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Abstract
Extracellular vesicles (EVs) can be produced from red blood cells (RBCs) on a large
scale and used to deliver therapeutic payloads efficiently. However, not much is
known about the native biological properties of RBCEVs. Here, we demonstrate that
RBCEVs are primarily taken up by macrophages and monocytes. This uptake is an
active process, mediated mainly by endocytosis. Incubation of CD14+ monocytes
with RBCEVs induces their differentiation into macrophages with an Mheme-like
phenotype, characterized by upregulation of heme oxygenase-1 (HO-1) and the ATP-
binding cassette transporter ABCG1. Moreover, macrophages that take up RBCEVs
exhibit a reduction in surface CD86 and decreased secretion of TNF-α under inflam-
matory stimulation. The upregulation of HO-1 is attributed to heme derived from
haemoglobin in RBCEVs. Heme is released from internalized RBCEVs in late endo-
somes and lysosomes via the heme transporter, HRG1. Consequently, RBCEVs
exhibit the ability to attenuate foam cell formation fromoxidized low-density lipopro-
teins (oxLDL)-treated macrophages in vitro and reduce atherosclerotic lesions in
ApoE knockout mice on a high-fat diet. In summary, our study reveals the uptake
mechanism of RBCEVs and their delivery of heme to macrophages, suggesting the
potential application of RBCEVs in the treatment of atherosclerosis.
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 INTRODUCTION

Extracellular vesicles (EVs) have intricate roles in normal physiological processes and under many pathological conditions.
They carry signals to distant cells and alter cellular behaviours. These signals comprise bioactive compounds, including macro-
molecules and small molecules, which are protected by the lipid bilayer that delineates each vesicle (Van Niel et al., 2018). Such
protection prolongs the travel distance and course of action of the signalling molecules. This excellent signal-carrier function
of EVs is well established, and it has recently inspired a wave of engineering efforts that aim to harness their properties for
therapeutic delivery (Herrmann et al., 2021; Richter et al., 2021; X. Zhang et al., 2021).

The EVs that originate from red blood cells (RBCEVs) have favourable characteristics for serving as an effective drug delivery
platform. They are devoid of DNA and inherit their allogenic transfusion compatibility traits from RBCs, hence potentially
providing safe, ’off-the-shelf’ medication. In addition, RBCs can be readily collected from volunteers and stimulated with calcium
ionophore to release large amounts of RBCEVs (Pham et al., 2021; Usman et al., 2018). Therefore, RBCEV production is easily
scalable and cost-effective when compared with EVs from stem cells or cancer cells. RBCEVs have also been demonstrated
to efficiently deliver antisense oligonucleotides (ASOs) (Jayasinghe et al., 2022; Peng et al., 2022; Usman et al., 2018), peptides
(Jayasinghe et al., 2022), and drugs such as paclitaxel (Pham et al., 2021) in mouse models for cancer treatment. They are also
used as effective vectors to deliver ASOs for treating acute liver failure (G. Zhang et al., 2020). Moreover, conjugation of targeting
molecules onto the surface of RBCEVs enhances their accumulation at their target sites, thus increasing the efficacy of drug
delivery (Jayasinghe et al., 2022; Pham et al., 2021).

Since EVs are complex entities which act as carriers of biological agents that can modulate their target cells, applying them for
therapeutic purposes requires an in-depth understanding of their interactions with these cells and the potential effects of their
various components. In the case of RBCEVs, haemoglobin is the most abundant protein present. In human adults, haemoglobin
is mainly present in the form of haemoglobin A, which is composed of two α and two β globin chains. Each globin chain is
complexed with one heme group to facilitate the transportation of oxygen molecules throughout the body. Haemoglobin is safe
when carried by RBCs but it is toxic when released fromRBCs into the bloodstream and interstitial space due to hemolysis (Jeney
et al., 2002). However, this toxicity of free haemoglobin can be neutralized by haptoglobin, a protein secreted from liver cells. This
is because haemoglobin and haptoglobin form a complex that is rapidly processed by macrophages through the CD163 receptor
(Fabriek et al., 2005). Upon internalization, the haemoglobin component of the complex is broken down, and the heme groups
are processed by an enzyme called heme oxygenase 1 (HO-1).
HO-1 plays a protective role against atherosclerosis (Araujo et al., 2012; Kishimoto et al., 2019). This protective effect is

speculated to stem from the catalytically enzymatic degradation of heme by HO-1. During the process, heme is broken down
into ferrous ions, CO (which inhibits inflammation), and biliverdin (which has antioxidant properties) (Otterbein et al., 2000;
Stocker et al., 1987). It has been shown thatHO--knockout mice develop an atherosclerosis phenotype with severe aortitis, coro-
nary injuries, and fatty streaks (Ishikawa et al., 2012). In contrast, the induced expression of HO- in these animals suppresses
atherosclerosis formation (Ishikawa et al., 2001; Juan et al., 2001). HO-1 is upregulated in a population of intraplaque non-foamy
macrophages, which are distinct from foam cells (Finn et al., 2012). These macrophages have been identified as Mheme cells.
They are derived frommonocytes induced by haptoglobin-haemoglobin (Hp-Hb) complexes within hemorrhaging plaques and
are reported to be resistant to foam cell formation (Boyle et al., 2009; Orozco et al., 2007). Thus, we hypothesize that in RBCEVs,
haemoglobin is protected in enclosed vesicles, preventing cytotoxicity. In addition, we speculate that the haemoglobin carried by
RBCEVs exerts both anti-inflammatory and anti-atherosclerosis effects mediated via the HO-1 pathway when the EVs are taken
up by macrophages.
In this study, we investigated the uptake of RBCEVs by macrophages. We also monitored the intracellular trafficking of

RBCEVs and the fate of haemoglobin, their most abundant protein cargo. We found that RBCEVs were preferentially taken
up by macrophages in the liver and spleen. The EVs then released heme into the cytoplasm via the heme transporter HRG1,
which promoted the differentiation of the macrophages to a phenotype characterized by upregulated HO-1 expression, and pre-
vented the accumulation of oxidized low-density lipoproteins (oxLDL) in these cells. This natural therapeutic characteristic of
RBCEVs suggests their potential benefits in atherosclerosis treatment, especially when combined with other drug cargoes that
can be loaded into and carried by these EVs. In addition, the anti-inflammatory properties of RBCEVs might be effective for the
treatment of other inflammatory conditions.
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 RESULTS

. RBCEV uptake is cell type-dependent both in vitro and in vivo

We first characterized the purified human RBCEVs used throughout the study. The RBCEVs appeared as intact, spherical par-
ticles, with a mean diameter of ∼137 nm (Figure S1a-c). We confirmed the presence of haemoglobin, along with an enrichment
of the RBCEV markers ALIX, TSG101, and glycophorin A (GPA) and depletion of Beta Actin relative to the amounts present in
RBCs (Figure S1d). Themean RBCEV yield was∼0.5mg permL of RBC packed volume (Figure S1e), and∼96.8% of the RBCEVs
could be recovered from samples stored at −80◦C in PBS containing 4% trehalose and subsequently thawed (Figure S1f).
In a previous study, we found that RBCEVs predominantly accumulate in the liver, spleen, lung, and bone marrow after

intraperitoneal or intravenous injections in immunodeficientmice (Pham et al., 2021; Usman et al., 2018). In the current study, we
performed a detailed analysis of the distribution of RBCEVs at the cellular level in immunocompetent mice. To track the in vivo
distribution of RBCEVs, we used the Acoerela dye Aco-490, which is a water soluble and fluorogenic lipophilic dye. Aco-490 is
one of a new class of dyes that are conjugated oligoelectrolytes, which preferentially stain lipid bilayers withminimal background
(Zhou et al., 2019, 2022). We collected the liver, spleen, lungs and femur bones from each animal 8 h after intravenous injection
of Aco-490-labelled RBCEVs and stained these tissues for F4/80 and CD169, which are surface markers of resident macrophages
(Figure 1a). In line with previous studies (Pham et al., 2021; G. Zhang et al., 2020), we found that RBCEVs primarily accumulated
in the liver and spleen (Figure 1b), whereas no visible Aco-490 signals could be detected in the lung and bone tissues (Figure S2).
In the liver sections, a significant portion of the Aco-490 fluorescence signals colocalized with F4/80+ cells. This suggests that
the RBCEVs were extensively taken up by Kupffer cells, with relatively little uptake by other cell types in the liver (Figure 1c). In
the spleen, RBCEVs were predominantly localized at the marginal zone, resulting in a ring pattern within these tissue sections.
Notably, Aco-490 fluorescence prominently co-localized with CD169+ cells in the marginal zone, and there was relatively little
co-localization with F4/80+ cells.
Furthermore, we examined if RBCEVs might be taken up by different cell types in the circulation. Thus, human peripheral

blood mononuclear cells (PBMCs) were incubated with RBCEVs for 2 h or 24 h and then stained with different cell surface
markers and analysed using flow cytometry. We found that CD14+monocytes exhibited the highest uptake of RBCEVs among
the cell types examined. In contrast, B cells (CD19+) and natural killer (NK) cells (CD3-CD56+) displayed lower levels of RBCEV
uptake. T cells (CD3+), on the other hand, showed the lowest uptake of RBCEVs, with minimal uptake detected after 2 h of
incubation (Figure 1d).
Additionally, we showed that the extent of RBCEV uptake varied greatly among different cell types, this time by comparing the

uptake capacity of several cancer cell lines (Figure 1e). Tomeasure the level of RBCEVs uptake, we developed an absolute quantifi-
cation method. Macrophages were incubated with carboxyfluorescein succinimidyl ester (CFSE)-labelled RBCEVs (CFSE-EVs),
after which theywere collected and lysed in 2%Triton-X100, and the CFSE fluorescence intensity wasmeasured. Using a standard
curve of known EV concentrations, the amount of RBCEVs taken up by each cell line was calculated based on the CFSE signals
and normalized to the cell number. Our data showed that after 2 h of incubation with 40 μg RBCEVs at 37◦C, the uptake level
among cancer cells markedly differed. For example, on average, each CA1a cell took up ∼200 EVs, whereas each HeLa cell took
up ∼500 vesicles. The uptake by macrophages was surprisingly higher, with over 2,000 EVs per cell. Hence, using this method,
we can obtain quantitative data, which will facilitate future pharmacological studies involving RBCEVs.
Given that macrophages are well-known for their heterogenous phenotypes, we further investigated if different macrophage

subtypes might exhibit differences in their capacity for EV uptake. Indeed, upon polarization of monocyte-derivedmacrophages,
we found that unstimulated macrophages and macrophages stimulated with IL4 and IL10 took up higher amounts of RBCEVs,
whereas macrophages stimulated with LPS and IFN-γ showed slightly lower capacity for RBCEV uptake (Figure 1f).

. RBCEVs are taken up robustly by macrophages through a process mediated by
phosphatidylserine

Macrophages often phagocytose apoptotic cells by recognizing phosphatidylserine (PS) on their cell membranes (Fadok et al.,
1992; Tanaka & Schroit, 1983). Since RBCEVs have abundant PS exposed on their membrane (Tripisciano et al., 2020), we
sought to test if PS mediates the uptake of RBCEVs by macrophages. Here, we saturated PS receptors on CD14+ PBMC-derived
macrophages using PS liposomes (Figure 2a). As a control, we replaced the PS liposomes with an equivalent concentration of
phosphatidylcholine (PC) liposomes. After incubation for 30 min with PS or PC liposomes, the macrophages were incubated
with CFSE-labelled RBCEVs for 2 h at 37◦C and analyzed by flow cytometry to measure the CFSE signals (Figure 2a). Our data
showed that PS liposomes, but not PC liposomes, blocked the uptake of RBCEVs by macrophages in a dose-dependent man-
ner. For example, PS liposomes at a concentration of 440 μM reduced the uptake of RBCEVs by more than half compared
to the absence of blocking or the PC (control) liposomes. However, the uptake level did not reach a plateau for any of the
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 of  PHAM et al.

F IGURE  RBCEVs are taken up preferentially by macrophages and monocytes. (a) Schematic of the experimental setup used to track the biodistribution
of RBCEVs. 500 μg of Aco-490-labelled RBCEVs were injected intravenously into C57BL/6 mice. The organs were collected 8 h later for analysis. (b) Flow
cytometry analysis of Aco-490 signals in dissociated liver, spleen, lung, and bone marrow as outlined in (a). Data are presented as the percentage of
Aco-490-positive cells. (c) Confocal images of the liver and spleen sections as outlined in (a). Macrophages were identified by immunolabelling with F4/80 or
CD169 antibodies (Red). Nuclei were stained with NucSpot® Live 488 (Cyan). Scale bars, 100 μm. (d) Flow cytometry analysis of Aco-490 signals in PBMCs
incubated with Aco-490-labelled RBCEVs for 2 h or 24 h and stained with antibodies for the surface markers to identify T-cells, NK cells, monocytes, and B
cells. (e) Quantification of CFSE-labelled RBCEVs taken up by different cell types after incubation with 40 μg of RBCEVs for 2 h. (f) Flow cytometry analysis

(Continues)
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F IGURE  (Continued)
quantifying RBCEV uptake by macrophages differentiated from human CD14+ PBMCs in M-CSF for 6 d. Macrophages were either unstimulated (M0),
stimulated with LPS and IFN-γ for 1 d, or stimulated with IL4 and IL10 for 1 d before incubation with CFSE-labelled RBCEVs for 2 h. All the bar graphs
represent the mean ± SD. a.u.: arbitrary unit. Student’s two-tailed t-test (f), **p < 0.01, *p < 0.05, ns: not significant (p > 0.05).

concentrations tested, which suggests that further reductions in the uptake of RBCEVs might be achieved by more extensive
blocking (Figure 2a).

To further ascertain the importance of PS in the EV uptake process, we investigated the effect of removing native PS from
RBCEVs on the extent of RBCEV uptake by macrophages. Following labelling with CFSE, RBCEVs were treated with methyl-α-
cyclodextrin and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) to reduce the amount of PS on their outer leafletmembrane
(’PS-reduced’), and then L-α-PS was added to the PS-reduced RBCEVs to restore PS expression (’PS-restored’). The RBCEVs
were then stained with Annexin V and analyzed by flow cytometry (Figure 2b). When compared with untreated RBCEVs,
Annexin V staining was lower in the ’PS-reduced’ group and higher in the ’PS-restored’ group, demonstrating the efficacy of
these two PS manipulation procedures (Figure 2b). The CFSE-labelled untreated, PS-reduced, and PS-restored RBCEVs were
then added to macrophages and incubated for 2 h. As expected, the differences in CFSE signals among the groups indicated
that the PS-reduced RBCEVs and PS-restored RBCEVs were taken up by a lesser and greater degree, respectively, than normal
(untreated) RBCEVs (Figure 2c). Together, our data show that RBCEV uptake by macrophages is mediated by the interactions
between the PS component of the RBCEV membrane and PS receptors on macrophages.

. RBCEVs are internalized mainly through endocytosis (including phagocytosis)

The routes of EV uptake often determine the fate of EV cargos in recipient cells and therefore affect the use of EVs in therapeutic
delivery. Thus, we investigated how RBCEVs enter macrophages, first by assessing if the uptake is an active, energy-dependent
process or if it occurs passively. Our data showed that incubating macrophages with RBCEVs at 4◦C significantly inhibited the
uptake of RBCEVs when compared with incubation at 37◦C. This indicates that RBCEV uptake is an active process (Figure 3a).
We also showed that at 37◦C, RBCEV uptake by macrophages is time- and concentration-dependent (Figure 3b).
We next used several pharmacological inhibitors to test which active endocytosis processes are important for RBCEV uptake.

Disruption of actin microfilaments using cytochalasin D substantially reduced the uptake of RBCEVs, nearly reaching the back-
ground level (Figure 3c,d). We also found that EIPA (an inhibitor of macropinocytosis) prevented the uptake of RBCEVs in a
dose-dependent manner, while wortmannin (a phagocytosis inhibitor) also reduced the uptake of RBCEVs significantly. How-
ever, there was no reduction in RBCEV uptake when cells were treated with filipin, which blocks caveolin-mediated endocytosis
(Figure 3c,d). Live-cell imaging allowed us to directly visualize this RBCEV internalization process. Upon addition of RBCEVs
to macrophages, we observed several types of cell membrane protrusions, including phagocytic cups for particle engulfment,
filopodia, and lamellipodia, which grabbed the RBCEVs and facilitated their cellular entry (Figure 3e and Video S1). Intrigu-
ingly, we also found supporting evidence for the direct fusion of RBCEVs with the plasma membrane of macrophages. Indeed,
after incubation with RBCEVs for 2 h at 37◦C, the macrophage plasma membrane stained positive for GPA, a protein marker of
RBCEVs (Figure S3). In contrast, there was no detectable GPA staining after the incubation at 4◦C, suggesting that theGPA signal
was not due to RBCEVs binding to the cells but perhaps the fusion of the RBCEVs and cell membranes. Hence, our data overall
indicate that RBCEVs are taken upmainly through endocytosis, particularlymacropinocytosis and phagocytosis, although direct
fusion with the plasma membrane remains a possibility.

. RBCEVs accumulate in late endosomes and lysosomes

To track the fate of RBCEVs after being endocytosed, we incubatedmacrophages with CFSE-labelled RBCEVs and then observed
the localization of the CFSE signals over time. We set up three separate experimental groups corresponding to three time points,
0.5 h, 2 h, and 4h from the time ofRBCEVaddition. For the 0.5-h and 2-h groups, theRBCEVswere present for the entire duration
(0.5 h and 2 h, respectively). For the 4-h group, the RBCEVs were incubated with macrophages for 2 h, after which the RBCEVs
were removed and replacedwith freshmedium to study the degradation rate of their cargos (Figure 4a). Afterwards, the cells were
fixed, permeabilized and stained with antibodies for markers of early endosomes (EEA), late endosomes (LBPA), or lysosomes
(LAMP1). The percentage of CFSE signals that overlapped with EEA was low, although it increased slightly between 0.5 h and
4 h, suggesting minimal presence of RBCEVs in the early endosomes (Figure 4b,c). In contrast, within just 0.5 h, a significant
proportion of the CFSE signals overlapped with LBPA (∼15%) and LAMP1 (∼20%). In addition, between 0.5 h and 4 h, the level
of co-localization decreased for LBPA but remained high and showed a slight overall increase for LAMP1 (Figure 4b,c). These
results indicate that RBCEVs rapidly accumulated in late endosomes and lysosomes and progressively moved to the latter within
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F IGURE  Uptake of RBCEVs by macrophages is mediated by phosphatidylserine. (a) Schematic of the experimental strategy and flow cytometry
analysis data showing RBCEV uptake by PBMC-derived macrophages after pre-incubation with phosphatidylserine liposomes (PS-lipo) or
phosphatidylcholine liposomes (PC-lipo) at different concentrations for 30 min. The cells were then incubated with CFSE-labelled RBCEVs for 2 h. (b)
Schematic of the experimental strategy and data from nanoparticle flow cytometry analysis showing Annexin V staining of phosphatidylserine (PS) on the
surface of RBCEVs. CFSE-labelled RBCEVs were treated with methyl-α-cyclodextrin and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) to reduce the
expression of PS on their outer leaflet membrane (PS-reduced). L-α-phosphatidylserine was added to the PS-reduced EVs to restore PS expression
(PS-restored). Untreated RBCEVs and modified RBCEVs were stained with Annexin V for PS detection. The upper row of contour plots shows the controls

(Continues)
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F IGURE  (Continued)
and gating strategy for the CFSE-positive population. Subsequently, Annexin V signals were gated based on the CFSE-positive particles (n = 4). (c) Flow
cytometry analysis of CFSE signals indicating the uptake of RBCEVs treated as described in (b) by macrophages. After PS removal or PS restoration, RBCEVs
were incubated with macrophages for 2 h (n = 8). All the bar graphs represent the mean ± SD. Student’s two-tailed t-test (b,c), **p < 0.01, *p < 0.05, ns: not
significant (p > 0.05). a.u.: arbitrary unit.

2–4 h. Furthermore, live-cell imaging ofmacrophages stainedwith LysoTracker Deep Red revealed high accumulation of RBCEV
signals in the acidic compartments 6 h after RBCEV addition, which again shows RBCEV trafficking to the late endosomes and
lysosomes over time (Figure 4d and Video S2).

The localization of RBCEV staining in late endosomes and lysosomes suggests that RBCEV-related proteinsmight be degraded
by lysosomal proteases. We therefore tracked the degradation rate of haemoglobin (the most abundant protein in RBCEVs), in
RBCEV-treated macrophages at different time points using immunofluorescence staining. Again, macrophages were incubated
with RBCEVs at four different time points: 0.5, 2, 4, and 24 h. Specifically, for the 4 and 24-h time points, all RBCEVs were
removed from the medium after 2 h of incubation. This was done to monitor the degradation of haemoglobin. Our data showed
that as early as 2 h after removing the RBCEVs (corresponding to the 4-h time point), most of the haemoglobin had been
degraded, and no haemoglobin immunofluorescence could be observed (Figure 4e). In agreement with this finding, we found
that the haemoglobin α subunit was not detectable by Western blotting from the 4-h time point onwards (Figure 4f). Together,
these results suggest that after endocytosis by macrophages, RBCEVs and their haemoglobin contents are rapidly broken down
within 2 h.

. RBCEVs induce PBMC-derived macrophages into an Mheme-like phenotype and reduce
their CD expression

To investigate whether RBCEVs might impact heme metabolism in macrophages, we added RBCEVs to CD14+ cells isolated
from human PBMCs during their differentiation into macrophages (via treatment with macrophage colony stimulating factor
(M-CSF)) and quantified the expression of the heme metabolizing enzyme HO-1. We found that treatment with 80 ng/μL or
160 ng/μL RBCEVs significantly upregulated the expression of HO- mRNA in differentiating macrophages when compared
with the negative control (M-CSF treatment only). Among other genes associated with heme metabolism, the expression of the
cholesterol efflux transporter ABCG also increased in the RBCEV-treated group (Figure 5a). This increase in the expression
of HO- and ABCG resembles the Mheme phenotype of macrophages found in atherosclerosis lesions, which exhibit athero-
protective properties (Boyle et al., 2009). It is worth noting that the expression of another cholesterol efflux transporter gene,
ABCA, showed a slight but statistically insignificant increase in the RBCEV-treated groups. Interestingly, RBCEV treatment did
not provoke changes in the expression of genes encoding inflammatory cytokines (Figure 5a). Primary murine macrophages
derived from the bone marrow likewise showed a significant upregulation of Ho-mRNA following treatment with RBCEVs in
vitro (Figure S4a).
Based on surface marker expression, we found that macrophages treated with RBCEVs (and M-CSF) more closely resembled

macrophages stimulated with IL4 and IL10 thanmacrophages stimulated with LPS and IFN-γ (Figure 5b). Indeed, the expression
of CD80, a marker associated with classically activated macrophages, was low in RBCEV-inducedmacrophages. We also found a
significantly lower level of CD86 expression in both RBCEV-inducedmacrophages and in macrophages stimulated with IL4 and
IL10 when compared with that in unstimulated macrophages. The CD86 level in RBCEV-induced macrophages was also lower
than that in macrophages stimulated with LPS and IFN-γ, although this difference was not statistically significant (p = 0.057)
(Figure 5b). The levels of CD163 and CD206 are of interest as their elevation has previously been observed in macrophages
displaying the atheroprotective Mheme phenotype following exposure to haemoglobin within hemorrhaging plaques (Boyle
et al., 2009; Finn et al., 2012).We found that CD163 was the highest inmacrophages stimulated with IL4 and IL10 and significantly
increased in RBCEV-treated macrophages compared to macrophages with either LPS and IFN-γ stimulation or no stimulation.
CD206, in contrast, was only increased in macrophages stimulated with IL4 and IL10 and was not significantly different among
the other groups (Figure 5b).

We further investigated whether RBCEVs could attenuate inflammation by challenging RBCEV-treated macrophages with
LPS. Remarkably, monocyte-derived macrophages primed with RBCEVs prior to LPS stimulation showed reduced TNF-α in
their supernatant, suggesting RBCEVs are capable of attenuating excessive inflammatory signals in macrophages in response to
LPS stimuli (Figure 5c).
In primarymurinemacrophages derived from the bonemarrow, a reduction inTnfamRNA expression was similarly observed

in the RBCEV-treated group following LPS stimulation, along with an increase in anti-inflammatory cytokine Il, thus further
demonstrating the anti-inflammatory effect of RBCEVs (Figure S4b).We administered RBCEVs (50mg per kg body weight) into
C57BL/6 mice via tail vein injection and sorted out F4/80+ cells from their livers for analysis of macrophage surface markers by
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 of  PHAM et al.

F IGURE  Uptake of RBCEVs by macrophages is an active process, mainly mediated by endocytosis. (a) Flow cytometry analysis of CFSE indicating the
uptake of CFSE-labelled RBCEVs by macrophages after 2 h of incubation at 4◦C or 37◦C. (b) Flow cytometry analysis of CFSE indicating the uptake of
RBCEVs by macrophages in a time- and concentration-dependent manner. Macrophages were incubated for 2 h with different amounts of EVs (left) or
incubated with 20 μg CFSE-labelled RBCEVs for different durations of time (right). (c) Schematic showing the different routes of endocytosis and the
corresponding inhibitors. Cytochalasin D disrupts actin filaments and thus affects all routes of endocytosis including phagocytosis. Filipin blocks lipid raft and
caveolin-mediated endocytosis; EIPA inhibits macropinocytosis, and wortmannin blocks phagocytosis. (d) Flow cytometry analysis indicating the uptake of
CFSE-labelled RBCEVs by macrophages after treatment with cytochalasin D, EIPA, wortmannin, or filipin. The cells were untreated (control) or treated with
DMSO (solvent control) or with different concentrations of each inhibitor for 1 h, followed by incubation with 20 μg of CFSE-labelled EVs for 1 h, after which
they were subjected to flow cytometry analysis. (e) Representative images from live-cell imaging of CellMask Deep Red-stained macrophages incubated with
CFSE-labelled RBCEVs. The frames presented were taken between 30 and 60 min following RBCEV addition. Different colored arrows indicate the positions
of different RBCEVs over time. Scale bars, 10 μm. a.u.: arbitrary unit.
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PHAM et al.  of 

F IGURE  RBCEVs accummulate in late endosomes and lysosomes. (a) Schematic illustrating the experimental protocol used to observe the
intracellular trafficking of RBCEVs in macrophages. (b) Confocal images of macrophages after a 2-h exposure to CFSE-labelled RBCEVs (Green). The cells
were co-labelled with antibodies against early endosomes (EEA), late endosomes (LBPA), or late endosome-lysosomes (LAMP1) (Red), and the nuclei were
counterstained with Hoechst 33342 (Cyan). Scale bar, 20 μm. (c) Percentage of CFSE signals overlapping with the various endosomal markers over time.
Images were analyzed using ImageJ. (d) Representative images from live-cell imaging of macrophages stained with Lysotracker Deep Red (indicates acidic
compartments) and incubated with CFSE-labelled RBCEVs. The frames presented were taken ∼6 h after RBCEV addition. The white arrows indicate the
position of a RBCEV-containing endosomal vesicle over time. (e) Confocal images and quantification of the localization of haemoglobin in macrophages at
different time points after a 0.5-h or 2-h exposure to CFSE-labelled RBCEVs. The cells were immunolabelled with an antibody against α-haemoglobin (HBA)
(Red) and the nuclei were counterstained with Hoechst 33342 (Cyan). Scale bar, 10 μm. (f)Western blot and quantification of HBA protein levels in
macrophages at different time points after a 2-h exposure to RBCEVs. All the graphs represent the mean ± SD. a.u: arbitrary unit.

 20013078, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jev2.12354, W

iley O
nline L

ibrary on [31/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  PHAM et al.

F IGURE  RBCEVs induce an Mheme-like phenotype in macrophages. (a) Schematic of the experimental strategy used and data acquired from a qPCR
analysis of the relative mRNA expression levels (normalized to GAPDH) of HO-, ABCA, ABCG, IL, ILB, and TNFA in macrophages differentiated from
CD14+ PBMCs. Three groups of cells were analyzed: an untreated control group and two groups treated with different RBCEV concentrations (80 and
160 ng/μL) for 7 d (n = 4). (b) Flow cytometry analysis of macrophage markers associated with LPS and IFN-γ stimulation (CD80 and CD68) and macrophage
markers associated with IL4 and IL10 stimulation (CD163 and CD206). All markers were gated from CD11b+ cells. Macrophages were differentiated in M-CSF
(M0) and incubated with 160 ng/μL RBCEVs for 7 d (RBCEV-M0). RBCEV-treated macrophages were compared with macrophages activated by LPS and
IFN-γ for 1 d or by IL4 and IL10 for 2 d (n = 3). (c) ELISA quantification of the pro-inflammatory cytokine TNF-α in the supernatant of macrophages treated
with RBCEVs and challenged with LPS or medium only for 24 h (n = 6). Student’s two-tailed t-test, *p < 0.05, ns: not significant (p > 0.05). (d) Schematic of
the experimental strategy used for qPCR and flow cytometry analysis of RBCEV- and RBCEV ghost-induced macrophages. Macrophages were differentiated in
M-CSF (M0) and incubated with RBCEV ghosts or RBCEVs (in similar concentrations, equivalent to 160 ng/μL RBCEVs) for 7 d. (e) Quantification of
haemoglobin content in RBCEV ghosts relative to RBCEVs using Nanodrop. (f) qPCR analysis of the relative mRNA levels (normalized to GAPDH) of ABCA,
and ABCG, and HO- in different groups of macrophages as outlined in (d) (n = 6). Two-way ANOVA test followed by Dunnett test (a) or Tukey test (f),
One-way ANOVA test followed by Tukey test (b), ****p < 0.0001, **p < 0.01, *p < 0.05, ns#: p = 0.057, ns: not significant (p > 0.05). All bar graphs represent
mean ± SD. a.u.: arbitrary unit.
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PHAM et al.  of 

flow cytometry. Interestingly, we found an upregulation of not only CD163 and CD206 but also CD80 in cells from the RBCEV-
treated group, possibly due to the recognition of the human-origin RBCEVs by the mouse immune system (Figure S4c,d).
It is likely that the haemoglobin delivered by RBCEVs is responsible for inducing the HO-1 pathway that we observed. To

test this hypothesis, we depleted haemoglobin from RBCEVs and examined the effects of these RBCEVs on CD14+ PBMC
derived macrophages. The haemoglobin depletion process involved freezing and thawing RBCEVs in water for five rounds,
resulting in RBCEV membranes with reduced haemoglobin (RBCEV ghosts) (Figure 5d). The RBCEV ghosts appeared as rup-
tured, cup-shaped particles and membrane fragments under transmission electron microscopy, in contrast with the intact,
spherical morphology of the RBCEVs (Figure S1a). The RBCEV ghosts however showed a similar size distribution to that of
normal RBCEVs (Figure S1b). The membrane protein BAND 3 was also preserved in RBCEV ghosts, but the intraluminal
proteins GAPDH and haemoglobin α-chains were not detectable using Western blotting (Figure S1g). Quantification of the
haemoglobin content using Nanodrop further showed an 80% reduction in haemoglobin from normal RBCEVs to the RBCEV
ghosts (Figure 5e).

The same numbers of intact RBCEVs or RBCEV ghosts (equivalent to 160 ng/μL) were incubated with human CD14+ PBMCs
during their differentiation intomacrophages. After 7 days, the expression ofMheme-associated genes andmacrophage polariza-
tion surface markers was analyzed. Our qPCR data showed that when macrophages were treated with RBCEV ghosts, there was
a significant reduction in the level ofHO-mRNA, when compared with cells treated with intact RBCEVs (Figure 5f). Similarly,
the level of ABCG mRNA was also lower in RBCEV ghost-treated macrophages, although the extent of the reduction was not
statistically significant. Regarding macrophage surface markers, CD86 expression was similarly downregulated on macrophages
from both RBCEV-treated and RBCEV ghost-treated groups (Figure S5). Overall, haemoglobin appears to be a critical compo-
nent that induces some of the phenotypic changes in the macrophages via the HO-1 pathway, while other changes such as the
decrease in CD86 expression might have been caused by other RBCEV components.

. Upregulation of HO- by RBCEVs is mediated by the heme transporter HRG

From previous studies conducted on RBCs, it is known that once haemoglobin is degraded in late endosomes and lysosomes,
the heme component is released and transported across the endosomal membrane to the cytosol by the heme transporter HRG1
(White et al., 2013). Heme in the cytosol binds to its targets and induces changes associated with theMheme phenotype, including
the upregulation of HO- (Boyle et al., 2009). To test whether this is the case with our RBCEV-induced macrophages, we per-
formed a knockdown ofHRG using ASOs.We designed and validated anHRG-targeting ASO, which reduced the expression of
the mRNA after 48 h and the protein after 72 h (Figure 6a,b). Interestingly, following transfection with either the HRG ASO or
a negative control ASO (NC ASO), incubation with RBCEVs for 24 h increased the expression ofHRGmRNA when compared
with the same experiment without RBCEVs, suggesting that RBCEVs upregulated endogenous HRG expression (Figure 6a).
Nonetheless, even with the addition of RBCEVs, the HRG ASO still exhibited high mRNA knockdown efficiency (Figure 6a).
More importantly, the expression of HO- in RBCEV-treated cells was markedly reduced following transfection with the HRG
ASO when compared with the NC ASO (Figure 6c). These data support our hypothesis that the release of heme from endolyso-
somes via HRG1mediates the differentiation of macrophages into a distinct phenotype, with an upregulation in HO-1 expression
similar to Mheme macrophages.
To better understand the involvement of HRG1 in mediating the effects of RBCEVs, we analyzed changes in the cellular dis-

tribution of HRG1 after macrophages were incubated with RBCEVs for 2 h. Notably, RBCEV treatment resulted in an increased
number of HRG1 clusters per cell (Figure 6d,e). The HRG1 signal intensity per cell was also higher, possibly because the physical
clustering ofHRG1 producedmore concentrated signals that weremore distinguishable from the background noise (Figure 6d-f).
Furthermore, a higher percentage of HRG1 signals appeared to overlap with LAMP1 signals in RBCEV-treated cells when com-
pared with untreated controls. Intensity profiles revealed areas where CFSE signals (indicating RBCEVs) and LAMP1 signals
(indicating lysosomes) co-localized with the HRG1 signals (Figure 6g-i). Together, these results support the idea that incubation
with RBCEVs prompts HRG1 to cluster in macrophages and become distributed more to the lysosomes. This mechanism likely
contributes to the functional export of RBCEV-derived heme via the HRG1 transporter from endo-lysosomes to the cytosol.

. RBCEVs reduce foam cell formation in macrophages

We next investigated if macrophages treated with RBCEVs might be prevented from forming foam cells, similar to macrophages
treated with Hp-Hb. This was achieved by comparing the level of Oil Red O (ORO) staining as an indicator of intracellular lipid
droplets, which aremore abundant in foam cells observed in atherosclerosis. As expected, substantial levels of ORO staining were
observed in macrophages challenged with oxLDL, whereas Hp-Hb treatment markedly reduced the amount of ORO staining
(Figure 7a,b). RBCEV-primed macrophages also showed significantly lower levels of ORO staining, suggesting that RBCEVs
protect macrophages against foam cell formation and thus potentially atherosclerosis (Figure 7b).
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 of  PHAM et al.

F IGURE  HRG1 mediates the upregulation of HO-1 by RBCEV treatment. (a) qPCR analysis of the relativeHRGmRNA levels (normalized to GAPDH)
in macrophages transfected withHRG ASO for 48 h and either untreated or else treated with RBCEVs for the last 24 h (n = 4). (b)Western blot analysis of
HRG1 protein in macrophages transfected withHRG ASO for 72 h (n = 3). (c) qPCR analysis of the relative HO-mRNA levels (normalized to GAPDH) in
macrophages transfected withHRG ASO for 48 h and either untreated or else treated with RBCEVs for the last 24 h (n = 4). (d) Confocal images of
macrophages after a 2-h exposure to RBCEVs. The cells were immunolabelled with antibodies against the RBCEV marker BAND 3 (Green) and HRG1
(Magenta). The nuclei were then counterstained with Hoechst 33342 (Cyan). The white arrows indicate HRG1 clusters. Scale bar, 10 μm. (e,f) Quantification of
the of HRG1 clusters (e) and HRG1 signals (f) per cell from images as shown in (d) (n = 12 for ‘Untreated, n = 24 for ‘RBCEVs’). (g) Confocal images of
macrophages after a 2-h exposure to CFSE-labelled RBCEVs and analysis of co-localization between CFSE (Green), HRG1 (Magenta), and LAMP1 (Red)
signals. The cells were double immunolabelled with antibodies against LAMP1 and HRG1 and the nuclei were counterstained with Hoechst 33342 (Cyan). Scale
bar, 10 μm. (h)Mander’s overlap coefficient analysis of HRG1 signals and LAMP1 signals from images as shown in (g) (n = 17 for ‘Untreated’, n = 31 for
‘RBCEVs’). Each data point corresponds to one cell in (e,f,h). (i) Representative signal intensity profiles of CFSE, LAMP1 and HRG1 (middle panels) obtained
along the solid white line in the merged images (left panels), and Mander’s overlap coefficient analysis of CFSE-LAMP1 double positive signals and HRG1
signals (right panel). Images were analyzed with ImageJ. Student’s two-tailed t-test (a,b,c,e,f,h), ***p < 0.001, **p < 0.01, *p < 0.05. a.u.: arbitrary unit.
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PHAM et al.  of 

F IGURE  RBCEVs prevent macrophage foam cell formation. (a) Representative images of unstimulated macrophages (M0) stained with Oil Red O
(ORO) indicating foam cell formation. Monocyte-derived macrophages were either untreated or else treated with RBCEVs or haptoglobin-haemoglobin
(Hp-Hb) complexes for 7 d, followed by incubation with human oxidized low-density lipoprotein (oxLDL) or medium alone for 24 h. (b) Quantification of
ORO staining in the treatment groups described in (a), presented as the relative fold change in ORO intensity in derived macrophages from 3 to 4 donors,
normalized to the control group (n = 15–20). (c) Representative images of ORO staining of macrophages activated with LPS and IFN-γ. Monocyte-derived
macrophages were incubated with RBCEVs for 7 d, followed by incubation with 0.5 mM EDTA for 24 h. The cells were then washed and incubated with LPS
and human oxLDL for 24 h. (d) Quantification of ORO staining in the treatment groups described in (c), presented as the relative fold change in the ORO
intensity of macrophages from 4 donors, normalized to the control group (n = 20). (e) Flow cytometry analysis of DiI-labelled oxLDL (DiI-oxLDL) uptake by
macrophages following different treatments. Monocyte-derived macrophages were incubated in culture medium only, with RBCEVs, or with RBCEV ghosts
for 7 d, followed by incubation with 10 μg/mL DiI-oxLDL for 24 h. (f) Schematic illustrating the design of the arterial wall-on-a-chip model. The device
consisted of an endothelial cell (EC) layer with medium; a subendothelial extracellular matrix (ECM) layer in collagen; a macrophage layer in collagen, and a
layer of medium to sustain the macrophages. (g) Immunofluorescence images of the co-culture of ECs and macrophages in the arterial wall chip. Images were
taken with 4× (whole chip-four layers) and 20× objective lens (macrophage layers), respectively. The cells were stimulated with DiI-oxLDL (Red) for 24 h. The

(Continues)
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 of  PHAM et al.

F IGURE  (Continued)
nuclei were stained with Hoechst 33342 (Cyan). (h) Quantification of DiI-oxLDL uptake by macrophages as shown in (f). The area containing cells exhibiting
DiI-oxLDL fluorescence was determined for macrophages from 3 donors on 4–5 chips represented by 4–5 data points. The data are presented as the relative
fold change compared with the untreated group. All the images were analyzed with ImageJ. Each data point in (b,d) represents an image field (20×) from 3–4
biological replicates. All the bar graphs represent the mean ± SD. One-way ANOVA test followed by Tukey test (b,d), ****p < 0.0001, ***p < 0.001, **p < 0.01.
Student’s two-tailed t-test (e,h), ****p < 0.0001, **p < 0.01, ns: not significant (p > 0.05).

Classically activated macrophages play a crucial role in atherosclerosis progression (Yang et al., 2020), which prompted us
to investigate whether RBCEVs might mitigate foam cell formation in such cells. Therefore, the ORO staining experiment was
again performed, this time on macrophages activated with LPS and IFN-γ. We found that there was a significant reduction in
foam cell formation in the RBCEV-treated group (Figure 7c,d). As RBCEVs also deliver iron into the cells, we analyzed pathways
associated with intracellular iron processing. In RBCEV-treated macrophages, we indeed observed an increase in the protein-
level expression of the ferritin heavy chain and in the mRNA-level expression of FTL and FTH, which encode the ferritin
light and heavy chains, respectively, although the increase in FTH mRNA was not statistically significant (p = 0.056) (Figure
S6a,b). We observed as well slight, non-significant increase in iron concentration in the culture medium (Figure S6c). Given
that an accumulation of iron might prevent the protective effects of RBCEVs against atherosclerosis (Guo et al., 2017, 2018), we
co-treated LPS and IFN-γ-activated macrophages with RBCEVs and the metal ion chelator EDTA. Our data showed that this
co-treatment produced the lowest level of ORO-positive cells among all the treatment groups (Figure 7c,d).
To understand how the RBCEV treatment prevented foam cell formation, we also compared the uptake of oxLDL between

untreated cells and cells treated with RBCEVs. We found that treatment with RBCEVs strongly reduced DiI-oxLDL uptake
by macrophages (Figure 7e). Interestingly, RBCEV ghosts could also reduce this uptake but to a significantly smaller extent
compared to intact RBCEVs (Figure 7e), indicating that haemoglobin played an important role in this process. However, since
the process of generating RBCEV ghosts caused the depletion of not only haemoglobin but also other intraluminal components
(Figure S4b) and possibly induced other changes, we do not exclude the possibility that such changes could have contributed to
the observation made here.
Moreover, for a better evaluation of the atheroprotective effect of RBCEVs onmacrophages, we utilized a microfluidic ’arterial

wall-on-a-chip’ model to mimic the intima-media structure of the arterial wall (Su et al., 2021). In brief, a co-culture comprising
an endothelial cell (EC) layer, a subendothelial extracellularmatrix (ECM) layer, and amacrophage layer was assembled on organ
chips (Figure 7f). The macrophages in one group were derived from monocytes differentiated in the presence of RBCEVs for 7
days, whereas the other group did not undergo any RBCEV treatment. As expected, following stimulation with DiI-conjugated
oxLDL, macrophages in the RBCEV-treated group exhibited reduced foam cell formation, as demonstrated by a significant
decrease in the uptake of the fluorescent oxLDL, when compared with the control (Figure 7g-h). We were thus able to confirm
the protective effect of RBCEVs in atherosclerosis using the micro-engineered chip mimicking the arterial wall as a model.
We also tested the involvement ofHO-1 in themodulation of lipid uptake by knocking downHO-using anASO.We confirmed

that the protein expression of HO-1 was reduced 48 h after the ASO transfection (Figure S7a). We observed that in the group
transfected with the HO- ASO, RBCEV treatment produced a smaller reduction in DiI-oxLDL uptake compared to the group
transfected with an NC ASO (Figure S7b). These results suggest a mechanism for reducing lipid uptake which involves the
modulation of the HO-1 pathway by RBCEVs, and likely by the haemoglobin in the RBCEVs in particular. On the other hand,
we did not find significant differences in the level of cholesterol efflux between the untreated and RBCEV-treated groups (Figure
S7c). Together, our data indicate that the reduction in foam cell formation resulted primarily from a decrease in uptake of lipids
by macrophages rather than alteration in cholesterol efflux.

. RBCEVs reduce atherosclerotic lesions in ApoE knockout mice on a high-fat diet

Having observed the reduction of foam cell formation in vitro, we went on to apply the RBCEV treatment to atherosclerosis
mouse models. ApoE knockout (ApoE -/-) mice on a high-fat diet received RBCEVs administered via tail vein injection at the
dose of 50 mg/kg twice a week. After 8 weeks, the entire aorta was collected and stained with ORO to assess the total lesion
formation (Figure 8a). Mice treated with RBCEVs showed a reduction in total aortic lesions (Figure 8b,c). In detail, the amount
of atherosclerotic plaques, represented by the white spots, in the aortic arch decreased in RBCEV-treated mice (Figure 8b).
Quantification of the lesions by staining the entire aorta with ORO revealed a decrease in the total percentage of plaque area
(Figure 8c). Encouragingly, the body weight of the mice remained similar between the control and treated groups, suggesting
that the RBCEV treatment was not toxic (Figure S8a). Hence, our data from the macrophage monoculture, organ-on-a-chip
model, and animal model collectively demonstrate the preventive effect of RBCEVs on foam cell formation and atherosclerosis.
To determine if RBCEVs are distributed to the plaque area, RBCEVs were stained with the DiR dye. Similar concentrations

of free DiR were used as a control group, and staining and washing procedures were performed on both the DiR-labelled EV
samples and the control samples. RBCEVs and control dyes were administered via tail vein injection at 50 mg/kg. After 12 h, the
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PHAM et al.  of 

F IGURE  RBCEVs prevent atherosclerosis in a high-fat diet ApoE knockout mouse model. (a) Schematic illustrating the experimental setup to test the
effect of RBCEVs on atherosclerosis using a high-fat diet ApoE knockout (ApoE -/-) mouse model. The treated group was injected with 50 mg/kg RBCEVs in
100 μL of PBS, while the control group was injected with the same volume of PBS only. i.v.: intravenous injection. (b) Aortic arches of mice after the course of
the 8-week treatment described in (a). White spots and streaks on the inner wall of the aorta are atherosclerotic plaques where cholesterol and various
substances build up, forming atheromas. Normal healthy areas possess a transparent and smooth pink texture. (c) Representative image of the aortas from the
RBCEV-treated group and control group stained with Oil Red O (ORO) and quantification data of the total lesion, measured as the ORO-positive area per total
area of the aortic wall (n = 4 mice per group). (d) Experimental scheme for the study of RBCEV biodistribution in ApoE-/- mice after 8 weeks on a high-fat
diet using RBCEVs labelled with DiR dye (DiR-RBCEVs). (e) Representative images of the aorta from mice injected with either DiR-RBCEVs or the DiR dye
control and quantification of the DiR signal in the aorta of the two groups. Both the DiR dye solution and DiR-RBCEVs were washed with PBS using several
rounds of centrifugation before being injected into the mice. Images were acquired using IVIS (n = 3–4 mice). (f) Immunofluorescence images of aortic roots
from mice treated as described in (a). Aortic root sections were stained with antibodies against mouse HO-1 (Green) and the mouse macrophage marker CD68
(Magenta). Nuclei were stained with Hoechst 33342 (Blue). (g) Quantification of HO-1 signals in the plaque area of aortic root sections from (f). Pools of 30–36
aortic root sections from 3 different mice in each treatment group were analysed. Student’s two-tailed t-test (c, g), *p < 0.05.

aortas were collected and analyzed using the IVIS® Spectrum In Vivo Imaging System (Figure 8d). The analysis revealed that
although the vast majority of RBCEVs ended up in the liver as expected (Figure S8b), there was a clear signal corresponding to
DiR-labelled EVs in the plaque area (Figure 8e).
We further investigated the expression of HO-1 in the aortic roots by co-staining with antibodies against HO-1 as well as the

mouse macrophage marker CD68. At least ten sections from different areas of the aortic roots of mice in each treatment group
were stained and quantified (see ’Materials andmethods’ section).We observed tissue areas double-positive for HO-1 and CD68,
indicating the expression ofHO-1 inmacrophages within the aortic roots (Figure 8f). Importantly, we found that the overall HO-1
expression levels increased in mice treated with RBCEVs compared with the control group (Figure 8g). Overall, our data in the
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 of  PHAM et al.

ApoE -/- mouse model revealed the ability of RBCEVs to reduce atherosclerotic lesions and confirmed a concomitant increase
in HO-1 expression in macrophages residing in the aortic root.

 DISCUSSION

It is well-documented that following intravenous injections in mice, various types of EVs, including RBCEVs, accumulate in the
liver and spleen—organs with large populations of macrophages.1,5,20 Understanding this phenomenon in detail, including the
molecules and pathways involved, is key to developing EV platforms for therapeutic delivery of both endogenous and exogenous
cargos. Here, we demonstrated that macrophages differentiated in vitro from human monocytes could take up RBCEVs very
efficiently. We also provide the first estimation of the number of RBCEVs (i.e., mean± SD=∼2,221± 212.3) taken up by a single
macrophage after a 2-h incubation with 80 ng/μL RBCEVs. Such estimations are useful for comparing the extent of RBCEV
uptake among different cell types and determining the quantity of any given cargo that is taken up by macrophages via RBCEVs,
both of which are highly informative in pharmacological studies of RBCEV-mediated therapeutic delivery.
We also found that RBCEVs entered macrophages mainly via active endocytosis, a process that could be blocked by low

temperatures or by disrupting actin polymerization with cytochalasin D. The extent of uptake was also dependent on the EV
concentration and duration of exposure. Our observations are consistent with those from previous studies, which reported the
critical role of endocytosis and actin remodeling in the cellular internalization of various types of EVs (Costa Heusermann
et al., 2016; Verdera et al., 2017). We also showed, via the use of specific inhibitors, that among the various different endocytosis
pathways, macropinocytosis and phagocytosis were likely to be major routes of RBCEV entry; meanwhile, blocking lipid rafts
with filipin failed to inhibit RBCEV uptake.
The potential role of EV entry via direct fusion with the plasmamembrane is a particularly contested question. Several studies

have reported the ability of EV membranes to fuse with cellular lipid bilayers, resulting in a hybrid membrane and mixing of
contents, but this typically requires a low pH, such as that in lysosomes (Joshi et al., 2020; Parolini et al., 2009). Here, we provide
supportive evidence indicating that direct fusion of RBCEVs with macrophages might be possible, because the amount of GPA
staining on the surface ofmacrophages increased after incubationwith RBCEVs at 37◦C (but not at 4◦C). However, macrophage-
RBCEV fusion events are likely rare, and active endocytic processes remain the major mode of EV uptake.
We also probed the molecular interactions occurring at the cell-EV interface that are responsible for initiating EV engulfment.

Several studies indicate the recognition of exposed PS on EVs from various sources by scavenger receptors onmouse and human
macrophages, via a process similar to the recognition and phagocytic clearance of apoptotic cells (Buzás et al., 2018; Mulcahy
et al., 2014). With regards to RBCEVs specifically, Zhang et al. demonstrated that the accumulation of EVs in the mouse liver
is macrophage-dependent and appears to be mediated by the complement protein C1q (G. Zhang et al., 2020). Here, we found
that by blocking PS receptors on macrophages with PS liposomes, the uptake of RBCEVs was considerably reduced. Similarly,
RBCEV uptake was significantly inhibited when their endogenous PS levels were reduced, whereas uptake increased when the
RBCEVs’ PS levels were restored. It would be of interest for future works to pinpoint precisely which of the PS receptors on
macrophages are responsible for RBCEV recognition and subsequent internalization.
Although the functional effects of EV-based cargo delivery have been reproducibly observed inmany studies (Bebelman et al.,

2018; Tkach & Théry, 2016; X. Zhang et al., 2021), the processes that take place between EV administration and their downstream
effects are not well-understood. Our data showed that, as early as 30 min after RBCEV entry into the cell, and up to at least the
4-h time point, RBCEV signals predominantly colocalized with the markers of late endosomes (LBPA) and lysosomes (LAMP1),
with minimal colocalization with the early endosome marker EEA. This suggests that RBCEVs undergo a trafficking pathway
involving late endosomes and lysosomes within macrophages. It is plausible that once haemoglobin is degraded in macrophages
(within 2 h after RBCEVs are removed from themedium, according to our data), heme is released from the endolysosomal system
into the cytosol via the HRG1 receptor, as is the case when senescent RBCs are processed by macrophages (White et al., 2013).
Importantly, we showed that ASO-mediated knockdown ofHRGmRNA suppressed the typical RBCEV-mediated upregulation
ofHO-. This, therefore, reveals the mechanism by which RBCEVs induce CD14+monocytes to differentiate into macrophages
with the phenotype we observed.
EVs are complex biological entities carrying numerous endogenous molecules, which can have a profound impact on the

effectiveness and safety of their applications. For EVs from RBCs, the most abundant natural protein cargo is haemoglobin. Our
data indicated that in vitro incubation of macrophages with RBCEVs stimulated them to adopt a phenotype that was somewhat
similar to that ofMhememacrophages andmacrophages stimulatedwith IL4 and IL10, but differed frommacrophages stimulated
with LPS and IFN-γ. With regards to the haemoglobin metabolic pathways, we observed increased expression of HO- (which
encodes the protein that degrades heme) andABCG (which encodes a cholesterol export channel protein). However, in the low-
dose (80 ng/μL) RBCEV treatment group, the increase inABCGwas not statistically significant. Importantly, RBCEV treatment
significantly reduced oxLDL uptake bymacrophages and thus allow themacrophages to become resistant to foam cell formation,
similar to Mheme macrophages. For LPS-activated macrophages in particular, co-treatment of RBCEVs and the metal chelator
EDTA further reduced the accumulation of oxLDL compared to when RBCEVs were applied alone. Together, our results indicate
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the highly promising potential of RBCEVs as natural therapeutic carriers of haemoglobin for atherosclerosis treatment and
suggest their plausible co-administration with iron chelators for improved efficacy. This potential is further supported by our in
vivo data, which showed that intravenously injected RBCEVs could reduce the presence of plaques along the aorta of ApoE -/-
mice on a high-fat diet.
We furthermore examined the mechanism behind the decreased oxLDL uptake observed and found that the effect is at least

partially mediated by the HO-1 pathway. This is consistent with existing literature which reports that macrophages from mice
withHO-1 deficiency aremore prone to accumulating lipids and forming foamcells when challengedwith oxLDL than those from
wildtypemice (Orozco et al., 2007). Of note, although herewe used the pre-oxidized formof LDL to test foam cell formation,HO-
1 could prevent foam cell formation and plaque development in the context of the actual disease by inhibiting LDL peroxidation.
This is due to the antioxidant properties of bilirubin, a product of the HO-1 pathway (Ishikawa et al., 2001; Stocker et al., 1987).
Even though Mheme macrophages are resistant to foam cell transformation and are in this way atheroprotective, evidence

has emerged suggesting that this macrophage phenotype may also contribute to plaque instability by promoting angiogenesis
and vascular permeability. Data from clinical studies identified a significant correlation between Mheme presence and plaque
progression, aswell as increasedmicro vascularity (Guo et al., 2018). This is attributed to the decreased retention of iron inMheme
macrophages, which activates theHIF1αmaster switch and subsequently upregulates VEGF, leading to elevated angiogenesis and
impaired endothelial integrity. Consequently, the plaques become unstable, inflamed, and prone to rupture (Guo et al., 2018). The
similarity between the RBCEV-induced and Mheme phenotypes suggests that RBCEVs might result in a similar phenomenon,
and so this might warrant additional efforts to manage the undesirable effects. We have previously shown that RBCEVs can
serve as robust delivery vehicles for RNA-based therapeutics, including siRNAs and ASOs, for efficient gene knockdown (Chen
et al., 2022; Peng et al., 2022; Usman et al., 2018). It might therefore be possible to load RBCEVs with siRNAs against VEGF or
its relevant downstream targets prior to administration to treat atherosclerosis. The successful implementation of this strategy
would allow RBCEVs to exert their protective effects onmacrophages via haemoglobin-mediated signalling without incidentally
disrupting the plaques.
Emerging studies are investigating how the natural anti-inflammatory effects of certain types of EVs might be exploited. For

example, EVs derived from human umbilical cord mesenchymal stem cells encapsulated in functional peptide hydrogels have
protective effects that can be used to treat cardiac injuries (Han et al., 2019). In addition, EVs derived from human adipose
mesenchymal stem cells are successful in inhibiting LPS-activated monocytes via the delivery of miR-132 and miR-146a (Heo &
Kim, 2022). Despite these anti-inflammatory benefits, the high cost associated with culturingmesenchymal stem cells as a source
of EVs greatly limits their use for any related therapy. Indeed, the expenses required for the long-term use of EVs, for example,
when managing chronic inflammation, are likely to be prohibitive. In contrast, RBCEVs are distinguished by their inexpensive
and efficient production from blood samples readily available in blood banks. Our data here suggests that RBCEVs have an
inherent capability to induce anti-inflammatory effects in macrophages. This is evidenced by the significant reduction in TNF-α
secreted by LPS-activatedmacrophages upon RBCEV treatment. Furthermore, RBCEVs did not induce themRNA expression of
the pro-inflammatory cytokines such as ILB and TNFA in non-activated macrophages. This, therefore, indicates the suitability
and safety of RBCEVs for managing inflammation.
The anti-inflammatory effects of RBCEVsmight be due to the presence of PS on the RBCEVplasmamembrane, alongwith one

of the byproducts of heme degradation. PS is known to have anti-inflammatory properties, as demonstrated by the PS-dependent
anti-inflammatory responses induced by apoptotic cells (Huynh et al., 2002). Incubation of macrophages with PS liposomes has
been shown to reduce the expression of TNF-α and the surface marker CD86, while stimulating the secretion of TGFβ and IL10
(Harel-Adar et al., 2011). These responses of macrophages to PS liposomes resemble what we observed when macrophages were
treatedwithRBCEVs. In addition,macrophages thatwere treatedwithRBCEVs showed a significant upregulation ofHO-, which
is well-known for activating anti-inflammatory pathways. The mechanistic basis of the anti-inflammatory activity of RBCEVs is
in part due to its catalytic product, carbon monoxide (CO), which is generated when heme is degraded. Indeed, it is known that
stimulating macrophages with CO or overexpressing HO- in these cells results in a significant reduction in TNF-α and IL-1β
secretion in an LPS-induced inflammatory model (Otterbein et al., 2000). Taken together, these lines of evidence suggest that
the therapeutic use of RBCEVs would benefit from the combined anti-inflammatory effects of PS and endogenous haemoglobin,
which induces the expression of HO- in macrophages. The prevention of inflammation mediated by macrophages might prove
to be a useful treatment for a variety of diseases, including atherosclerosis. For instance, it has been shown that the treatment
of macrophages with PS liposomes improves cardiac repair (Harel-Adar et al., 2011). In fact, shifting macrophages from a pro-
inflammatory to an anti-inflammatory phenotype has been reported previously as a strategy for treating diseases related to tissue
repair and regeneration (Mills, 2012). Research on therapeutic strategies which use EVs as natural anti-inflammatory agents
is hence paving the way for the development of promising methods for treating immune-related diseases, especially chronic
inflammation, which typically involves long-term treatment and carries the risk of side effects and complications associated with
conventional drugs.
Although our in vitro data on the effects of RBCEVs on macrophages is encouraging, translating these findings to in vivo

settings poses challenges, particularly in targeting RBCEVs to atherosclerotic sites. As shown by us and others, a signifi-
cant proportion of injected RBCEVs accumulate in the liver and spleen, resulting in rapid clearance from the circulation
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F IGURE  Schematic summarizing the effects of
RBCEVs on macrophages upon endocytosis and the
mechanism behind preventing oxLDL uptake mediated by the
haemoglobin—heme—HO-1 axis.

(Usman et al., 2018; G. Zhang et al., 2020). In the present study, we could observe some signal from intravenously injected DiR-
labelled RBCEVs in the aorta. This aortic distribution of RBCEVs could be attributed to the physical properties of the plaque,
such as its location at the aortic bifurcation and the presence of shear stress (Salzar et al., 1995; Zarins et al., 1983). Other possible
reasons are the high uptake of RBCEVs by macrophages, which tend to accumulate in the plaque area, and the increased neo-
vascular permeability within the plaque structure (Y. Zhang et al., 1993). Nonetheless, the great majority of injected RBCEVs
still accumulated in the liver. It is therefore likely that RBCEVs require further engineering to increase their circulation time
and/or improve their targeting capabilities. We have previously demonstrated the successful covalent conjugation of functional
nanobodies and peptides onto RBCEVs, enabling specific targeting of RBCEVs to EGFR-positive cancer cells (Pham et al., 2021).
Using some variation of the samemethod, it is possible to attach nanobodies or peptides that recognizemarkers of injured tissues
or oxidized lipids to the RBCEV surface, so that these vesicles preferentially target and accumulate at therapeutic concentrations
in the atherosclerotic lesions.
Overall, our study demonstrates robust endocytosis of RBCEVs by human monocyte-derived macrophages. Haemoglobin

from the RBCEVs is degraded within the late endosomes/lysosomes, releasing heme to the cytosol via the HRG1 transporter.
This results in the upregulation of HO-1, which was previously found to mediate atheroprotective effects. Indeed, we observed
reduced oxLDL uptake and foam cell formation both in vitro and in vivo following the RBCEV treatment. Additionally, this
RBCEV treatment induced anti-inflammatory properties in the macrophages, including reduced CD86 expression and lower
TNF-α production upon LPS stimulation. These findings are summarized in Figure 9. Coupled with the scalability of RBCEV
production and the capacity of the RBCEV platform for further engineering and drug loading, the results are indicative of a
novel strategy to suppress the progression of atherosclerosis. Further investigations into the effects of RBCEVs in animal models
of atherosclerosis will provide valuable insights to advance the development of this therapeutic platform.

 MATERIALS ANDMETHODS

. RBCEVs purification

Whole blood samples were obtained from healthy donors by Innovative Research Inc. The samples were shipped to Singapore
by iDNA (Singapore) and processed by Esco Aster (Singapore), following a protocol we described previously (Pham et al., 2021).
Briefly, the plasma was removed using centrifugation, and the RBCs were washed twice with PBS by centrifuging at 1000×g for 8
min to remove plasma proteins. Then, the leukocytes were removed using leukodepletion filters (Nigale, China). Washed RBCs
were diluted in PBS containing 0.1 mg/mL calcium chloride and 10 μM calcium ionophore (ab120287, Abcam,) and incubated
in a cell culture incubator, at 37◦C, with 5% CO2, under humidified conditions overnight, after which the cells were diluted
with PBS. The RBCs and cell debris were removed using sequential centrifugation at increasing speeds (Usman et al., 2018). The
supernatant containing RBCEVs was collected and filtered through a 0.45 μm filter membrane and then spun down at 50,000×g
for 1 h. RBCEVs pellets were further purified by ultracentrifugation with a 60% sucrose cushion at 50,000×g overnight. For
long-term storage, the RBCEVs were resuspended in PBS containing 4% trehalose, aliquoted, and stored at −80◦C.

. RBCEV ghost preparation

RBCEVs were resuspended in deionized water at a concentration of 1 mg/mL. They were then frozen at−20◦C and subsequently
thawed at room temperature. A total of 5 freeze-thaw cycles were conducted to achieve adequate depletion of the haemoglobin.
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The expelled haemoglobin was separated from the RBCEV membranes by washing using centrifugation at 21,000×g for 1 h in
PBS. The pellet containing these RBCEV ghosts was then resuspended in PBS and washed once by centrifuging at 21,000×g for
1 h.

. RBCEVs labelling

For CFSE labelling, RBCEVs (at 1 μg/μL) were incubated with PBS containing 20 μM CFSE (Thermofisher Scientific) for 3 h at
37◦C. Free CFSE was then removed by centrifugation at 21,000×g for 30 min. The RBCEV pellets were resuspended in PBS (at
0.5 μg RBCEVs/μL) and centrifuged at 21,000×g for 30 min. The pellets were then diluted in PBS (at 1 mg of RBCEVs/20 mL)
and left at 4◦C overnight to further elute any unbound dye. CFSE-labelled RBCEVs were concentrated again by centrifugation
at 21,000×g for 30 min.

For Acoerela labelling, RBCEVs (at 0.5 μg/μL) were incubated with 2 μM Aco-490, a kind gift from Prof. Bazan Guillermo
Carlos’s group (NationalUniversity of Singapore, Singapore), for 1 h at room temperature. After labelling, any free dyewaswashed
away by centrifugation at 21,000×g for 30 min. The labelled RBCEVs were washed three times with PBS (at 1 μg RBCEVs/μL),
followed by centrifugation. The supernatant of the final wash served as a flowthrough control.
For DiR labelling, RBCEVs (at 2 μg/μL) were incubated with 0.4 μMDiR (Thermofisher Scientific) at room temperature for 15

min. Free dye was washed by centrifugation at 21,000×g for 30 min, 18◦C. The RBCEV pellets were resuspended in prewarmed
PBS (in a 37◦Cwater bath, at 0.5 μg RBCEVs/μL) and centrifuged at 21,000×g for 30 min at 18◦C. The washing step was repeated
four times. A similar amount ofDiRwas used as the control andunderwent the same steps of staining andwashing asDiR-labelled
RBCEVs.

. Biodistribution study

Aco-490 labelled RBCEVs (25 mg/kg) were injected intravenously in 8-10-week old C57BL/6 mice (Invivos, Singapore). After
8 h, the mice were euthanized, and the liver, lungs, bones, and spleen were collected from each mouse and fixed in 10% formalin
overnight at 4◦C. The organs were then washed with PBS alone before being transferred first to PBS containing 15% sucrose and
subsequently into PBS containing 30% sucrose. The organs were transferred once they had sunk to the bottom of the container.
The tissues were then transferred to a small container, covered with optimal cutting temperature (OCT) compound and put
on dry ice. The frozen tissues were cut into 7 μm-thick sections and mounted on Superfrost slides. The slides were blocked
with blocking buffer (PBS containing 2% FBS) for 40 min and then incubated with blocking buffer containing mouse TruStain
(BioLegend, Cat #: 101319) at a dilution of 1:1000 for 5 min. Antibodies against mouse F4/80 (BioLegend, Cat #: 123105) or CD169
(BioLegend, Cat #: 142417) (1:500 dilution) were applied and the slides were incubated for 1 h at room temperature and then
washed with wash buffer (PBS containing 2% FBS). As the anti-mouse F4/80 antibody is biotinylated, after incubation with
this antibody, the slides were incubated with Streptavidin AlexaFluor 647 (ThermoFisher Scientific, Cat #: S32357) for 1 h at
room temperature and then washed with wash buffer. The nuclei were labelled with NucSpot488 diluted in PBS (Biotium, Cat
#: 40081) at 1:2000 dilution. The sections were then washed with PBS followed by water and then they were mounted under
coverslips using Vectashield antifade medium (Vector laboratories, Cat #: H-1000-10) and imaged using an Olympus FV3000
confocal microscope.
To study the biodistribution of RBCEVs in an atherosclerosis mouse model, ApoE -/- mice were put on a high-fat diet for

8 weeks. DiR-labelled RBCEVs were injected into the tail vein at the dose of 50 mg/kg. After 12 h, the aorta and organs were
collected and imaged using the IVIS® Spectrum In Vivo Imaging System (PerkinElmer).

. Isolation and differentiation of PBMCs

Apheresis cones containing blood from healthy donors were provided by the Health Sciences Authority in Singapore and pro-
cessed according to our protocol, which was approved by the Institutional Review Board at the National University of Singapore.
PBMCswere separated from the other blood components by centrifugation though a Ficoll-Paque PLUSdensity gradient (Cytiva)
at 700×g for 20 min with the centrifuge brakes off, followed by three rounds of washing with PBS followed by centrifugation,
each at 300×g for 8 min.

CD14+ monocytes were isolated from the PBMCs using a magnetic isolation kit (CD14 MicroBeads, Miltenyibiotec). These
cells were then cultured at a concentration of 105 cells per well in 24-well plates in RPMI supplemented with fetal bovine serum
(FBS; 10%), penicillin (100 IU/mL), streptomycin (100 μg/mL) and human M-CSF (20 ng/mL; BioLegend) to stimulate their
differentiation into macrophages. The cells were maintained with/without RBCEVs for 8 days. Various control phenotypes were
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also induced, as follows. The formation of polarized macrophages was induced by incubation for 1 day with either 20 ng/mL
IFN-γ (BioLegend) and 100 ng/mL LPS (Sigma-Aldrich) to induce classically activated macrophages, or 20 ng/mL IL4
(BioLegend) and 20 ng/mL IL10 (BioLegend) to induce alternatively activated macrophages. When analysing CD163 and
CD206 expression, the duration of the phenotype induction with IL4 and IL10 was extended to 2 days for optimal marker
expression.

. PS blocking assay

Macrophages were differentiated from CD14+ PBMCs in 20 ng/mL M-CSF for 7 days and incubated with Clipos™ natural PS
lipid liposomes (CD Bioparticles) (PS liposomes) or Clipos™ natural PC (CD Bioparticles) lipid liposomes (PC liposomes) at
different concentrations (i.e., 110 μM, 220 μM or 440 μM) for 30 min, after which 10 μg CFSE-labelled RBCEVs were added to
each well. The cells were incubated for 1 h and then they were washed, collected, and the CFSE signals were analyzed using flow
cytometry to measure the amount of RBCEV uptake.

. PS reduction and restoration

The PS removal and restoration protocol was based on a phospholipid exchange method mediated by methyl-α-cyclodextrin (Li
et al., 2016; Vahedi et al., 2020). For PS removal, RBCEVs (250 ng/μL) were incubated with 0.3 mM 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and Methyl-α-cyclodextrin (40 mM) (AraChem, Netherlands) for 45 min at 37◦C. The mixture was
then loaded on the op of 2 mL 20% sucrose and centrifuged at 21,000×g for 30 min to remove excessive lipids. The methyl-α-
cyclodextrin was washed from the RBCEVs with PBS by centrifugation for 30 min at 21,000×g.

PS restoration was conducted on PS-depleted EVs using the same procedure but instead of DSPC, 0.3 mM L-α-PS was used.

. Flow cytometry

Flow cytometry was applied to investigate surface markers of activated macrophages. Cells were washed with FACS buffer (PBS
with 2% FBS and 2mMEDTA) and then blockedwith humanTruStain FcX™ (BioLegend, SanDiego). They were then incubated
on ice with a fluorescent antibody against CD11b (FITC), CD80 (PE-Dazzel-594), CD86 (APC), CD206 (PE), or CD163 (APC)
before being washed with FACS buffer. Fluorescence was analyzed via flow cytometry with a Cytoflex LX (Beckman Coulter).
Flow cytometry was also applied to evaluate the uptake of RBCEVs bymacrophages. In brief, RBCEVs were stained with CFSE

prior to incubation with the cells. After incubation with the cells, the cells were harvested and washed with FACS buffer. The
fluorescence was then analysed using a BD LSR Fortessa cytometer (BD Biosciences).

. Nano flow cytometry

After PS depletion and restoration, CFSE-labelled RBCEVs (40 ng/μL) were stained with Annexin V-APC (BioLegend, Cat #:
640920, 1:250 dilution) in 100 μL of Annexin V binding buffer for 20 min at room temperature. The samples were washed using
centrifugation and resuspended in 200 μL of Annexin V binding buffer. Annexin V signals were analyzed by nanoparticle flow
cytometry with the Cytoflex LX. Particles were detected using violet side scatter and RBCEVs were gated on the CFSE-positive
population. Annexin V signals were then analyzed from this CFSE-positive population.

. Cell culture

THP1, HEK-293T (293T), HeLa, and NCI-H358 (H358) cells were purchased from the American Type Culture Collection
(ATCC). MCF10CA1a (CA1a) cells were purchased from the Karmanos Cancer Institute (Wayne State University).
All the cells were kept at 37◦C and 5% CO2 in a humidified incubator. The CA1a, 293T, HeLa, and H358 cells were main-

tained in DMEMHigh Glucose w/ L-Glutamine w/ Sodium Pyruvate (ThermoFisher Scientific). THP1 cells were maintained in
RPMI 1640. Both DMEM and RPMI were supplemented with 10% FBS, 1% Penicillin-Streptomycin, and 5 μg/mL Plasmocin™
prophylactic.
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. Antisense oligonucleotide transfection

TheHRG ASO,HO- ASO, and NC ASO were purchased from Integrated DNA Technologies (USA). The ASOs were modified
with a phosphorothioate backbone, and the first 4 and last 4 internal nucleotides were modified with 2′-OMe to enhance the
ASOs’ stability and knockdown efficiency.
After 4–5 days of differentiation, macrophages were transfected with the ASOs. For theHRG knockdown, a mixture of 0.7 μL

of ASO (100 μM):1 μL of Lipofectamine 3000 (Life Technologies) prepared in OptiMEM was added to the cells according to the
manufacturer’s protocol for a 24-well plate. RNAs were extracted 48 h after transfection to measure mRNA levels using qPCR.
RBCEVs were added 24 h prior to RNA extraction. Protein levels were quantified using Western blot 72 h after transfection. For
the HO- knockdown, a mixture of 1 μg of ASO:2 μL of PEI MAX (Polysciences) prepared in OptiMEM was added to the cells.
Protein levels were quantified using Western blot 48 h after transfection.

. RBCEV uptake assay

Macrophages were incubated with 20 μg of RBCEVs in 400 μL of culture medium for 2 h at 37◦C (or 4◦C, as a control for
RBCEV binding). The medium was aspirated, after which the cells were rinsed once with cold PBS and detached by incubation
with 0.25% Trypsin-EDTA (ThermoFisher Scientific) for 10 min at 37◦C. The cells were then washed twice with FACS buffer by
centrifugation at 300×g for 5 min at 4◦C before being analyzed by flow cytometry.

. Absolute quantification of RBCEV uptake

THP1, 293T, HeLa, H358 or CA1a cells were incubated with 500 μL of culture medium containing 40 μg of CFSE-EVs for 2 h at
37◦C (or 4◦C, for the binding control). For the adherent cells (i.e., 293T, HeLa, H358 and CA1a), the culture medium was aspi-
rated, the wells were rinsed once with PBS and the cells were detached by incubation with 0.25% Trypsin-EDTA (ThermoFisher
Scientific) for 10 min at 37◦C. As THP1 are cultured in suspension, these were collected and washed once with PBS containing
2% FBS by centrifugation for 5 min at 300×g at 4◦C before being similarly treated with 0.25% Trypsin-EDTA. All the cells were
then washed twice with PBS containing 2% FBS and counted using C-slides (NanoEntek, South Korea) and the Countess® II
FL automated cell counter (ThermoFisher Scientific). They were then aliquoted into a 96-well plate and topped up to a volume
of 200 μL per well with PBS containing 2% FBS and 2% Triton X-100 (Sigma-Aldrich). The CFSE fluorescence intensity was
measured at 482 nm excitation and 527 nm emission using a Tecan Spark 10 Mmicroplate reader (Tecan). The EVmass was cal-
culated from the CFSE fluorescence intensity using a standard curve constructed from a series of dilutions of known CFSE-EV
concentrations. The EVmass was then converted to EV number by multiplying by 1.32 × 109 (i.e., the mean number of RBCEVs
in 1 μg). The final data presented was derived by subtracting the values of the binding control group incubated at 4◦C from those
of the treatment group incubated at 37◦C.

. Immunofluorescence staining

Macrophages differentiated from PBMCs on cover slips were treated with RBCEVs and fixed at different timepoints with 10%
formalin. The cells were then washed with PBS containing 2% FBS prior to permeabilization with 0.1% Triton X-100. The cells
were then incubated with the appropriate primary antibody against markers for EEA, late endosomes, or lysosomes-late endo-
somes (i.e., EEA, LBPA and LAMP1, respectively), followed by incubation with the appropriate secondary antibody (AlexaFluor
488/594/647-conjugated mouse I) prior to imaging with the Olympus FV3000 confocal microscope (Olympus Corporation).
Primary antibodies used for immunofluorescent staining were anti-LAMP1 antibody (Abcam, Cat #: ab25630 or Cell Sig-
naling Technology, Cat #: 9091S), anti-EEA antibody (Cell Signalling Technology, Cat #: 2411S), anti-LBPA (Sigma-Aldrich,
Cat #: MABT837), anti-SLC48A1 (HRG1) (Thermofisher Scientific, Cat #: PA5-42191), and anti-human BAND 3 (Santa Cruz
Biotechnology, Cat #: sc-133190)

. Live-cell imaging

Macrophages were cultured in tissues culture-treated μ-plate 24Well (ibidi GmbH, Germany). On day 7, the cells were incubated
with CFSE-labelled RBCEVs and stained with CellMask Deep Red (ThermoFisher Scientific). Then, the plate was loaded on an
Olympus FV3000 confocal microscope (Olympus Corporation, Japan). 40 μg of CFSE-labelled RBCEVs were added into the
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wells, after which the cells were imaged every 8 seconds. In another set of experiments, the cells were then incubated with 40 μg
of CFSE-labelled RBCEVs for 6 h, after which the RBCEVs were removed, and the macrophages were stained with LysoTracker
Deep Red (ThermoFisher Scientific) for 10 min following the manufacturer’s protocol and imaged using the Olympus FV3000
confocal microscope (Olympus Corporation).

. Western blotting

RBCEV pellets or cell samples were lysed in RIPA buffer and incubated on ice for 10 min. 4× Laemmli buffer was added to the
lysate and the mixture was incubated at 95◦C for 5 min. The proteins in the RBCEV samples were separated via sodium dode-
cyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PDVF) membrane.
The membrane was then blocked with Tris-buffered saline containing 5% skimmed milk and 0.1% Tween 20 (TBS-T) before
adding primary antibodies: anti-human GAPDH antibody (Santa Cruz, Cat #: sc-47724, dilution 1:1000) anti-human BAND 3
(Santa Cruz, Cat #: sc-133190, dilution 1:1000), anti-human α-haemoglobin (Santa Cruz, Cat #: sc-21005, dilution 1:1000), anti-
SLC48A1/HRG1 (St John’s Laboratory, Cat #: STJ196085), anti-HMOX1 (Proteintech,Cat # 10701-1-AP, dilution 1:1000), anti-ALIX
(Santa Cruz, Cat #: sc-53538, dilution 1:1000), anti-TSG101 (Santa Cruz, Cat #: sc-7964, dilution 1:1000), anti-Beta Actin (Sigma-
Aldrich, Cat #: MABT523, dilution 1:1000), and anti-human GPA (Biolegend, Cat #: 306602, dilution 1:1000). After overnight
incubation at 4◦C, the membrane was washed with TBS-T and probed with the appropriate horseradish peroxidase (HRP)-
conjugated anti-mouse and anti-rabbit secondary antibodies (Abcam, Cat #s: ab98698 and ab99702, dilution 1:10,000) Then,
enhanced chemiluminescence (ECL) was added to the membrane before imaging using a ChemiDoc™XRS+ system (Bio-Rad).

. qPCR

Total RNA was extracted frommacrophages using TRIzol™ Reagent (ThermoFisher Scientific) according to the manufacturer’s
instructions. The RNA was converted to cDNA using a high-capacity cDNA reverse transcription kit (ThermoFisher Scien-
tific) and quantified with the Ssofast® Green qPCR kit (Bio-Rad), normalized to the expression of GAPDH, according to the
manufacturers’ instructions. All the qPCR reactions were performed using a QuantStudio 6 Flex Real-Time PCR system (Life
Technologies).

. OxLDL treatment, ORO staining, imaging, and quantification

PBMCswere differentiated and stimulated as described above on coverslips in 24-well plates. For the conditionwith haptoglobin-
haemoglobin stimulation, the macrophages were incubated with 50 nM haptoglobin-haemoglobin complexes along with M-
CSF for 8 days during their differentiation. Haptoglobin phenotype 1-1 was purchased from Sigma, Singapore (H0138, Sigma).
Haemoglobinwas prepared from the cytosol fraction of humanRBCswith one free-thaw cycle, afterwhich it was further enriched
using Amicon centrifugation with upper and lower cutoffs of 100 and 10 kDa, respectively.
The cells were then treated with oxidized low-density lipoprotein (Athens Research & Technology) at 20 μg/mL for 24 h. In

some experiments, the cells were then collected at the appropriate time points. In other experiments, the medium was gently
replaced with newmedium supplemented with RBCEVs or human plasma and the cells were incubated for a further 24 h before
being fixed with 10% formalin.
Cells were incubated with ORO at a concentration of 0.3% at room temperature for 10 min. They were then washed with

deionized water before they were imaged using the Leica fully motorized upright imager (Leica Microsystems, Germany). The
numbers of ORO-stained cells in at least five random areas for each sample were quantified using ImageJ.

. OxLDL uptake in macrophage monoculture

To study the effect of RBCEV treatment on lipid uptake by macrophages, PBMCs were differentiated into macrophages as
described above in culture medium only or with RBCEVs, followed by incubation with 10 ug/mL DiI-conjugated oxLDL (DiI-
oxLDL, Invitrogen) for 24 h. The level of DiI-oxLDL uptake was then analyzed by flow cytometry. In a related experiment to
investigate the contribution of HO-1 to the extent of lipid uptake, the PBMCs were instead differentiated for 4–5 days in RBCEV-
free medium, followed by transfection withHO- or NC ASO as described. The macrophages then underwent another 4 days of
incubation with or without RBCEVs before being subjected to the same DiI-oxLDL treatment and flow cytometry analysis.
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. Cholesterol efflux assay

Macrophages differentiated from PBMCs were analyzed using the Cholesterol Efflux Assay Kit (Abcam) according to the man-
ufacturer’s protocol. Briefly, the macrophages were treated with the fluorescent labelling reagent provided for 1 h and then
incubated with the equilibrating reagent overnight. Human plasma treated with the serum treatment reagent provided was
added to the cells as the cholesterol acceptor. The fluorescence signal present in the supernatant after 4 h was measured at
Ex/Em = 493/530 nm using the Tecan Spark 10 M microplate reader (Tecan) and presented as a percentage of the total signal
(cells + supernatant).

. On-chip culture of ECs and macrophages

The engineeredmicrofluidic arterial wall-on-chip device was constructed according to a previous study (Su et al., 2021). Primary
human aortic ECs and macrophages were co-cultured with the subendothelial ECM in the organ chip to mimic the intima-
media interface of the arterial wall. In brief, the subendothelial ECM component of the organ chip consisting of a mixture of
3 mg/mL collagen type I (rat tail, Corning) was incubated at 37◦C for 30 min for polymerization. Macrophages differentiated
from monocytes for 7 days with/without RBCEVs were detached from plates with Accutase® cell detachment solution (BioLe-
gend) and resuspended in collagen type I. These macrophages were loaded into the macrophage culture channel (2.5 million
cells/mL) and incubated at 37◦C for 20min to allow themixture to polymerize. RPMI supplemented with 10% FBS, 1% penicillin-
streptomycin, and 5 μg/mL Plasmocin™ prophylactic was then loaded into the macrophage medium channel. The EC culture
channel was coated with 1 mg/mL polydopamine for 30 min at 37◦C to promote EC adhesion. The coating solution was pre-
pared by dissolving dopamine hydrochloride (Sigma) in pH 8.5 Tris-HCI buffer. The EC channel was then washed with 1× PBS
twice before the ECs were harvested and resuspended in EC growth medium-2 (EGM-2) BulletKit (Lonza) supplemented with
1% Penicillin-Streptomycin. The established co-culture-on-chip was incubated overnight prior to the addition of DiI-conjugated
oxLDL (20 μg/mL, Invitrogen) to the EC culture channel for 24 h. The EC and macrophage channels were then fixed with 4%
paraformaldehyde (Sigma) and washed with 1× PBS twice, after which the nuclei were stained with Hoechst 33342 (1 μg/mL, Life
Technologies). The cells were imaged using a fluorescence microscope (Nikon Eclipse Ti). To quantify the DiI-oxLDL uptake
density, ImageJ was employed to measure the area of cells in the fluorescence images at 20×magnification by thresholding.

. Atherosclerotic mouse model study

ApoE−/−mice were obtained from Jackson Laboratory (Maine). Male mice were on a chow diet for 4 weeks. Fromweek 5, mice
were fed with a high-fat diet (TD.88137, Teklad) for 8 weeks. Concurrently, RBCEVs were administered intravenously at the dose
of 50 mg/kg twice per week. Control mice were injected with the same volume of PBS as RBCEV injection volume (100 μL).
After 8 weeks of the high-fat diet, the aortas were harvested under the microscope to remove adipose and connective tissues. The
aortas were fixed in formalin overnight at 4◦C and subsequently stained with ORO and imaged for quantification. Aortic roots
were fixed in formalin, embedded on OCT, and stored at −80◦C.

. ORO staining and imaging of aorta

After fixation, the aortas were washed with PBS once and subsequently washed twice with 60% isopropanol for 5 min each on
a rotating shaker. The aortas were transferred to a 60% isopropanol solution containing 0.3% ORO and incubated for 1 h at
room temperature on a rotating shaker. After staining, the samples were washed with PBS. All excessive adipose and connective
tissues were removed under the microscope and the aortas were cut open on a black mat. Aortas’ images were taken using a
stereo microscope (Nikon Instrument Inc., Tokyo, Japan) connected to a digital camera (Olympus DP22, Olympus Corporation,
Tokyo, Japan). Total plaque area was analysed from the images using ImageJ, with the color threshold analysis method.

. Staining of aortic root

Aortic roots from the ApoE −/−mice fed and treated as described above were collected and fixed in 10% formalin overnight at
4◦C. The aortic roots were washed with PBS and transferred into a PBS solution containing 15% sucrose and subsequently to a
PBS solution containing 30% sucrose. The organs were transferred to the next solution once they had sunk to the bottom of the
container. The tissues were then transferred to a small cryomold, covered with the OCT compound and put on dry ice. The heart
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tissues containing aortic roots were sectioned horizontally toward the aortic cusp. Once the aortic cusp appeared, sections were
collected and counted from 1 to 55. Sections 1, 13, and 25 served as controls for staining. Sections 4, 7, 10, 16, 19, 22, 28, 31, 34, 39,
45, and 51 were used for staining of HO-1 and CD68. The sections were mounted on Superfrost slides. The slides were blocked
with the blocking buffer (PBS containing 2% FBS) for 40 min and then incubated with the blocking buffer containing mouse
TruStain (BioLegend, Cat #: 101319) at a dilution of 1:1000 for 5 min. Antibodies against mouse HO-1 (Proteintech, Cat #: 10701-
1-AP) (1:400 dilution in PBS 2% FBS, 0.1% Triton-X100) and against mouse CD68 (Bio-Rad, Cat #: MCA1957) (1:600 dilution
in PBS 2% FBS, 0.1% Triton-X100) were applied and the slides were incubated for 1 h at room temperature and then washed
with the wash buffer (PBS containing 2% FBS). AlexaFluor 488-Anti mouse IgG secondary antibody (Jackson ImmunoResearch,
Cat #: 711-545-152) and AlexaFluor 594-Anti rat IgG secondary antibody (1:500 dilution in in PBS 2% FBS, 0.1% Triton-X100)
were applied for 1 h at room temperature and then washed with the wash buffer. The nuclei were stained with Hoechst 33342
(1 μg/mL, Life Technologies) in PBS for 10 min at room temperature. The sections were then treated with Vector® TrueVIEW®

Autofluorescence Quenching Kit (SP-8400-15), followed by washing with PBS and water. The slides were then mounted under
coverslips using the Vectashield antifade medium (Vector laboratories, Cat #: H-1000-10) and imaged using the Leica Thunder
Imager (10x objective lenses).

. Image analysis

All images were analyzed using ImageJ software version 1.53 (https://imagej.nih.gov/ij/download.html). Images were converted
into 16-bit depth images and the threshold was set based on the unstained samples. The signal intensity per cell for an immuno-
labelled protein was calculated by multiplying the total fluorescent intensity with the area containing pixels above the threshold.
Colocalizationwas analyzed usingMander’s overlap coefficient for signals above the set thresholds. The number of HRG1 clusters
was counted using the particle analysis function with the cluster size range set to 1–50 μm2.

. Statistical analysis

Statistical tests were performed using built-in features in Prism 9 (GraphPad Software). Two-tailed Student’s t-test was carried
out for comparison of two groups. For comparison of more than two groups, one-way or two-way analysis of variance (ANOVA)
was conducted with additional post hoc testing between the groups. Data are presented as themean± SD. Detailed test methods,
group sizes, and testing parameters are described in the figure legends.
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