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ARTICLE INFO ABSTRACT

Keywords: Chronic inflammation and ectopic calcification are interrelated processes driving major chronic inflammatory
EXtraFCIIUIar ‘feSideS diseases such as cardiovascular and chronic kidney diseases. Gla-rich protein (GRP), a vitamin K-dependent
Gla-rich protein protein (VKDP) with dual anti-inflammatory and anti-calcific properties, has emerged as a promising therapeutic

y-carboxylation

A . molecule. However, its biomedical development has been limited by difficulties in producing the y-carboxylated
Baculovirus expression vector system

Vitamin K-dependent proteins (cGRP) form and by its poor solubility at physiological pH, constraining formulation and delivery. To address
Inflammation these challenges, we established a baculovirus expression vector system (BEVS) designed to couple GRP post-
Calcification translational maturation with its secretion in extracellular vesicles (EVs). Co-expression of GRP with y-glu-
tamyl carboxylase (GGCX), vitamin K epoxide reductase (VKOR), and the convertase Furin enabled efficient
y-carboxylation, propeptide removal, and secretion of mature cGRP. GGCX and VKOR were essential for
y-carboxylation, while Furin mediated propeptide processing. EVs were isolated by differential ultracentrifu-
gation into 30 K and 100 K fractions and characterized by NTA, TEM, Western blot, ELISA, and proteomics. All
vesicles displayed physical and molecular features resembling mammalian EVs, including canonical EV markers
and distinct proteomic profiles, with GRP, GGCX, VKOR, and Furin preferentially enriched in the 30 K popu-
lation. Functional assays demonstrated that the resulting EVs associated with human THP-1 macrophages and
vascular smooth muscle cells (VSMCs) without inducing cytotoxicity, and both cGRP-EVs and uncarboxylated
GRP-EVs reduced pro-inflammatory cytokine release while exerting dual anti-inflammatory and anti-
mineralizing effects. This study establishes the first bioengineered platform capable of generating functional
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y-carboxylated GRP and its vesicular formulation, providing a dual innovation for VKDP research and therapeutic

biomaterial development.

1. Introduction

Gla-rich protein (GRP), also known as upper zone of growth plate
and cartilage matrix-associated protein (UCMA) [1,2], is a circulating
vitamin K-dependent protein (VKDP) that plays a central role in the
regulation of tissue mineralization and inflammation [3-8]. GRP func-
tions as a potent inhibitor of ectopic calcification, acting at both local
and systemic levels [3-6], and exerts anti-inflammatory effects in
diverse cell types, including monocytes, macrophages, chondrocytes,
synoviocytes, and vascular smooth muscle cells (VSMCs) [4,6-8].
Elevated GRP levels are generally associated with protective or ho-
meostatic effects, whereas decreased expression or deficiency has been
linked to disease progression [3-10]. These activities are particularly
relevant in chronic inflammatory and calcification-related disorders
such as cardiovascular disease, osteoarthritis, rheumatoid arthritis, and
chronic kidney disease (CKD). Importantly, clinical data from CKD co-
horts support the role of GRP as a biomarker of vascular and valvular
calcification and renal dysfunction [11-13]. Given its dual anti-
calcifying and anti-inflammatory properties, GRP holds significant
therapeutic promise. However, its limited solubility at physiological pH
[1,8] presents a major barrier to biomedical formulation and delivery,
underscoring the need for optimized production and stabilization
strategies.

Human GRP is synthesized as a prepropeptide and secreted as a
mature protein of approximately 9.5 kDa, containing 15 potential
y-carboxylation sites within its 74-amino acid sequence, which confer
strong calcium-binding capacity [1]. Like other members of the VKDP
family, GRP requires post-translational y-carboxylation of specific
glutamate residues into y-carboxyglutamate (Gla) residues for full
bioactivity [3,4]. This modification depends on the coordinated action
of y-glutamyl carboxylase enzyme (GGCX) and vitamin K epoxide
reductase complex subunit 1 (VKORCI, further designated as VKOR),
which regenerate the reduced form of vitamin K necessary for GGCX
activity [14,15]. Importantly, while the y-carboxylated form of GRP has
been shown essential for GRP mineralization-inhibitory activity [3-6],
undercarboxylated GRP also displays anti-inflammatory properties
[6-8], indicating that these two functional roles may be partially inde-
pendent. Proper processing and secretion of GRP also require proteolytic
removal of its propeptide region by the convertase Furin [1,2]. While
mammalian expression systems provide the necessary enzymatic ma-
chinery, they often yield low quantities of protein and incomplete
y-carboxylation, limiting production scalability [16-18]. Co-expression
of GGCX, VKOR, and Furin can enhance y-carboxylation efficiency,
but such approaches remain technically challenging and costly for large-
scale applications [19-22].

The baculovirus expression vector system (BEVS) in insect cells has
emerged as powerful tools for recombinant protein production,
combining high yield, scalability, and safety [23-26]. Insect cells such as
Spodoptera frugiperda (Sf9) and Trichoplusia ni (Hi5) can perform many
mammalian-like post-translational modifications, but their capacity to
support vitamin K-dependent y-carboxylation remains uncertain
[27-29]. While some studies report detectable carboxylase activity in
Drosophila S2 cells [30,31], others indicate that functional expression of
mammalian VKDPs in insect systems requires co-expression of human
GGCX and VKOR, along with vitamin K supplementation [32-34]. These
discrepancies underscore the need to systematically evaluate and opti-
mize BEVS-based strategies for the functional production of complex
VKDPs such as GRP.

In parallel, extracellular vesicles (EVs) have gained increasing
attention as natural nanocarriers for the intercellular transport of pro-
teins, lipids, and nucleic acids [35,36]. Their intrinsic biocompatibility,

stability, and capacity to deliver bioactive molecules position them as
promising tools for therapeutic delivery [36-38]. Interestingly, GRP has
been identified in EVs derived from various human cell types as well as
in circulating EVs, suggesting a physiological role for vesicle-mediated
transport and extracellular function [3,4,7,39]. Building on this
concept, we hypothesized that the baculovirus/insect cell expression
system could be adapted not only to produce y-carboxylated GRP (cGRP)
but also to promote its incorporation into secreted extracellular vesicles,
generating bioengineered GRP-enriched EVs (cGRP-EVs). This strategy
aimed to create a cell-derived biomaterial platform capable of coupling
post-translational maturation with biogenic encapsulation of functional
proteins. By integrating the expression of vitamin K-dependent GRP
with its natural EV packaging, this system offers a new route for pro-
ducing bioactive nanoscale carriers with potential applications in the
modulation of inflammation and pathological calcification, which are
processes central to many chronic inflammatory diseases.

2. Material and methods
2.1. Baculovirus expression

General procedures for the manipulation of insect cells, generation
and amplification of recombinant baculoviruses and protein production
were performed as previously detailed [23]. To produce GRP, the cDNA
encoding GRP-Flag was inserted under the control of the PH promoter
using the BamHI and Xbal restriction sites of the pAC8 MF transfer
vector [40], leading to the pAC8_MF-GFP plasmid.

To co-express GRP, Furin, GGCX and VKOR, the cDNA encoding
GRP-Flag was first inserted under the control of the PH promoter using
the BamHI and Xbal restriction sites while the cDNA encoding Furin-His
was cloned under the control of the p10 promoter using the Nhel and
Xhol sites of the pAC8_MF transfer vector, leading to the pMF-GRP-Furin
plasmid. The VKOR-His cDNA was then inserted under the control of the
PH promoter and the cDNA GGCX-His under the dependence of the
promoter of the pSPL transfer vector [41] leading to pSPL-GGCX-VKOR
plasmid. The pMF-GRP-Furin and the pSPL-GGCX-VKOR plasmid were
then fused using Cre-mediated recombination yielding the pMF-GRP-
Furin-GGCX-VKOR plasmid (Fig. S1).

To co-express GRP and Furin, the cDNAs encoding the GRP-Flag-
mCherry fusion protein and Furin connected by a 75 base pair linker
containing the T2A peptide were cloned into the pTriex/pOPIN plasmid
resulting in the pGRP-mCh/Furin transfer vector. Deletion of G 1159
introduces a frameshift resulting in the pGRP-mCh*/Furin transfer
vector. It encodes the GRP-Flag-mCherry fusion protein in which the 4
carboxy-terminal residues of the mCherry protein are replaced by an 11
residue peptide whose sequence is unrelated to that of the T2A peptide.
The coding sequence of Furin including the start codon is not affected.
As above, to co-expresss GGCX and VKOR, the cDNAs encoding GGCX
fused to a C-terminal E6 epitope and VKOR to at C-terminal HA tag were
connected by a T2A-containing coding sequence and cloned into the
pTriex/pOPIN plasmid resulting in the pGGCX/VKOR transfer vector.
The coding sequences of the three plasmids are provided as supple-
mentary data (Fig. S1).

Recombinant baculoviruses were generated by co-transfection of the
transfer vectors with the AcMNPV BAC10:KO1629 Av-cath/chiA bac-
mids [40]. The High Five™ insect cells (Hi5, BTI-TN-5B1-4) grown in
suspension in Express Five™ SFM (Gibco cat.no. 10486025) media
supplemented with 16 mM GltutaMAX (Gibco cat.no. 35050061) were
infected with the corresponding virus. Where indicated, cell culture
media were supplemented with vitamin K1 (Sigma-Aldrich, St. Louis,
MO, USA; cat.no. 47773) at a final concentration of 10 pM. Typically,
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cells were cultured in 1 L Erlenmeyer flasks containing 100 mL of me-
dium and infected at a density of 1 x 10° cells/mL with 4 mL of P1 virus
stock (titer ~5 x 107 pfu/mL), corresponding to a multiplicity of
infection (MOI) of 2.

Cells were harvested after 4 days of incubation at 27 °C by centri-
fugation at 1000 xg for 10 min and washed with phosphate-buffered
saline (PBS).

2.2. Analysis of protein expression and GRP purification from the cell
culture media

To validate recombinant expression of Furin, GGCX and VKOR, cell
pellets were resuspended in RIPA buffer (20 mM Tris-HCI pH 7.5, 120
mM KCl, 1% NP-40, 0.1% SDS, 1 mM EDTA, 0.5% sodium deoxycholate,
and protease inhibitor cocktail [5x PIC]) and incubated on ice for 30
min with occasional pipetting. Lysates were clarified by centrifugation
at 14,000 xg for 20 min. Protein concentration was determined using a
Bradford assay. A total of 20 pg of protein was analysed by Western blot,
as described below, using the following antibodies: anti-Furin, anti-HA,
and anti-E6.

To validate expression and/or purify the GRP-Flag and GRP-Flag-
mCherry fusion protein, conditioned media were incubated with anti-
FLAG® M2 affinity beads (Sigma-Aldrich, cat.no. A2220) for 5h at 4 °C
with gentle agitation. We typically use 40 pL of resin for 10 mL of me-
dium. After extensive wash with PBS, bound proteins were eluted using
0.1 M glycine-HCl (pH 2.5) or 0.2 mg/mL competitor peptide
(DYKDDDDK) in PBS. Eluates were analysed by Western blot, as
described below, using anti-FLAG® M2, CTerm-GRP and M3B
antibodies.

2.3. Extracellular vesicles (EVs) isolation

EVs were isolated from Hi5 cells culture media by differential ul-
tracentrifugation at 100.000 xg in the case of GRP-flag overexpression
systems, or at 30.000 xg followed by 100.000 xg in GRP-mCherry
overexpression systems, according to previously described procedures
[4,39]. In either case, EVs were isolated from conditioned media after
GRP anti-FLAG® M2 affinity capture, starting with an initial centrifu-
gation at 2500 rpm for 30 min at 4 °C, with the recovered supernatants
either directly centrifuged at 100.000 xg for 2 h or, centrifuged at
30.000 xg for 30 min (30 K EVs) followed by centrifugation at 100.000
xg for 2 h (100 K EVs). Centrifugations at 30.000 and 100.000 xg were
performed at 4 °C in a Beckman Otima XPN100 ultracentrifuge (Beck-
man Coulter, Brea, CA, USA) using the T70 fixed angel rotor. All EV
pellets at 30 K and 100 K were washed with PBS and re-centrifuged in
the respective conditions in a Beckman Otima Max XP micro-
ultracentrifuge using the TLA-55 fixed angel rotor. All EV pellets were
resuspended in PBS, aliquoted and immediately stored at —80 °C until
further use. EVs were independently isolated three times (n = 3), each
isolation starting with 25 mL of cell culture media.

2.4. Total protein extraction and quantification

Total protein extracts from isolated EVs were obtained with RIPA
buffer as described [3,4,39]. Isolated EVs total protein quantity was also
directly quantified in intact EVs resuspended in PBS. VSMCs protein
extracts were obtained after demineralization with 1 M HCl using 1 M
NaOH with 5% (w/v) SDS for neutralization and extraction. In all cases,
total protein quantification was determined by the MicroBCA protein
assay kit (Thermo Fisher Scientific, Pierce, Rockford, IL, USA) and used
either to infer EVs quantity or to normalize GRP, calcium and pro-
inflammatory cytokines data.

2.5. GRP quantification by ELISA

GRP was quantified in EVs RIPA total protein extracts, using a
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specific and validated ELISA assay for total GRP (GenoGla Diagnostics)
[4]. GRP levels were normalized to respective total protein content and
are presented as GRP/total protein ratios.

2.6. Electrophoresis and Western blot

Aliquots of 20 pg of Hi5 cells protein extracts, 15-20 pL of immu-
noaffinity captured GRP from the cell media (described above), 5-10 pg
of EVs total protein extracts, and 15 pg of VSMCs total protein extracts
were size-separated on a NuPAGE 4-12% (w/v) gradient poly-
acrylamide precast gels containing 0.1% (w/v) SDS (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) and either stained with G-250
Coomassie brilliant blue or transferred onto a nitrocellulose membrane
(Bio-Rad Laboratories, Hercules, CA, USA) as previously described
[3,4]. Target protein detections were performed through overnight in-
cubation with primary anti-Furin (Santa Cruz Biotechnology, SC-
133142; 1 pg/ml), anti-HA (IGBMC, 12CA5; 1 ug/mlL), anti-E6
(IGBMC, 1E6F4; 1 pg/mlL), anti-FLAG® M2 (Sigma-Aldrich, cat.no.
F3165; 1 pg/mL), CTerm-GRP (GenoGla Diagnostics, Faro, Portugal; 5
pg/mL), anti-CD9 (Santa Cruz Biotechnology, SC-9148; 1:200), anti-Gla
residues M3B (BioMedica Diagnostics Windsor, NS, Canada; cat.no.
3570; 5 pg/mL), anti-RUNX2 (Santa Cruz Biotechnology, SC-101145;
1:200) and anti-mCherry (Invitrogen; PA5-34974; 1:6000) antibodies.
Immunodetection was achieved using species-specific secondary
horseradish peroxidase-conjugated antibodies and Western Lightning
Plus-ECL (PerkinElmer, Waltham, MA, USA). Image acquisition was
obtained using an IQ LAS 4000 mini biomolecular imager (GE Health-
care, Chicago, IL, USA).

2.7. RNA extraction and qPCR

Aliquots of isolated EVs were incubated with RNase A (Thermo
Fisher Scientific; 0.5 mg/mL) for 20 min at 37 °C to degrade unprotected
RNA. RNA was extracted using Direct-zol RNA Miniprep kit (Zymo
Research, Irvine, CA, USA), according to the manufacturer's in-
structions. The RNA concentration was determined by spectrophoto-
metric analysis at 260 nm using a Nanodrop spectrophometer (Thermo
Fisher Scientific). 250 nanograms of total RNA were treated with RQ1
RNase-free DNase (Promega, Madison, WI, USA) and reverse-
transcribed as described [4]. Real-time PCR was performed in a CFX
Connect™ Real-Time PCR detection system (Bio-Rad) with SsoFast
EvaGreen Supermix (Bio-Rad), and GRP specific primers (GRP_1F: 5'-
GTCCCCCAAGTCCCGAGATGAGG-3' and GRP_1R: 5-CCTCCAC-
GAAGTTCTCAAATTCATTCC-3"), and previously described conditions
[4,8]. Fluorescence was measured at the end of each extension cycle in
the FAM-490 channel and melting profiles of each reaction were per-
formed to check for unspecific product amplification.

2.8. Nanoparticle tracking analysis

The concentration and size distribution of 30 K and 100 K EVs par-
ticles was performed by Nanoparticle Tracking Analysis (NTA) using
NanoSight NS300™ (Malvern Instruments, UK) equipment. The samples
were diluted with 0.22 pm filtered DPBS (Gibco, Thermo Fisher Scien-
tific) to be in the instrument's linear range of 1 x 108-1 x 10° particles/
mL. Each sample was analysed in triplicate with independent dilutions.
Capture settings (shutter and gain) were adjusted manually for each
analysis and all steps were carried out at room temperature. For each
measurement, three 30-second videos were recorded and analysed with
the Nanoparticle Tracking Analysis (NTA) 2.3 Analytical software
considering a size range for EVs between 50 and 200 nm. To facilitate
comparison of size distribution profiles between 30 K and 100 K EV
samples, NTA measurements were normalized against total particle
concentration and expressed as relative concentration.
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2.9. Transmission electron microscopy (TEM) and immunogold labelling

Isolated EVs were adsorbed onto formvar-carbon coated grids and
stained with 1% aqueous uranyl acetate. The grids were air dried,
observed and photographed in a JEOL 1200EX transmission electron
microscope. Immunogold labelling for GRP in EVs was performed using
a previously described method [4]. Briefly, blocked grids were incu-
bated with the CTerm-GRP antibody (5 pg/mL) for 1 h at RT, followed
by incubation with the secondary anti-rabbit 10-nm gold antibody
(Sigma-Aldrich; 1:15) for 1 h at RT.

2.10. Proteomic analysis of gel bands

Proteomics analysis to characterize secreted recombinant GRP-Flag
(GRP-F) was carried out at LSMBO, France (Laboratory 1) and of GRP-
Flag-mCherry (GRP-mCh) at VIB, Belgium (Laboratory 2). The
following description integrates both experimental procedures, with
laboratory-specific parameters indicated where needed.

In-gel digestion was performed using a standard tryptic digestion
workflow. Gel bands were excised and subjected to sequential washing
steps to remove contaminants. In Laboratory 1, gel pieces were washed
twice with 25 mM ammonium hydrogen carbonate (NHsHCOs) and
acetonitrile (ACN), whereas in Laboratory 2, gel bands were washed
sequentially with water, 50% ACN, and 100% ACN, followed by com-
plete dehydration in a vacuum concentrator.

Cysteine residues were reduced and alkylated in Laboratory 1 using
dithiothreitol (10 mM, 57 °C) and iodoacetamide (55 mM), respectively.
In Laboratory 2, no reduction and alkylation steps were performed.
Following dehydration, proteins were digested in-gel using modified
porcine trypsin (Promega, Madison, WI, USA). In Laboratory 1, diges-
tion was performed using trypsin at 12.5 ng/pL in 25 mM NH<HCOs
overnight at room temperature, whereas in Laboratory 2, gel bands were
rehydrated with trypsin at a final concentration of 0.005 pg/pL in 50
mM ammonium bicarbonate (pH 8) and incubated overnight at 37 °C.

Tryptic peptides were extracted using acidified organic solvent. In
Laboratory 1, peptides were extracted with 60% ACN in 0.1% formic
acid, whereas in Laboratory 2, peptide-containing supernatants were
acidified to pH 2-3 using formic acid to terminate digestion. Peptide
solutions were dried under vacuum prior to LC-MS/MS analysis.

Peptide separation was performed by nanoLC using reversed-phase
chromatography with laboratory-specific solvent systems and gradi-
ents. In Laboratory 1, analyses were carried out on a nanoACQUITY
UPLC system (Waters, Milford, MA, USA) equipped with an ACQUITY
UPLC® CSH130 C18 analytical column (250 mm x 75 pm, 1.7 pm
particle size) and a Symmetry C18 trapping column (20 mm x 180 pm,
5 pm particle size). The mobile phases consisted of solvent A (0.1%
formic acid in water) and solvent B (0.1% formic acid in ACN). Samples
were loaded for 3 min at 5 pL/min using 99% solvent A, followed by
peptide elution at a flow rate of 300 nL/min using an 8-35% linear
gradient of solvent B over 9 min. In Laboratory 2, samples were analysed
on an Ultimate 3000 RSLC nanoLC system (Thermo Fisher Scientific,
Germany) using an in-house packed C18 trapping column (100 pm L.D.
x 20 mm, 5 pm beads, Reprosil-HD) coupled to a 200 cm pPAC™ C18
analytical column (PharmaFluidics, Belgium) maintained at 50 °C. The
mobile phases consisted of solvent A’ (0.1% formic acid in water) and
solvent B’ (0.1% formic acid in water/ ACN, 20/80 [v/v]). Peptides were
eluted using a linear gradient from 98% solvent A’ to 55% solvent B’ at
65 min, followed by an increase to 70% solvent B' at 70 min and a re-
equilibration with solvent A’ at 80 min. The first 15 min the flow rate
was set to 500 nl/min after which it was kept constant at 300 nL/min.

Mass spectrometric analysis was performed in positive ion mode
using data-dependent acquisition. In Laboratory 1, the nanoLC system
was coupled to a TripleTOF 5600 mass spectrometer (SCIEX, Framing-
ham, MA, USA) operated in information-dependent acquisition (IDA)
mode using a Top10 method. MS survey scans were acquired over the m/
z 400-1250 range, followed by MS/MS scans over the m/z 150-1800
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range, with dynamic exclusion set to 4 s. External calibration was per-
formed using digested bovine serum albumin peptides. In Laboratory 2,
the nanoLC system was coupled to a Q Exactive HF BioPharma mass
spectrometer (Thermo Fisher Scientific). Full-scan MS spectra
(375-1500 m/z) were acquired at a resolution of 60,000 in the Orbitrap
analyzer after accumulation to a target value of 3E6. The 12 most
intense ions above a threshold value of 1.3E4 were isolated with a width
of 1.5 m/z for fragmentation at a normalized collision energy of 30%
after filling the trap at a target value of 100,000 for maximum 80 ms.
MS/MS spectra (200-2000 m/z) were acquired at a resolution of 15,000
in the Orbitrap analyzer. The polydimethylcyclosiloxane background
ion at 445.120028 Da was used for internal calibration (lock mass) and
QCloud has been used to control instrument longitudinal performance
during the project [42,43].

Raw mass spectrometry data were processed using laboratory-
specific software pipelines. In Laboratory 1, raw data collected were
converted to. mgf peak list format using MSDataConverter. and searched
with MASCOT software (version 2.4.1). The database used was extracted
from UniProtKB (human taxonomy Uniprot release of 14th March
2016). Semi-trypsin was selected as cleavage enzyme and a maximum of
one missed cleavage was allowed. For MS/MS parameters, a parent mass
tolerance of 10 ppm and a fragment mass tolerance of 0.05 Da were used
allowing a maximum of one trypsin missed cleavage. Carbamidome-
thylation of cysteine residues and oxidation of methionine residues were
specified as variable modifications. Protein identifications were vali-
dated with at least two peptides with Mascot ion score above 25. In
Laboratory 2, raw data were analysed using MaxQuant software (version
2.0.3.0) with predominantly default search settings, including a false
discovery rate (FDR) of 1% applied at the peptide-spectrum match
(PSM) and protein levels. Spectra were searched against the GRP-
mCherry construct sequence, as well as the Spodoptera frugiperda
UniProt/Swiss-Prot database (August 2022 release, 26,917 protein se-
quences). Variable modifications were set to carboxylation of glutamic
acid residues, oxidation of methionines, propionamide on cysteines and
acetylation of protein N-termini. Matching between runs was enabled
with a matching time window of 0.7 min and an alignment time window
of 20 min.

2.11. Proteomic analysis of EVs

EV samples were re-suspended in 4 mL lysis buffer (1 mg/mL
amphipol A8-35 (Anatrace) in 50 mM ammonium bicarbonate pH 8.0)
and further processed as described [44]. Briefly, lysates were sonicated
with a PIXUL Multisample sonicator (Active Motif) for 10 min with
default settings (Pulse 50 cycles, PRF 1 kHz, Burst Rate 20 Hz) and
centrifuged for 10 min at 20,000 xg at 4 °C to remove insoluble mate-
rial. The protein concentration in the supernatants was measured with
the Pierce Microplate BCA Protein Assay Kit (Reducing Agent Compat-
ible, Thermo Fisher Scientific), following the manufacturer's protocol.
The proteins (50 pg per sample) were reduced by addition of 15 mM DTT
and incubation for 30 min at 55 °C, and then alkylated by addition of 30
mM iodoacetamide and incubation for 15 min at room temperature in
the dark. Proteins were then digested with 0.5 pg lysyl endopeptidase
(Wako) for 4 h at 37 °C, followed by overnight digestion with 0.5 pg
trypsin (Promega) at 37 °C. Samples were acidified with TFA to a f.c. of
1% (pH < 3.0), incubated for 15 min on ice and centrifuged for 10 min at
20,000 xg and RT to pellet the precipitated Amphipol A8-35. Super-
natants were purified on Omix C18 tips (Agilent) and the purified pep-
tides were dried completely by vacuum drying and stored at —20°C.
Peptides were re-dissolved in 20 pL loading solvent A (0.1% trifluoro-
acetic acid in water/acetonitrile (ACN) (98:2, v/v)) of which 5 pL was
injected for LC-MS/MS analysis on an Ultimate 3000 Pro Flow nanoLC
system in-line connected to a Q Exactive HF mass spectrometer
(Thermo). Trapping was performed at 20 pL/min for 2 min in loading
solvent A on a 5 mm trapping column (Thermo scientific, 300 pm in-
ternal diameter (I.D.), 5 pm beads). The peptides were separated on a
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250 mm Aurora Ultimate, 1.7 pm C18, 75 pm inner diameter (Ion-
opticks) kept at a constant temperature of 45 °C in a butterfly oven
(Phoenix S&T). Peptides were eluted by a non-linear gradient starting at
0.5% MS solvent B reaching 26% MS solvent B (0.1% FA in acetonitrile)
in 75 min, 44% MS solvent B (0.1% FA in acetonitrile) in 95 min, 56%
MS solvent B in 100 min followed by a 5-minute wash at 56% MS solvent
B and re-equilibration with MS solvent A (0.1% FA in water) at a con-
stant flowrate of 250 nl/min.

The mass spectrometer was operated in data-dependent mode using
the same method described in Section 2.10 for Laboratory 2.

Analysis of the mass spectrometry data was performed in MaxQuant
(version 2.3.1.0) with mainly default search settings including a false
discovery rate set at 1% on PSM and protein level. Spectra were searched
twice against different protein sequence databases. In a first analysis, the
database included the human reference proteome, the Trichoplusia ni
reference proteome and the Autographa californica nuclear polyhedrosis
virus (AcMNPV) proteome (version of June 2024, 20,594, 20,889 and
155 entries, respectively). In the second (main) analysis, only human
and T. ni protein sequences were used, together with the GRP-mCherry
construct sequence. The mass tolerance for precursor and fragment ions
was set to 4.5 and 20 ppm, respectively, during the main search. Enzyme
specificity was set as C-terminal to arginine and lysine, also allowing
cleavage at proline bonds with a maximum of two missed cleavages.
Cysteine carbamidomethylation was set as a fixed modification, variable
modifications were set to oxidation of methionine residues and acety-
lation of protein N-termini. Matching between runs was enabled with a
matching time window of 0.7 min and an alignment time window of 20
min. Only proteins with at least one unique or razor peptide were
retained. Proteins were quantified by the MaxLFQ algorithm integrated
in the MaxQuant software. A minimum ratio count of two unique or
razor peptides was required for quantification. A total of 211,442 and
213,596 peptide-to-spectrum matches (PSMs) was detected, resulting in
30,239 and 25,717 identified peptides, corresponding to 3033 and 2843
identified proteins, respectively for the first and the second analysis
(Tables S1.1-2). Further data analysis of the shotgun results was per-
formed with an in-house R script, using the proteinGroups output table
from MaxQuant. Reverse database hits were removed, iBAQ intensities
were log2 transformed and normalized with median subtraction and
replicate samples were grouped. Proteins with one valid iBAQ quanti-
fication value were kept and missing values were imputed from a normal
distribution centered around the detection limit (package DEP), leading
to a list of 2835 quantified proteins in the experiment, used for further
data analysis. Differential abundance analysis between EVs 100 K and
EVs 30 K sample groups was performed with the package limma, with a
false discovery rate (FDR) <0.05 and a fold change of >4- or <0.25-fold
(|log2FC| = 2) used as cut-off values for statistical significance. Results
are presented in Table S1.3. Z-scored iBAQ intensities from significantly
regulated proteins and belonging to the top 100 Vesiclepedia protein list
(version of May 2024) were plotted in a heatmap after non-supervised
hierarchical clustering. Identification of human orthologs for T. ni was
carried out based on the BLASTp algorithm, using the reciprocal best hit
approach [45].

2.12. Cell culture

THP-1 cell line was cultured according to ATCC instructions in RPMI
Growth Medium (RPMI 1640 with r-Glutamine (Gibco), 10% heat-
inactivated Fetal Bovine Serum (FBS, Biowest), 1% (v/v) Pen-Strep
(P/S, Gibco). THP-1 macrophage differentiation (THP-1 Mac) was ach-
ieved by culturing cells in 25 ng/mL of phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich) in complete RPMI for 48 h.

Human aortic VSMCs (VSMC) derived from tissue explants as
described previously [46] were kindly provided by Prof. Dr. Leon
Schurgers, Department of Biochemistry, CARIM, Maastricht University,
The Netherlands, and used between passages 7 and 14. VSMCs were
maintained in M199 medium (Life Technologies) supplemented with

Biomaterials Advances 184 (2026) 214833

10% FBS and 1% (v/v) of P/S.

All cell cultures were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO», and for all experiments, cells were cultured
with EVs-depleted FBS through centrifugation at 100.000 xg for 24 h in
a Beckman Otima XPN100 ultracentrifuge using the T70 fixed angel
rotor.

2.13. Measurements of intracellular and extracellular kinetic profiles of
mCherry fluorescence

THP-1 Mac were seeded into black 96-well plates (Thermo Scientific
Nunc) and cultured with complete RPMI media without phenol red, with
or without supplementation with EVs containing 10 ng/mL of GRP as
quantified by ELISA, over a 72 h time course. At each time point,
conditioned culture media were collected, and cells were washed 2 times
with PBS and maintained in HBSS (Gibco) for immediately fluorescence
measurements. Fluorescence of 100 uL of each conditioned culture
media in black 96-well plates were also recorded. mCherry fluorescence
measurements of cells and conditioned media were performed using an
excitation wavelength/bandwidth of 590/20 nm and emission wave-
length/bandwidth of 645/40 nm [47] in a Synergy2 microplate reader
(BioTek, Winooski, VT, USA). After each measurement, Hanks' balanced
salt solution (HBSS) was removed from the cells and the collected
conditioned media added again to the respective conditions.

2.14. Flow cytometry analysis

To assess cellular binding of GRP-mCherry-loaded EVs, 30 K and
100 K EV populations containing 10 ng/mL GRP-mCherry were incu-
bated with 5 x 10° THP-1 Mac or confluent VSMCs in 24-well plates
containing 500 pL of culture medium for 24 h. After incubation, cells
were trypsinized, pelleted, and blocked with 0.5% BSA in PBS for 30 min
at room temperature, followed by fixation in 2% PFA in PBS overnight at
4 °C. A permeabilization step was then performed using 0.1% Triton X-
100 in PBS for 10 min. Cells were incubated with the anti-mCherry
antibody (1:400) for 1 h at 4 °C, washed with 0.1% Triton X-100 in
PBS, and then stained with an Alexa Fluor® 647-conjugated donkey
anti-rabbit IgG secondary antibody (0.5 pg/mL, BioLegend, cat. no.
406414) for 30 min at 4 °C. After final washes, cells were resuspended in
PBS and analysed on a CytoFLEX flow cytometer (Beckman Coulter),
equipped with the 488 nm, 638 nm and 405 nm lasers. Data collection
and analysis were performed using CytExpert software. Control condi-
tions were included to account for background signal and ensure accu-
rate gating. These consisted of cells without EVs treatment in three
different conditions: i) unstained cells; ii) cells incubated with the sec-
ondary antibody; and iii) cells incubated with primary and secondary
antibodies. For each experimental condition 10,000 gated events were
recorded. Three independent experiments using EVs from three inde-
pendent isolations, each with duplicates per condition, were performed
in THP-1 Mac, and two independent experiments, each with a single
replicate per condition were conducted in VSMCs.

2.15. Fluorescence microscopy

VSMCs were plated at low density on 24-well plates with coverslips
coated with 0.01% gelatin and allowed to adhere for 24 h. Culture
medium was replaced with fresh medium containing 30 K and 100 K EVs
(10 ng/mL GRP-mCherry). After 24 h of exposure, cells were washed
with PBS, fixed with 4% paraformaldehyde (PFA) at 4 °C for 30 min, and
washed again with PBS. Nuclear staining was performed with DAPI
(Sigma-Aldrich; 1:1000) for 5 min at RT, protected from light. Coverslips
were then washed and mounted with glycerol on microscope slides and
sealed.

Fluorescence and phase contrast images were acquired using an
inverted microscope (Zeiss AxioVert.A1.FL) equipped with Axiocam202
camera and appropriate filter sets for DAPI (Ex 390/40 | BS 420 | EM BP
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450/40) and mCherry (Ex BP 560/40 | BS 585 | EM BP 630/75). Images
were acquired with A-plan 100x/1.25 Ph3 objective (pixel size 93 nm)
with 20 ms exposure times for DAPI images and 150 ms for mCherry
channel in a 12-bit grayscale format. Fluorescence intensity of mCherry-
positive EV aggregates were detected by TrackMate [48] in FLJI
(ImageJ), using an estimated object diameter of 0.5 pm and quality
threshold of 35, allowing for subpixel localization. Each detected
aggregate is quantified as mean intensity per detected spot (Mean In-
tensity, A.U.), and it is represented in logarithmic scale to account for
the log-normal distribution of fluorescence values. Data were analysed
using GraphPad Prism and include the total number of spots detected
across all analysed images from two independent experiments, with the
number of analysed images per condition indicated.

2.16. Cell viability

Cells were seeded in 96-well plates at 2.5 x 10° cells/well and
cultured in 200 pL of the corresponding cell culture media and supple-
mented with different concentrations of 30 K and 100 K EVs as quan-
tified by NTA (ranging from 1 x 10% to 7.5 x 10° particles/mL) for 48 h.
Cell media were collected for pro-inflammatory cytokine quantification
by ELISA as described below. Cell viability was determined using the
CellTiter 96 cell proliferation assay (Promega, Madison, WI, USA),
following manufacturer's instructions. Cells without any treatment were
used as control cells with 100% cell viability. Three independent ex-
periments using EVs from three independent isolations, each with du-
plicates per condition, were performed.

2.17. Inflammatory assays in THP-1 differentiated macrophages (THP1-
Mac)

The inflammatory potential of isolated EVs was evaluated in 2.5 x
10° THP1-Mac cells plated in 96-well plates with 200 pL media, by
treatments with different concentrations of GRP-mCherry-EVs, consid-
ering GRP (0.1-1 ng/mL) as the quantification normalizing factor for
each population, for 24 h. 30 K and 100 K EVs from Crl-mCherry not
containing GRP were normalized for particle concentration and used as
the maximum number of particles required for EVs loaded with GRP.
Inflammation was stimulated with lipopolysaccharide (LPS O111:B4;
Sigma-Aldrich, L4391) (100 ng/mL) for additional 24 h. Cell media were
recovered and used for tumor necrosis factor-alpha (TNFa) quantifica-
tion by ELISA as described below. Three independent experiments using
EVs from three independent isolations, each with triplicates per condi-
tion, were performed.

2.18. VSMC:s calcification assays

VSMCs were either cultured in control or mineralizing (MM) con-
ditions by media supplementation with 2.5 mmol/L NaH2PO4 during
13 days with media changed every 3 days, and then supplementation
with 3.6 mmol/L CaCl2 for 24 h, as previously described [4,39]. For the
evaluation of the effect of GRP-F-EVs from the GRP-F/Furin/GGCX/
VKOR baculoviruses system, 5 pg of total EVs protein were used in
three independent experiments. In the case of cGRP-mCh- and ucGRP-
mCh-EVs, EVs containing GRP at concentrations from 0.1 to 1 ng/mlL,
and Crl-mCherry EVs at the equivalent maximum particles/mL were
used. In both cases EVs were added to MM cells at the beginning of the
experiments and at every medium change. At least three independent
experiments using GRP-mCh-EVs from three independent isolations,
each with triplicates per condition, were performed. At the end of the
experiments, cell media were collected for interleukin-6 (IL-6) quanti-
fication, and cells were washed 2 times with PBS for calcium and protein
quantification. Calcium quantification was performed using a commer-
cially available kit (Randox Laboratories Ltd., Crumlin, UK) based on the
O-cresolphatein complexone according to manufacturer's recommen-
dations, after extracellular matrix demineralization with 1 M HCI for 48
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hat4°C.
2.19. Quantification of pro-inflammatory mediators by ELISA

Collected cell culture media were centrifuged at 16.000 xg for 20
min at 4 °C to remove cellular debris and used for quantification of TNFa
and IL-6 by ELISA (R&D Systems, Minneapolis, MN, USA), following the
manufacture's protocols.

2.20. Statistical analysis

Statistical analysis was performed using PRISM software (Graph-
Pad). Data are presented as mean =+ standard deviation (SD). Student's t-
test was used for comparison between two groups. For more than two
groups significance was determined using ordinary one-way ANOVA
with comparison between groups by Dunnett test. Statistical significance
was defined as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) and p <
0.0001 (****),

3. Results

3.1. Development of a baculovirus expression vector system (BEVS) to
enable post-translational maturation of human Gla rich protein (GRP)

To establish an insect cell-based platform capable of producing
functional y-carboxylated Gla-rich protein (cGRP), we engineered a
baculovirus co-expression system that mimics the mammalian
y-carboxylation and propeptide-cleavage machinery. Specifically, re-
combinant baculoviruses were constructed to enable the co-expression
of human GRP together with y-glutamyl carboxylase (GGCX), vitamin
K 2,3-epoxide reductase (VKOR), and the proprotein convertase Furin.

As detailed in the Materials and Method section, we relied on cre-
mediated recombineering to fuse an acceptor vector containing the
expression cassettes for GRP fused to a C-terminal Flag tag and Furin
(pMF GRP-F/Furin) with a donor plasmid for the co-expression of GGCX
and VKOR (pSPL GGCX/VKOR) and generated the corresponding virus
by homologous recombination (Fig. 1A, B). The GRP cDNA was fused to
a Flag-affinity tag (GRP-F) which was added at the C-terminus of the
protein to avoid interference with the signal peptide and propeptide
located at the N-terminal region.

To evaluate the capacity of insect cells to produce and gamma-
carboxylate recombinant GRP, Hi5 cells were then infected by a virus
encoding GRP-F, Furin, GGCX and VKOR (virus GRP-F/Furin/GGCX/
VKOR) with or without vitamin K supplementation. Cells were also
infected with a virus containing only the expression cassette for GRP
(virus GRP-F) to evaluate endogenous post translational processing ca-
pacity. Culture media were collected after 96 h incubation and secreted
GRP-Flag proteins (GRP-F) were isolated from the conditioned media by
immunoprecipitation (IP) with the anti-FLAG® M2 antibody.

Western blot analysis using the CTerm-GRP antibody detecting total
GRP [4,49], showed the presence of two positive bands with an apparent
molecular mass of approximately 15 and 20 kDa in cells infected with
GRP-F virus, marked as 1 and 2 on the SDS-PAGE gel, and a single band
of approximately 15 kDa when the four proteins are co-expressed,
marked as 3 in the SDS-PAGE gel (Fig. 1C, D). No major differences
were observed with or without vitamin K treatments. However, a single
positive band of around 15 kDa, corresponding to band 3 in the SDS-
PAGE gel, was detected with the gamma-carboxylation specific M3B
antibody [49], only when GRP-F is co-expressed with Furin, GGCX and
VKOR, in the presence of vitamin K (Fig. 1C, D). MS/MS analysis of SDS-
PAGE gel slices marked as 1, 2 and 3 identified human GRP protein in all
bands with a sequence coverage between 49 and 87%, but with different
proteolytic processing. In addition to peptides which map the sequence
of the mature protein identified in all bands, GRP sequence in band 1
included the signal peptide and propeptide regions, only propeptide
region in band 2, and only the mature form in band 3 (Figs. 1E and S2).
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Fig. 1. Bioengineered baculovirus-insect cell system for the production of y-carboxylated GRP and GRP-associated EVs. (A-B) Schematic representation of the
recombinant transfer vectors encoding GRP-Flag (GRP-F), GRP-F/Furin and GGCX/VKOR expression cassettes, and the Cre-mediated recombineering strategy used
for generation of the recombinant baculovirus. Green circles, 1oxP sites. (C) Western blot of immunoprecipitated GRP-F from conditioned media of Hi5 cells infected
with GRP-F or GRP-F/Furin/GGCX/VKOR baculoviruses, + vitamin K, probed with CTerm-GRP (total GRP) and M3B (anti-Gla residues) antibodies. (D) SDS-PAGE of
vitamin K treated samples described in C panel showing three main bands (1-3). (E) Schematic representation of GRP forms identified by MS/MS analysis of bands
marked in panel D, indicating signal peptide (SP), propeptide (PP), and mature peptide (MP) regions. (F) Total protein quantification of EVs isolated at 100.000 xg
from GRP-F and GRP-F/Furin/GGCX/VKOR cultures (n = 3). (G) GRP levels quantified by ELISA normalized to total protein in isolated EVs (n = 3). (H) Western blot
of EV fractions to detect GRP and the EV marker CD9. (I) Transmission electron microscopy (TEM) of negatively stained EVs (upper) and GRP immunogold labelling
(lower). (J) RT-qPCR amplification and melt-curve analysis of human GRP mRNA detected in EVs. (K) Detection of GRP with the CTerm-GRP antibody in lysates of
VSMCs cultured under mineralizing conditions (MM) for 14 days in the presence of GRP-EVs from GRP-F/Furin/GGCX/VKOR baculoviruses system (n = 3). (L)
Calcium quantification normalized to total protein in VSMCs under mineralizing conditions (n = 3). (M-N) RUNX2 expression in mineralizing VSMCs assessed by
!Vestern blot and densitometric analysis (n = 2). Data are expressed as mean + SD. ns, non-significant.

These findings demonstrate that this BEVS, when supplemented with
vitamin K1, is able to produce and secrete post-translationally modified
human GRP with y-carboxylation and propeptide cleavage, supporting
its suitability for functional protein production.

3.2. BEVS-derived extracellular vesicles carry GRP cargo and exhibit
proof-of-concept functional activity in mineralizing VSMCs

Because extracellular vesicles (EVs) are natural carriers for many
secreted proteins, and GRP has previously been identified in EVs
released by several mammalian cell types and detected in circulation
[3,4,7,39], we next investigated whether GRP expressed by BEVS was
associated with secreted EVs. For that, EVs were isolated from the cul-
ture media of vitamin K-supplemented Hi5 cells infected with either
GRP-F or GRP-F/Furin/GGCX/VKOR recombinant viruses, and subse-
quently analysed for the presence of GRP. Quantification of total protein
in EVs isolated at 100,000 x g suggested a similar yield of EVs from both
systems (Fig. 1F). GRP levels normalized to total protein content were
also comparable between conditions (Fig. 1G). In addition, Western blot
using the C-Term GRP antibody revealed a predominant band of
approximately 15 kDa in EVs from both GRP-F and GRP-F/Furin/GGCX/
VKOR conditions, and the presence of the EV marker CD9 (Fig. 1H). TEM
of negatively stained EVs revealed small, intact vesicles with limited size
heterogeneity (Fig. 1I). Positive detection of GRP by immunogold
labelling reinforces the presence of GRP protein associated to these EVs
(Fig. 1D).

Because EVs are known to carry nucleic acids including mRNA, the
presence of human GRP mRNA in RNase A treated EVs was assessed by
RT-qPCR. Positive amplification with a specific melting profile indicated
the presence of GRP mRNA in EVs isolated from Hi5 cells infected with
both GRP-F and GRP-F/Furin/GGCX/VKOR (Fig. 1J). Together, these
results indicate that BEVS-derived EVs represent a dual source of GRP
cargo, carrying both GRP protein and GRP mRNA, thereby suggesting
that this system may serve as a potential platform for EV-based delivery.

To further assess whether BEVS-derived GRP-containing EVs exert
biological activity in recipient cells, EVs isolated from Hi5 cells infected
with GRP-F/Furin/GGCX/VKOR were applied to human primary
vascular smooth muscle cells (VSMCs) cultured under mineralizing
conditions. A GRP-positive band of approximately 15 kDa was only
detected in VSMC lysates following EV treatment, indicating association
of EV-derived GRP with recipient cells (Fig. 1K). Functionally, GRP-
containing EVs reduced calcium deposition as compared to mineral-
izing medium alone (Fig. 1L). In parallel, expression of the osteogenic
transcription factor RUNX2 was decreased in EV-treated VSMCs relative
to mineralizing controls, as shown by Western blot and densitometric
analysis (Fig. 1M, N). These results provide initial functional evidence
that BEVS-derived GRP-EVs retain biological activity in recipient VSMCs
and can attenuate osteogenic programming under calcifying conditions.

3.3. GGCX/VKOR co-expression and vitamin K supplementation enable
GRP y-carboxylation, while Furin mediates propeptide cleavage

Having established the BEVS platform for production of gamma-

carboxylated GRP in insect cells and its incorporation into secreted
EVs, GRP was fused to a C-terminal mCherry (mCh) tag to facilitate GRP
tracking. To co-express the GRP-mCh with GGCX, VKOR and Furin, we
constructed two bicistronic baculoviruses in which two cDNAs were
linked with a T2A self-cleavage peptide sequence to be used to co-infect
Hi5 cells (Fig. 2A). We first verified that the first virus expresses GGCX-
E6 and VKOR-HA (GGCX/VKOR) and that the second produces the
target GRP-mCh and the Furin coding gene (GRP-mCh/Furin) (Fig. 2B).
Of note, one virus construct GRP-mCh*/Furin contained a frameshift
after the GRP-mCh coding sequence, resulting in significant reduction
but not abolishment of Furin expression (Fig. 2B), since the Furin gene
retained an almost consensus Kozak sequence (Fig. S1).

Next, Hi5 cells were infected with Ctrl-mCh, GRP-mCh*/Furin, GRP-
mCh*/Furin/GGCX/VKOR, and GRP-mCh/Furin/GGCX/VKOR. Infec-
tion with GRP-mCh*/Furin without vitamin K supplementation was
performed as a negative control to gamma-carboxylation. GRP produced
in the different systems was characterized by SDS-PAGE (Fig. 2Q),
Western blot (Fig. 2D), and MS/MS (Fig. 2E) following immunoprecip-
itation of Flag-tagged proteins from cell culture media. SDS-PAGE
analysis revealed two major protein bands between 37 and 50 kDa,
consistent with the theoretical molecular weight of the GRP-mCh fusion
protein (approximately 40-47 kDa, depending on GRP post translational
processing). Similar migration profiles were observed for GRP-mCh*/
Furin with and without vitamin K supplementation, as well as for the
GRP-mCh*/Furin + GGCX/VKOR condition (Fig. 2C, bands 1-6), with
all bands testing positive for both GRP and mCherry (Fig. 2D). In the
GRP-mCh/Furin + GGCX/VKOR condition, a single band within the
same molecular weight range was detected (Fig. 2C, band 7), also pos-
itive for GRP and mCherry (Fig. 2D). y-carboxylation with the M3B
antibody was only detected in bands 5 and 6 from GRP-mCh*/Furin +
GGCX/VKOR and band 7 from GRP-mCh/Furin+ GGCX/VKOR systems
(Fig. 2D).

MS/MS analysis of SDS-PAGE 1-7 gel slices marked in Fig. 2C
identified GRP-mCherry peptides located within the mature protein in
all bands (Fig. 2E and Fig. S3). Peptides on the signal peptide region
were identified in bands 1 and 3, while bands 1-6 include peptides
spanning the propeptide region. Band 7 contained peptides exclusively
from the mature protein (Figs. 2E and S3). Overall, these results showed
that vitamin K supplementation with co-expression of GGCX and VKOR
are required for GRP gamma-carboxylation and suggested that Furin
expression plays a critical role in propeptide cleavage of the secreted
protein. The incomplete processing observed with GRP-mCh*/Furin,
where propeptide-derived peptides were still detected by MS/MS, con-
trasts with the complete maturation seen with GRP-mCh/Furin, which
yielded peptides exclusively within the mature GRP region.

3.4. Morphological and molecular characterization of EVs released from
BEVS

Given the growing interest in insect-cell EVs as bioengineering tools,
we next performed a comprehensive morphological and proteomic
characterization of BEVS-derived vesicles. Differential ultracentrifuga-
tion at 30,000 xg (30 K) followed by 100,000 xg (100 K) was used to
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Fig. 2. Co-expression of GGCX/VKOR and Furin enables y-carboxylation and maturation of GRP-mCherry in the BEVS platform. (A) Schematic representation of
recombinant baculovirus transfer vectors encoding bicistronic expression cassettes for GGCX/VKOR and GRP-mCherry (GRP-mCh)/Furin (including GRP-mCh*/
Furin with a frameshift after mCherry). (B) Western blot analysis confirming expression of VKOR-HA, GGCX-E6, GRP-mCh, and Furin in Hi5 cells infected with
the respective viruses. (C) SDS-PAGE of secreted Flag-tagged GRP-mCh proteins immunoprecipitated from culture media of Hi5 cells infected with Ctrl-mCh, GRP-
mCh*/Furin =+ vitamin K, GRP-mCh*/Furin + GGCX/VKOR, and GRP-mCh/Furin + GGCX/VKOR viruses. (D) Western blot analysis of corresponding samples using
CTerm-GRP, anti-mCherry, and M3B antibodies. (E) Schematic mapping of MS/MS-identified GRP peptides obtained from gel bands 1-7 (panel C), showing their
Localization to signal peptide (SP), propeptide (PP), and mature protein (MP) regions of GRP fused to mCherry.

separate larger and smaller vesicles, respectively, thereby reducing
sample complexity and heterogeneity [39,50-53].

EVs quantification and size distribution by NTA showed differences
between Crl-mCh EVs and EVs isolated from GRP-mCherry over-
expression systems (Fig. 3A and Table S2). Crl-mCh EVs, both 30 K and
100 K, presented similar unimodal size distributions and concentrations.
In contrast, EVs from GRP-mCherry-overexpressing systems displayed
broader, more complex size distributions, with 100 K EVs exhibiting
higher particle concentrations as compared to 30 K EVs. Notably, most
particles were 50-200 nm in size, accounting for 78-92% of 30 K and
88-95% of 100 K EV populations (Table S2). TEM analysis confirmed the
presence of small, intact vesicles exhibiting the typical cup-shaped
morphology, mostly below 200 nm in size, with no major differences
observed between 30 K and 100 K EVs across samples (Fig. 3B).

Proteome characterization of isolated EV populations was performed
by shotgun proteomics, with spectra initially searched against protein
databases for Trichoplusia ni, Homo sapiens, and Autographa californica
multiple nucleopolyhedrovirus (AcMNPV). A total of 3033 proteins
were identified across all samples (Table S1.1), primarily matching T. ni
sequences, along with detectable viral proteins from AcMNPV, fewer
human matches, and a small number of ambiguous entries (Fig. 3C).
Because the focus of this study is the host and recombinant human
protein content of EVs, subsequent analyses were concentrated on 2835
protein groups of T. ni and H. sapiens origin that had at least one valid
quantification value in either experimental condition (Table S1.1, 1.2).
Principal component analysis revealed clear clustering of 30 K and 100 K
EV proteomes (Fig. 3D), with differential expression patterns further
distinguishing these populations (Fig. 3E). To confirm the extracellular
vesicle nature of the isolated populations, we examined the presence of
known EV proteins from the top 100 Vesiclepedia list. We identified 52
of these proteins, including commonly known EV markers such as CD63,
syntenin-1 (SDCBP), programmed cell death 6-interacting protein
(PDCD6IP), flotillin-1 (FLOT1), tumor susceptibility gene 101 protein
(TSG101), and ADAM10 (Table S1.3). Of these, 51 were common to both
30 K and 100 K EVs, while alpha-actinin-1 (ACTN1) was uniquely
detected in 30 K EVs (Fig. 3F). Notably, expression patterns of these
markers clearly distinguished the two EV populations (Fig. 3G).

These analyses establish the first detailed molecular characterization
of BEVS-derived EVs, revealing distinct 30 K and 100 K populations
enriched in canonical EV markers, suitable for downstream
biofunctionalization.

3.5. GRP preferentially associates with 30 K EVs and undergoes
y-carboxylation under optimized co-expression conditions

Characterization of GRP-mCherry loaded into the different EVs
populations was performed through ELISA, Western blot and proteomic
analysis (Fig. 4). EVs total protein quantification showed higher protein
levels in 100 K EVs relative to 30 K in all populations (Fig. 4A), in line
with the EVs concentrations determined by NTA. However, GRP levels
were found consistently higher in 30 K EVs suggesting preferential
enrichment of GRP in these populations (Fig. 4B). Comparison of the 30
K EVs between overexpression systems demonstrates lower GRP levels in
GRP-mCh/Furin/GGCX/VKOR. As expected, GRP levels in Crl-mCh EVs
were below the limit of quantification. No significant differences in GRP
levels were found in both populations of GRP-mCh*/Furin EVs with or
without vitamin K treatments (Fig. 4B). The SDS-PAGE protein profile
showed distinct protein profile patterns across the different EV
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populations, but within each 30 K and 100 K groups the patterns were
mostly similar (Fig. 4C). This is consistent with the proteomic data
indicating distinguishable proteomes for 30 K and 100 K EVs. Detection
of GRP-mCherry by western blot with both anti-mCherry and the CTerm-
GRP antibodies revealed a migration pattern similar to that previously
obtained for GRP-mCherry secreted into the cell media. Specifically, two
protein bands between 37 and 50 kDa in 30 K and 100 K EVs from GRP-
mCh*/Furin/GGCX/VKOR and GRP-mCh*/Furin with or without
vitamin K treatment, while a single band was detected in 30 K EVs from
GRP-mCh/Furin/GGCX/VKOR cell system (Fig. 4D). Higher intensity in
GRP-mCherry detection found in the 30 K EVs is consistent with the
ELISA data. Absence of GRP-mCherry detection by western blot in 100 K
EVs from GRP-mCh/Furin/GGCX/VKOR was most likely due to the low
levels of GRP in this population. Absence of mCherry detection in Crl-
mCh EVs suggests that mCherry is not loaded at significant levels into
EVs in this cell system. GRP-mCherry y-carboxylation was only detected
in the cell systems overexpressing GGCX and VKOR, particularly in the
30 K EVs containing higher GRP-mCherry protein levels (Fig. 4D). MS/
MS data from shotgun analysis identified GRP-mCherry as the 70th most
abundant protein in the entire data set, with a coverage of 76% with 34
GRP identified peptides (Table S3). Analysis of the specific identified
GRP peptides revealed the presence of one peptide corresponding to the
propeptide region in all EVs populations, suggesting that at least part of
GRP is not processed by Furin before its loading into EVs (Table S3).
Analysis of peptides intensity of GRP-mCherry fusion protein reinforce
its preferential loading into 30 K EVs (Fig. 4E). An apparent detection of
low-level GRP-mCherry in Crl-mCh EVs is due to the identification of
mCherry peptides in this condition. However, in the case of sample 30 K
Crl-mCh, there were two detected peptides mapping to GRP protein
sequence, which we attribute to a possible contamination of the
analytical column coming from the previously analysed sample 30 K
GRP-mCh*/Furin without vitamin K, the second one with the highest
levels of GRP-mCherry/total protein (Fig. 4B). The absence of mCherry
detection by Western blot and positive MS identification in Crl-mCh EVs,
indicates low mCherry loading into EVs when overexpressed alone. In
addition, GGCX, VKOR and Furin were also identified in EV populations
isolated from systems overexpressing these enzymes, with all proteins
preferentially associated with 30 K EVs (Fig. 4E). Higher Furin peptide
intensity in GRP-mCh/Furin/GGCX/VKOR confirmed increased protein
production relative to GRP-mCh*/Furin/GGCX/VKOR.

Overall, following the proof-of-concept and characterization of GRP
overexpression using the BEVS platform, we demonstrated that cGRP is
produced in vitamin K-treated cells co-expressing GGCX and VKOR.
Importantly, cGRP is released into the culture media both as a “free”
protein and selectively loaded into specific EV populations. Further-
more, all heterologous proteins expressed were efficiently targeted to
EVs, with a preferential enrichment in the 30 K EV population. Alto-
gether, these data demonstrate that BEVS can produce y-carboxylated
GRP efficiently targeted to 30 K EVs, positioning these vesicles as
promising carriers for functional VKDP delivery.

3.6. GRP-loaded EVs decreased pro-inflammatory reactions in THP-1-
derived macrophage

To assess the inflammatory functional relevance of BEVS-derived
GRP-EVs, we evaluated their anti-inflammatory potential in LPS-
stimulated THP-1 macrophages, where GRP has been shown to func-
tion as an anti-inflammatory agent independently of its y-carboxylation
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status [6-8]. Here, we tested the anti-inflammatory potential of EVs
loaded with cGRP-mCherry (cGRP-mCh) (isolated from GRP-mCh*/
Furin/GGCX/VKOR with vitamin K treatment) and ucGRP-mCherry
(ucGRP-mCh) (isolated from GRP-mCh*/Furin without vitamin K
treatment) in LPS-stimulated THP-1-derived macrophages (THP-1 Mac).
EVs from Crl-mCh were used as negative controls for GRP.

First, GRP delivery to THP-1 Mac was assessed by monitoring
mCherry fluorescence in both cells (Fig. 5A) and culture media (Fig. 5B)
over 72 h following treatment with EVs normalized to contain equiva-
lent GRP amounts (based on ELISA quantification). Increased cellular
mCherry signal was detectable as early as 30 min post-treatment for all
EV populations, with similar kinetic profiles between EVs isolated using
the same centrifugal forces (30 K versus 100 K), and peak intensities at 4
h for 100 K EVs and 24 h for 30 K EVs. Decreased fluorescence intensity
was observed from 24 h onward, reaching levels similar to non-treated
control cells by 72 h. As expected, a progressive decrease in fluores-
cence intensity was also observed in the cell media, particularly up to 24
h (Fig. 5B). In addition, flow cytometry of THP-1 Mac treated for 24 h
with the different EV populations was performed to detect mCherry
using an anti-mCherry antibody and Alexa Fluor® 647-conjugated sec-
ondary antibody. Representative dot plots show a clear increase in APC-
positive events in all EV-treated samples compared to the double-stained
negative control, confirming the presence of GRP-mCherry signal after
EV exposure (Fig. 5C). Quantification of APC-positive events, normal-
ized to the control, revealed comparable GRP-mCherry detection across
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30 K and 100 K cGRP- and ucGRP-EV populations, indicating similar
delivery efficiency among the different vesicle fractions (Fig. 5D).

An important aspect when considering functional effects in any cell
system treated with heterologous EVs, such as those from insect origin,
is potential toxicity. In this context, EV toxicity in THP-1 Mac was
evaluated across a wide range of particle concentrations after 48 h of
treatment. Cell viability was not significantly altered by any of the EV
populations at the concentrations tested, compared to untreated THP-1
Mac (Fig. 5E). Although a tendency toward reduced viability was
observed at higher EV concentrations, particularly for 100 K EVs, the
lowest cell viability recorded was 79% (+4). However, analysis of TNF-o
levels in the cell media revealed a marked increase in TNF-a release in
THP-1 Mac exposed to the highest concentration (7.5 x 10° particles/
mL) of 100 K EVs (Fig. 5F).

To specifically test the anti-inflammatory effects of GRP-EVs, THP-1
Mac were pre-treated for 24 h with ¢c/uc-GRP-mCh EVs at different GRP
concentrations, followed by LPS stimulation for an additional 24 h.
Since the main aim was to investigate the functional role of GRP, EVs
were normalized to the same GRP content across all populations,
regardless of particle concentration, and considering only concentra-
tions that did not induce pro-inflammatory responses. TNF-a levels in
the culture media were used as an indicator of the inflammatory status.
The results showed that all EV populations containing GRP-mCh
reduced TNF-o levels compared to LPS-treated cells, while EVs from
Crl-mCh had no effect (Fig. 5G). Notably, the anti-inflammatory effects
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Fig. 5. GRP-loaded EVs attenuate pro-inflammatory responses in THP-1-derived macrophages (THP-1 Mac). (A-B) Time-course of mCherry fluorescence in THP-1
Mac (A) and corresponding culture media (B) following treatment with EVs loaded with y-carboxylated (cGRP-mCh) or undercarboxylated (ucGRP-mCh) GRP (n =
3). (C) Representative flow cytometry dot plots showing APC-mCherry double-staining of THP-1 Mac after 24 h exposure to 30 K and 100 K cGRP- and ucGRP-EVs.
(D) Quantification of APC-positive cells normalized to untreated controls (n = 3, each with duplicates). (E) Cell viability and (F) TNF-« levels of THP-1 Mac after 48 h
treatment with increasing EV concentrations (n = 3, each with duplicates). (G) TNF-a levels in THP-1 Mac pre-treated with GRP-loaded (cGRP-mCh and ucGRP-mCh)
and control (Crl-mCh) EVs for 24 h and stimulated with LPS for additional 24 h (n = 3, each with triplicates). Data are expressed as mean + SD. Statistical sig-

nificance: *p < 0.05, **p < 0.01, ****p < 0.0001 vs. control or LPS treatment.

were observed with both ¢cGRP- and ucGRP-loaded EVs, suggesting that
this activity may be less strictly dependent on y-carboxylation. The
strongest and most dose-dependent suppression of TNF-o was achieved
with 100 K ucGRP-mCh EVs at GRP concentrations of 0.5 and 1 ng/mL
(Fig. 5G). Similar effects were also observed using cGRP-mCh EVs from
the GRP-mCh/Furin/GGCX/VKOR system, tested at 0.5 ng/mL GRP
(Fig. S4).

These results demonstrate that BEVS-derived EVs carrying either
c¢GRP or ucGRP can effectively modulate macrophage inflammation,
underscoring their potential as anti-inflammatory nanotherapeutics.

3.7. Differential effects of y-carboxylated and uncarboxylated GRP-
loaded EVs on calcification and inflammation in human VSMCs

Having established that BEVS-derived cGRP-containing EVs are
biologically active in recipient VSMCs (Section 3.2), we next investi-
gated whether the y-carboxylation status of GRP influences the func-
tional impact of GRP-EV. A key role of GRP has been attributed to its
mineralization-inhibitory function, particularly within the cardiovas-
cular system [3-5]. However, the relative contribution of carboxylated
(cGRP) versus uncarboxylated (ucGRP) forms to these effects remains
incompletely defined.

To address this, EVs loaded with either cGRP-mCherry (cGRP-mCh)
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or ucGRP-mCherry (ucGRP-mCh) were applied to human primary
VSMCs cultured under pro-calcifying conditions (Fig. 6), for the evalu-
ation of both calcium content and pro-inflammatory markers, as clas-
sical outputs in vascular-associated mineral deposition and associated
inflammation.

The association of cGRP-mCh and ucGRP-mCh EVs with VSMCs was
assessed through direct detection of mCherry fluorescence following 24
h of exposure, using equivalent GRP amounts across all EV populations.
Fluorescence microscopy revealed distinct red puncta in cells exposed to
both 30 K and 100 K EVs, whereas untreated controls showed no
detectable signal (Fig. 6A). Quantification of fluorescence intensity
confirmed a significant increase in mean mCherry signal in all EV-
treated conditions relative to controls (Fig. 6B). These results were
corroborated by flow cytometry, which showed a clear fluorescence
signal in the mCherry detecting APC channel for EV-treated VSMCs
compared to untreated controls (Fig. 6C), further supporting EV asso-
ciation with the cells.

To evaluate potential cytotoxicity, VSMCs were exposed for 48 h to
increasing concentrations of the different EV populations (Fig. 6D).
c¢GRP-mCh EVs did not significantly affect VSMC viability at any con-
centration tested. In contrast, ucGRP-mCh EVs induced a modest
reduction in viability at higher doses, with the lowest viability (78 +
7%) observed at the highest concentration of 30 K EVs. Notably, Crl-
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Fig. 6. GRP-loaded EVs associate with VSMCs and attenuate calcification and inflammation. (A-B) Fluorescence microscopy and quantification showing cellular
association of mCherry-labeled cGRP-mCh and ucGRP-mCh EVs with VSMCs after 24 h (n = 2). (C) Flow cytometry detection of mCherry fluorescence confirming EV
association with VSMCs (n = 2). (D) Viability of VSMCs after 48 h exposure to increasing concentrations of the indicated EV populations (n = 3, each with du-
plicates). (E) IL-6 release from VSMCs after 24 h treatment with GRP-mCh or control EVs (n = 3, each with duplicates). (F) Calcium deposition normalized to total
protein in VSMCs cultured under mineralizing conditions (MM) for 14 days in the presence of GRP-mCh or control EVs (n = 3, each with triplicates). (G) IL-6 levels in
mineralizing VSMCs treated with GRP-mCh or control EVs (n = 3, each with triplicates). Data are expressed as mean =+ SD. Statistical significance: *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001 vs. control or MM conditions.

mCh 30 K EVs caused a more pronounced viability decrease across all
concentrations, whereas Crl-mCh 100 K EVs appeared to enhance cell
viability, especially at higher concentrations.

IL-6 measurements in VSMC culture media revealed no increase in
this pro-inflammatory cytokine upon treatment with either cGRP-mCh
or ucGRP-mCh EVs (Fig. 6E). In contrast, a modest increase in IL-6
was detected in cells treated with Crl-mCh 100 K EVs.

The calcification-inhibitory activity of cGRP-mCh and ucGRP-mCh
EVs was evaluated in VSMCs induced to mineralize for 14 days, with
EVs replenished at each media change. As previously described, GRP-
mCh EV doses were normalized to contain equivalent GRP levels at
non-toxic concentrations. Both cGRP- and ucGRP-mCh EVs significantly
reduced calcium (Ca) deposition, normalized to total protein, in
mineralizing VSMCs compared to untreated mineralizing controls (MM),
while no reduction in Ca accumulation was observed with Crl-mCh EV
treatment (Fig. 6F). While both GRP-loaded EV populations attenuated
calcification, cGRP-mCh EVs consistently induced a stronger effect
supporting a contributory role of y-carboxylation in modulating mineral
deposition. ucGRP-mCh EVs achieved comparable inhibition only at the
0.5 ng/mL concentration for both 30 K and 100 K. In addition, cGRP-
mCh EVs from the GRP-mCh/Furin/GGCX/VKOR system were also
tested at 0.5 ng/mL GRP and showed similar calcification-inhibitory

14

effects (Fig. S5).

Given the close interplay between vascular calcification and
inflammation, and the proposed role of GRP as a crosstalk mediator in
these processes, we next assessed the anti-inflammatory potential of
GRP-loaded EVs in mineralizing VSMCs. A reduction in IL-6 accumula-
tion was observed at the 0.5 ng/mL GRP concentration in cells treated
with 30 K ¢cGRP-mCh EVs, and in both 30 K and 100 K ucGRP-mCh EVs,
compared to untreated mineralizing controls (MM). Among these, the
most pronounced IL-6 decrease was achieved with the 30 K ucGRP-mCh
EVs (Fig. 6G).

Collectively, these findings reveal that GRP-loaded EVs exert dual
anti-calcific and anti-inflammatory effects in vascular cells, highlighting
their promise as a next-generation bioengineered nanomaterial for
cardiovascular protection.

4. Discussion

In this work, we report the development of a novel baculovirus/in-
sect cell-based bioengineering strategy to overexpress the vitamin
K-dependent protein GRP, resulting in the production of its mature and
y-carboxylated form (cGRP). Notably, cGRP is efficiently released into
the extracellular medium and simultaneously incorporated into EVs
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secreted by the engineered insect cells. This dual output represents a
major advance, integrating the secretion of a functional VKDP with its
EV packaging into a single, scalable production system. The resulting
GRP-enriched EVs retain functional activity exerting anti-inflammatory
and calcification-inhibitory effects in human cell models, specifically in
macrophages and primary VSMCs. Altogether, this work establishes a
versatile platform for the production and delivery of bioactive GRP and
paves the way for extending this approach to other VKDPs with thera-
peutic potential in chronic inflammatory and vascular disorders.

The bioengineering of VKDPs for research and therapeutic purposes
has gained increasing interest, but remains a challenging task, particu-
larly due to the requirement for y-carboxylation to achieve fully bioac-
tivity [16,17]. While major advantages of mammalian expression
systems rely on endogenous carboxylation machinery, they are limited
by low protein yields and incomplete y-carboxylation, hampering their
suitability for scalable production of fully active VKDPs [19-22]. In
contrast, the BEVS offers high protein yields, scalability, and is easily
adaptable to express multiple targets, while also supporting many
mammalian-like post-translational modifications [23-26]. However, its
potential to produce VKDPs remains controversial, largely due to con-
tradictory findings on the presence and activity of key y-carboxylation
components, namely GGCX and VKOR. In this study, we demonstrate
that cGRP can be successfully produced in vitamin K-supplemented Hi5
cells using BEVS, but only when GGCX and VKOR are co-expressed,
indicating that Hi5 cells alone are insufficient to support GRP
y-carboxylation. This supports previous findings reporting low or absent
endogenous carboxylation activity in insect cell lines such as Sf9 or
Drosophila S2 [32-34], although other studies have suggested the
presence of endogenous and potentially functional GGCX in S2 cells
[27-31]. Notably, efforts to improve y-carboxylation efficiency in both
mammalian and BEVS platforms have relied on co-expression of GGCX
alone or in combination with VKOR [19-22,32,34]. While GGCX is
clearly essential for y-carboxylation, the specific contribution of VKOR
remains less well defined. In mammalian cells, VKOR has been identified
as a potential rate-limiting step [19,21,54], whereas in BEVS, it appears
to act synergistically with GGCX to enhance VKDP activity [32].
Although we did not evaluate the individual role of VKOR in our system,
as it was always co-expressed with GGCX, our results confirm that their
combined expression supports efficient GRP y-carboxylation in BEVS.
Also, our results demonstrate that vitamin K supplementation was
indispensable for effective y-carboxylation, as previous reported in both
mammalian and insect cell systems [20,32].

In addition to the y-carboxylation machinery, most VKDPs such as
GRP, require cleavage of their propeptide for full posttranslational
processing and efficient secretion of the mature protein [1,2,22]. In
mammalian systems, limited proteolytic cleavage capacity by the
endogenous proprotein convertase Furin has been associated to intra-
cellular accumulation of unprocessed forms, ultimately reducing secre-
tion yield. Co-expression of Furin has been shown to enhance propeptide
cleavage and improve secretion efficiency [17,22]. Although insect cells
are known to express endogenous Furin-like enzymes, their substrate
specificity differs from mammalian Furin, sometimes resulting in
incomplete processing of mammalian propeptides [55,56]. In the spe-
cific case of human VKDPs, substrate specificity and cleavage efficiency
of insect Furin-like proteases remains uncharacterized. In our system,
we observed that co-expression of human Furin was required to ensure
proper GRP processing, suggesting that endogenous insect cell con-
vertases are insufficient for complete maturation of mammalian VKDPs.
Specifically, in the absence of exogenous Furin, or when Furin expres-
sion was low, the secreted GRP remained partially processed, as evi-
denced by Western blot and MS/MS analysis. Efficient propeptide
cleavage and secretion of fully processed GRP was only achieved when
high levels of human Furin were co-expressed, highlighting the need for
robust Furin activity to support accurate post-translational maturation
in BEVS.

Importantly, our findings demonstrate, for the first time, that GRP
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can be carried by EVs produced using the BEVS, and that these vesicles
retain bioactivity in human recipient cells. While the BEVS is widely
used in the biotechnological industry, particularly for the production of
virus-like particles and subunit vaccines [25,57], its application to
generate bioengineered EVs loaded with functional human proteins is
still emerging [58]. Although EV secretion by Spodoptera frugiperda and
Trichoplusia ni cells has been reported [58-60], their detailed charac-
terization remains in early stages. EV isolation, characterization, and
functional studies were performed in alignment with MISEV2018/2023
recommendations [51,53], serving as methodological guidelines where
technically applicable. However, because insect-derived vesicles remain
poorly characterized and specific molecular tools, such as antibodies
recognizing insect EV markers, are largely unavailable, some criteria
could only be addressed indirectly through complementary proteomic
analysis.

Our combined approach for physical, morphological and molecular
characterization for the different EVs populations isolated from the
different systems demonstrated that BEVS-derived EVs share features
with mammalian EVs, such as the size range, typical morphology and
the presence of known EV markers. Of note, it is likely that additional EV
markers have remained unidentified since the Trichoplusia ni proteome is
not yet fully annotated, and protein identification relied mainly on ho-
mology with human counterparts. A few AcMNPV-derived proteins were
also detected in all EV preparations. Although we cannot completely
rule out residual contamination by budded virus particles, since no full
separation was performed, previous studies have demonstrated that
viral proteins can indeed associate with BEVS-derived vesicles [60].

Our isolation approach using sequential 30 K and 100 K centrifugal
forces aimed to reduce the complexity and heterogeneity of EVs prep-
arations, potentially enriching for larger and smaller vesicle sub-
populations [39,50-52]. While no clear physical or morphological
differences could be specifically associated to 30 K and 100 K EVs,
proteomic profiling revealed distinct proteomes and differential
expression patterns, suggesting underlying molecular differences.
Importantly, both populations consistently contained canonical EV
markers, including proteins commonly associated with small EVs such as
CD63, SDCBP, PDCD6IP, TSG101 and ADAM10, reinforcing their ve-
sicular identity [50,52]. Although we cannot at this stage infer on po-
tential biogenesis differences between 30 K and 100 K, these results are
consistent with previous reports describing the recovery of EVs with
small EV-like features at centrifugal forces lower than the conventional
100 K [61]. Interestingly, we previously reported similar findings in EVs
isolated from human primary VSMCs using a similar approach, further
supporting that these subpopulations may share conserved molecular
features with human EVs [39]. These results are also consistent with the
well-recognized heterogeneity of EV subpopulations widely described in
mammalian systems and underscore the need for deeper characteriza-
tion to clarify their specific features and potential functional differences.
Notably, our data revealed that GRP, together with the overexpressed
human proteins GGCX, VKOR, and Furin, was consistently and prefer-
entially enriched in the 30 K EVs, suggesting selective sorting into this
subpopulation rather than a random distribution. The detection of GGCX
and VKOR further indicates that, under conditions of recombinant
protein overexpression, these key components of the vitamin
K-dependent y-carboxylation machinery can be associated with BEVS-
derived EV populations. Although the present analysis is limited to
MS/MS-based protein identification and does not address enzymatic
activity, this observation is of particular interest given the central role of
these enzymes in the post-translational modification of VKDPs and their
broad physiological relevance [62,63]. In addition, the presence of Furin
suggests that EVs may also incorporate this enzyme that is a key
component of the maturation machinery required for the functional
generation of most VKDPs. Together, these findings raise the possibility
that EVs derived from BEVS may carry not only recombinant cargo
proteins but also co-expressed components of their associated processing
pathways, warranting further investigation to determine the functional
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relevance of these associations.

Considering that y-carboxylation has been shown to play a key role in
the anti-calcifying activity of GRP [3-6], while both carboxylated and
undercarboxylated forms have been implicated in the modulation of
inflammatory responses [4,6-8], we performed a parallel evaluation of
EV-associated GRP forms representing distinct y-carboxylation states
and potentially different biological activities relevant to calcification
and inflammation control. Both cGRP- and ucGRP-EVs from the 30 K and
100 K fractions effectively interacted with THP-1-derived macrophages
and VSMCs. While definitive internalization was not established,
Western blot, flow cytometry and fluorescence microscopy indicate a
clear association of EVs with recipient cells, suggesting that the observed
functional effects are GRP-mediated, as GRP-free EVs displayed no
detectable activity. These findings suggest that the biological effects
observed are attributable to GRP cargo rather than nonspecific ves-
icle—cell interactions. Using a wide range of particles concentrations, we
did not observe relevant decreased cell viability up to 7.5 x 10° or 1 x
10° particles/mL in THP-1 macrophages and VSMCs, respectively. This
is consistent with the well-recognized biocompatibility of EVs and
further supports the safety of vesicles produced in heterologous insect-
cell systems. Importantly, the absence of cytotoxic effects also in-
dicates that the presence of residual baculoviral proteins, which were
detected in proteomic analyses and are likely integrated into the vesic-
ular structures [60], does not compromise cell viability. This observa-
tion aligns with previous reports showing that baculoviruses and their
components are non-replicative and non-toxic in mammalian cells
[64,65]. However, at the highest concentration tested (7.5 x 10° par-
ticles/mL), 100 K EVs elicited an immunological response, evidenced by
elevated TNF-a release. Given the comparable dose-response patterns
observed for 30 K and 100 K EVs at lower concentrations, it is plausible
that a similar pro-inflammatory effect might also occur with 30 K EVs if
tested at equivalent particle levels. However, this was not assessed due
to the overall lower particle yields obtained for the 30 K fractions across
all production systems. This response at high doses likely reflects a non-
specific overload of the endocytic machinery rather than an intrinsic
pro-inflammatory activity of BEVS-derived EVs, consistent with the
notion that supraphysiological EV concentrations may trigger cellular
stress, whereas more physiologically relevant, lower doses support
controlled and functional EV-mediated signalling [66]. Notably, the
higher GRP-to-EV ratio in 30 K vesicles may allow functional effects to
be achieved with fewer particles, potentially reducing non-specific in-
flammatory responses.

The therapeutic potential of GRP-loaded vesicles as bioactive nano-
carriers was assessed by their ability to modulate inflammation and
calcification in macrophages and VSMCs. To ensure comparability
across preparations, vesicle treatments were normalized to GRP content,
allowing a GRP dose-dependent evaluation of biological effects.
Remarkably, both cGRP- and ucGRP-EVs showed anti-inflammatory and
anti-calcifying activities. Consistent with previous reports, GRP anti-
inflammatory effects appear largely independent of y-carboxylation
[4,6-8], whereas calcification inhibition is structurally and functionally
more dependent on y-carboxylation due to its role in calcium binding
and mineral interaction [3-6]. Accordingly, cGRP-EVs consistently
produced stronger reduction of VSMC calcification across all tested
concentrations supporting the biological relevance of y-carboxylation in
modulating mineral deposition. In contrast, ucGRP-EVs also decreased
calcification, albeit to a lesser extent, but displayed increased anti-
inflammatory activity in this calcification-related context. This sug-
gests that ucGRP-EVs may partially modulate calcification indirectly
through inflammatory pathways. Additionally, ucGRP has been previ-
ously detected at sites of pathological calcification [1,3,67], and its
negatively charged glutamic acid residues may confer a limited intrinsic
capacity to inhibit mineral deposition, as described for other calcifica-
tion inhibitors [68]. Furthermore, the effects of ucGRP-EVs likely reflect
not only ucGRP itself but also the broader composition of the vesicles,
which may contribute synergistically to their bioactivity.
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Although all EV populations were normalized to GRP content, a
consistently stronger anti-inflammatory effect in THP-1 macrophages
was observed with 100 K EVs compared to 30 K EVs, independent of GRP
y-carboxylation status. Because no preferential uptake of either vesicle
type was detected, these differences are unlikely to reflect GRP dose or
delivery efficiency. Instead, they may arise from intrinsic molecular
distinctions between the vesicle subpopulations, as supported by their
distinct proteomic profiles, suggesting that compositional features spe-
cific to 100 K EVs may potentiate GRP-associated signalling effects.

While the present study focused on establishing BEVS as a platform
for EV-mediated delivery of y-carboxylated GRP, addressing known
limitations related to solubility, formulation, and protein bioavail-
ability, direct functional comparison with free GRP in the same cellular
models was not performed, and in vivo validation remains to be
addressed. These aspects are acknowledged as limitations. Nevertheless,
the data demonstrate that GRP retains functional biological activity
when incorporated into EV-based delivery systems at markedly lower
concentrations than previously reported for the free protein [3,7],
reinforcing the importance of y-carboxylation for optimizing its anti-
calcific properties and underscoring the added value of BEVS in
enabling the production of mature cGRP with translational potential.

5. Conclusions

In conclusion, this work establishes a baculovirus/insect-cell plat-
form capable of producing y-carboxylated GRP and simultaneously as-
sociation with secreted extracellular vesicles with preserved biological
functionality. The resulting GRP-enriched EVs display dual anti-
inflammatory and anti-calcifying properties in human macrophage
and vascular smooth muscle cell models, confirming the retention of
GRP activity in EVs. Importantly, the vesicle formulations showed no
cytotoxicity, supporting their safety and biocompatibility despite their
insect cell origin. These findings not only demonstrate the feasibility of
BEVS for scalable production of functional VKDPs but also position GRP-
EVs as promising bioinspired nanocarriers for the modulation of
inflammation and vascular calcification. This strategy may be broadly
applicable to other vitamin K-dependent proteins, paving the way for
new therapeutic avenues in chronic inflammatory and cardiovascular
disorders.
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