considered a 

hallmark of various neurodegenerative conditions including Alzheimer’s disease and prion 

diseases (Aguzzi, et al., 2013a). A flurry of microglia-related genes has turned up in genome-

wide association screens as risk factors of neurodegenerative disorders, suggesting that 

microglia may play a central role in these diseases (Baker, et al., 2006,Cruts, et al., 

2006,Guerreiro, et al., 2013,Hollingworth, et al., 2011,Jonsson, et al., 2013,Naj, et al., 2011). 

Elucidating the molecular mechanisms by which microglia contributes to the pathogenesis of 

neurodegenerative conditions represents an important research frontier in contemporary 

neuroscience.  

As the principal innate immune cells in the CNS, microglia serve as important defenders upon 

challenges. In mouse models of prion disease, microglia are found to play an overall 

neuroprotective role by clearing prions (Zhu, et al., 2016). Depletion or deficiency of microglia 

result in impaired prion clearance, enhanced PrPSc deposition and deteriorated prion 

pathogenesis. However, the molecular mechanisms underlying microglia-mediated prion 

clearance remain elusive (Aguzzi and Zhu, 2017). Mfge8, an opsonin that facilitates apoptotic 

cell phagocytosis, has been found to contribute to prion clearance. However, this effect is 

mouse strain-dependent (Kranich, et al., 2010), indicating that other Mfge8-associated 

molecules may complement this clearing function under certain conditions. Therefore, in this 

study we aimed to investigate the role of Del-1, a structural and functional homologue of Mfge8, 

in prion pathogenesis.  

Del-1, initially detected in embryonic endothelial cells, is expressed in a developmentally 

restricted manner (Hidai, et al., 1998). Del-1 is also expressed by fetal thymic and liver 

macrophages (Hanayama, et al., 2004), as well as in the adrenal gland (Kanczkowski, et al., 

2013). However, the expression pattern of Del-1 in adult mice remained to be delineated. We 

therefore characterized the expression of Del-1 in mice, focusing on the brain, because Del-1 

expression level is highest in the brain, about three times greater than in the lungs, and only 
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barely detectable in other organs. Interestingly, the cerebral expression of Del-1 is age-

dependent showing an increase during the first four months followed by a stabilization. Del-1 

expression also displays an age-dependent manner in other organs. In the gingiva, Del-1 

expression decreases during aging (Eskan, et al., 2012).  

To determine which cell types in the brain express Del-1, we co-stained β-galactosidase with 

various neural cell markers. We found that the primary cell types that express Del-1 in the brain 

are neurons. Although Del-1 shares structural and functional similarities to Mfge8, their 

expression patterns differ significantly. In fetal mice, thioglycolate-elicited macrophages 

express Mfge8 but not Del-1, whereas thymic and liver macrophages express Del-1 but not 

Mfge8 (Hanayama, et al., 2004). Intriguingly, this observation also pertains to the brain, Del-1 

is expressed by neurons, whereas Mfge8 is known to be expressed by astrocytes (Kranich, et 

al., 2010).  

The expression pattern of Del-1 in adults suggests that Del-1 not only plays a role during early 

development but also functions in adult in brain, lungs and adrenal glands. In the adrenal 

glands and lungs, Del-1 prevents leukocytes from adhering to endothelium and causing 

inflammation. In fact, Del-1-/- mice demonstrated augmented inflammation within lungs and 

adrenal glands after a systemic inflammatory induction through the administration of 

lipopolysaccharide (Choi, et al., 2008,Kanczkowski, et al., 2013). The reduction of Del-1 

expression in gingiva is associated with periodontitis (Eskan, et al., 2012). Those findings led 

to an assumption that Del-1 may represent a negative regulator for inflammation in general 

(Kanczkowski, et al., 2013). Therefore, we speculate that Del-1 may also act as anti-

inflammatory factor in the brain. Indeed, Del-1 shows anti-inflammatory function in a mouse 

model of EAE (Choi, et al., 2015).  

After defining the expression pattern and function of Del-1, we aimed to study whether the 

neuron-expressed Del-1 plays phagocytosis-promoting and/or anti-inflammation functions in 

prion diseases. Especially we sought to determine whether Del-1 complements Mfge8 in prion 

clearance in mice with a C57BL/6J genetic background, in which Mfge8 deficiency does not 
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influence prion pathogenesis. After prion infection, we observed that Del-1-/- mice experienced 

a similar incubation time compared with Del-1+/- and wild type littermates, suggesting that Del-1 

deficiency does not affect prion disease progression. More importantly, the PrPSc level and the 

prion seeding activity were not detectably affected by Del-1 deficiency, indicating that Del-1 is 

not a major contributor to prion clearance. Moreover, prion-induced neuroinflammation 

including astrocytosis and microglial activation was not altered in Del-1-/- mouse brains, 

suggesting that Del-1 deficiency does not overtly affect prion-induced neuroinflammation.  

In conclusion, our study revealed that Del-1 is expressed mainly by neurons in the mouse 

brain, and Del-1 expression is age-dependent. In the prion inoculation experiment, we 

demonstrated that Del-1 deficiency neither affects prion disease progression, nor lesion 

pattern, nor alters prion clearance or PrPSc deposition. Additionally, Del-1 deficiency does not 

affect prion-induced neuroinflammation. Therefore, neuron-expressed Del-1 is not a major 

determinant of prion pathogenesis and does not complement Mfge8 in prion clearance in mice 

with the C57BL/6J genetic background. Further studies are required to identify the molecular 

mechanisms underlying microglial uptake and clearance of prions.  
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Figure legends 
 

Figure 1: (A-B) qRT-PCR of Del-1 (A) and Mfge8 (B) expression in various mouse organs. 

Del-1 was significantly expressed in murine brain and lungs, but was barely detectable in other 

organs. In contrast, Mfge8 was ubiquitously expressed in various organs, with the spleen 

expresses the highest level. ND: not detectable. ***, p<0.001; ****, p<0.0001. (C-D) qRT-PCR 

of Del-1 (C) and Mfge8 (D) expression in mouse brains at different ages. Both Del-1 and Mfge8 

expression increased from 1-month to 4-months old and stabilized thereafter. **, p<0.01; ***, 

p<0.001; n.s, not significant.  

Figure 2: (A) X-gal staining on Del-1-/- and wild type mouse brains. X-gal staining detected 

intense signals in the granular layer of the cerebellum (left panel) and hippocampus (right 

panel) in Del-1-/- mouse brains. Whereas in the negative control wild type mouse brains, no X-

gal staining was detected. Scale bars: 200um. (B) Immunofluorescent co-staining of β-

galactosidase and neuronal markers MAP2 on Del-1-/- and wild type mouse brains. 

Colocalization of β-galactosidase stain (green dots) and MAP2 was observed in Del-1-/- mouse 

brains (upper panel). No β-galactosidase stain (green dots) was detected in negative control 

wild type mouse brains (lower panel) Scale bars: 10um. 

Figure 3: (A-B) Prnp qRT-PCR (A) and PrPC Western blot (B left; densitometric quantification 

of the Western blot in B right) in Del-1+/+ (WT), Del-1+/- and Del-1-/- mouse brains. No significant 

difference of Prnp mRNA and PrPC protein was observed between Del-1+/+ (WT), Del-1+/- and 

Del-1-/- mouse brains. (C) Survival curve of Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates 

intracerebrally inoculated with RML6. There was no significant difference between three 

groups in both genders (n=6~19, n.s p>0.05). (D) Representative histology of terminally sick 

mouse brains from Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates stained for hematoxylin and 

eosin (H&E). There was no obvious difference between three groups in vacuolation and lesion 

pattern in cortex, hippocampus and cerebellum, Scale bars: 200um. 
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Figure 4: (A) Representative histology of terminally sick mouse brains from Del-1+/+ (WT), 

Del-1+/- and Del-1-/- littermates stained for SAF84. There was no obvious difference between 

three groups in PrPSc deposition in cortex, hippocampus and cerebellum, Scale bars: 200um. 

(B) Left: Western blot for proteinase K resistant PrPSc in terminally sick mouse brains. Right: 

densitometric quantification of the Western blot showed no significantly difference between 

Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates (n=3, n.s p>0.05). NBH: non-infectious brain 

homogenates. (C) RT-QuIC assay of terminally sick mouse brains from Del-1+/+ (WT), Del-1+/- 

and Del-1-/- littermates showed similar level of 50% prion seeding dose in these three groups 

(n=4, n.s p>0.05). (D-E) Mfge8 qRT-PCR (D) and Mfge8 Western blot (E left; densitometric 

quantification of the Western blot in E right) in Del-1+/+ (WT), Del-1+/- and Del-1-/- mouse brains. 

No significant difference of Mfge8 mRNA and Mfge8 protein was observed between Del-1+/+ 

(WT), Del-1+/- and Del-1-/- mouse brains. 

 

Figure 5: (A-B) Representative immunohistochemical staining for Iba1 (A) and GFAP (B) on 

cortex, hippocampus and cerebellum of terminally sick mouse brains from Del-1+/+ (WT), 

Del-1+/- and Del-1-/- littermates, Scale bars: 100um. (C) Left: Western blot for Iba1 in terminally 

sick mouse brains. Right: densitometric quantification of the Western blot revealed no 

significant difference of Iba1 levels between Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates (n=3, 

n.s p>0.05). (D) Left: Western blot for GFAP in terminally sick mouse brains. Right: 

densitometric quantification of the Western blot showed no significant difference of GFAP 

levels between Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates (n=3, n.s p>0.05). (E) qRT-PCR 

of cytokines TNFα, IL-6 and IL-1β expression revealed similar expression levels of these 

cytokines in terminally sick Del-1+/+ (WT), Del-1+/- and Del-1-/- littermates (n=4, n.s p>0.05). 

 

Supplementary figure 1: Western blots using anti-Del-1 antibodies that could not detect 

specific Del-1 band on brains collected from wild type mice. Del-1-/- mouse brains were used 

as negative control. 
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Supplementary figure 2: Immunofluorescent co-staining of β-galactosidase and cell markers 

(GFAP, CD68 and MAG) on Del-1-/- mouse brains. No colocalization was observed between 

β-galactosidase stain (green dots) and GFAP, CD68 or MAG, Scale bars: 10um. 
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