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Abstract

Non-pathogenic Cellular Prion Protein (PrPC) demonstrates anti-inflammatory activity;

however, the responsible mechanisms are incompletely defined. PrPC exists as a
glycosylphosphatidylinositol (GPI)-anchored membrane protein in diverse cells; however, PrP¢
may be released from cells by ADAM proteases or when packaged into extracellular vesicles
(EVS). Herein, we show that a soluble PrPC derivative (S-PrP) counteracts inflammatory responses
triggered by Pattern Recognition Receptors (PRRs) in macrophages, including Toll-like Receptor
(TLR) 2, TLR4, TLR7, TLR9, NOD1, and NOD2. S-PrP also significantly attenuates the toxicity
of lipopolysaccharide (LPS) in mice. The response of macrophages to S-PrP is mediated by a
receptor assembly that includes the NMDA Receptor (NMDA-R) and LRP1. PrPC was identified
in EVs isolated from human plasma. These EVSs replicated the activity of S-PrP, inhibiting
cytokine expression and IxBa phosphorylation in LPS-treated macrophages. The effects of plasma
EVs on LPS-treated macrophages were blocked by PrPC-specific antibody, by antagonists of
LRP1 and the NMDA-R, by deleting LspI in macrophages, and by inhibiting Src family kinases.
Phosphatidylinositol-specific phospholipase C (PI-PLC) dissociated the LPS-regulatory activity
from EVs, rendering the EVs inactive as LPS inhibitors. The LPS-regulatory activity that was lost
from P1-PLC-treated EVs was recovered in solution. Collectively, these results demonstrate that
GPl-anchored PrPC is the essential EV component required for the observed immune regulatory
activity of human plasma EVs. S-PrP and EV-associated PrPC regulate innate immunity by
engaging the NMDA-R/LRP1 receptor system in macrophages. The scope of PRRs antagonized
by S-PrP suggests that released forms of PrPC may have broad anti-inflammatory activity.

Introduction

Cellular prion protein (PrPC) is a glycosylphosphatidylinositol (GPI)-anchored membrane
protein that localizes mainly in lipid rafts (1). Misfolding of PrPC into the B-sheet-rich,

Address correspondence to Elisabetta Mantuano or Steven L. Gonias, University of California San Diego, 9500 Gilman Dr, La Jolla
92093-0612, California, USA. emantuano@health.ucsd.edu (E.M.) and sgonias@health.ucsd.edu (S.L.G.).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mantuano et al.

Page 2

scrapie conformation (PrPSC) causes protein aggregation and prion diseases, associated
with rapid neurodegeneration (2). The physiological role of non-pathogenic PrPC remains
incompletely understood. PrPC is expressed by diverse cell types, inside and outside the
nervous system, including T-lymphocytes, natural killer cells, mast cells, and macrophages
(3-6). Understanding the function of non-pathogenic PrPC is an important goal.

Non-pathogenic PrPC exists in at least three different states that may be relevant to its
function in cell physiology. In addition to GPI-anchored PrPC in cells, derivatives of PrP¢
may be released from cells into solution by proteases in the ADAM family (7-9). PrPC

also may be released from cells after packaging into extracellular vesicles (EVS). EVs are
produced by nearly all cells and participate in cell-cell communication (10-12). Both PrPC
and its misfolded isoform, PrPSC¢, have been identified in EVs in various body compartments,
including blood (13, 14). PrPC may be enriched in exosomes (15-18), a specific type of EV
formed in multivesicular bodies in the endosomal transport pathway (10-12, 19).

There is substantial evidence that PrPC regulates inflammation (3, 20-22). Mice treated
with PrPC-specific antibody are protected from the lethal effects of Influenza A virus

by a mechanism that apparently involves activation of Src family kinases (SFKSs) in
macrophages and induction of an M2-like anti-inflammatory state in these cells (23). When
the gene encoding PrPC (Prnp) is deleted in mice, susceptibility to the toxic effects of
lipopolysaccharide (LPS) is increased (24) and colitis is more severe following treatment
with Dextran Sulfate Sodium (DSS) (25).

We demonstrated that a soluble derivative of PrPC (S-PrP), which corresponds closely

in sequence to the form of PrPC released by ADAM10 (7), activates cell-signaling and
elicits biological responses in PC12 cells and Schwann cells by a mechanism that requires
LDL Receptor-related Protein-1 (LRP1) and the N-methyl-D-aspartate receptor (NMDA-R)
(26). LRP1 functions as a receptor for over 100 ligands; however, only a subset of these
ligands simultaneously engage the NMDA-R to activate cell-signaling (27-29). Tissue-type
plasminogen activator (tPA) and ap-macroglobulin (a,M) are examples of LRP1 ligands
that activate cell-signaling via the NMDA-R/LRP1 receptor system, similarly to S-PrP (26,
28, 29). In macrophages, tPA blocks the activity of agonists that activate Toll-like Receptors
(TLRs), including TLR2, TLR4, and TLR9 (30-33). Thus, the NMDA-R/LRP1 receptor
system emerged as an intriguing candidate to explain the anti-inflammatory activity of PrPC.

Prior to our study identifying the NMDA-R and LRP1 as cell-signaling receptors for S-PrP
(26), there was already evidence that PrPC interacts with LRP1. Membrane-anchored PrPC
physically associates with LRP1 within the plasma membranes of neuron-like cells (34,
35). This interaction apparently controls PrPC trafficking and also may support the function
of LRP1 as a cell-signaling receptor for tPA. PrPC has been shown to bind tPA, directly
and with high affinity (36). This interaction may be important in the pathway by which
membrane-anchored PrPC promotes tPA-initiated cell-signaling via the NMDA-R/LRP1
receptor system (35).

The goal of the current study was to determine whether PrPC, which is released from
cells, opposes the activity of Pattern Recognition Receptors (PRRs). We found that S-PrP
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inhibits responses elicited in macrophages not only by TLR agonists, but also by agents
that engage NOD1 and NOD2 (30-33). Regulation of PRRs by S-PrP required the NMDA-
R/LRP1 receptor system. We identified PrPC in EVs isolated from human plasma and
demonstrated that, like S-PrP, these EVs neutralize the activity of LPS. The anti-LPS/TLR4
activity of plasma EVs was inhibited by PrPC-specific antibody, by antagonists of LRP1

or the NMDA-R, by Lrp1 gene-silencing, by inhibiting Src family kinases (SFKSs), and by
treating the EVs with phosphatidylinositol-specific phospholipase C (PI-PLC), an enzyme
that releases GPI-anchored proteins from plasma membranes (37, 38). The LPS-regulatory
activity that was lost from PI1-PLC-treated EVs was recovered in solution. Collectively,
these results implicate GPl-anchored PrPC as a major EV component responsible for the
observed immune regulatory activity of human plasma EVs. Like S-PrP, EV-associated PrP¢
regulates innate immunity by engaging the NMDA-R/LRP1 receptor system in targeted
macrophages. The NMDA-R and LRP1 are not previously identified as receptors for EV-
associated membrane proteins. Our results provide a novel mechanistic explanation for the
anti-inflammatory activity of PrPC, which is based on the activity of two distinct forms of
PrPC released from cells.

Materials and Methods

Proteins and reagents

S-PrP (residues 23-231 from the structure of mouse PrPC) was expressed and purified
as previously described (26). In brief, S-PrP was expressed in £. co/iBL21 as a His-
tagged protein, which was recovered from inclusion bodies, denatured in guanidinium
hydrochloride, purified by Ni2*-affinity chromatography, oxidized, and refolded out of
denaturant. Thrombin was used to dissociate the N-terminal poly-His tail. The thrombin
was then removed by ion exchange chromatography. S-PrP preparations were judged to
be >98% pure by SDS-PAGE with silver staining and by LC-MS/MS analysis of tryptic
peptides (26). All preparations were processed through high-capacity endotoxin removal
columns (Pierce) and determined to be endotoxin-free using an endotoxin detection kit
(Thermo Fisher Scientific).

Human enzymatically-inactive tPA (EI-tPA), which carries the S478A mutation and thus
lacks catalytic activity and a second mutation (R275E) so the protein remains in single-
chain form, was from Molecular Innovations. a,M was purified from human plasma,
activated for binding to LRP1 by reaction with methylamine as previously described

(39), and determined to be endotoxin-free. LPS serotype 055:B5 from E. coliwas

from Sigma-Aldrich. Lipoteichoic acid (LTA), ODN 1826, L18-MDP, and C12-iE-DAP
were from InvivoGen. Imiquimod (IMQ) was from Frontier Scientific. Endotoxin-free,
monomeric Receptor-associated Protein (RAP) was provided by Dr. Travis Stiles (Novoron
Biosciences). Dizocilpine (MK801) was from Cayman Chemicals. Dextromethorphan
hydrobromide (DXM) and the SFK inhibitor, PP2, were from Abcam. The monoclonal
antibodies POM1, POM2, POM3, and POM19, which are directed against different epitopes
in PrPC, were purified as previously described (40). PI-PLC from B. cereus was purchased
from Thermo Fisher Scientific.
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All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee of University of California San Diego. Wild-type (WT) C57BL/6J mice were
obtained from Jackson Laboratory. To generate mice in which monocytes, macrophages,

and neutrophils are LRP1 deficient (m L™~ mice), Lrp11o¥fox mice were bred with mice
that express Cre recombinase under the control of the lysozyme-M promoter (LysM-Cre), in
the C57BL/6J background, as previously described (41). For experiments with macrophages
harvested from mLrpZ~~ mice, control cells were harvested from littermates that were
LRP1flox/flox ¢ | ysM-Cre-negative (mLroI** mice). Prap™~ mice were generously
provided by Dr. Adriano Aguzzi (University Hospital of Zurich, Zurich, Switzerland).

Bone marrow-derived macrophages (BMDMs) were harvested from 16-week-old male mice,
as previously described (30). Briefly, bone marrow cells were flushed from mouse femurs
and plated in non-tissue culture-treated dishes. Cells were cultured in DMEM/F-12 medium
containing 10% fetal bovine serum (FBS) and 20% L929 cell-conditioned medium for

7 days. Non-adherent cells were eliminated. Adherent cells included >95% BMDMs, as
determined by F4/80 and CD11b immunoreactivity.

Quiescent peritoneal macrophages (pMacs) were isolated from 16-week-old male C57BL/6J
mice without thioglycollate elicitation and cultured as previously described (42). In brief, 5
ml of PBS (20 mM sodium phosphate, 150 mM NacCl, pH 7.4) with 3% FBS and 1x Gibco
Antibiotic-Antimycotic (A/A) (Thermo Fisher Scientific) were injected into the peritoneal
space with a 25-gauge needle. The solution was massaged from the abdominal surface and
then harvested using the same needle. The procedure was repeated three times. Isolates that
contained visible red blood cells were excluded. The remaining isolates were subjected to
centrifugation at 800 x g for 5 min, suspended in DMEM/F12 supplemented with 10% FBS
and 1x A/A, and then plated at 2 x 108 cells/well in tissue-culture treated 6-well plates. The
cells were washed extensively 2 h after plating and maintained in culture for 48 hours before
conducting experiments.

BMDMs were transferred to serum-free medium (SFM) for 30 min and then treated with
S-PrP (40 or 120 nM) or vehicle for 6 h. The BMDMs were harvested and stained with
7-aminoactinomycin D (7-AAD), using the APC Annexin V Apoptosis Detection Kit
(BioLegend), following the manufacturer’s instructions. Apoptotic cells were detected by
flow cytometry using a BD FACSCanto 11 (BD Biosciences). Data were analyzed with
FlowJo Software version 10.7.1 (BD Biosciences).

Cell signaling

Cells were transferred to SFM for 30 min and then treated with various proteins and
reagents, alone or simultaneously as noted, including: LPS (0.1 pg/ml); LTA (1.0 pg/mL);
ODN 1826 (1 pM); IMQ (3 pg/ml); C12-iE-DAP (1 pg/mL); L18-MDP (0.1 pg/mL); S-PrP
(20-120 nM); EI-tPA (12 nM); activated a,M (10 nM); human plasma EVs (1.0 - 4.0
pg/mL); POM1, POM2, POM3, POM19, mouse IgG (10 pg/mL); or vehicle (PBS).
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Cells were rinsed with ice-cold PBS and proteins were extracted in RIPA buffer (20 mM
sodium phosphate, 150 mM NaCl, pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS) supplemented with protease and phosphatase inhibitors (Thermo Fisher
Scientific). Equal amounts of protein, as determined using the detergent-compatible (DC)
Protein Assay (Bio-Rad), were subjected to 109% SDS-PAGE and electro-transferred to
polyvinylidene fluoride membranes. The membranes were blocked with 5% nonfat dried
milk and then incubated with primary antibodies from Cell Signaling Technology that
recognize: phospho-ERK1/2, total ERK1/2, phospho-IxBa, total 1xBa, phospho-Tyr-416 in
SFKs (the activation epitope), total SFKs, and B-actin, as a loading control. The membranes
were washed and incubated with horseradish peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch). Immunoblots were developed using Radiance, Radiance Q, and
Radiance Plus chemiluminescent substrates (Azure Biosystems) and imaged using the Azure
Biosystems ¢300 digital system. The presented results are representative of at least three
independent experiments.

Cells were transferred to SFM for 30 min and then treated with various proteins and
reagents for 6 h. RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel) and
reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). gPCR was performed
using TagMan gene expression products (Thermo Fisher Scientific). The relative change
in MRNA expression was calculated using the 222CT method with GAPDH mRNA as

an internal normalizer. All results are presented as the fold-increase in mMRNA expression
relative to a specified control, in which cells were typically not treated with LPS or other
reagents.

LPS challenge in vivo

Male C57BL/6J mice (16—20 weeks old, ~25 grams) were injected IP with 9 mg/kg LPS.
The LDsgq for the specific LPS lot was pre-determined in our laboratory, as previously
described by us (31) and was 6 mg/kg. One hour later, mice were treated by IV injection
with S-PrP (2.5 ug/g body weight) or with PBS. Animals were monitored and scored at 3 h
intervals using the Murine Sepsis Score (MSS), as described by Shrum et al. (43). In brief,
the following variables were scored from 0-4: appearance, level of consciousness, activity,
responses to auditory stimuli, eye function, respiration rate, and respiration quality. Mice
were considered moribund and euthanized if the MSS was >21. Investigators were blinded to
treatment groups. Survival was plotted in Kaplan-Meier curves.

Isolation of plasma EVs by sequential ultracentrifugation

Outdated fresh frozen human plasma (FFP) was obtained from the UCSD Transfusion
Medicine service and studied without patient identifiers. The work presented herein was
approved by the UCSD IRB for Human Investigation. FFP was subjected to centrifugation
at 5,000 x gfor 10 min at 4° C to ensure removal of platelets and cellular debris. The
supernatant was collected and larger EVs were precipitated by ultracentrifugation (UC) for
2 hat 20,000 x gat 4° C (Avanti J Ultracentrifuge, Beckman Coulter). The supernatant was
collected and subjected to UC at 100,000 x g for 18 h at 4° C. The pellet was re-suspended
in PBS, sterile-filtered using 0.22 pM syringe filters (EMD Millipore), and washed by UC at
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100,000 x gfor 2 h at 4° C (Opti-Max E, MLS-50 swinging-bucket rotor, Beckman Coulter).
The EV-enriched pellet was re-suspended in PBS for analysis and experiments. The protein
content of final EV preparations was determined by DC assay.

Characterization of EVs

NTA was performed using a NanoSight NS300 instrument equipped with a 405 nm laser
(Malvern). EV samples were passed through a fluidics flow chamber at a constant flow rate
using a syringe pump at room temperature. Each sample was measured in duplicate at a
camera setting of 11 with an acquisition time of 30 sec and detection threshold setting of 3.
Data were captured and analyzed with NTA software, version 2.3 (Malvern Panalytical).

EV preparations were subjected to immunoblot analysis using antibodies that detect PrPC
(Abcam), Flotillin (BD Biosciences), Tsg101 (Abcam), and GM130 (BD Biosciences). For
transmission electron microscopy (TEM) studies, isolated EVs were adsorbed to formvar/
carbon-coated 100-mesh copper grids for 10 min, washed with water, and negatively stained
with 2% uranyl acetate aqueous solution for 1 min. Grids were viewed using a JEOL
1200EX Il TEM and photographed using a Gatan digital camera.

Treatment of EVs with PI-PLC

Statistics

Results

PI1-PLC releases GPl-anchored proteins from plasma membranes and thus, may be used to
identify proteins that are anchored to plasma membranes by this type of linkage (37, 38).
Equal amounts of EVs were treated with PI-PLC (0.1 units/mg EV protein) or with vehicle
for 1 h at 4° C with constant agitation. Samples were subjected to UC at 100,000 x g for

2 h at 4° C. Supernatants, containing released proteins, were separated and retained for
analysis. EV-containing pellets were washed once, re-suspended in PBS, and also retained
for analysis.

Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad Software). All
results are expressed as the mean = SEM. When “n” values are reported, each replicate was
performed using a different macrophage preparation or, when relevant, an EV preparation
isolated from a different human plasma sample. Data were analyzed by one-way ANOVA
followed by post-hoc Tukey’s multiple comparison test. Kaplan-Meier survival curves were
analyzed using the Mantel-Cox test. P-values of *P<0.05, **/£<0.01, ***F<0.001, **** <
0.0001 were considered statistically significant.

S-PrP neutralizes the activity of LPS in macrophages and in vivo in mice

BMDMs were harvested from WT C57BL/6J mice and treated with 0.1 pg/mL LPS for

6 h in the presence of increasing concentrations of S-PrP. In the absence of S-PrP, LPS
significantly increased expression of the mMRNAs encoding TNFa and IL-6, as anticipated.
S-PrP, at concentrations of 40 nM or higher, blocked the effects of LPS on expression of
TNFa and IL-6 (Fig. 1A). In the absence of LPS, 40 nM S-PrP did not significantly regulate
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expression of TNFa or IL-6. Furthermore, in the absence of LPS, S-PrP (40 nM and 120
nM) did not affect BMDM viability (Supplementary Fig. 1).

To test whether S-PrP directly activates cell-signaling in BMDMs, we treated cells with
increasing concentrations of S-PrP for 1 h and then studied ERK1/2 phosphorylation. Fig.
1B shows that S-PrP, at concentrations greater than or equal to 40 nM, activated ERK1/2.
The concentrations of S-PrP that activated ERK1/2 matched those that were effective in
neutralizing LPS-stimulated cytokine expression (shown in Fig. 1A).

When BMDMs were treated for 1 h with 0.1 pg/mL LPS, in the absence of S-PrP, 1xBa

was phosphorylated and the abundance of IxBa was decreased (Fig. 1C). These anticipated
effects of LPS report activation of NFxB as a transcription factor, which is essential for
expression of pro-inflammatory cytokines (44). In BMDMs treated simultaneously with LPS
and 40-120 nM S-PrP, the effects of LPS on IxBa phosphorylation and abundance were
blocked.

As a second model system to study the activity of S-PrP, we isolated macrophages from the
peritoneal space of mice (pMacs) without eliciting or activating agents (33, 42). Compared
with BMDMs, pMacs express lower levels of cell-surface NMDA-R and, as a result, are
incapable of responding to the NMDA-R/LRP1 receptor system ligand, EI-tPA (33). We
examined the ability of S-PrP to neutralize the response to LPS in pMacs and, as a control,
we re-examined EI-tPA. Fig. 1D shows that 0.1 pg/mL LPS increased expression of the
mRNAs encoding TNFa and IL-6 in pMacs, as anticipated. When pMacs were treated
simultaneously with LPS and 12 nM EI-tPA, a concentration of EI-tPA that is fully effective
in blocking LPS activity in BMDMs (31), cytokine mRNA expression in pMacs was not
inhibited, confirming our earlier results (33). By contrast, 40 nM S-PrP completely blocked
LPS-induced cytokine mRNA expression in pMacs. Thus, S-PrP is active as an anti-LPS/
TLR4 agent in cells in which the NMDA-R/LRP1 ligand, EI-tPA, does not demonstrate
efficacy.

To test the ability of S-PrP to inhibit TLR4 responses /n vivo, C57BL/6J mice (~25 gram)
were treated by 1V injection with 2.5 pug/g body weight S-PrP (n = 6) or vehicle (n=7), 1
h after injecting LPS at 1.5 x the LDgy. Animals were scored for toxicity at 3 h intervals,
examining criteria that included level of consciousness, appearance, activity, response to
auditory stimuli, respiration quality and rate (43). Mice that entered a moribund state were
euthanized immediately. Fig. 1E shows that toxicity scores, determined at 6 h when these
scores maximized in animals treated with LPS alone, were significantly decreased in mice
treated with S-PrP. Fig. 1F shows that more than half of the mice treated with LPS alone
required euthanasia due to the degree of toxicity. A single dose of S-PrP significantly
improved survival.

S-PrP targets a large continuum of PRRs in innate immunity

LTA is a selective TLR2 agonist, produced by gram-positive bacteria (45, 46). BMDMs
treated with 1.0 pg/mL LTA for 6 h demonstrated increased expression of the mRNAs
encoding TNFa and IL-6, as anticipated (Fig. 2A). S-PrP (40 nM) neutralized the effects of
LTA on expression of TNFa and 1L-6.
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ODN 1826 is a TLR9 agonist (47, 48). ODN 1826 (1.0 uM) significantly increased
expression of TNFa and IL-6 mRNA in BMDMs (Fig. 2B). S-PrP blocked the effects

of ODN 1826 on expression of TNFa and IL-6. Equivalent results were obtained when we
studied the TLR7 agonist, IMQ. IMQ (3.0 pg/mL) induced expression of TNFa and IL-6
mMRNA in BMDMs and the response was blocked by S-PrP (Fig. 2C). These results support
the conclusion that S-PrP is a generalized inhibitor of macrophage responses elicited by
TLRs.

NOD1 and NOD2 are intracellular PRRs (49, 50). Unlike TLRs, the responses elicited

by NOD1 and NOD?2 agonists in BMDMs are not neutralized by EI-tPA and may in fact

be amplified (33). We treated BMDMs with the NOD1 agonist, C12-iE-DAP (1 pg/mL),

or the NOD2 agonist, L18-muramyl dipeptide (MDP) (0.1 pg/mL), for 6 h. Figs. 2D and

2E show that both agents increased expression of the mRNAs encoding TNFa and IL-6.
When BMDMs were treated with C12-iE-DAP and 40 nM S-PrP simultaneously, the effects
of C12-iE-DAP on cytokine mRNA expression were neutralized. Similarly, 40 nM S-PrP
blocked cytokine mRNA expression in response to MDP.

IxBa was phosphorylated and the abundance of IxBa was decreased in BMDMs treated
with C12-iE-DAP (1 pg/mL) for 1 h (Fig. 2F). These effects of C12-iE-DAP on IkxBa were
blocked by S-PrP (40 nM). S-PrP also inhibited IxBa phosphorylation in response to MDP
(0.1 pg/mL) (Fig. 2G). Collectively, these results show that S-PrP neutralizes responses
elicited by PRRs in addition to TLRs and thus, may target a broader continuum of PRRs,
compared with EI-tPA (33).

S-PrP inhibits PRRs by interacting with the macrophage NMDA-R/LRP1 receptor system

We tested the ability of PrPC-specific monoclonal antibodies with defined epitopes to
neutralize the effects of S-PrP on the LPS response in BMDMs. POM1 and POM19
recognize epitopes in the C-terminal globular region of PrPC, whereas POM2 recognizes the
tandem octarepeats in the N-terminal unstructured region of PrPC (40). POM3 recognizes an
epitope C-terminal to the POM2 epitope, near the center of PrPC (40).

BMDMs were treated with 0.1 pg/mL LPS and 40 nm S-PrP in the presence of each
antibody (10 ug/ml) for 1 h. POM2 completely blocked the ability of S-PrP to inhibit
LPS-induced IxBa phosphorylation (Fig. 3A). The other antibodies were without effect, as
was non-specific 1gG. In cytokine expression studies, POM2 blocked the ability of S-PrP
to inhibit expression of TNFa and IL-6 in BMDMs treated with 0.1 ug/mL LPS (Fig. 3B).
POM?2 did not significantly affect cytokine expression in BMDMs in the absence of S-PrP.
These results implicate a site in the N-terminal unstructured region of S-PrP as critical for
the anti-LPS/TLR4 activity of S-PrP.

The NMDA-R is expressed by macrophages and essential for the anti-inflammatory activity
of EI-tPA and activated a,M (31). Because the NMDA-R mediates S-PrP cell-signaling
responses in neuron-like cells and Schwann cells (26), we tested whether the NMDA-R is
required for the anti-inflammatory activity of S-PrP in macrophages. BMDMSs were treated
with the non-competitive NMDA-R antagonists, MK801 (1.0 uM) or DXM (10 uM). Both
reagents completely blocked the ability of 40 nM S-PrP to neutralize inflammatory cytokine
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expression in BMDMs treated with 0.1 pg/mL LPS (Fig. 4A). MK801 and DXM also
blocked the ability of 40 nM S-PrP to inhibit LPS-induced IxBa phosphorylation (Fig. 4B).
The effects of the NMDA-R antagonists were not overcome by increasing the concentration
of S-PrP to 120 nM. In control experiments, MK801 and DXM did not alter the effects of
LPS on IxBa phosphorylation or total abundance in the absence of S-PrP, as anticipated
(Supplementary Fig. 2).

Next, we studied the activity of LRP1 as a mediator of the response to S-PrP in BMDMs.
BMDMs were treated with 0.1 pg/mL LPS and 40 nM S-PrP, in the presence and absence

of RAP (150 nM), a protein antagonist of ligand-binding to LRP1 and other members of

the LDL receptor family (27, 51). RAP blocked the ability of 40 nM S-PrP to neutralize
expression of TNFa and IL-6 in LPS-treated BMDM s (Fig. 4C), suggesting a role for LRP1.

To confirm the role of LRP1, we isolated BMDMSs from mZ/pZ”/~ mice. LRP1 protein is
undetectable in macrophages harvested from these mice (30, 41). Control LRP1-expressing
BMDMs were harvested from mLrpZ** mice. LPS (0.1 ug/mL) increased expression

of the mRNAs encoding TNFa and IL-6 in LRP1-expressing and —deficient BMDMSs
similarly (Fig. 4D, E). S-PrP (40-120 nM) blocked LPS-induced cytokine mRNA expression
in LRP1-expressing BMDMs isolated from mLsp2** mice, as anticipated. However, S-

PrP (40-80 nM) was ineffective at inhibiting LPS-induced cytokine expression in LRP1-
deficient BMDMSs. The activity of S-PrP was restored in LRP1-deficient BMDMSs when the
S-PrP concentration was increased to 120 nM.

Fig. 4F shows that the concentration of S-PrP required to neutralize the effects of LPS on
IxBa phosphorylation was increased from 40 nM, in LRP1-expressing BMDMs (see Fig.
1C), to 120 nM in LRP1-deficient BMDMs from mLRP1~/~ mice. These results suggest that
LRP1 deficiency in BMDMSs does not eliminate the anti-LPS/TLR4 activity of S-PrP, but
instead, increases the concentration of S-PrP required for efficacy.

Mattei et al (35) reported that membrane-anchored PrPC is required to support NMDA-
R/LRP1-dependent, tPA-activated cell-signaling in neurons. To test whether membrane-
anchored PrPC is required for macrophages to respond to S-PrP, we studied BMDMs
isolated from mice with global deletion of Prrp, the gene encoding PrPC (52). S-PrP (40
nM) blocked the effects of LPS on expression of TNFa and IL-6 equivalently in WT
BMDMs (Fig. 5A) and PrPC-deficient BMDMs (Fig. 5B). Thus, macrophages do not appear
to require membrane-anchored PrPC to respond to S-PrP.

Human plasma EVs demonstrate anti-inflammatory activity by engaging the NMDA-R/LRP1
receptor system

We isolated EVs from human blood bank plasma by sequential ultracentrifugation (UC), as
previously described (13, 53). Nanoparticle Tracking Analysis (NTA) demonstrated particles
of variable size, ranging from 50-400 nm (Fig. 6A). The NTA results indicate that the
isolated EVs were heterogeneous, as anticipated.

Human plasma EVs were negatively stained and examined by TEM. Fig. 6B shows
representative examples of EVs present in the UC EV preparations from human plasma.
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The exosome biomarker, flotillin, a lipid raft associated protein, and the cytosolic marker,
Tumor Susceptibility 101 (Tsg101), were identified in two representative plasma UC EV
preparations, together with PrPC (Fig. 6C). The golgi matrix protein, GM130, was absent
from human plasma EVs, as anticipated.

Because human plasma EVs carry PrPC, we tested whether these EVs replicate the activity
of S-PrP in experiments with cultured macrophages. BMDMs were treated with LPS (0.1
pg/mL) and increasing amounts of human plasma EVs for 1 h. IxBa phosphorylation

and abundance were examined. Human plasma EVs blocked the effects of LPS on IxBa
phosphorylation and abundance in an EV concentration-dependent manner (Fig. 6D).
Complete inhibition of the LPS response was observed when the amount of EV-associated
protein added to the cultures was equal to or exceeded 0.2 pg/mL.

Next, we tested whether human plasma EVs regulate cytokine mRNA expression in
BMDMs treated with LPS. Fig. 7A shows that EVs (1.0 pg/mL) blocked expression

of TNFa and IL-6 in BMDMs treated with 0.1 pg/mL LPS for 6 h. Plasma EVs did

not regulate expression of TNFa or IL-6 in the absence of LPS. The effects of the

EVs on LPS-induced cytokine expression were neutralized by the NMDA-R antagonist,
MK®801, suggesting an essential role for the NMDA-R, and by RAP, suggesting a role

for LRP1. MK801 and RAP also blocked the ability of human plasma EVs to inhibit
IxBa phosphorylation and the accompanying decrease in IxBa abundance in LPS-treated
BMDMs (Fig. 7B).

To confirm that macrophage LRP1 mediates the anti-LPS/TLR4 activity of human plasma
EVs, we studied LRP1-deficient BMDMs isolated from mL/p2~/~ mice. LPS (0.1 pug/mL)
increased expression of the mMRNAs encoding TNFa and IL-6 in LRP1-deficient BMDMs,
as anticipated (Fig. 7C); however, human plasma EVs (1.0 pg/mL) failed to inhibit the LPS
response in these cells. Similarly, human plasma EVs failed to inhibit the effects of LPS

on IxBa phosphorylation in LRP1-deficient BMDMs (Fig. 7D). These results confirm that
macrophage LRP1 mediates the anti-LPS/TLR4 activity of human plasma EVs.

The anti-LPS/TLR4 activity of human plasma EVs requires GPl-anchored PrP¢

To test whether EV-associated PrPC is responsible for the effects of human plasma EVs

on LPS-induced TNFa expression, LPS (0.1 pg/mL) and EVs (1.0 ug/mL) were added to
BMDM cultures in the presence of the PrPC-specific antibodies: POM1, POM2, POM3, or
POM19 (each at 10 pg/ml). POM2 completely neutralized the anti-LPS activity of the EVs,
restoring TNFa expression to the level observed in cells treated with LPS alone (Fig. 8A).
The other antibodies were entirely ineffective. This is an important result because POM?2

is the only PrPC-targeting antibody that blocked the anti-LPS/TLR4 activity of recombinant
S-PrP. In control studies, the antibodies examined did not regulate TNFa expression in the
absence of LPS.

Next, we examined the activity of the POM antibodies in 1xBa phosphorylation
experiments. Fig. 8B shows that POM2 completely blocked the ability of human plasma
EVs to inhibit IxBa phosphorylation and the accompanying decrease in the IxBa
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abundance in BMDM:s treated with LPS (0.1 pg/mL). The PrPC-specific antibodies, POM1,
POM3, and POM19, and non-specific 1gG were without effect.

Our results with BMDM s isolated from Prnp™~ mice suggested that macrophage-associated
PrPC is not required to mediate the anti-LPS/TLR4 activity of S-PrP. To confirm that POM2
blocks the anti-inflammatory activity of human plasma EVs by targeting EV-associated

PrPC and not macrophage-associated PrPC, we studied the activity of POM2 in experiments
with two distinct proteins that block LPS/TLR4 responses in macrophages by engaging the
NMDA-R/LRP1 receptor system: a,M and EI-tPA. Fig. 8C shows that 10 pg/mL POM2 had
no effect on the ability of 12 nM EI-tPA or 10 nM a.yM to inhibit expression of the mMRNAs
encoding TNFa or IL6 in LPS-treated BMDMSs. Similarly, POM2 did not interfere with the
ability of 10 nM a,M to inhibit LPS-induced IxBa phosphorylation (Fig. 8D). These results
support our conclusion that POM2 inhibits the anti-LPS/TLR4 activity of human plasma
EVs by targeting EV-associated PrPC and not macrophage PrPC.

To confirm the role EV-associated PrPC as the principal factor responsible for the anti-LPS/
TLRA4 activity of human plasma EVs and to determine the state of PrPC in plasma EVs, we
treated human plasma EVs with PI-PLC, which cleaves and releases GPl-anchored proteins
from plasma membranes (37, 38). Following PI-PLC treatment, EVs were washed by UC
at 100,000 x gto separate the EVs from solution-phase components. Control EVs were

not PI-PLC-treated but still subjected to the same washing protocol. Fig. 8E shows that,
unlike control EVs, PI-PLC-treated EVs were totally inactive as inhibitors of LPS-induced
IxBa phosphorylation in BMDMSs. In control experiments, PI-PLC-treated EVs did not
independently induce IxBa phosphorylation.

Next, human plasma EVs were treated with PI-PLC or vehicle and subjected to washing
by UC. Instead of studying the EV-containing pellet, we studied the supernatants.
Supernatants that were harvested from control EVs, which were not PI-PLC-treated,

were inactive at inhibiting LPS-induced IxBa phosphorylation (Fig. 8F). By contrast,
supernatants that were harvested from PI1-PLC-treated EVs were active, blocking LPS-
induced IxBa phosphorylation and the accompanying decrease in abundance of IxBa..
Thus, PI-PLC treatment dissociates the anti-LPS/TLR4 activity from human plasma EVs
without destroying this activity. Collectively, the POM2 and PI-PLC experiments strongly
suggest that EV-associated PrPC is responsible for the anti-LPS/TLR4 activity of human
plasma EVs and that the bioactive form of PrPC in EVs is GPI-anchored.

SFKs are required for the anti-LPS/TLR4 activity of human plasma EVs

In neuron-like cells, SFKs are important upstream mediators of cell-signaling responses
elicited by S-PrP and other ligands that engage the NMDA-R/LRP1 receptor system

(26, 54). SFKs also have been implicated in anti-inflammatory responses mediated by
membrane-anchored PrPC (23). Thus, we performed studies to determine whether SFKs
function in the pathway by which human plasma EV-associated PrPC regulates macrophage

physiology.

Fig. 9A shows that human plasma EVs rapidly activated SFKs in BMDMs. Phospho-SFK
was observed within 5 min of adding 4 pg/mL EVs. Fig. 9B shows that ERK1/2 was
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activated in BMDMs treated with human plasma EVs, in the absence of LPS, for 1 h.

This response was entirely blocked by MK801, as anticipated, and by the SFK inhibitor,
PP2 (1 uM). Similarly, PP2 decreased the ability of human plasma EVs to inhibit IxBa
phosphorylation in BMDMs treated with LPS (Fig. 9C). PP2 had no effect on IxBa
phosphorylation when added to BMDM cultures alone or together with LPS, in the absence
of plasma EVs.

In cytokine expression studies, PP2 blocked the ability of plasma EVs to inhibit expression
of TNFa and IL-6 in LPS-treated BMDMs (Fig. 9D). PP2 did not independently regulate
cytokine expression or affect the ability of LPS to induce cytokine expression in the absence
of EVs. These results implicate SFKs as essential upstream mediators of the response to
EV-associated PrPC, which neutralizes the activity of LPS in macrophages.

Discussion

This study defines a novel pathway by which PrP€ may express anti-inflammatory activity
when it is released from cells as a soluble derivative or as an EV-associated protein.

The NMDA-R and LRP1 are central components of this pathway. These receptors were
previously shown to be responsible for the anti-inflammatory activity of tPA in macrophages
(30, 31, 33). We considered the NMDA-R and LRP1 as candidates for mediating the
response to S-PrP in macrophages because of their known role in S-PrP-initiated cell-
signaling in PC12 cells and Schwann cells (26). The activity of the NMDA-R and LRP1,

as receptors for EV-associated PrPC, was unanticipated because EV-associated proteins

are not previously described as ligands for LRP1 or the NMDA-R. Inflammatory cells in
addition to macrophages express the NMDA-R and LRP1 (55). Thus, the NMDA-R/LRP1
receptor system may mediate the anti-inflammatory activity of shed and EV-associated PrPC
derivatives, /n vivo, in target cells in addition to macrophages.

S-PrP blocked inflammatory cytokine mRNA expression in macrophages in response to
ligands that activate diverse TLRs and also inhibited TLR-induced IxBa phosphorylation.
S-PrP inhibited the toxicity of LPS /n vivo. Furthermore, S-PrP directly activated ERK1/2 in
cultured macrophages, in the absence of TLR agonists. These S-PrP activities were similar
to those demonstrated previously for EI-tPA, which also engages the NMDA-R/LRP1
receptor complex (31, 33); however, there are important differences. First, S-PrP neutralized
the response of macrophages to agonists that activate NOD1 and NOD2, whereas EI-tPA
amplified these responses (33). Furthermore, EI-tPA was ineffective at neutralizing the
effects of LPS on quiescent pMacs (33), whereas S-PrP was effective, suggesting that S-PrP
may require a lower cell-surface abundance of NMDA-R in target cells. We conclude that
S-PrP is capable of targeting an expanded continuum of PRRs compared with previously
studied anti-inflammatory proteins that engage the NMDA-R/LRP1 system. Understanding
the unique qualities of S-PrP, which allow it to function as an inhibitor of NOD1 and NOD2,
in addition to TLRs, is an important future goal. The activity of S-PrP as an inhibitor of
NOD?2 is particularly intriguing because mutations in NOD2 have been associated with
susceptibility to Crohn’s Disease (56, 57).
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Results obtained with BMDMs harvested from Prrp~/~ mice demonstrated that the NMDA-
R/LRP1 complex does not require membrane-anchored PrPC as a co-receptor to trigger cell-
signaling in response to S-PrP. Experiments with the LRP1 antagonist, RAP, and with LRP1-
deficient BMDMs from mLspZ™~ mice suggested that LRP1 is important but not essential
for mediating the anti-inflammatory activity of S-PrP. In the absence of LRP1, S-PrP was
still active as an inhibitor of LPS-induced cytokine expression and IxBa phosphorylation;
however, higher concentrations of S-PrP were required. These results are consistent with

a model in which LRP1 sequesters S-PrP and delivers it to the NMDA-R to trigger cell-
signaling. In the absence of LRP1, other macrophage cell surface macromolecules may
sequester S-PrP for delivery to the NMDA-R. Alternatively, S-PrP may bind directly to

the NMDA-R, albeit with lower avidity in the absence of LRP1, as has previously been
described for tPA (29, 58, 59).

S-PrP is a recombinant protein; however, its structure is similar to that of a PrPC derivative
released from cells by ADAM10 (7). PrPC serves as a substrate for other ADAMs, which
generate solubilized PrPC products differing in size and structure (7, 8). Our results with
POM2 suggest that the critical motif that interacts with the NMDA-R/LRP1 system to
mediate anti-inflammatory cell-signaling is localized in the N-terminal unstructured region
of PrPC (26, 40). Other soluble PrPC products that retain this epitope also may be active

in regulating PPR activity. In a general sense, our studies demonstrate that solubilized
PrPC derivatives may be responsible for, or at least contribute to previously described
anti-inflammatory activities of PrPC (3, 20-22). Importantly, in many inflammatory cells,
activators of innate immunity increase ADAM activity (60). Thus, release of soluble PrPC
derivatives may represent a feedback pathway by which innate immunity pathways are
controlled.

By examining human blood bank plasma, we confirmed work by others (13, 14)
demonstrating that EVs from blood carry PrPC. EVs are known to function in cell-cell
communication, mainly through their ability to transfer biologically active cargo, including
mRNAs, microRNAs, and proteins from a cell of origin to a target cell (10-12). Our results
demonstrate that human plasma EVs may regulate innate immunity; however, the identified
mechanism does not involve cargo transfer. Instead, the key event is the ability of a GPI-
anchored membrane protein in EVs to function as a ligand and engage the NMDA-R/LRP1
receptor system in macrophages, which has known anti-inflammatory activity (30-33).

By performing experiments with PI-PLC, we demonstrated that the immune regulatory
factor in EVs is GPl-anchored. PI-PLC completely eliminated the LPS-regulatory activity
of human plasma EVs and this activity was recovered in the supernatant, as would be
anticipated for a GPl-anchored protein that is known to be active in soluble form. We
determined that the GPl-anchored protein in human plasma EVs is PrPC by neutralizing

its activity with POMZ2. It is noteworthy that, from a battery of POM-specific monoclonal
antibodies with defined epitopes (40), POM2 was the only antibody that blocked the activity
of both S-PrP and EV-associated PrPC. This result supports a model in which S-PrP and
membrane-anchored PrPC in EVs regulate PRRs by the equivalent mechanism.
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Our studies implicating the macrophage NMDA-R/LRP1 receptor complex as responsible
for the anti-LPS/TLR4 activity of EV-associated PrPC are novel because, although LRP1
functions as a receptor for numerous soluble ligands (27, 61, 62), LRP1 is not recognized
as a receptor for EV-associated membrane proteins. The ability of EV-associated PrPC to
activate NMDA-R/LRP1-dependent cell-signaling in macrophages represents an entirely
novel mechanism by which EVs may regulate immunity. The ability of LRP1 to function as
an EV receptor merits further consideration. Because our results suggest that the NMDA-R/
LRP1 receptor complex triggers cell-signaling in response to a membrane-anchored EV
protein, it will be important to test whether the NMDA-R/LRP1 receptor system triggers
cell-signaling in response to plasma membrane proteins on neighboring cells.

Our results demonstrating that P1-PLC completely inactivates human plasma EVs as
regulators of LPS suggest that PrPC alone may be responsible for this EV activity. Although
PI-PLC targets other GPI-anchored proteins, the conclusion that PrPC is exclusively
responsible for the anti-LPS/TLR4 activity of plasma EVs was supported by our results
with POM2. Given the known heterogeneity in plasma EVs (10-12, 63-65), it is likely that
the activities demonstrated here reflect a sub-population of human plasma EVs. It will be
important to determine whether the total abundance of plasma EV-associated PrPC varies in
diseases with chronic inflammatory components. Furthermore, more work will be necessary
to determine whether EV-associated PrPC is active in regulating innate immunity 77 vivo.

The ability of LRP1 to function as a receptor for EV-associated PrPC is not entirely
unanticipated because LRP1 is known to function in phagocytosis of large particles (66)
and in efferocytosis, as a receptor for apoptotic cells (67, 68). Based on these prior studies,
it is reasonable to hypothesize that LRP1 may function in EV targeting, binding, and
cargo internalization, specifically for EVs with abundant PrPC. If this is correct, then the
anti-inflammatory activity of EV PrPC may reflect a more complicated set of mechanisms,
beyond the ability to trigger NMDA-R/LRP1 receptor system-dependent cell-signaling.

SFKs were rapidly activated in macrophages treated with human plasma EVs. Furthermore,
the effects of human plasma EVs on ERK1/2 phosphorylation, LPS-induced IxBa
phosphorylation, and LPS-induced pro-inflammatory cytokine expression, in macrophages,
were inhibited by PP2, suggesting an essential role for SFKs. This is the first study
implicating SFKs as critical upstream activators of the cell-signaling pathway triggered

by any anti-inflammatory ligand for the NMDA-R/LRP1 receptor system in macrophages.
SFKs have been implicated NMDA-R/LRP1 cell-signaling in neurons and neuron-like cells
(26, 54). Similarly, SFKs are activated downstream of the NMDA-R in neurons treated with
NMDA (69). Thus, although the outcome of NMDA-R-activated cell-signaling may depend
on the cell type in which the NMDA-R is expressed, the upstream cell-signaling pathway
may be at least partially conserved.

In conclusion, we have identified two states of PrPC that are active in the regulation of innate
immunity, shed PrP€ and PrPC that is incorporated into EVs as a GPl-anchored protein.
Both forms of PrPC may contribute to the known anti-inflammatory activity of this gene
product. The NMDA-R/LRP1 receptor system in macrophages serves as a receptor for both

J Immunol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mantuano et al.

S-

Page 15

PrP and EV-associated PrPC. These receptor-ligand interactions constitute a novel innate

immunity regulatory system in macrophages.
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KEY POINTS

Shed PrPC derivatives and PrPC in extracellular vesicles regulate innate
immunity

The macrophage NMDA-R/LRP1 complex mediates the activity of PrPC
released by cells

NMDA-R/LRP1 complex functions as an extracellular vesicle receptor in
target cells
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FIGURE 1.
S-PrP counteracts the activity of LPS /n vitroand in vivo. (A) BMDMs from C57BL/6J

mice were treated for 6 h with LPS (0.1 ug/mL) in presence of increasing concentrations of
S-PrP (10-120 nM) or with 40 nM S-PrP in the absence of LPS. RT-gPCR was performed
to determine mRNA levels for TNFa and IL-6 (n = 3). (B) BMDMs were stimulated for

1 h with increasing concentrations of S-PrP (20-120 nM). Cell extracts were subjected

to immunoblot analysis to detect phospho-ERK1/2 and total ERK1/2. (C) BMDMs were
treated for 1 h with LPS (0.1 ug/mL) in presence of increasing concentrations of S-PrP
(20-120 nM). Immunoblot analysis was performed to detect phospho-IxBa., total IxBa, and
B-actin. (D) pMacs were treated with LPS (0.1 pg/mL), EI-tPA (12 nM), S-PrP (40 nM),
LPS plus EI-tPA, LPS plus S-PrP, or vehicle for 6 h. RT-qgPCR was performed to compare
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mMRNA levels for TNFa and IL-6 (n = 3). (E) Sepsis scores are shown for wild-type
C57BL/6J mice treated by IV injection with vehicle (n=7) or 2.5 ug/g S-PrP (n=6), 1 h
after IP injection of LPS at 1.5 times the LDsq (9 mg/kg). (F) Kaplan-Meier survival curves
are shown for mice treated by IV injection with 2.5 pg/g S-PrP (n = 6) or vehicle (n = 7),

1 h after IP injection of LPS at 1.5 times the LDsq (9 mg/kg). Significance was determined
by Mantel-Cox test. RT-gPCR and sepsis scoring data are expressed as the mean + SEM

in panels (A), (D) and (E) (one-way ANOVA; *P<0.05, **P<0.01, ***P<0.001, ****P<
0.0001, n.s.: not statistically significant).
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FIGURE 2.

S-PrP inhibits multiple Pattern Recognition Receptors. (A) BMDMs were treated with the
TLR2 agonist LTA (1.0 pg/mL), S-PrP (40 nM), or LTA plus S-PrP for 6 h. RT-gPCR was
performed to compare mRNA levels of TNFa and IL-6 (n = 4). (B) BMDMs were treated
with the TLR9 agonist, ODN 1826 (1.0 uM), S-PrP (40 nM), or ODN 1826 plus S-PrP for

6 h. RT-gPCR was performed to compare mRNA levels of TNFa and IL-6 (n = 3). (C)
BMDMs were treated with the TLR7 agonist IMQ (3.0 ug/mL), S-PrP (40 nM), or IMQ plus
S-PrP for 6 h. RT-qPCR was performed to compare mRNA levels of TNFa and IL-6 (n =
3). (D) BMDMs were treated with the NOD1 agonist C12-iE-DAP (1 pug/mL), S-PrP (40
nM), or C12-iE-DAP plus S-PrP for 6 h. RT-gPCR was performed to compare mRNA levels
of TNFa and IL-6 (n = 3). (E) BMDMs were treated with the NOD2 agonist, L18-MDP
(0.1 pg/mL), S-PrP (40 nM), or L18-MDP plus S-PrP for 6 h. RT-gPCR was performed

to compare mRNA levels of TNFa and IL-6 (n = 3). Data are expressed as the mean

+ SEM (one-way ANOVA; ***P < 0.001, ****P < 0.0001). (F-G) Immunoblot analysis
showing total and phosphorylated 1xBa in BMDMs treated for 1 h with: (F) C12-iE-DAP
(1.0 pg/mL) in presence or absence of S-PrP (40 nM); and (G) L18-MDP (0.1 pg/mL) in
presence or absence of S-PrP (40 nM). B-actin levels are shown as a control for load.
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Effects of PrPC-specific monoclonal antibodies on the activity of S-PrP. (A) BMDMs were
treated for 1 h with LPS (0.1 pg/mL), LPS plus S-PrP (40 nM), or vehicle in the presence

of POM1, POM2, POM3, POM19, or nonspecific 1gG (10 ug/ml). Immunoblot analysis was
performed to detect phospho-IxBa, total 1xBa, and B-actin. (B) BMDMSs were treated for

6 h with LPS (0.1 ug/mL), LPS plus S-PrP (40 nM), or with vehicle in presence or absence
of POM2 antibody (10 pg/ml). RT-gPCR was performed to compare mMRNA levels for TNFa
and IL-6 (n = 3). RT-qPCR data are expressed as the mean = SEM (one-way ANOVA; **pP
<0.01, ***P<0.001, ****P< 0.0001, n.s.: not statistically significant).
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FIGURE 4.

The NMDA-R/LRP1 system mediates the anti-LPS/TLR4 activity of S-PrP. (A) BMDMs
were pre-incubated with MK801 (1.0 uM), DXM (10 uM), or vehicle for 30 min. The cells
were then treated with LPS (0.1 pg/mL), S-PrP (40 nM), LPS plus S-PrP, or with vehicle
for 6 h. RT-gPCR was performed to compare mRNA levels for TNFa and IL-6 (n = 3).
(B) BMDMs were pre-treated with MK801 (1.0 uM), DXM (10 uM), or vehicle for 30
min, and then with LPS (0.1 ug/mL) and increasing concentrations of S-PrP (40-120 nM)
for 1 h, as indicated. Immunoblot analysis was performed to detect phospho-1xBa, total
IxBa, and p-actin. (C) BMDMSs were pre-treated with RAP (150 nM) or vehicle for 30
min, and then with LPS (0.1 ug/mL) and S-PrP (40 nM) for 6 h, as indicated. RT-gPCR
was performed to compare mRNA levels for TNFa and IL-6 (n = 3). (D) BMDMs from
mLrpI™™* and mLpI~~ mice were treated for 6 h with LPS (0.1 ug/mL) in presence of
increasing concentrations of S-PrP (40-120 nM). RT-gPCR was performed to determine
mRNA levels for TNFa (n = 3). (E) BMDMs from m£L o1+ and mLrp1~/~ mice were
treated for 6 h with LPS (0.1 ug/mL) in presence of increasing concentrations of S-PrP
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(40-120 nM). RT-gPCR was performed to determine mRNA levels for IL-6 (n = 3). (F)
BMDM s from mLrpZ™'~ mice were treated for 1 h with LPS (0.1 pg/mL) in the presence

of increasing concentrations of S-PrP (20-120 nM). Immunoblot analysis was performed to
detect phospho-1xBa, total IxBa, and p-actin. RT-gPCR data are expressed as the mean +
SEM (one-way ANOVA; *P<0.05, ****P< 0.0001, n.s.: not statistically significant).
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FIGURE 5.
Macrophage PrPC is not necessary for the anti-LPS/TLR4 activity of S-PrP. (A-B) BMDMs

isolated from WT mice (A) and from Prnp™'~ mice (B) were treated with LPS (0.1 pg/mL),
S-PrP (40 nM), LPS plus S-PrP, or vehicle for 6 h. RT-gPCR was performed to compare
MRNA levels for TNFa and IL-6 (n = 3). Data are expressed as the mean + SEM (one-way
ANOVA,; **** P <0.0001).
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FIGURE 6.

Human plasma EVs inhibit the response of macrophages to LPS. (A) NTA of a
representative human plasma EV preparation obtained by sequential UC. (B) Representative
TEM images of EVs isolated from human plasma (Scale bar = 50 nm). (C) Characterization
of two representative human plasma EV UC preparations. Immunoblot analysis was
performed to detect the exosome biomarkers, flotillin and Tsg101. The same blots were
probed for PrPC and GM130. (D) BMDMs were treated for 1 h with LPS (0.1 pg/mL) in
presence of increasing concentrations of human plasma EVs (0.1-2.0 pg/mL). Immunoblot
analysis was performed to detect phospho-IxBa, total IxBa, and p-actin.
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FIGURE 7.

The NMDA-R/LRP1 receptor complex is required for the anti-LPS/TLR4 activity of human
plasma EVs. (A) BMDMs were pre-incubated with MK801 (1.0 uM), RAP (150 nM), or
vehicle for 30 min. The cells were then treated with LPS (0.1 ug/mL), human plasma EVs
(1.0 pg/mL), LPS plus EVs, or with vehicle for 6 h. RT-gPCR was performed to compare
mMRNA levels for TNFa and IL-6 (n = 3). (B) BMDMs were pre-treated with MK801 (1.0
uUM), RAP (150 nM), or vehicle for 30 min, and then with LPS (0.1 ug/mL) and/or human
plasma EVs (1.0 pg/mL) for 1 h, as indicated. Immunoblot analysis was performed to detect
phospho-1xBa, total 1xBa, and B-actin. (C) BMDMs from mLrpZ~'~ mice were treated for
6 h with LPS (0.1 pg/mL), human plasma EVs (1.0 pg/mL), or LPS plus EVs. RT-gPCR
was performed to determine mRNA levels for TNFa and IL-6 (n = 3). (D) BMDMs from
mLrpI~'~ mice were treated with LPS (0.1 pg/mL), human EVs (1.0 pg/mL), LPS plus EVs,
or with vehicle for 1 h. Immunoblot analysis was performed to detect phospho-1xBa., total
IxBa, and p-actin. RT-gPCR data are expressed as the mean + SEM (one-way ANOVA; *P
<0.05, **P <0.01, ***P <0.001, ****P < 0.0001, n.s.: not statistically significant).
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GPI-anchored PrPC is responsible for the anti-LPS/TLR4 activity of human plasma EVs. (A)
BMDMs were treated for 6 h with LPS (0.1 ug/mL), human EVs (1.0 pg/mL), LPS plus
EVs, or vehicle in the presence of POM1, POM2, POM3, or POM19 (10 pg/ml). RT-gPCR
was performed to determine TNFa mRNA expression (n = 3). (B) BMDMs were treated for
1 h with LPS (0.1 ug/mL), human plasma EVs (1.0 pg/mL), LPS plus EVs, or vehicle in

the presence of nonspecific IgG, POM1, POM2, POM3, or POM19 (10 pg/ml). Immunoblot
analysis was performed to detect phospho-IxBa, total IxBa, and p-actin. (C) BMDMs were
treated with LPS (0.1 pg/mL) in the presence or absence of a,M (10 nM), EI-tPA (12 nM),
and POM2 (10 pug/mL) for 6 h, as indicated. RT-qPCR was performed to determine TNFa
and IL-6 mRNA expression (n = 3). (D) BMDMs were treated with LPS (0.1 ug/mL), a,M
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(10 nM), and POM2 (10 pg/mL) for 1 h, as indicated. Immunaoblot analysis was performed
to detect phospho-1xBa, total 1xBa., and p-actin. (E) Human plasma EVs were treated with
PI-PLC or with vehicle and subjected to UC to separate the EVs from soluble proteins in
the supernatants. BMDMs were treated for 1 h with LPS (0.1 pg/mL), 2.0 pg/mL of EVs
that were unmodified (Control), LPS + unmodified EVs, 2.0 pg/mL of PI-PLC-treated EVs
(P1-PLC), or LPS + PI-PLC-treated EVs, as indicated. Immunoblot analysis was performed
to detect phospho-IxBa, total IxBa., and p-actin. (F) Human plasma EVs were treated
with PI-PLC or with vehicle. The supernatants were separated from the EVs by UC and
studied. BMDMs were treated for 1 h with LPS (0.1 pg/mL), supernatants harvested from
2.0 ug of control EVs (Control), LPS + supernatants from control EVs, supernatants from
2.0 ug of PI-PLC-treated EVs (PI-PLC), or LPS + supernatants from PI1-PLC-treated EVs,
as indicated. Immunoblot analysis was performed to detect phospho-IxBa, total 1xBa,

and pB-actin. RT-qPCR data are expressed as the mean £ SEM (one-way ANOVA, ****p
<0.0001, n.s.: not statistically significant).
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FIGURE 9.
Inhibiting SFKs blocks the anti-LPS/TLR4 activity of human plasma EVs. (A) BMDMs

from wild-type mice were treated with human plasma EVs (4 pg/mL), for the indicated
times. Phospho-SFKs and total SFKs were determined by immunoblot analysis. (B)
BMDMs were treated with human plasma EVs (4 pg/mL), MK801 (1.0 uM), PP2 (1.0 uM),
EVs plus MK801, or EVs plus PP2 for 1 h, as indicated. Phospho-ERK1/2 and total ERK1/2
were determined by immunoblot analysis. (C) BMDMs were treated with LPS (0.1 pg/mL),
EVs, and/or PP2 (1.0 uM) for 1 h, as indicated. Immunoblot analysis was performed to
detect phospho-1xBa and total IxBa. (D) BMDMs were treated for 6 h with LPS, EVs,
and/or PP2, as indicated. RT-qPCR was performed to determine mRNA levels for TNFa and
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IL-6. RT-gPCR data are expressed as the mean £ SEM (n = 3; one-way ANOVA; ****p
<0.0001).
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