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Biomimetic proteolipid vesicles for reverting GPI
deficiency in paroxysmal nocturnal hemoglobinuria

Valentina Giudice,1,2,4 Pasqualina Scala,1,4 Erwin P. Lamparelli,1 Marisa Gorrese,1 Bianca Serio,2

Angela Bertolini,1 Francesca Picone,1 Giovanna Della Porta,1,3,5,* and Carmine Selleri1,2

SUMMARY

Nano-vesicular carriers are promising tissue-specific drug delivery platforms. Here, biomimetic proteoli-
pid vesicles (BPLVs) were used for delivery of glycosylphosphatidylinositol (GPI)-anchored proteins to
GPI deficient paroxysmal nocturnal hemoglobinuria (PNH) cells. BPLVswere assembled as single unilamel-
lar monodispersed (polydispersity index, 0.1) negatively charged (z-potential, �28.6 G 5.6 mV) system
using microfluidic technique equipped with Y-shaped chip. GPI-anchored and not-GPI proteins on BPLV
surface were detected by flow cytometry. Peripheral blood mononuclear cells (PBMCs) from healthy
and PNH subjects were treated with BPLVs (final concentration, 0.5 mg/mL), and cells displayed an
excellent protein uptake, documented by flow cytometry immunophenotyping and confocal microscopy.
BPLV-treated cells stressed with complement components showed an increased resistance to comple-
ment-mediated lysis, both healthy and PNH PBMCs. In conclusion, BPLVs could be effective nanocarriers
for protein transfer to targeted cells to revert protein deficiency, like in PNH disease. However, further
in vivo studies are required to validate our preclinical in vitro results.

INTRODUCTION

Bone marrow failure (BMF) syndromes, a heterogeneous group of benign hematological diseases, are characterized by bone marrow (BM)

aplasia and peripheral blood cytopenia(s) and can be caused by inherited germline mutations in the hematopoietic stem and progenitor

cell (HSPC) compartment (constitutional syndromes) or by extrinsic direct and indirect damages on HSPCs (acquired conditions).1–4 Within

acquired BMF syndromes, paroxysmal nocturnal hemoglobinuria (PNH) is caused by somatic mutations in the X-linked phosphatidyl-inositol

glycan class A (PIGA) gene affecting glycosylphosphatidylinositol (GPI) anchor biosynthesis and leading to various degree of GPI deficiency.

Consequently, proteins requiring GPI-anchor to correctly localize on cell surface fail to be expose on surface membrane, and cells carrying

PIGA mutations completely lack the entire subset of GPI-anchored proteins, including complement regulatory proteins CD55 and CD59.5

Therefore, GPI deficient cells are more susceptible to complement-mediated cell lysis, which is the main pathogenetic event of PNH-related

symptoms (anemia, hemoglobinuria, and thrombosis). However, to date, the only pharmacologically active targeted therapy for treatment of

PNH patients is complement inhibition, that reduces the rate of complement activation ultimately decreasing GPI-deficient cell lysis.4,5

Lipid nanoparticles are the new frontier of drug delivery because they successfully overcome commonly drug delivery issues, such as poor

bioavailability, short half-life, drug instability, possible side effects, and the lack of targeted delivery. Lipid nanoparticles can be fabricated

using different technologies, such as thin-film hydration, supercritical fluid processes, or microfluidic approaches.6–9 In microfluidics

protocols, ethanol and water phases are mixed within micro-channels, and unilamellar monodispersed nanovesicles are obtained if process

parameters, such as flow rates and flow rate ratios, are well-optimized.10,11 Microfluidics approaches also allow scale-up feasibility, enhanced

encapsulation efficiency, and excellent batch-to-batch reproducibility if compared to other technologies, as well as great stability in suspen-

sion over time.12 Lipid nano-carriers often showed low systemic toxicity and can be used to formulate injectable system, as documented by

several commercial formulations with several encapsulated drugs, such as anticancer molecules, antibiotics, antifungal drugs, or anesthetics,

and nucleic acids or mRNA vaccine purposes.13,14

Lipid nano-vesicles contents are generally delivered by endocytosis, while bigger lipid vesicles (150–300 nm) can fuse with cell membrane

and release their load within cytoplasm.15 However, carriers are recognized as non-self-particles by immune cells that quickly remove them

from the bloodstream, preventing their access to target tissues.16 Targeting efficiency can be increased by functionalizing nano-vesicles

surface with specificmolecules and ligands, which can guide and bind ligands on targeted tissues, like leukocyte-derived adhesionmolecules

for selective targeting of inflamed endothelium.17,18 Among functionalized liposomes, biomimetic leukocyte-like nanocarriers appear as a
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novelty in the drug delivery field, and are obtained by integrating leukocyte-derived membrane proteins in synthetic lipid nanocarriers,

resembling physiological leukocyte activities, such as cell adhesion, and regulation of inflammation. Indeed, these nano-vesicles have a great

potential in reducing neutrophil infiltration and favoring inflammation resolution in in vitro and in vivomodels.18,19 For example, biomimetic

leukocyte-like carriers were already reported to be produced by microfluidics approach.20–22

In this work, we formulated biomimetic proteolipid vesicles (BPLVs) for clinical purposes as a potential therapy for reverting GPI deficiency

in PNH. We first optimized microfluidics condition for BPLV assembly and by mixing synthetic lipids and membrane proteins obtained by

peripheral bloodmononuclear cells (PBMCs) from healthy donors. Next, functionalized BPLVswere characterized in size,morphology, surface

charge, and cytotoxicity, and subsequently tested in vitro for their therapeutic potential in PNH treatment on healthy and pathological human

primary cells.

RESULTS

BPLV morphologic, physical, and phenotypical characterization

Microfluidic system was equipped with a Y-shaped staggered herringbone micromixer chip with an internal diameter of 600 mm (overall

length, 10 mm), and flow rate was set at 4 mL/min, total lipid concentration in ethanol at 17.5 mg/mL (ethanol/water phase ratio, 1:2),

and final lipid:protein ratio at 1:35. In details, organic phase was composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dio-

leoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol. A labeled PE-rhodamine (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

lissamine rhodamine B sulfonyl) was added to lipid mixture at a concentration of 0.5% based on total lipid phase as a BPLV red tracer.

The water phase was supplemented with total extract of membrane proteins obtained from healthy and PNH PBMCs. Reagents were

then loaded in 15 mL tubes and connected to the microfluidics circuits, where preset pressures were directly applied, pushing solutions

into the mixing chip with a total constant flow rate of 4 mL/min. Then, mixed solution was collected in a clean 15 mL tube end-connected

to the chip. Flow rates lower or higher than 4 mL/min were also tested; however, vesicles with larger size distribution were obtained (data

not shown). By using these conditions, obtained BPLVs had a mean diameter of 150 nm and a polydispersity index (PDI) of 0.1. Loaded

BPLVs had a negative surface charge of�29mV and were obtained at concentration of 4.5x1012 particles/mL (Figures 1A and 1B). Empty ves-

icles showed same polydispersity of 0.1, with slightly lower mean size (132 nm) and higher concentration (7.5x1012 particles/mL). High-magni-

fication transmission electron microscope (TEM) microphotographs showed unilamellar BPLVs with a uniform surface, due to the presence of

membraneproteins, which seemedalso exposedon vesicle surface (Figure 1C). BPLV stability was also checked after storage at +4�C for three

months, with no significant changes in composition and size of both empty and loaded vesicles; a slight increase of mean diameter of loaded

vesicles was detected (168 nm), but with similar PDI value of 0.1.

Protein quantification on dialysis water by Bradford assay (indirect method) indicated undetectable proteins (<0.1 mg/mL), suggesting an

extremely high encapsulation efficiency. Protein loading on BPLV surfacewas assessed by flow cytometry immunophenotyping for expression

of GPI-anchored (Flaer and CD14) and not-GPI proteins (CD3, CD33, CD45, and HLA-DR) (Figure 1D). BPLVs were first identified as

PE-rhodamine+CD3+ particles, and further characterization was conducted showing that BPLVs carried GPI-anchored proteins (Flaer+

BPLVs, 36.3%; and CD14+ BPLVs, 36.1%) and not-GPI proteins, including CD33 (42.9%), CD45 (21%), and HLA-DR (23.7%). Therefore, this

system was chosen for assembly for subsequent studies.

BPLVs improve cell metabolism and viability

Several BPLV concentrations from 0.1 mg/mL to 2 mg/mL were tested to assess their cytotoxicity on healthy PBMCs (Figure 2). Lower con-

centrations and time (2 h, 4 h, 6 h, and 12 h) were also investigated showing lower cellular uptake (data not shown), thus higher concentrations

and 24–72 h treatment were chosen for further investigations. Treatments with empty BPLVs at lower concentrations assured high cell viability

more than 90% that decreased at 57% and at 39% after 1 mg/mL and 2 mg/mL treatments. Generally, cell viability was higher after treatments

with loaded BPLVs. From 0.1 mg/mL to 1 mg/mL, viability values exceeded control, where the maximum peak was reached at the concen-

tration of 0.5 mg/mL. Only in case of 2 mg/mL concentration, cell viability decreased at 52% (Figure 2A).

Since treatments with 0.5 mg/mL assured the highest cell viability on healthy PBMCs, this concentration was tested also on PNH PBMCs at

24 h, 48 h, and 72 h of culture. Empty BPLV treatments showed a cell viability of 58% after 24 h that progressively decreased at 47% and 18% at

48 h and 72 h, respectively. On the other end, when cells were treated with loaded BPLVs, cell viability was of 90% after 24 h, reached the

maximum peak of 146% at 48 h and then 122% after 72 h of culture. Cytotoxicity on PNH PBMCs confirmed the good cell viability of loaded

BPLVs at 0.5 mg/mL, especially after 48 h of culture, thus this concentration was chosen to further analysis (Figure 2B).

Figure 1. Biomimetic proteolipid vesicle (BPLV) characterization

BPLVs were physically characterized by (A) dynamic light scattering (DLS) analysis showing a homogeneous population (polydispersity index, PDI) with a negative

zeta potential, optimal for cell membrane interaction, and (B) by Nanosight confirming the homogenous distribution in size and obtaining particle concentration.

Data are represented as mean G standard deviation (SD).

(C) BPLV morphology was also studied by transmission electron microscopy and the lipidic layer was stained using a phosphotungstic acid solution (2% w/v)

allowing the visualization of a unilamellar lipid layer in both empty (left panel) and loaded BPLVs (right panel).

(D) Surface protein expression on BPLVs was investigated by flow cytometry, and particles were first identified based on simultaneous presence of a rhodamine-

tagged phospholipid and a human membrane protein (CD3). On these particles, percentage of Flaer+, CD33+, CD14+, CD45+, and HLA-DR+ vesicles were

calculated, as well as median fluorescence intensity (MFI) fold change was calculated by dividing MFI of stained sample/MFI of an unstained control.
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GPI-anchored proteins carried by BPLVs are efficiently incorporated in RBCs and PBMCs

First, cellular uptake of BPLVs was tested on different cell types, such as red blood cells (RBCs), PBMCs, and whole BM mononucleated cells

(BMMCs), because RBCs are themost affected cells by complement-mediated lysis during PNH, while GPI- PBMCs also show functional mod-

ifications.1 Therefore, whether to test the ability of BPLVs carried with GPI-anchored proteins to revert the PNH phenotype, we first explored

cellular uptake by confocalmicroscopy and flow cytometry. Our BPLVs were taggedwith PE-rhodamine for quick visualization and tracking, as

BPLV+ cells were visible in the PE signal (574 nm; red signals at confocal microscopy). RBCs displayed an excellent uptake just after 2 h of

treatment, as PE-rhodamine signals were more intense than those of the lipophilic tracer, suggesting an active and avid uptake of vesicles

by RBCs, compared to a passive conjugation to membrane lipid by N-hydroxysuccinimde (NHS) dye (Figure 3).

Next, BPLV uptake was tested on healthy and PNH PBMCs at T0, after 48 h and 72 h of culture without or with BPLVs (Figures 4

and 5), and PE-rhodamine-conjugated BPLVs and Flaer signals were investigated by confocal microscopy to visualize cellular

uptake of vesicles (red signals) and co-localization with GPI-anchored proteins (green signals) carried by our BPLVs (co-localization indi-

cated by a merged purple signal). An intense uptake was observed at 48 h and 72 h in both healthy and PNH PBMCs with

Figure 2. Cytotoxicity on healthy and paroxysmal nocturnal hemoglobinuria (PNH) peripheral blood mononuclear cells (PBMCs)

(A) Cells were treated with increasing concentrations of empty (without human membrane proteins) or loaded (with proteins) biomimetic proteolipid vesicles

(BPLVs) for 24 h, and cell viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT) assay. A sample without BPLV treatment was used

as negative control (CTR�), while a sample treated with dimethyl sulfoxide (DMSO) as positive control (CTR+).

(B) Cell viability was tested by MTT assay at 24 h, 48 h, and 72 h using a final concentration of 0.5 mg/mL of BPLVs. Data are represented as mean G SD. **,

p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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intracytoplasmic and membrane distribution of merged signals in more than 25% of cells/acquired field for healthy samples and R80%

for PNH cells.

Cellular uptake of PE-rhodamine-conjugated BPLVs was also investigated by flow cytometry, especially for GPI-anchored protein delivery

to targeted cells. For assessment of GPI-anchored protein expression, an FITC-conjugated Flaer was employed. Flaer, a mutated form of

proaerolysin protein secreted by Aeromonas hydrophila, is activated by proteolysis, causing channel formation and lysis in GPI+ cells while

not in PNH cells, because this toxin binds to the GPI moiety of GPI-linked proteins.23 FLAER is more sensitive than CD59 for detection of small

clones (cut-off, 0.5%), except for RBC PNH clone identification; however, we also included another GPI-linked protein expression, CD14, com-

bined with non-GPI-linked proteins, such as CD3 (for T lymphocytes), CD45 (pan-leukocyte marker), CD33 (for granulocytes), and HLA-DR.

First, total BPLV+ cells were identified to assess vesicle uptake by PBMCs, and PNH cells showed a surprisingly higher BPLV uptake compared

to healthy cells (meanG SD, 8.32G 6.04% vs. 2.1G 1.4%, respectively; p = 0.0010) (Figure 6A). Next, Flaer+BPLV+ cells were investigated, and

frequencies were significantly higher in treated samples compared to untreated cells, as expected (mean G SD in PNH, 0.03 G 0.03% vs.

3.84 G 2.9%, untreated vs. treated; p < 0.0001; and mean G SD in healthy controls, 0.07 G 0.1% vs. 2.76 G 1.6%, untreated vs. treated;

p < 0.0001) (Figure 6B). Subsequently, on PNH samples, we further investigated total Flaer+ cells, based on the hypothesis that GPI-clone

should decrease after treatment with BPLVs carryingGPI-linked proteins, as PNH cells should acquire the entire set of GPI-anchored proteins.

Total Flaer+ cells significantly increased after treatment (meanG SD, 68.68G 10.8% vs. 72.46G 10.6%; p = 0.0304), especially after 48 h (p =

0.0032), while no differences were observed in healthy controls (p = 0.1085), as GPI+ population was already R80% of total cells.

GPI-anchored protein expression was also studied by monitoring median fluorescence intensity (MFI) values of Flaer over culture time and

by comparing the expression between PNH, healthy controls, and samples treated with empty vesicles (only synthetic lipids without mem-

brane proteins) (Figure 6C). On BPLV+ cells, Flaer expression significantly increased over culture time in PNH samples (mean MFIGSD,

4528G 322 vs. 6510G 187 vs. 11053G 767, 24 h vs. 48 h vs. 72 h), after 48 h (p = 0.0135) and 72 h (p = 0.0073) of BPLV treatment. No significant

variations were observed in healthy controls samples (meanMFIGSD, 39218G 6986 vs. 26754G 5748 vs. 52654G 12449, 24 h vs. 48 h vs. 72 h;

all p > 0.05), and in samples treated with empty vesicles (meanMFIGSD, 17160G 15589 vs. 14760G 10881 vs. 14887G 8094, 24 h vs. 48 h vs.

Figure 3. Biomimetic proteolipid vesicle (BPLV) uptake by red blood cells (RBCs)

Vesicle uptake was studied by confocal microscopy, as BPLVs were tagged with PE-rhodamine tracer (red signals), while RBC membranes with a lipophilic dye

(DiO lipophilic tracer, green signals). RBCs that have uptake BPLVs showed an intense red or merged orange signals.

(A) RBC membranes are stained with DiO lipophilic tracer (green signal) and those RBCs that have uptaken PE-rhodamine BPLVs show a red or orange (merged)

signal. Higher magnification (10X zoom) of RBCs for PE channel for BPLV uptake (B), FITC channel for membrane staining (D), and merged channels (C).
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72 h; all p > 0.05). Whether to strengthen our hypothesis that BPLVs can deliver GPI-linked proteins to GPI-deficient cells, we studied Flaer

expression on BPLV� populations, as we supposed that Flaer expression on those populations should not change over time because these

cells did not uptake any extra GPI-anchored proteins. As expected, no significant variations were observed in Flaer expression on BPLV� cells

in PNH, healthy controls, and samples treated with empty vesicles throughout the culture (all p > 0.05).

To investigate cellularmechanisms of BPLV uptake, a reversible clathrin inhibitor, Dyngo-4a, was used to block clathrin-mediated uptake in

healthy and PNH PBMCs at 2 h, 5 h, and 12 h of culture without or with BPLVs (Figures 6E–6G). Cell membranes were stained with a lipophilic

tracer (DiO), a green, fluorescent lipophilic carbocyanine dye emitting at 501 nm, that diffuses through plasma membrane and is widely used

as an anterograde and retrograde neuronal tracer in living and fixed cells.24 PE-rhodamine-conjugated BPLVs and DiO signals were investi-

gated by confocal microscopy to visualize cellular uptake of vesicles (red signals) and co-localization on cell membranes (green signals) when

Dyngo-4awas used (co-localization indicated by amergedorange signal). BPLV uptake blockwas observed at 2 h, 5 h, and 12 h in PNHPBMCs

with vesicles mostly stacked on cell membranes, while in healthy PBMCs, merged signals were homogenously distributed, and lower amount

of BPLVs were halted on cell surface.

GPI-anchored and not-GPI proteins are uptake by PBMCs

Next, we further investigated uptake and expression of both GPI-anchored and not-GPI proteins in PNH and healthy controls (Figure 7).

PBMCs efficiently incorporated BPLVs, especially PNH cells with higher frequency of BPLV+CD3+ cells compared to healthy controls

(mean G SD, 10.31 G 7.1% vs. 3.43 G 1.8%; p < 0.0001), as well as BPLV+CD33+ cells (mean G SD, 8.6 G 6.6% vs. 2.56 G 1.7%; p =

Figure 4. Biomimetic proteolipid vesicle (BPLV) uptake by healthy peripheral blood mononuclear cells (PBMCs)

Vesicle uptake was studied by confocal microscopy, as BPLVs were tagged with PE-rhodamine tracer (red signals), while cell nuclei with 40,6-diamidino-2-

phenylindole (DAPI; blue signals), and GPI-anchored proteins with Flaer-Alexa Fluor 488 (green signals). PBMCs were treated (w) or not (w/o) with BPLVs for

48 h and 72 h, and a baseline (T0) sample was used as control. PBMCs that have uptake BPLVs showed an intense merged purple signal, showing co-

localization of PE-rhodamine vesicles and GPI-anchored proteins carried by BPLVs.
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0.0002) and BPLV+HLA-DR+ cells (mean G SD, 6.82 G 5.5% vs. 2.23 G 1.5%; p = 0.0007), while BPLV+CD14+ cell frequency was similar be-

tween treated PNH and treated healthy control samples (mean G SD, 2.3 G 0.6% vs. 2.64 G 1.6%; p = 0.7789).

Protein expression was also studied on BPLV+ population, expressed as MFI values, and compared between time points for PNH, healthy

controls, and samples treated with empty vesicles. No significant variations were observed for CD3 expression over culture time in all three

groups (all p > 0.05), while CD33 expression was significantly increased at 72 h in PNH samples (mean MFIGSD, 23762G 11102 vs. 24054G

12707 vs. 35732G 11396, 24 h vs. 48 h vs. 72 h) compared to 24 h (p = 0.0244) and 48 h (p = 0.0058) of treatment. An increasing trend in CD14

(mean MFIGSD, 697G 531 vs. 1161G 891 vs. 1994G 1522, 24 h vs. 48 h vs. 72 h) and HLA-DR expression (mean MFIGSD, 3186G 2767 vs.

18819G 14116 vs. 95807G 71532, 24 h vs. 48 h vs. 72 h) was also observed. No significant variations or trends were observed in healthy con-

trols and samples treated with empty vesicles over culture time for CD3, CD33, CD14, and HLA-DR (all p > 0.05), except for HLA-DR in healthy

controls (meanMFIGSD, 1797G 394 vs. 15633G 5676 vs. 88147G 66437, 24 h vs. 48 h vs. 72 h; 24 h vs. 48 h, p = 0.0484 and 24 h vs. 72 h, p =

0.0812).

BPLVs increase cell resistance to complement-mediated lysis

Finally, to test the effects of BPLV treatment to increase the susceptibility to complement-mediated lysis onGPI-deficient cells, PNH cells were

stressed with 10% FBS containing all complement components for 2 h and 24 h, and live and dead cell frequencies were assessed by flow

cytometry (Figure 8). Samples were also treated with 10% decomplemented FBS, and untreated cells were used as controls. A ratio between

dead and live cells in BPLV+ and BPLV� populations was calculated, as cells more susceptible to lysis should display a higher ratio (dead

Figure 5. Biomimetic proteolipid vesicle (BPLV) uptake by paroxysmal nocturnal hemoglobinuria (PNH) peripheral blood mononuclear cells (PBMCs)

Vesicle uptake was studied by confocal microscopy, as BPLVs were tagged with PE-rhodamine tracer (red signals), while cell nuclei with 40,6-diamidino-2-

phenylindole (DAPI; blue signals), and GPI-anchored proteins with Flaer-Alexa Fluor 488 (green signals). PBMCs were treated (w) or not (w/o) with BPLVs for

48 h and 72 h, and a baseline (T0) sample was used as control. PBMCs that have uptake BPLVs showed an intense merged purple signal, showing co-

localization of PE-rhodamine vesicles and GPI-anchored proteins carried by BPLVs.
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cells[ live cells), while cells more resistant to complement-mediated lysis a lower ratio (live cells[ dead cells). On lymphocytes andmono-

cytes, both PNH and healthy control samples treated with BPLVs showed an increased resistance to complement-mediated lysis after normal

and decomplemented FBS treatment (dead/live cell ratio, meanG SD, 0.083G 0.07 and 0.090G 0.06, respectively) compared to untreated

samples (dead/live cell ratio, meanG SD, 1.02G 1.2 and 0.91G 1.03, after normal and decomplemented FBS treatment) (all p < 0.05). Simi-

larly, treated granulocytes from both healthy and PNH samples displayed an increased resistance to complement-mediated lysis (dead/live

cell ratio, meanG SD, 0.72G 1.03 and 0.7G 0.9, after normal and decomplemented FBS treatment) compared to untreated cells (dead/live

cell ratio, mean G SD, 1.25 G 1.3 and 1.5 G 1.9, after normal and decomplemented FBS treatment), especially between cells treated with

BPLVs with normal or decomplemented FBS and untreated cells stressed with normal FBS (p = 0.0694 and p = 0.0499, respectively).

PNH cell viability was also checked by MTT assay after treatment with 10% FBS containing or not all complement components for 24 h.

When treated with complete FBS without previous treatment with BPLVs, cell viability decreased at 80%; however, this effect was reverted

by adding BPLVs at 0.5 mg/mL, and cell viability significantly increased regardless the type of FBS used for lysis challenge (p < 0.001)

(Figure 8E).

DISCUSSION

PNH, a benign clonal hematological condition within the BMF syndromes, is caused by a somatic mutation in the PIGA gene whose protein is

involved in GPI anchor biosynthesis, and is characterized by a failure in membrane anchorage of proteins that require GPI-anchor to correctly

localize on cell surface, including endogenous complement regulatory proteins CD55 and CD59.25 Indeed, PNH symptoms are secondary to

complement-induced cell lysis, such as intravascular RBC lysis and thrombosis, leading to anemia and thrombotic events.26 Thromboembo-

lism is the principal cause of mortality in PNH patients accounting for more than 40% of deaths, and can occur at any site, most commonly

involving hepatic (Budd-Chiari syndrome, 7.5–25% of patients affected) and cerebral veins.27 PNH symptoms are pharmacologically treated

with complement inhibitors, to reduce complement activation on GPI-deficient cells thus improving their survival.28 However, PNH clones

accumulate into the peripheral blood and could be lysed during maximal complement activation (e.g., during bacterial infections), that over-

comes complement inhibition, leading to breakthrough hemolysis, especially under novel complement inhibitor treatment, like ravulizu-

mab.29 Therefore, different pharmacological approaches are required to improve clinical management of PNH patients. Here, we formulated

BPLVs carrying GPI-anchored proteins for an innovative therapeutic approach to obtain a new protein delivery system for reverting GPI defi-

ciency in PNH cells.

BPLVs are hybrid synthetic vesicles produced by microfluidics methodologies by mixing an aqueous phase containing human mem-

brane proteins derived from PBMCs and a lipid phase composed by different synthetic phospholipids at various concentrations,18 and

currently used for modulation of inflammatory processes.18,21 In past decades, bioinspired delivery system development has been largely

based on two strategies: bottom-up approaches, such as surface functionalization with antibodies mimicking cell surface proteins21,30; and

top-down strategies, like cell-derived nanovesicles and nano-ghosts.22 Conversely, recent microfluidics approaches allow the production of

biomimetic vesicles that possess high surface complexity, versatility in formulations and payloads, standardized yield, and a stable, safe,

and non-immunogenic product. BPLVs are nano-sized vesicles functionalized with human membrane proteins that have all the advantages

of microfluidics-produced nanocarriers, and also retain tropism and functions of leukocytes, such as trans-endothelial migration, modula-

tion and resolution of inflammation.18–21 Here, we applied this platform for an innovative protein delivery, as we engineered a nanocarrier

system capable to deliver to cells GPI-anchored proteins without altering cell genome, while just delivering missing molecules using this

biomimetic platform. Other formulations and process parameters, such as ethanol/water ratios and flow rates, were also optimized to pro-

duce monodispersed unilamellar BPLV batches using a microfluidic technology. Indeed, in our formulation design, water and lipid phases

were mixed using a NanoGenerator Flex M microfluidic platform with a Y-shaped micrometer cartridge with an overall length of 10 cm

(internal diameter, 0.6 mm), different from a previously described approach for leucosome formulation.20,21 This apparatus could also fabri-

cate large amounts of products in shorter time, because of the higher flow rate adopted (4 mL/min) compared to previously reported

(1 mL/min).21 Furthermore, our chosen protein:lipid ratio (1:35) assured an excellent protein loading. Therefore, our formulation showed

a great potential of scale-up protocol combined with good loading and product stability, extremely important for large scale in vitro

and in vivo studies.

RBCs and PBMCs treated with BPLVs showed an excellent uptake with membrane exposure of GPI-anchored proteins, suggesting that

adopted fabrication protocol did not alter post-translational modifications of proteins that were successfully incorporated within lipid

Figure 6. GPI-anchored protein expression by flow cytometry and cellular uptake

(A) Peripheral bloodmononuclear cells were treated with biomimetic proteolipid vesicles (BPLVs) or empty (without proteins) nanocarriers for 24 h, 48 h, and 72 h,

and those cells that have uptake the vesicles were identified as PE-rhodamine+ population. Percentage of BPLV+ cells in paroxysmal nocturnal hemoglobinuria

(PNH) patients and healthy controls (HC) was calculated for cellular uptake.

(B) Flaer expression (GPI-anchored proteins) was studied on BPLV+ cells, and percentage of BPLV+Flaer+ population or total Flaer+ cells were indicated for

untreated and treated PNH or HC group, as well (C) median fluorescence intensity (MFI) of Flaer expression on BPLV+ or BPLV� populations were also

reported. Data are represented as mean G SD. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.

(D) GPI-anchored proteins co-localization with PE-rhodamine BPLVs by confocal microscopy.

(E) Clathrin-dependent cellular mechanisms of vesicle uptake were investigated using a reversible clathrin inhibitor, Dyngo-4a, on healthy and PNH cells.

Membranes were stained with a lipophilic tracer (DiO, green signal), while BPLVs were PE-conjugated (red signal), and merged signals for co-localization of

vesicles on cell membranes are reported after 5 h of BPLV treatment in the presence of Dyngo-4a. Single channel images for (F) healthy and (G) PNH cells.

ll
OPEN ACCESS

iScience 27, 109021, March 15, 2024 9

iScience
Article



bilayers, and vesicles were efficiently uptaken by cells. In particular, BPLVswere observed homogenously distributedwithin cytoplasm and cell

membrane, with some accumulations within intracytoplasmic vacuoles, likely endosomes, suggesting that BPLVs were internalized by cells

through an active transport. Indeed, PNH and healthy control cells displayed a different behavior in vesicle uptake, with GPI-deficient cells

more prone to incorporate synthetic vesicles (empty BPLVs). Previous studies have described endocytosis defects of PNH cells linked to un-

stable lipid rafts, because of the lack of GPI-anchored proteins that stabilize those rafts, and to reduced caveolae-mediated internalization.30

However, GPI-anchored proteins have distinct endocytosis mechanisms that differ from other regular cellular endocytic pathways, such as

clathrin-coated pits (caveolae)-mediated, and depends on lateral associations of GPI-linked proteins with cholesterol and sphingolipids at

the exoplasmic leaflet of plasma membrane, resulting in a very quick (2 min) membrane invagination, known as GPI-anchored protein en-

riched endosomal compartments.31 These mechanisms could explain the increased ability of PNH cells to uptake BPLVs and to incorporate

Figure 7. GPI-anchored and not-GPI protein expression by flow cytometry

Peripheral blood mononuclear cells were treated with biomimetic proteolipid vesicles (BPLVs) or empty (without proteins) nanocarriers for 24 h, 48 h, and 72 h,

and those cells that have uptake the vesicles were identified as PE-rhodamine+ population. On BPLV+ cells, CD14 (GPI-anchored protein), CD3, CD33, and HLA-

DR (all not-GPI proteins) expression was studied, as well median fluorescence intensity (MFI) of each studied marker was also reported. Data are represented as

mean G SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 8. In vitro lysis test

To test resistance to complement-mediated lysis after biomimetic proteolipid vesicle (BPLV) treatment, peripheral blood mononuclear cells (PBMCs) from

healthy controls (HC) and paroxysmal nocturnal hemoglobinuria (PNH) patients were first incubated without or with BPLVs using a culture medium
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and recycle GPI-linked proteins on cell surface, with a significant reduction of PNH clone size just after 72 h of treatment. Moreover, when

clathrin-mediated internalization was blocked, BPLVs stacked on surface of PNH cells, while not of healthy PBMCs.

Peripheral blood cells displayed an increased resistance to complement-mediated lysis after BPLV treatment, although their disruption is

not directly involved in PNH symptoms development (anemia and thrombosis). However, several studies have described impairment in

lymphocyte and monocyte functions in PNH patients, such as increased exhaustion of effector memory CD8+ T cells and ineffective dendritic

cell maturation of GPI-deficient monocytes after in vitro stimulation.32,33 Moreover, granulocytes also display dysregulated functions, such as

impaired migration abilities, higher pro-inflammatory activities, and likely an increased susceptibility to release granules.34 Therefore, hemo-

lysis and thrombosis might be only the tip of the iceberg, as impaired immune responses could concur to increase the risk of life-threating

infections during complement inhibition therapy, as cells are not lysed while their functions might still be altered.35 GPI-defective T lympho-

cytes show severe defects in T cell receptor-dependent proliferation, CD25, CD54, and HLA-DR surface expression, molecule activation, and

cytokine production, also due to altered signaling transduction.36 Indeed, GPI-anchored proteins are not only surface proteins, but also inner

leaflet-signaling transducers, such as Src-related tyrosine kinases, and PNH cells might defect in coupling events for intracellular signaling

pathways.37,38 Moreover, PNH patients show persistence of Fas-ligand on lymphocytes and granulocytes with increased resistance to cyto-

kine-induced apoptosis.36–38 These mechanisms might concur to PNH symptom development and disease pathophysiology; therefore,

improvement of resistance to complement-mediated lysis not only of RBCs, but also of all peripheral blood cellsmight significantly ameliorate

clinical manifestations. Indeed, we showed that BPLV-treated cells from PNH and healthy subjects had increased expression of HLA-DR, that

might restore normal T cell functions, and of all surface GPI-anchored proteins, augmenting resistance to complement-mediated lysis. In

addition, it is plausible that treated cells might have uptake also inner leaflet-GPI proteins; however, further in vitro studies are required

to elucidate changes in lymphocyte and granulocyte functions after BPLV treatment.

In conclusion, we provided an innovative approach for treatment of PNH-related symptoms with the use of hybrid and semi-synthetic

nanocarriers, composed by human membrane proteins and synthetic phospholipids, as a protein delivery system for release of the entire

set of GPI-anchoredproteins to PNH cells without altering cell genome. To the best of our knowledge, this approach represents an innovation

in the PNH field, as this protein delivery platformproduced by incorporation of complex protein extracts into lipid vesicles using amicrofluidic

technology has been used for delivering deficient proteins in PNH cells. Our vesicles are biomimetic, not toxic, and extremely affine to cell

membrane resulting in an excellent uptake and protein delivery that could efficiently revert protein deficiency in PNH clones. Our results open

new therapeutic scenarios, as cell phenotype was modified without introducing changes in the DNA, thus overcoming all technical issues

related to the use of viral vectors or other genome modifiers. These modifications are likely transient, because they rely on cell lifespan,

as we did not introduce permanent modifications in cell genome. This aspect could be a disadvantage, as patients might require prolonged

treatments; conversely, treatment-related adverse events might be better managed by dose and time modulation. Our system could be

further used for incorporation of chimeric receptors or other recombinant proteins within nanocarriers for advanced drug-delivery functions

and treatment of a broad range of disorders caused by specific protein deficiency. Despite our results are very promising and encouraging,

further validation in additional in vitro and in vivo studies are required.

Limitations of the study

Limitations of our work are: first, lack of in vivo studies, because current mouse models cannot efficiently reproduce clinical PNH manifesta-

tions, such as hemolysis and thrombosis.39 Conventional Pig-A knockout mouse models frequently results in a high rate fetal death and low

chimeric rate (<5%) of PNH clone in born mice, likely because Pig-A is a key gene in embryonic mouse development.40 Moreover, these PNH

clones significantly reduce after birth and cannot reproduce PNH clonal proliferation;41 second, the small number of patients, because of the

rarity of studied disease without accompanying aplastic anemia (0.35 cases per 100,000 people);42 and third, lack of RBC lysis test, because

there are no specific assays for identification of complement-mediated hemolysis and because there are no standardized protocols for long-

termmature RBC culture.43,44 On the other hand, lack of in vivo pharmacokinetics studies to investigate blood circulation behaviors of BPLVs;

however, biomimetic vesicles should possess 5-fold longer circulation time compared to liposomes, as previously reported.18
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FLAER-AlexaFluor 488 Euroclone FL1SC

CD3-ECD – clone UCHT1 Beckman Coulter Cat.no.A07748; RRID:AB_1575956

CD33-PC5.5 – clone D3HL60.251 Beckman Coulter Cat.no.B36289

CD14-Alexa Fluor 750 – clone RMO52 Beckman Coulter Cat.no.B92421; RRID:AB_2909815

CD45-Krome Orange – clone J.33 Beckman Coulter Cat.no.B36294; RRID:AB_2833027

HLA-DR-SuperNova 780 – clone Immu-357 Beckman Coulter Cat.no.C78087

Biological samples

Healthy peripheral blood mononuclear cells Human, Peripheral blood Caucasian, M/F, 2/4; mean age, 34 years old;

range, 23-45 years old

PNH peripheral blood mononuclear cells Human, Peripheral blood Caucasian, M/F, 1/2; mean age, 63 years old;

range, 16-87 years old

Chemicals, peptides, and recombinant proteins

1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC)

Avanti polar lipids Inc Cat.no.850355P

1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC)

Avanti polar lipids Inc Cat.no.850375P

Cholesterol Avanti polar lipids Inc Cat.no. 700000

1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-lissamine rhodamine

B sulfonyl (Liss Rhod PE)

Avanti polar lipids Inc Cat.no. 810150

Ficoll-paque density gradient media Cytiva Cat.no. 17144002

Phosphotungstic acid solution 2% Ted Pella Inc. Cat.no. 19402

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT)

Sigma-Aldrich CAS No.298-93-1

4’,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich CAS No.28718-3

Clathrin/dynamin inhibitor Dyngo-4 Abcam Cat.no.ab120689

Fixable Viability Dye eFluor� 780 eBioscience� Cat.no. 47-4317-82; RRID:AB_10366688

Critical commercial assays

ProteoExtract native membrane protein

extraction kit

Sigma-Aldrich Cat.no. 444810-1KIT

Bradford assay BioRad Cat.no. 5000006

Dialysis tubing benzoylated Sigma-Aldrich Cat.no. D7884

Vybrant DiO cell labeling solution Thermo Fisher Scientific Cat.no. V22886

Software and algorithms

ImageJ software v.1.54b NIH https://imagej.nih.gov/ij/; RRID:SCR_003070

FlowJo software v.10.8.1 BD Biosciences https://www.flowjo.com/solutions/flowjo;

RRID:SCR_008520

Kaluza Analysis Flow Cytometry Software

v2.1.1

Beckman Coulter https://www.beckman.it/flow-cytometry/

software/kaluza/downloads;

RRID:SCR_016182

(Continued on next page)

ll
OPEN ACCESS

iScience 27, 109021, March 15, 2024 15

iScience
Article

https://imagej.nih.gov/ij/
https://www.flowjo.com/solutions/flowjo
https://www.beckman.it/flow-cytometry/software/kaluza/downloads
https://www.beckman.it/flow-cytometry/software/kaluza/downloads


RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giovanna Della

Porta (gdellaporta@unisa.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: Data reported in this paper will be shared by the lead contact upon request.
� Code: This paper does not report original code.
� All other requests: Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects

A total of 3 (Caucasian, M/F, 1/2; mean age, 63 years old; range, 16-87 years old) consecutive PNH patients were included in this study. Diag-

nosis was made based on current international guidelines [22], between November 2022 and February 2023 at the Hematology and Trans-

plant Center, University Hospital ‘‘San Giovanni di Dio e Ruggi d’Aragona’’, Salerno, Italy. All patients were eculizumab-resistant and ravuli-

zumab was initiated in all subjects. Mean PNH clone size at study enrollment was 86.9% (range, 74.9-100%). Whole heparinized peripheral

blood (PB) specimens were collected under ravulizumab treatment in accordance with the Declaration of Helsinki and protocols approved

by local Ethic Committee ‘‘Campania Sud’’ (Brusciano, Naples, Italy; prot./SCCE n. 24988). A total of six healthy subjects (Caucasian, M/F,

2/4; mean age, 34 years old; range, 23-45 years old) was enrolled for protein extraction and for functional studies. Peripheral blood mono-

nuclear cells (PBMCs) were isolated by Ficoll-Paque gradient centrifugation, and cells were stored in RPMI (Gibco�, Waltham,Massachusetts,

USA) supplemented with 20% of decomplemented FBS (Gibco�) and 10% of dimethyl sulfoxide (DMSO; Sigma Aldrich, Milan, Italy) at -80�C
until use.

Ethical approval

Protocol approved by local ethic committee (Ethics Committee ‘‘Campania Sud’’, Brusciano, Naples, Italy; prot./SCCE n. 24988).

Informed consent

Patients received informed consent obtained in accordance with the Declaration of Helsinki (World Medical Association 2013) and protocols

approved by local ethic committee (Ethics Committee ‘‘Campania Sud’’, Brusciano, Naples, Italy; prot./SCCE n. 24988).

METHOD DETAILS

Membrane protein extraction and quantification

PBMCs were isolated from whole peripheral blood of healthy donors through Ficoll-paque density gradient centrifugation (Cytiva, Marlbor-

ough, Massachusetts, United States). 5x106 PBMCs were employed to extract membrane proteins using ProteoExtract nativemembrane pro-

tein extraction kit (Sigma-Aldrich). Extracted protein concentration was quantified by Bradford assay (BioRad), absorbance was measured at

480 nm with microplate reader (Infinite F200 PRO, Tecan Group Ltd., SW) and frozen at -80�C till use.

BPLV preparation

BPLVs were produced by microfluidic technique using the NanoGenerator Flex M (Precigenome LLC San Jose, CA- USA), equipped with a

passive staggered herringbonemicrochip. The organic phase was composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-di-

oleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, and Liss Rhod PE solubilized in ethanol at 8 mg/mL, 6.4 mg/mL, 3.1 mg/mL, and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

NanoGenerator Flex M for NanoParticle

Synthesis

Precigenome SKU: PG-SYN-F

Microfluidic Mixer Chip MIX-3 for NanoParticle

Synthesis

Precigenome SKU: CHP-MIX-3
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1 mg/mL respectively (see also patent no. 102023000015003), and sonicated at 45�C for 5 minutes. All lipid components are from Avanti polar

lipids Inc., Alabaster, Alabama, US. Water phase was composed of only Milli-Q water for empty BPLVs and Milli-Q water plus PBMC-derived

membrane proteins at 0.5mg/mL, protein:lipid ratio (1:35) for loaded BPLVs. Lipid and water phases were injected within a Y-shaped micro-

fluidic cartridge at constant Flow Rate Ratio (FRR) 1:2 (ethanol/water) and adapting the Total Flow Rate (TFR) 4 mL/min. Then, 5mL of each

BPLV formulation was dialyzed in 500 mL of Milli-Q water using a 2000 NMWCO Dialysis tubing benzoylated (Sigma-Aldrich) under a gentle

stirrer at room temperature overnight.

BPLV characterization

BPLV size, distribution, and z-potential were measured by dynamic light scattering (DLS) by Nano ZSMalvern Zeta Sizer (model 1000HSa, UK)

at 25�C equipped with a He-Ne laser of 633 nm and a detector angle of 173�C. BPLV size and concentration was also evaluated using a

NanoSight NS300 (Malvern Panalytical, Westbourough MA) just after production and after 1 month to evaluate their stability stored

at +4�C. All measurements were conducted in triplicate for empty and loaded BPLVs.

Nano-vesicles morphology was observed by Transmission electron microscope (TEM) FEI TECNAI G2 200 kV S-TWIN microscope equip-

pedwith a 4 K camera (electron sourcewith LaB6 emitter; FEI Company, DawsonCreekDrive, Hillsboro, OR, USA). Briefly, 8 mL of diluted BPLV

suspension was applied in a formvar/carbon 200 mesh copper grid (Ted Pella, USA Cat.No.01800-F) and dried for several hours. Subse-

quently, specimens were stained with phosphotungstic acid solution (2% w/v) directly made on the deposit for 60 s, and then air-dried over-

night. TEMmicrographs in brightfieldmodes were taken by Brightfield (BF) TEM images were acquired at 120 kV using a spot size of 3, and an

integration time of 1 s. ImageJ software (v.1.54b; National Institutes of Health, Bethesda, MD, USA) was used for image analysis and rescaling.

BPLV flow cytometry

For PE-BPLV characterization, vesicles were resuspended in 100 mL of filtered water and stainedwith FLAER-AlexaFluor 488, CD3-ECD, CD33-

PC5.5, CD14-Alexa Fluor 750, CD45-KromeOrange, andHLA-DR-SuperNova 780 (all fromBeckmanCoulter). After 20min incubation at room

temperature, samples were directly resuspended in a final volume of 300 mL of filtered water for acquisition. Filtered water was used to

exclude the presence of background and noise signals, while an unstained sample was employed as negative control. Samples were acquired

on a DxFlex cytometer (Beckman Coulter), equipped with violet (405 nm), blue (488 nm), and red (633 nm) lasers. Instrument daily quality

control was carried out usingCytoFlexDailyQCFluorospheres (BeckmanCoulter). Post-acquisition analysis was performedusing FlowJo soft-

ware (v.10.8.1; BD Biosciences). Particles were first identified based on simultaneous expression of Rhodamine and CD3, as correctly assem-

bled BPLVs should have both PE-Rhodamine-conjugated lipids and CD3 derived from healthy lymphocyte membranes. On

Rhodamine+CD3+ particles, expression of GPI-anchored proteins (Flaer+), CD33, CD14, CD45, and HLA-DR was further investigated. Flow

cytometry data were expressed as the percentage of positive BPLVs for a studiedmarker, or asmedian fluorescence intensity (MFI) for expres-

sion. MFI fold change (FC) was calculated for each studied marker as follows: MFI of stained sample / MFI of unstained sample.

BPLV cytotoxicity

PBMCs from healthy and PNH donors were seeded in a 96-well plate at a seeding density of 1x106 cells/mL, cultured in RPMI supplemented

10% FBS decomplemented (Gibco) and 1% Penicillin/Streptomycin solution (Corning Cellgro, Manassas, VA, USA). Empty and loaded BPLVs

were added to culture media at a concentration of 0.1, 0.2, 0.5, 1 and 2 mg/mL (respect to lipid concentration after BPLV production) for 24h.

0.5mg/mL of BPLVs were added to culturemedia for 24, 48 and 72h. After incubation at 37�C temperature and 5%CO2, cell metabolic activity

was analyzed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT) assay. MTT at 0.5 mg/mL was added and incu-

bated for 4h. Then, 96-well plates were centrifuged at 300g for 10 min, culture media was completely aspirated, and formazan products were

dissolved in 200 ml of DMSO in each well. Absorbance was measured at 490 nm, after 5 min of gentle agitation at room temperature using a

microplate reader (Infinite F200 PRO, Tecan Group Ltd., SW). All assays were performed in biological and technical triplicate (N = 3). Cells

metabolic activity was calculated as a percentage with respect to the control group (considered as 100%), according to Equation 1.

Cells metabolic activity ð%Þ =
Abs of sample � Abs of blank

Abs of control � Abs of blank
3100 (Equation 1)

Red blood cell uptake analysis

For red blood cell (RBC) uptake study, 100 mL of whole heparinized PB were diluted in 10 mL of PBS and centrifuged at 2200 rpm for 10 min.

Next, pellets were resuspended in 10 mL of PBS, and 1mL of sample was stained with 5mL of Vybrant DiO cell labeling solution for staining

membrane lipids (Thermo Fisher Scientific), incubated at 37�C on a shaker for 20 min, washed with 2mL of phosphate buffer saline (PBS;

Gibco), and centrifuged at 2200 rpm for 10 min. Subsequently, DiO-labeled RBCs were seeded in a 6-well plate with RPMI supplemented

with 10% of decomplemented FBS and 1% Penicillin/Streptomycin, and were treated or not with PE-Rhodamine-conjugated BPLVs at a final

concentration of 0.5 mg/mL at 37�C and 5% CO2 for 2h. After incubation, cells were harvested, washed with PBS, centrifuged at 2200 rpm for

10 min, and then resuspended in 1mL of PBS for centrifugation in a cytospin at 1500 rpm for 6 min. Subsequently, cells were washed with PBS

and counterstained using 4’,6-diamidino-2-phenylindole (DAPI) to exclude the presence of nucleated cells. Images were acquired at 63x

magnification with identical settings of light, exposure time, and gain using Leica laser-scanning confocal microscope (mod. TCS SP5; Leica

Microsystems, Wetzlar DE).
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PBMC uptake analysis

To investigate the ability of PBMCs to uptake BPLVs, a total of 1x106 cells were seeded in a 12-well plate in RPMI supplemented with 10% of

decomplemented FBS and 1% of Penicillin/Streptomycin with or without BPLVs at a final concentration of 0.5 mg/mL. Cells were then incu-

bated at 37�C and 5% CO2 for 24h, 48h, and 72h, while a sample immediately after seeding was kept as baseline control (T0). At each time

point, cells were harvested, washed with PBS, centrifuged at 500g for 10 min, and cell pellets fixed in 4% PFA for 20 min at room temperature.

After centrifugation at 500g for 10 min, cell pellets were resuspended in 200mL of PBS and kept at 4�C until use.

To investigate cellular mechanisms of BPLV uptake, a total of 5x104 cells from healthy and PNH subjects were seeded in a 24-well plate in

RPMI supplemented with 10% of decomplemented FBS and 1% of Penicillin/Streptomycin without any treatment, with only a reversible cla-

thrin/dynamin inhibitor Dyngo-4a (Abcam, Milan, Italy) at 30 mM,45 or with Dyngo-4a at 30 mM and BPLVs at 0.5 mg/mL for 2h, 5h, and 12h.

Cells were pre-treatedwith Dyngo-4a for 15min,45 and then vesicles were addedwhere appropriate. At each time point, cells were harvested,

washed with PBS, centrifuged at 500g for 10 min, and cell pellets fixed in 4% PFA for 20 min at room temperature. After centrifugation at 500g

for 10 min, cell pellets were resuspended in 500mL of PBS and kept at 4�C until analysis by confocal microscopy as described below.

Flow cytometry

After incubation with or without BPLVs, immunophenotyping was performed by staining a minimum of 1x106 cells with the following anti-

bodies according to themanufacturers’ instructions: FLAER-AlexaFluor 488, CD3-ECD, CD33-PC5.5, CD14-Alexa Fluor 750, CD45-KromeOr-

ange, and HLA-DR-SuperNova 780 (all from Beckman Coulter). After 20 min incubation at room temperature, cells were washed with phos-

phate-buffered saline (PBS) (IsoFlow Sheath Fluid, Beckman Coulter), and then resuspended in 500 mL of PBS for acquisition. Samples were

acquired on a DxFlex cytometer (Beckman Coulter), equipped with violet (405 nm), blue (488 nm), and red (633 nm) lasers. Instrument daily

quality control was carried out using CytoFlex Daily QC Fluorospheres (Beckman Coulter). Samples were run using the same PMT voltages,

and at least 200,000 events were recorded. Post-acquisition analysis was carried out using Kaluza Analysis Flow Cytometry Software v2.1.1

(Beckman Coulter). First, cells were identified based on linear parameters (forward side scatter-area [FSC-A] vs side scatter-area [SSC-A]),

and double cells removed (FSC-A vs FSC-height [FSC-H]). On single cells, Rhodamine+Flaer+, Rhodamine+CD3+, Rhodamine+CD33+,

Rhodamine+CD14+, and Rhodamine+HLA-DR+ cells were gated. Flow cytometry data were expressed as the percentage of positive cells

or as MFI for expression of each studied marker. Radar plots were also employed for simultaneous visualization of all studied markers.

Confocal imaging

After incubation with or without BPLVs, 2 x 105 of PBMCs were fixed with 2% PFA before staining protocol. Then, cells were stained for anti-

FLAER antibody FITC conjugated (Beckman Coulter) for 20 min at RT in the dark. Subsequently, cells were washed with PBS 1X and counter-

stained using 4’,6-diamidino-2-phenylindole (DAPI). All images were acquired at 63x magnification with identical settings of light, exposure

time, and gain using Leica laser-scanning confocal microscope (mod. TCS SP5; Leica Microsystems, Wetzlar DE).

Lysis test

To test resistance to complement-mediated lysis after BPLV treatment, a total of 1x106 PBMCs from healthy subjects and PNH patients were

first incubated without or with BPLVs at a final concentration of 0.5 mg/mL for 48h in a 12-well plate using RPMI supplemented with 10% of

decomplemented FBS and 1% Penicillin/Streptomycin at 37�C and 5% CO2. Subsequently, cells were washed, and culture medium was re-

placed with fresh medium containing RPMI plus 1% Penicillin/Streptomycin and 10% decomplemented or normal FBS. Samples were incu-

bated for 2h or 24h at 37�C and 5%CO2, and thenwashedwith 1mL of PBS. After centrifugation, cells were stainedwith 3 mL of Fixable Viability

Dye eFluor� 780 (eBioscience�) after reconstitution anddilution as permanufacturers’ instruction, incubated for 15min at room temperature,

washedwith 2mL of PBS, centrifuged at 500g for 10min, and then resuspended in 100 mL of 2% PFA for acquisition. Samples were acquired on

a DxFlex cytometer (Beckman Coulter), and post-acquisition analysis was carried out using Kaluza Analysis Flow Cytometry Software v2.1.1

(Beckman Coulter). Total cells were first gated for PE-Rhodamine BPLV and Viability dye parameters, and BPLV+ live and BPLV+ dead cells, or

BPLV- live and BPLV- dead cells were identified. Based on the hypothesis that BPLV+ should have uptake also endogenous complement in-

hibitors, such as CD55 and CD59, or other GPI-linked proteins, BPLV+ cells should be more resistant to complement-mediated lysis induced

by addiction of normal FBS to culture medium. Therefore, we calculated a ratio between dead and live cells in BPLV+ and BPLV- populations,

as cells more susceptible to lysis should display a higher ratio (dead cells >> live cells), while cells more resistant to complement-mediated

lysis a lower ratio (live cells >> dead cells).

Cell viability was also assessed byMTT assay. PBMCs from healthy and PNH subjects were seeded in a 96-well plate at a seeding density of

1x106 cells/mL, cultured in RPMI supplemented 1%Penicillin/Streptomycin solution (CorningCellgro,Manassas, VA, USA), plus 10%of normal

FBS (Gibco) with and without loaded BPLVs at a concentration of 0.5 mg/mL (respect to lipid concentration after BPLV production) for 24h.

PBMCs from healthy and PNH donors cultured in RPMI supplemented 1% Penicillin/Streptomycin solution plus 10% of decomplemented FBS

were used as controls. After incubation at 37�C and 5% CO2, cell metabolic activity was analyzed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyl-tetrazoliumbromide (MTT) at 0.5mg/mL.MTTwas incubated for 4h; then, 96-well plates were centrifuged at 300g for 10min, culture

media was completely aspirated, and formazan products were dissolved in 200ml of DMSO in each well. Absorbance wasmeasured at 490 nm,

after 5 min of gentle agitation at room temperature using a microplate reader (Infinite F200 PRO, Tecan Group Ltd., SW). All assays were
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performed in biological and technical triplicate (N = 3). Cells metabolic activity was calculated as a percentage with respect to the control

group (considered as 100%), according to Equation 1 as shown above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were collected from a computerized database and chart review andwere analyzed using Prism (v.9.4.1; GraphPad software, La Jolla, CA,

US). The number of replicates for each analysis was three (biological and technical triplicate). Paired or unpaired two-tailed t-test was em-

ployed for two group comparisons, while multiple comparisons for percentage of positive cells, MFI values, or live/dead ratios between

each sample and timepoint were performed using one-way analysis of variance (ANOVA) fitting a main effects only model and uncorrected

Fisher’s LSD. Data are represented as meanGSD. A P value < 0.05 was considered statistically significant.
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