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ARTICLE INFO ABSTRACT

Keywords: The accumulation of foam cells in the subendothelial space of the vascular wall to form plaques is the real cause
Engineered monocytes of atherosclerotic lesions. Conventional interventions, such as statins and anti-cytokine or anti-inflammatory
CD47-SIRPa therapies, suffer problems in terms of their short therapeutic outcomes and potential disruption of the im-

Atherosclerosis . . . . s .

P " mune system. The development of more efficient therapeutics to restrict the initial progression of plaques ap-
oam ce

pears to be crucial for treating and preventing atherosclerosis. Decreasing foam cell formation by reversing the
excessive phagocytosis of modified low-density lipoprotein (LDL) in macrophages is highly desirable. Here, we
developed a strategy based on engineered monocytes to dynamically regulate lipid uptake by macrophages
inspired by a CD47-SIRPa« signaling-induced defect in the phagocytosis of lesional macrophages at the advanced
stage of AS. Briefly, a complex called CD47p-GQDs-miR223, which is designed to interact with SIRPa, was
synthesized to remodel monocytes by decreasing the uptake of oxidized LDL through the activation of CD47-
SIRPa signaling. After injection, these monocytes compete for recruitment to atherosclerotic plaques, release
gene drugs and mediate anti-inflammatory phenotypic remodeling of the aboriginal macrophages, effectively
inhibiting the development of foam cells. Our strategy provides a new therapeutic for preventing the progression
of atherosclerosis.

Cell therapy

1. Introduction

Atherosclerosis (AS) is considered a ‘ticking time bomb’ within the
cardiovascular system and is characterized by the buildup of fatty de-
posits in the arteries. The accumulation of foam cells leads to the for-
mation of fatty streaks, which can eventually develop into plaques that
narrow and harden the arteries, increasing the risk of myocardial
infarction and stroke and posing a serious threat to human life [1]. Foam
cells primarily originate from monocytes after they penetrate the
endothelial barrier and accumulate in the arterial intima media in
response to the proinflammatory activation of endothelial cells (ECs) [2,
3]. These recruited monocytes subsequently differentiate into mature
macrophages and accumulate lipids by actively ingesting modified
low-density lipoprotein (LDL), along with artery-resident macrophages.

Essentially, —macrophages can internalize and degrade
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subendothelially retained lipoproteins in the early stages of athero-
sclerosis. However, due to the increased generation of oxidized low-
density lipoprotein (ox-LDL), the macrophage expression of lectin-like
ox-LDL receptor-1 (LOX-1) is significantly upregulated by stimulation
with multiple factors, such as proinflammatory cytokines [4], lyso-
phosphatidylcholine (a product of ox-LDL degradation) [5], and others.
Elevated expression of LOX-1 in macrophages enhances their affinity for
ox-LDL, resulting in increased lipid uptake. These macrophages are
unable to efficiently remove excess lipids due to the inhibition of efflux
pumps in the proinflammatory microenvironment [6], ultimately pro-
moting excessive lipid uptake and impaired cholesterol outflow, leading
to foam cell formation [7-9]. It is evident that lipid metabolism disor-
ders in macrophages, mainly caused by the M1 phenotype [10-12], can
be considered ‘excessive or aberrant phagocytosis’. Therefore, address-
ing the behavior of excessive phagocytosis of ox-LDL within
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macrophages during lipid accumulation may be crucial for inhibiting
foam cell formation. To tune the phagocytosis of ox-LDL by macro-
phages, the majority of related research has concentrated on the protein
receptors that mediate macrophage phagocytosis, such as the mannose
receptor [13], macrophage scavenger receptor A (SR-A) [14], and class
B scavenger receptor CD36 [15,16]. These investigations of the scav-
enger receptor-mediated signaling pathway may lead to the identifica-
tion of new therapeutic targets and novel strategies for treating AS.
However, these receptors bind to a wide variety of ligands and partici-
pate in various biological processes, which may result in off-target side
effects during delivery [17]. Therefore, the efficient uptake of ox-LDL by
macrophages requires that the manageable and dynamic phagocytosis
machinery operates optimally.

In atherosclerosis, nonapoptotic cells send a ‘Don’t eat me’ signal
[18,19], such as CD31, CD46, and CD47, to avoid efferocytosis when
exposed to phagocytes. The most common ligand is CD47, which binds
to the phagocytic inhibitory receptor signal regulatory protein o (SIRPa)
on phagocytes to prevent phagocytosis [20-27]. In advanced plaques,
increased CD47 hinders diseased cell clearance by lesional macrophages
[28], whereas CD47 levels decrease in early plaques through a
caspase-dependent process during apoptosis. Drawing inspiration from
the phagocytosis inhibition facilitated by CD47, the CD47-SIRPua
signaling pathway may provide exciting hints for controlling excessive
phagocytosis in macrophages. Based on the above findings, we propose
the following objectives: 1) replace some endogenous monocytes with
substituted monocytes to decrease the amount of infiltrating patholog-
ical monocytes; 2) control phagocytosis by activating CD47-SIRPa
signaling to decrease ox-LDL uptake by substituted monocytes in
M1-polarizing atherosclerotic lesions; and 3) release drugs from the
surface of substituted monocytes to induce anti-inflammatory pheno-
type remodeling of macrophages after CD47-SIRPa binding ends.

To accomplish these goals, we introduce a novel immune cell back-
pack approach utilizing CD47-SIRPa signal-mediated surface-engi-
neered monocytes to target and treat atherosclerotic plaques in this
research. In this distinctive engineered monocyte architecture, a disul-
fide bond was created between graphene quantum dots (GQDs) and
microRNA223 (GQDs-S-S-miR223), followed by functionalization with a
CD47-derived peptide (CD47p), ultimately resulting in a *backpack’ of
CD47p-GQDs-miR223. The backpacks were later attached to the
monocytes surface via CD47-SIRPa binding, transported into plaques by
the natural trafficking of monocytes, where they were released to affect
resident macrophages. GQDs were utilized as intermediate gene delivery
vectors in our prior research for connecting biomacromolecules with
gene drugs as well as facilitating the loading, protection and cellular
internalization of gene drugs [29]. MiR223 can regulate the expression
of numerous inflammation-related genes in monocytes and macro-
phages [30,31]. Engineered monocytes preserve their natural transport
traits in vivo, hindering the infiltration of pathological monocytes
through competitive recruitment. By dynamically activating and ter-
minating ‘do not-eat-me’ signals, engineered monocytes can inhibit
ox-LDL phagocytosis before the complete shedding of the backpack and
regulate the plaque microenvironment from a proinflammatory to an
anti-inflammatory state after CD47-SIRPa binding ends, ultimately
leading to an enhanced plaque treatment effect. The successful con-
struction of this innovative engineered monocyte therapy system offers a
new strategy for clinical cellular immunotherapy for AS plaque
treatment.

2. Materials and methods
2.1. Cell culture and animals

RAW264.7 cells were obtained from the cell bank of the American
Type Culture Collection (ATCC, Shanghai Agency) and grown in com-

plete DMEM supplemented with 10 % fetal calf serum (FCS) (Gibco), 2
x 10~3 M glutamine (HyClone), 100 U mL ™! penicillin and 100 pg mL™!
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streptomycin (HyClone). Male apolipoprotein E-deficient mice (Apoe™”
7) (18-23 g and 6 weeks old) were purchased from Vital River Experi-
mental Animal Technology Co., Ltd. (Beijing, China). All mice were
subjected to partial ligation of the RCCA and were fed a HFD (Research
Diets D12108C, 1.25 % cholesterol). All procedures involving animals
were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of Chongqing University of Technology, Chongg-
ing, China (No. 202321).

2.2. Preparation and characterization of engineered monocytes

The functionalization of the surface of monocytes with GQDs was
achieved by a derived peptide with a CD47 IgV domain ((Pal)-Gk
(Rhodamine B) LeivtkGersletvectynG, ChinaPeptide Co., Ltd., Shanghai,
China), abbreviated as CD47p here. The conjugation between the
amino-functionalized GQDs (GQDs-NHj, Nanjing XFNANO Materials
Tech Co.,Ltd.) and CD47p was achieved by coupling with 1-(3-(dime-
thylamino)propyl)-3-ethylcarbodiimide and N-hydroxysuccinimide
(EDC/NHS, aladdin). Briefly, 20 mg of EDC and 10 mg of NHS were
sequentially added to a solution (1 mg mL7}, pH = 6.0) of CD47p, and
the mixture was shaken for 30 min. A solution of GQDs-NH5 (1 mL) was
added to the mixture, and the reaction was gently stirred for 24 h at
room temperature. To remove residual EDC and NHS, the solution was
dialyzed (MWCO, 1000) for 48 h (the dialysate was replaced every 12 h).
The product of the conjugation of GQDs-NH; and CD47p is abbreviated
here as solution B (pH = 7.44). Then, 2.5 mg of sulfosuccinimidyl 6-(3'-
[2-pyridyldithio]-propionamido) hexanoate (sulfo-LC-SPDP, Sigma)
was added to solution B, and the mixture was allowed to react at room
temperature for 1 h. Then, the conjugate was centrifuged twice through
centrifugal filtration with a molecular weight cutoff of 100 kDa (Milli-
pore) for 5 min to remove excess sulfo-LC-SPDP cross-linkers. Then, 20
pL of miR223 was added to the cells in the dark, and the mixture was
stored in a 4 °C refrigerator overnight. A surface-engineered gene system
of CD47p-GQDs-miR223 was successfully prepared.

Sequentially, the prepared CD47p-GQDs-miR223 were coincubated
with monocytes (DiO-labeled) for 12 h to generate the engineered cell
therapy system. A 90 Plus PALS laser particle sizer (Brookhaven, USA)
was used for recording the CD47p-GQD particle size, and FT-IR spec-
troscopy (Bruker, USA) was used for detecting characteristic bands. An
Ultra-Micro spectrophotometer (Thermo, USA) and a fluorescence
spectrophotometer F-7000 (HITACHIL, Japan) were used for qualitative
analysis of disulfide bonds at the conjunction of CD47p-GQDs-miR223.
A laser scanning confocal microscope (LSCM, Nikon, Japan) was used to
acquire image information from the engineered monocytes (E-Ms).

2.3. Animal surgery procedure and dosing schedule

Apoe™’~ mice were anesthetized with isoflurane via inhalation
through a nose mask and maintained at 37 °C using a heating pad
throughout the surgery. Next, the anterior cervical triangles were
accessed via a sagittal anterior neck incision. The right common carotid
artery (RCCA) was isolated from the circumferential connective tissues
by blunt dissection, and the exposed branches of the RCCA were
permanently ligated with a surgical suture (7-0 silk) at 1 mm and 4 mm
below the common carotid artery bifurcation. Additionally, a spacer was
adopted for ligation to control stenosis. After confirming that blood flow
was present through the RCCA, the incision was closed with sutures (6-0
silk).

After surgery, the mice were fed a high-fat diet (Research Diets
D12108C, 1.25 % cholesterol) for 6 weeks, after which carotid artery
plaques formed. The Apoe ™/~ model mice were randomly divided into
four groups: the CT group (without any treatment), monocyte-treated
group, combination of CD47p-GQD-miR223-treated group, and engi-
neered monocyte (M-CD47p-GQD-miR223)-treated group. The mice
were injected through the tail vein every two days, and treatments were
continued for 4 weeks in total. After finishing all the treatments, the
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mice were euthanized, and their serum, common carotid artery, and
organ tissues were collected.

2.4. Evaluation of the therapeutic efficacy of M-CD47p-GQDs-miR223 in
vivo

Furthermore, we evaluated the expression of CD86 (M1 marker)
(Invitrogen, USA) and CD206 (M2 marker) (Invitrogen, USA) to assess
the macrophage polarization pattern in the AS microenvironment
through laser confocal microscopy (Nikon, Japan). The growth of
muscle fibers and collagen fibers was evaluated and observed using an
inverted microscope (Thermo, US) after Masson staining.

2.5. Statistical analysis

All the data are representative of at least three experiments with
similar results performed in triplicate unless otherwise indicated. The
experimental data were statistically analyzed using Origin software, and
the results are expressed as the mean + standard deviation (mean + SD).
Tests were used for comparisons between two sets of samples, and one-
way ANOVA was used for comparisons between multiple sets of samples.
Differences were regarded as significant when the P value was less than
0.05 (*p < 0.05).

More detailed methods are provided in the Supporting Information.

3. Results

3.1. Preparation of CD47p-GQDs and exploration of CD47p-engineered
cells

We first investigated the optimal concentrations of CD47p and GQDs
for RAW264.7 cells to determine the potential impact of CD47p and
GQDs on cell viability. The CCK-8 assay results indicated that CD47p
started to reduce cell viability at concentrations of 40 pg mL ™! (Fig. 1a)
and 60 pg mL! (Fig. 1b) for GQDs. Therefore, we selected 20 pg mL~!
for CD47p and 40 pg mL™! for the GQDs as the optimal working con-
centrations for subsequent studies. The cross-linking of CD47p and
GQDs was achieved through the activation of carboxyl and amino
groups using EDC and NHS, as depicted in Fig. 1d. Fourier transform
infrared (FT-IR) spectroscopy (Fig. 1e) demonstrated that the amino
graphene quantum dots (GQDs-NHj;) exhibited strong stretching vibra-
tions of G-OH near 3300 cm ™}, stretching vibrations of C-N near 1285
cm’l, and vibrations of the graphene skeleton near 1569 cm ! [29]. The
infrared spectral peak signals observed in the blue curve of CD47p-GQDs
within the range of 1000-1500 cm ! overlapped with the corresponding
peaks of GQD-NHjs, (red curve), indicating the successful cross-linking of
CD47p and GQD-NH,. The change in particle size also confirmed the
formation of the CD47p-GQD complex. As shown in Fig. 1f, the size of
the CD47p-GQDs was 379.45 + 21.20 nm, which is significantly greater
than the individual sizes of CD47p (367.16 + 31.34 nm) or the
GQDs-NH; (292.52 + 7.07 nm) (Fig. 1c and Fig. S1).

The construction of CD47p-engineered cells is achieved through the
binding of CD47 to SIRP« [32], which is a transmembrane protein found
on phagocytes. To confirm the interaction between CD47p and SIRPa,
we incubated rhodamine B-labeled CD47p with RAW264.7 cells (DiO--
labeled membrane) and observed the binding-release characteristics of
this complex at multiple time points by laser confocal microscopy.
Fig. 1g demonstrate the colocalization of red and green fluorescence on
the surface of RAW264.7 cells after 6 h. Furthermore, no detachment
was observed within 24 h, indicating the stable binding of the
CD47p-SIRPa complex to the surface of RAW264.7 cells. At 36 h, the
fluorescence of CD47p detached significantly from the cell membrane
surface, while fluorescence colocalization was observed in the nucleus.
We hypothesize that the binding of CD47p to SIRPa is a time-dependent
dynamic process and that its effective binding persists for more than 24
h until CD47p is naturally shed. This discovery may establish a temporal
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framework for the in vivo transport and release of CD47p-engineered
cells loaded with genetic drugs.

3.2. The architecture of the engineered monocyte therapy system

After successfully generating CD47p-engineered monocytes, we
further proceeded to develop a therapeutic system for engineered
monocytes loaded with the gene drug ‘backpack’. The process of pre-
paring the gene drug ‘backpack’ CD47p-GQDs-miR223 is depicted in
Fig. 2a. As shown in Fig. 2a, we initially functionalized CD47p with
GQDs-NH;, by cross-linking carboxyl and amine groups. Subsequently, a
sulfide-containing linkage was introduced to the prepared CD47p-GQDs
via the use of Sulfo-SPDP-LC to facilitate miR223 loading [29]. To
confirm the successful loading of miR223, we performed extracellular
cleavage of the disulfide linkage by dithiothreitol (DTT). As shown in
Fig. 2b, the fluorescence of the DTT-treated
CD47p-GQD-S—/—S-miR223 solution significantly decreased (blue
curve) compared to that of the CD47p-GQD-S-miR223 solution without
DTT exposure (red curve). Additionally, we quantitatively analyzed the
amount of free miRNA after complete cleavage by DTT to determine the
miRNA concentration in combination with the CD47p-GQDs. As shown
in Fig. 2c¢, the approximate content of miR223 loaded in the
CD47p-GQDs-S-S-miR223 system was estimated to be 10.83 ng pL~".
These  results confirmed the  successful  synthesis  of
CD47p-GQDs-miR223 and the determination of the gene regulator
content for the subsequent cell therapy system.

Immediately after preparing CD47p-GQDs-miR223 (rhodamine B-
labeled), the cells were cocultured with monocytes to create an engi-
neered cell therapy system. Laser confocal 3D images (Fig. 2d) revealed
that CD47p-GQDs-miR223 remained concentrated around monocytes
for more than 24 h, indicating that it could stabilize on the monocyte
surface similarly to CD47p. At 36 h, CD47p-GQDs-miR223 began to shed
from monocytes due to termination of the CD47p-SIRPa interaction,
consistent with the findings from the CD47p-engineered cells shown in
Fig. 1g. Furthermore, we observed that a portion of the self-shedding
CD47p-GQDs-miR223 was taken up by other engineered cells instead
of rebinding to the membrane through CD47p-SIRPaq, indicating that the
interaction between CD47 and SIRPa is time sensitive and irreversible.

3.3. Innate trafficking behavior of the surface-engineered monocyte
therapy system

It is unclear whether CD47p-GQD-miR223-engineered monocytes
can maintain a natural trafficking behavior similar to that of endogenous
monocytes in the recruitment of AS plaques; thus, we conducted this
study using in vitro Transwell chamber assays. Fig. 3a and b shows that
the number of migrated cells per field was significantly greater in the
MCP-1 (200 pg L™1) treatment group than in the control group. These
findings indicate that MCP-1 can promote the migration of both
monocytes and engineered monocytes. Moreover, even at high con-
centrations (400 pg L™1), MCP-1 enhanced the migration of engineered
monocytes (additional details are presented in Fig. S2).

3.4. Activation of the ‘Don’t eat me’ signal relies on the CD47p-SIRPa
complex

Like monocytes, myeloid cells express SIRPa, a transmembrane
signal regulatory protein. When it binds to CD47, it can transmit the
command ‘Don ’t eat me’ and inhibit macrophage phagocytosis. To
verify the interaction between CD47p-GQDs-miR223 and SIRPq, an anti-
mouse CD172a (SIRPa) antibody labeled with FITC was utilized for
immune recognition of the SIRPa protein on the monocytes’ surface. As
shown in Fig. 3¢, when CD172a antibody was introduced to both the
solitary RAW264.7 cells (M) group and the CD47p-GQDs-miR223
engineered monocyte (M + CD47p-GQDs-miR223) group, flow cytom-
etry analysis indicated a significant reduction in the relative
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Fig. 1. Preparation and characterization of CD47p-GQDs and preliminary exploration of CD47p-engineered cells. Evaluation of the effect of a) CD47p and b) GQD-
NH, at different concentrations on the viability of RAW246.7 cells. ¢c) HRTEM image of the GQDs-NH,. d) Schematic diagram of the crosslinking process between
CD47p and GQDs. e) FT-IR spectra of CD47p, GQD-NH, and CD47p-GQDs. f) Particle size distribution of CD47p, GQD-NH, and CD47p-GQDs using dynamic light
scattering (DLS). Note: This measurement encompasses water molecules, specifically referring to the hydrodynamic diameter. g) Confocal fluorescence images of
CD47p-engineered monocytes at different times from 0 to 36 h (40X). Red fluorescence indicates rhodamine B bound to the peptide, green fluorescence indicates cell
membrane-labeled DiO, and blue fluorescence indicates DAPI. Images are representative of n = 3 independent experiments. The data in the figures represent the
means £ SDs.
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representative of n = 3 independent experiments. The data in the figures represent the means + SDs. Significant differences: **p < 0.01, ***p < 0.001.

fluorescence intensity (green column) of FITC in the M 4+ CD47p-GQDs-
miR223 group compared to the M group (pink column). This implies the
attachment of CD47p-GQDs-miR223 to the SIRPa protein on the
monocytes’ surface through the SIRPa-CD47 interaction.

Immediately, polystyrene (PS) microparticles mimicked apoptotic
cells and other debris in vitro to confirm whether macrophages retain
their clearance capability following activation of the CD47p-SIRPa
signaling pathway. A SIRPa polyclonal antibody was utilized as a sub-
stitute for CD47p to bind to SIRPa and determine if the specific activa-
tion of phagocytosis inhibition in macrophages depends solely on the
CD47p-SIRPu interaction. As shown in Fig. 3c and Fig. S3, although both
CD47p-GQDs-miR223 and the SIRPa polyclonal antibody had similar
binding abilities to SIRPa on monocytes, their effects on phagocytosis
were opposite. As expected, both CD47p- and CD47p-GQD-miR223-
engineered monocytes significantly inhibited the phagocytosis of PS
microparticles, while monocytes treated with the SIRPa polyclonal
antibody retained their original phagocytosis ability (Fig. 3d and e). This
suggests that the CD47p-SIRPa interaction may negatively impact the
normal clearance of macrophages in vivo.

In atherosclerosis, the equilibrium of macrophage-controlled
cholesterol handling is disrupted. The augmented buildup of ox-LDL in

cells, along with the obstruction of cholesterol efflux from the cells,
speeds up the pathological process by contributing to the inflammatory
immune response to create foam cells [33]. Consequently, decreasing
scavenger receptor-mediated lipid uptake by macrophages is viewed as a
key approach for decreasing foam cell formation [34]. Following this
strategy, we developed CD47p-GQD-miR223-engineered monocytes.
Consistent with the phagocytosis of PS microparticles shown in Fig. 3d
and e, monocytes modified with CD47p (M-CD47p group) and
CD47p-GQDs-miR223 (M-CD47p-GQDs-miR223 group) exhibited
significantly suppressed uptake of ox-LDL due to the interaction of
CD47p-SIRPa. As a result, the accumulation of intracellular lipid drop-
lets significantly decreased, as depicted in Fig. 3f and g. Herein, we
believe that as a substitute for endogenous monocytes,
CD47p-GQD-miR223-engineered monocytes can inhibit the uptake of
ox-LDL and reduce the accumulation of intracellular lipoproteins after
they differentiate into engineered macrophages in the intima.

3.5. Effect of CD47p-GQDs-miR223 on the inflammatory response In
vitro

MiR223 plays a crucial role in the immune system and can regulate
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intracellular lipid droplets). Images are representative of n > 3 independent experiments, unless otherwise noted. The data in the figures represent the means =+ SDs.
Significant differences: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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the expression of various inflammation-related genes in monocytes and
macrophages [35]. Our previous research demonstrated that miR223
effectively controls macrophage polarization by stimulating alternative
anti-inflammatory pathways and suppressing classic proinflammatory
pathways [29]. However, it remains unclear whether
CD47p-GQDs-miR223 can exert its intended inflammatory regulatory
effect on macrophages. Therefore, we investigated the impact of
CD47p-GQDs-miR223 in this context. Proinflammatory M1 macro-
phages were prioritized for LPS induction (Figure S4 a), and the
expression of the classic phenotypic marker CD86 in M1-type
RAW264.7 cells was quantified via flow cytometric analysis. Fig. S4b
illustrates that a minimum of 78.3 % of M1 RAW264.7 cells were
generated.

GQDs-miR223 were initially coincubated with the aforementioned
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M1 RAW264.7 cells for 6 h (Figure S5 a). Subsequently, we assessed the
serum levels of macrophage-produced cytokines, which included C-
reactive protein (CRP), TNF-a, IL-10, TGF-pl and matrix
metalloproteinase-9 (MMP-9), over a 72-h period. As depicted in
Fig. 4a—e, the level of the proinflammatory cytokine TNF-a decreased
sharply as a function of time, whereas the levels of the anti-
inflammatory cytokines IL-10 and TGF-B1 significantly increased.
Similarly, the expression of both CRP and MMP-9 was attenuated,
following a trend similar to that of the proinflammatory cytokine TNF-a.
To validate the change in the M1/M2 phenotype, we monitored the in
situ alteration of the macrophage phenotype using immunofluorescence
staining and flow cytometry, as illustrated in Figs. S5b and c. As antic-
ipated, the M1 protein marker CD86 was inhibited, whereas the M2
protein marker CD206 was strongly activated. These findings indicate
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Fig. 4. Related molecular biological evaluations of miR223 regulation in vitro. ELISA was used to detect the secretion of cytokines in GQD-miR223-regulated
macrophages: a) TNF-a, b) TGF-p1, c) IL-10, d) CRP and e) MMP-9. The percentage of RAW264.7 cells transfected with miR223: f) CD47p-GQDs-miR223 and i)
SIRPa polyclonal antibody + CD47p-GQDs-miR223. ELISA detection of macrophage cytokine production regulated by CD47p-GQDs-miR223: g) TNF-«, h) TGF-f1, j)
IL-10, k) MMP-9 and 1) CRP. Images are representative of n = 3 independent experiments. The data in the figures represent the means + SDs. Significant differences:

**p < 0.01, ****p < 0.0001.
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that intracellular miR223 plays a significant role in regulating cell
phenotype and inflammation.

In contrast to direct transfection and regulation of GQD-miR223 in
macrophages, the uptake of CD47p-GQDs-miR223 by macrophages
occurred only after termination of CD47p-SIRPa. To facilitate the rapid
endocytosis of CD47p-GQDs-miR223 into macrophages, a polyclonal
SIRPa antibody was used to block the binding of CD47p-SIRPa. The
specific experimental procedures at different time points are outlined in
Fig. 5a. Flow cytometry analysis revealed that CD47p-GQD-miR223
transfection in macrophages was inhibited by CD47p-SIRPa binding
(Fig. 4f), whereas the SIRPa polyclonal antibody-occupied group
exhibited significant phagocytosis of CD47p-GQD-miR223, with a
transfection rate of approximately 43.9 % (Fig. 4i).

Although the transfection efficiency of intracellular CD47p-GQDs-
miR223 on macrophages is lower than that of GQD-miR223, which
achieves 68 % transfection efficiency [29], this approach can still
effectively carry out its regulatory functions. Fig. 4g, h, j, k and 1
demonstrate a significant reduction in the expression of TNF-o, MMP-9
and CRP within 72 h, respectively, along with a noticeable increase in
the expression of IL-10 and TGF-pl. Additionally, similar to
GQD-miR223, CD47p-GQD-miR223 effectively regulated the macro-
phage phenotype (Fig. S6). Based on the above findings, we believe that
CD47p-GQD-miR223 detached from monocytes, once taken up by
macrophages in the plaque, whether they are resident macrophages or
all monocyte-derived macrophages, initiates regulation of macrophages.

3.6. Concurrent ‘phagocytosis inhibition’ and ‘inflammation regulation’
orchestrated by engineered monocytes

We established an in vitro AS-related foam cell model to study if
engineered monocytes can both regulate lipid metabolism by blocking
ox-LDL uptake by macrophages and decrease plaque inflammation
within the CD47-SIRPa binding timeframe, as illustrated in Fig. 5a and
b. After CD47p-GQD-miR223-engineered monocytes (represented by the
blue color in Fig. 5b) transmigrated into the arterial intima, they
differentiated into engineered M1 phenotype macrophages (represented
by the green color). Within 24 h, the engineered M1 macrophages were
unable to phagocytose ox-LDL before the shedding of CD47p-GQD-
miR223. It is likely that M1 macrophages specifically respond to ox-
LDL [36], and surface modification of different macrophage types
with CD47 preferentially reduces M1 macrophage phagocytosis [37].
The phagocytosis inhibition observed now aligns with the 24-h optical
density (OD) value of ox-LDL uptake in Fig. 5d, indicating a notable
decrease in ox-LDL uptake by macrophages. Within 36 h, the
CD47p-SIRPa binding gradually ended. Subsequently,
CD47p-GQDs-miR223 automatically detached and was absorbed by
surrounding macrophages, along with certain autologous carrier cells.
This led to a resumption of phagocytosis because the CD47p-SIRPa
binding had ceased. As a result, the OD value at 36 h indicated a slight
rise in ox-LDL uptake.

After 48 h, once the binding of CD47p-SIRPa was fully terminated,
all macrophages in the environment resumed ox-LDL phagocytosis
entirely. During this timeframe, the release of CD47p-GQDs-miR223,
which is internalized by environmental macrophages, effectively con-
trols inflammation and shifts M1 macrophages towards the M2 anti-
inflammatory phenotype. This was further validated by findings
demonstrating an in situ change in macrophage phenotype at the cor-
responding 24-h mark (Fig. 5¢ and Fig. S6). As depicted in Fig. 5¢ and
Fig. S6, the notably increased average fluorescence intensity of CD206/
CD86 at 24 h signified robust activation of the M2 protein marker
CD206, with no repolarization occurring within 48 h. In contrast to M1
macrophages, M2 macrophages exhibit heightened ox-LDL cholesterol
uptake [38], aligning with the elevated OD values at 48 h and 72 h
illustrated in Fig. 5d. In summary, the concurrent ‘phagocytosis inhibi-
tion’ and ‘inflammation regulation’ orchestrated by engineered mono-
cytes manifested within 36 h, as dictated by the CD47-SIRPa binding
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duration.

3.7. Differential expression of lipid metabolism-and inflammation-related
genes associated with AS plaque progression

We subsequently conducted additional genome sequencing to vali-
date the concurrent ‘phagocytosis inhibition’ and ‘inflammation regu-
lation’ in the simulated plaque microenvironment involving engineered
monocytes. Fig. 5e clearly shows that several genes related to lipid
metabolism, particularly those associated with the progression of AS
plaques, underwent changes. For instance, Plpp3, which was previously
overlooked as a component of the risk mechanism for coronary artery
disease, exhibited upregulated expression in the A24 group, suggesting
ongoing lipid metabolism in M1 macrophages within 24 h. Additionally,
in cases of inflammation and injury, Plpp3 expression significantly in-
creases [39]. Notably, the upregulation of NFkB-ia [40], IL12-rp1 [41],
CCL4 [42], and IL-6 [43] shown in Fig. 5f confirmed the presence of a
proinflammatory environment within 24 h. In contrast, the engineered
cells with activated phagocytosis inhibition downregulated Plpp3
expression within 24 h, suggesting the sustained effectiveness of the
engineered monocyte phagocytosis inhibition of ox-LDL, which is
consistent with the findings shown in Fig. 5d.

As shown in Fig. 5h, the C48 group exhibited downregulated
expression of IL-6/IL-6ra, IL-20rp and NFxB-1 and upregulated expres-
sion of CCL21a and IL-10ra. The above findings confirm that the simu-
lated plaque formation microenvironment achieved a shift from
proinflammatory to anti-inflammatory conditions. Fig. 5g shows that
the expression of Plpp3, GDPD3, Pla2g4b, and DGKG was upregulated in
the C48 group, indicating that the engineered macrophages regained
their ability to take up and digest ox-LDL. Overall, M2 macrophages
have a greater capacity to clear and metabolize lipids than M1 macro-
phages in an inflammatory microenvironment dominated by the M2
phenotype [38]. We consider the phagocytic behavior of the M2
phenotype to be favorable phagocytosis, and enhanced lipid metabolism
is beneficial for the subsequent repair of damaged blood vessels. Addi-
tionally, the C48 group exhibited upregulated expression of Neu4
(Fig. 5g), while the A24 group exhibited upregulation of Neu3 (Fig. 5e).
Neu3 is a positive regulatory factor for leukocyte recruitment [44],
whereas Neu4 has a negative regulatory role in this process. Therefore,
the upregulation of Neu4 may reduce leukocyte recruitment to athero-
sclerotic plaque lesions.

3.8. Biosafety evaluation of M-CD47p-GQDs-miR223

As a cell therapy system, in vivo safety assessment of M-CD47p-GQDs-
miR223 should be completed first. The animal modeling process is
depicted in Fig. 6a. Six-week-old Apoe™~ mice were subjected to right
common carotid artery (RCCA) surgery and were fed a high-fat diet
(HFD) for 6 weeks. To confirm plaque formation after RCCA surgery,
carotid artery tissue was collected from Apoe /™ mice and subsequently
frozen, embedded and stained with Oil Red O. At 12 weeks, evident lipid
plaques had formed in the arterial lumen (Fig. 6b), indicating successful
establishment of the AS plaque animal model. The timeline for animal
modeling and intravenous administration is provided in Fig. 6c.
Throughout the entire process, the body weight and growth of the mice
were monitored and recorded. Fig. S7 shows satisfactory growth in each
administration group, with no significant difference in average body
weight among the groups.

To confirm the good biosafety of the engineered monocyte therapy
system in vivo, the serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatinine (Cr) and urea (urea) levels were
determined in Apoe™’~ mice using biochemical methods. Biosafety is a
major concern in cell therapy involving nanomaterials. The results
indicated no significant differences in the serum ALT/AST level (Fig. 6d
and e) or serum Cr/urea level (Fig. 6g and h) among the groups, sug-
gesting that compared with the control treatment, the monocyte/C47p-
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Fig. 5. Simultaneous regulation of lipid metabolism and inflammation in vitro. a) Flow diagram of the effect of CD47p-GQDs-miR223 on phagocytes. b) Time node
diagram of ox-LDL uptake by M-CD47p-GQDs-miRNA223 in vitro. ¢) The average fluorescence intensity of CD206,/CD86 in macrophages regulated by CD47p-GQDs-
miR223 at 0, 24, and 48 h. In the supplementary time node correspondence, 0 h corresponds to 24 h in the left diagram, which means that the engineered monocytes
are recruited into the arterial intima and differentiate into M1 macrophages; 24 h corresponds to 24 + 12+12 h in the left diagram, which means that the shedding
CD47p-GQDs-miR223 is taken up by macrophages in the mimic AS microenvironment and polarizes M1 into the M2 phenotype; Similarly, 48 h corresponds to 24 +
12412 + 24 h. d) The OD value statistics of ox-LDL dynamic uptake and the time nodes on the vertical axis correspond one-to-one with the left diagram. Heatmaps of
e) lipid metabolism-related genes and (f) inflammation-related genes in the A24 and C24 samples. A24 represents LPS-stimulated M1 macrophages coincubated with
ox-LDL for 24 h, while C24 represents CD47p-GQDs-miR223-engineered M1 macrophages coincubated with ox-LDL for 24 h. g) Heatmap of lipid metabolism-related
genes in C48 samples. h) Heatmap of inflammation-related genes in C48 samples. C48 represents engineered macrophages coincubated with ox-LDL for 48 h after
complete detachment of CD47p-GQDs-miR223. Images are representative of n = 3 independent experiments. The data in the figures represent the means + SDs.

Significant differences: *p < 0.05, ***p < 0.001.

GQD-miR223/M-C47p-GQD-miR223 treatment did not cause renal,
splenic or liver toxicity. The potential toxicity of monocyte/C47p-GQDs-
miR223/M-C47p-GQDs-miR223 to vital organs was further investigated
using H&E staining. As shown in Fig. 6i, no histopathological abnor-
malities, lesions, or degenerations were observed in the kidney, liver, or
spleen in any of the four groups, confirming the good biocompatibility of
the M-C47p-GQD-miR223 therapy system in vivo.

3.9. In vivo tracking of the engineered monocytes

Based on the in vitro results confirmed in Fig. 3a, which demonstrated
that engineered monocytes still displayed innate trafficking behavior,
we subsequently monitored their recruitment into atherosclerotic pla-
que lesions after intravenous injection by tracking them in vivo. DiR
(excitation at 748 nm, red fluorescence)-stained monocytes were
injected into Apoe™~ mice (Fig. 6f), and an in vivo imaging system was
utilized to track the cells in the animals. Fig. 6j shows that DiR-stained
monocytes and M-C47p-GQDs-miR223 accumulated in the carotid ar-
tery of Apoe ™/~ mice and exhibited noticeable fluorescence at 6 and 24 h
postinjection. This finding confirmed that the natural trafficking
behavior of engineered monocytes in vivo is unaffected by cell surface
modification. Interestingly, the rhodamine B-labeled C47p-GQD-
miR223 combination was observed in the carotid artery and presented
relatively weak fluorescence. We hypothesize that certain C47p-GQDs-
miR223 might attach to endogenous monocytes in situ via the CD47-
SIRPq interaction and then move towards AS plaques.

3.10. Engineered monocytes remolded the anti-inflammatory
microenvironment in vivo

Inflammation is crucial in all stages of atherosclerotic lesion devel-
opment, ranging from initial lesions to advanced plaques. In athero-
sclerosis, the disruption of macrophage-dependent cholesterol handling
occurs due to the activation of various factors, including proin-
flammatory cytokines [45-48]. Hence, regulating the inflammatory
microenvironment in atherosclerosis is of utmost importance.

To determine whether M-CD47p-GQDs-miRNA223 could remold the
anti-inflammatory microenvironment in AS plaques, we monitored the
in situ change in macrophage phenotype using immunofluorescence
staining, as shown in Fig. 7a and c. Consistent with the in vitro experi-
ments shown in Fig. 5c, the M2 protein marker CD206 (Cy3, red fluo-
rescence) was activated, while the M1 protein marker CD86 (AF488,
green fluorescence) was strongly inhibited. Similarly, the corresponding
mean fluorescence intensities (MFIs) of CD206" (Fig. 7b) and CD86™
(Fig. 7d) cells indicated that the plaques were dominated by M2 anti-
inflammatory macrophages after treatment with M-CD47p-GQDs-
miR223. Furthermore, compared to those in the carotid lumen of HFD-
fed mice, which exhibited substantial plaque blockage, the mice treated
with M-CD47p-GQDs-miR223 exhibited minor plaque obstruction in the
lumen (Fig. 7e). When combined with the calculated unobstructed areas
shown in Fig. 7f, the M group and CD47p-GQDs-miR223 group pre-
sented unobstructed areas of 37.82 % and 40.90 %, respectively.
Interestingly, compared with the untreated mice, the mice treated with
M-CD47p-GQDs-miR223 had an unobstructed area of 63.06 % and a
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significant reduction in plaque area.

ELISA was further performed on inflammatory factor and AS-
susceptible plaque-related factor levels in the serum of each group
after different treatments to determine the therapeutic effect of M-
CD47p-GQDs-miR223. The results indicated that the expression level of
the anti-inflammatory cytokine TGF-f1 in the serum of mice treated
with M-CD47p-GQDs-miR223 was significantly higher than that in the
other three groups (Fig. 7h). In contrast, the expression levels of the
proinflammatory cytokines TNF-oa and MCP-1 were significantly
decreased (Fig. 7g and i). Additionally, the expression level of the
intercellular adhesion molecule ICAM-1, which is induced by endothe-
lial cells (ECs) and vascular smooth muscle cells (VSMCs) [49], was
significantly reduced after treatment with M-CD47p-GQDs-miR223
(Fig. 7j). The decreased expression levels of MCP-1 and ICAM-1 sug-
gested a decrease in monocyte adhesion and recruitment in early
atherosclerotic lesions. Moreover, the expression level of the matrix
metalloproteinase MMP-9 dramatically decreased (Fig. 7k). The balance
between collagen synthesis by VSMCs and collagen degradation by
MMP-9 plays a crucial role in determining the stability of the fibrous
cap, which is strongly associated with plaque rupture.

Finally, after the cells were stained with a FITC-F4/80 antibody, we
isolated the cells from the carotid artery plaques of the mice and sorted
the macrophages using flow cytometry. As depicted in Fig. 71 and
Fig. S8, the total count of F4/80" macrophages in the plaques treated
with M-CD47p-GQDs-miR223 was significantly lower than that in the
untreated group. This decrease in plaque macrophages can be attributed
to the suppression of monocyte recruitment [50] and/or progression
from the plaque by induction of the M1 migration marker CCR7 in foam
cells [51-54]. In this study, reversing the inflammatory microenviron-
ment have prevented the continuous influx of monocytes, which is
beneficial for reducing the number of macrophages involved in plaque
formation, and further impeded the progression of atherosclerotic
plaques.

3.11. Engineered monocytes regulated the lipid metabolism levels in vivo

Atherosclerosis is a chronic inflammatory disease characterized by
the defective resolution of vascular inflammation in the vessel wall and
accumulation of low-density lipoprotein cholesterol (LDL-C) in the
arterial system [55]. Studies indicate that patients with AS may exhibit
elevated total cholesterol (TC) and triglycerides (TG) levels, along with
reduced high-density lipoprotein cholesterol (HDL-C) levels, in com-
parison to healthy individuals [56]. Therefore, it is crucial to monitor in
vivo lipid levels to validate the lipid metabolism-regulating effects by
M-CD47p-GQDs-miR223.

We evaluated TG (Fig. S9), TC (Fig. 7m), LDL-C (Fig. 7n), and HDL-C
(Fig. 70) concentrations in the serum M-CD47p-GQDs-miR223 notably
decreased TC and LDL-C levels, which are linked to an increased risk of
heart disease. Conversely, it raised HDL-C levels, known as the *good’
cholesterol that aids in eliminating surplus cholesterol from the blood.
Overall, the engineered monocytes showed a significant lipid lowering
in the Apoe™/~ mice.



Q. Xia et al.

a

Right common carotid artery
3mm 1mm

C Age 6 weeks

Materials Today Bio 28 (2024) 101178

b
;]:-Jace ho-[.c.i-ej'
7-12 weeks 13-16 weeks
| | | o
v v v
TS Surgery HFD feed Drug injection

o

e

- ah ke

ALT specific activity(lU/L)
SN & OO N &

500
T r
-5 400
=
°
g 300
= 200
(5}
100
0
Al W» \\PR"L& Pq,’lg'
PR
0 "
o foss
o o
CT M

miRNA223 miRNA223
fo § §

AST specific activity(IU/L)

o
gs ] " Englneering Monocyte v CD47p-GQDs-mMIRNA223
E
‘g 6 O  foamecell ¢ MGP-1 & ax-LDL
=4
£ .
< 5, j CD47p-GQDs-
3 miRNA223
d
50
<t A
&
% o
19 '
o *.G"h

CD47p-GQDs- M-CD47p-GQDs-

Fig. 6. Invivo treatment of engineered monocytes a) Animal modeling process: partial ligation of the RCCA in 6-week-old Apoe ™/~ mice. Right, optical photograph of
the surgery. b) Oil Red O staining image of carotid artery sections; scale bar = 200 pm. ¢) The timeline of the animal model and intravenous administration process.
The mice were fed a high-fat diet for 6 weeks after surgery, and then the mice were subjected to tail vein injection after they were fed a high-fat diet for 6 weeks.
Biosafety of monocyte/CD47p-GQDs-miR223/M-CD47p-GQDs-miR223 in vivo. Serum levels of d) ALT, e) AST, g) Cr and h) urea at 24 h after the last treatment were
measured. f) Schematic diagram of the in vivo transport of M-CD47p-GQDs-miR223. i) H&E staining of mouse organs (livers, kidneys and spleens) after finishing the
entire treatment. j) In vivo imaging of mice at different time points after treatment with monocyte/CD47p-GQDs-miR223/M-CD47p-GQDs-miR223. Images are
representative of n > 3 independent experiments. The data in the figures represent the means + SDs. Significant differences: **p>0.05.

11



Q. Xia et al. Materials Today Bio 28 (2024) 101178

a b .
CD47p-GQDs- 153
miRNA223 S
o
5
ey
=
c d
+
%
o
o
s
ey
=
100pm
e P f =
Ly = o0 *
2 2 e0
o
a45
g o |
g 15
S 3 E ° Ay W 2 el
M- E 9‘“\@\":‘“\3\\‘"
- -mi O O
cT M CD47p-GQDs-MiRNA223 17 o miRNA223 e
L
9 3 h 2 .
E 30 ns £ i g 2500 .
o o ———
25 =3 £ 2000 ek
o S
H S S
& 20 ® T 1500 I
£ 15 = £
@ 2 $ 1000
210 € <
5 Q 8 i
O s © 500
- 5
? (-8 -8
w 0 w o 0
= < IR = = < U
P W A @
PP o
o o P
e e M oY
SN o o
W
i3 kK I =
] %900 FKkkek %’1200 G I F 60 kk
e
= 750 _— £ 1000 2 ) '
2 600 — 2 s00 3 4
g 1 g l 0
< 450 £ 600 4
o 3 s 30
g 300 1 e 400 =
o 8 [ I
< 150 o 200 8
= z 15
3 £ g
3} =
b
CT E-M Treatment
m n 0 3.0 5
re—
_ o~ 525 I
. g %
=
S g S 20 l
£ E E s
£ Q S 10
o = o 1
4 a =)
— T 05
0.0

(N
@ A
P S
O o
S e
P (P

Fig. 7. Evaluation of the in vivo therapeutic effects of engineered monocytes. Immunostaining of a) CD206% (Cy3) and c¢) CD86" (AF488) macrophages in carotid
artery tissue sections after treatment. The average fluorescence intensities of b) CD206" and d) CD86™" cells in carotid artery sections. ) Masson staining image of
carotid artery sections. f) Calculation of the residual cavity area of plaque slices. The in vivo therapeutic effect of monocyte/CD47p-GQDs-miR223/M-CD47p-GQDs-
miR223 on the basis of the serum levels of g) TNF-«, h) TGF-p1, i) MCP-1, j) ICAM-1, k) MMP-9 after treatment. 1) The percentage of F4/80-positive macrophages in
the mouse common carotid artery was determined via flow cytometry. The in vivo therapeutic effect of monocyte/CD47p-GQDs-miR223/M-CD47p-GQDs-miR223 on
the basis of the serum levels of m) TC, n) LDL-C and o) HDL-C after treatment. Images are representative of n > 3 independent experiments. The data in the figures
represent the means + SDs. Significant differences: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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4. Discussion

Atherosclerotic lesions in the early stages of atherosclerosis are
characterized by the subendothelial accumulation of lipid-laden mac-
rophages in large arteries. These lipid-laden macrophages, predomi-
nantly of the M1 type, enhance their uptake of modified LDL by
expressing lipid affinity receptors including SR-A, CD36, and LOX1/SR-
E1l prominently on their surface. The increased production of ox-LDL
and upregulated expression of LOX-1 lead to elevated uptake of ox-
LDL in M1-type macrophages, which is referred to as ‘aberrant phago-
cytosis’ or ‘excessive uptake’, ultimately resulting in macrophage
dysfunction in lipid metabolism and the formation of foam cells. Foam
cells have been shown to contribute to various atherogenic processes,
including the recruitment of monocytes by producing MCP-1 [57,58],
the formation of necrotic cores in atherosclerotic plaques [59], and the
production of matrix metalloproteinases (MMPs).

In the past decade, several therapies for atherosclerosis have been
developed, including statins, which lower cholesterol levels and may
directly or indirectly impact macrophage foam cell formation [60], as
well as anticytokine therapy [61] and anti-inflammatory therapy (nu-
clear receptor agonists [62], peroxisome proliferator-activated receptors
(PPARSs) [63], and liver X receptor (LXR) agonists [64,65]), which target
macrophage foam cell formation and may provide clinical benefits.
From a clinical perspective, intervention in the pathogenesis of athero-
sclerotic plaques may be an ideal strategy for regulating cytokines
associated with foam cell formation or lowering serum LDL levels.
However, these intervention methods may interfere with normal im-
mune system function and may cause other side effects. Atherosclerosis
is a complex disease involving multiple cellular and molecular mecha-
nisms; therefore, there is hope that novel and safe therapies targeting
foam cells can be developed for clinical use in treating atherosclerosis.

Using human and animal models, it has been clearly demonstrated
that the key initial step in the formation of macrophage-derived foam
cells is the migration of monocytes from the bloodstream into the sub-
endothelial intima. Within this intima, the monocytes further differen-
tiate into macrophages [57], which, along with vascular smooth muscle
cells (VSMCs) transformed macrophages-like cells [66], contribute to
the progression of atherosclerosis. Based on this, we propose a bold
hypothesis: In cases of inevitable monocyte infiltration during AS
development, we can use in vitro engineered monocytes to replace some
circulating monocytes entering the intima. These monocyte substitutes
can be equipped with restricted phagocytic abilities, potentially aiding
in inhibiting foam cell formation. The excessive lipid phagocytosis of
macrophages may be associated with altered or lost CD47 expression on
apoptotic cells during early atherosclerotic plaque formation [67].
Interestingly, macrophages in advanced plaques exhibit sharply
impaired phagocytosis due to the upregulated expression of CD47
molecules. Inspired by these findings, the use of monocyte substitutes
with restricted phagocytic ability through the CD47-SIRPa signaling
pathway may be an ideal strategy for reducing intracellular lipid accu-
mulation. As shown in Fig. 3d and g, CD47p-modified monocytes
exhibited significant suppression of phagocytosis of PS and ox-LDL.
Considering the binding duration of CD47-SIRPa on monocytes shown
in Fig. 1g (over 36 h) and the in vivo transport duration shown in Fig. 6j
(just 6 h), these monocyte substitutes can efficiently inhibit the in vivo
uptake of ox-LDL for more than 24 h.

Honestly, reducing foam cell formation simply by inhibiting the
phagocytosis of ox-LDL is flawed because the removal and sequestration
of modified LDL are important parts of the protective role of phagocytes
in the inflammatory response [11,68]. Prolonged inhibition of phago-
cytosis causes lipids to accumulate in an artery, creating a vicious cycle
of inflammation, lipoprotein modification, and further inflammation,
which can be sustained in the artery due to the presence of these lipids.
Thus, intricate approaches are required to decide when to inhibit
phagocytosis and when to restore normal lipid metabolism in macro-
phages under specific conditions. A proinflammatory microenvironment
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is the fundamental cause of excessive phagocytosis and abnormal lipid
metabolism in macrophages. Evidently, inflammation attenuation and
anti-inflammatory remodeling in the plaque microenvironment benefit
macrophages by restoring physiological lipid metabolism. Therefore, we
constructed a gene drug ‘backpack’ for monocytes with limited lipid
phagocytosis. Following termination of CD47-SIRPa interactions,
miR223 from the drug backpack was released. The regulation of
inflammation and macrophage phenotype polarization by miR223 was
confirmed, as shown in Fig. 4. M2 phenotype possesses superior
phagocytic capabilities compared to M1 and can counteract the
inflammation caused by M1 by modulating the release of inflammatory
cytokines.

Simultaneously, we consider it crucial to restrict lipid uptake by
macrophages from monocyte precursors during their shift from a
proinflammatory to an anti-inflammatory state, as lipids play a signifi-
cant role in macrophage polarization. For instance, ox-LDL can prompt
M2 to shift towards M1 [69,70] and aid in the transformation of M2a
macrophages into foam cells [71]. Thus, restricting lipid uptake to lessen
the lipid burden in macrophages is advantageous for re-polarization M1
towards M2 through the influence of miR223. Once an
anti-inflammatory setting is established, M2 macrophages demonstrate
a strong ability to clear and repair tissues, facilitating the normalization
of macrophage lipid processing and preventing foam cell development.
In Fig. 5, we noted changes in genes linked to macrophage lipid pro-
cessing and inflammatory agents within 72 h of CD47-SIRPa interaction,
confirming the potential therapeutic influence of engineered monocytes
on foam cell creation. Fig. 5e shows that the Pla2g4b gene was upre-
gulated within 24 h (A24, untreated group). Pla2g4b is known to play a
role in the production of various inflammatory mediators, such as
prostaglandins [72], interleukins [73-75], and platelet activating factor
[76]. These inflammatory mediators can contribute to the inflammatory
response in the walls of blood vessels, leading to the formation and
progression of atherosclerotic plaques. Engineered cells (C24, treated
group) exhibited reduced Pla2g4b expression, indicating effective
phagocytosis inhibition in engineered monocytes and resulting in
decreased ox-LDL phagocytosis. Pla2g4b expression may be a crucial
indicator of lipid metabolism instability in M1 macrophages.

Similarly, the expression of the Akrlb3 gene was downregulated
within 24 h in the A24 group. Akr1b3 is associated with the breakdown
of fat, and its absence can reduce obesity in individuals fed high-fat diets
and increase fat breakdown [77]. The C24 group exhibited upregulated
Akr1b3 expression due to the effectiveness of inhibiting
ox-LDL-mediated phagocytosis. Additionally, as the uptake of ox-LDL by
M1 macrophages increased, the expression of GDPD3 increased,
whereas that of ccnbl decreased in the A24 group. Overexpression of
GDPD3 can increase fatty acid uptake [78], while downregulation of the
ccnbl gene may disrupt lipid metabolism by affecting the expression of
key genes involved, including peroxisome proliferator-activated recep-
tor gamma (PPARy) [79,80] and sterol regulatory element-binding
protein 1c (SREBP-1¢)[81] in lipid synthesis and breakdown, as well
as by altering the cellular energy balance. Therefore, we speculate that
the excessive phagocytosis of M1 macrophages in the proinflammatory
microenvironment is related to the upregulation of GDPD3 and down-
regulation of ccnbl. Based on the above analysis, we confirmed that the
inflammatory environment promotes excessive phagocytosis of ox-LDL
by M1 macrophages, leading to gradual progression to foam cells
without any intervention.

Fig. 5b shows that the binding of CD47p to SIRPa gradually termi-
nated after 24 h. Controlled by the asynchronous termination of CD47p-
SIRPa binding to the monocyte surface, a subset of monocyte-derived
macrophages regained the ability to take up CD47P-GQDs-miR223,
while the other subset continued to effectively inhibit the phagocy-
tosis of ox-LDL. Phagocytosis inhibition and inflammation regulation
occurred simultaneously until full detachment of CD47P-GQDs-miR223
from the monocyte surface, consistent with the results shown in Fig. 5¢
and d. Furthermore, the increased expression of IL-13ra2 in C24 cells



Q. Xia et al.

shown in Fig. 5f is a significant signal for the activation of M2 macro-
phages [82]. Additionally, as shown in Fig. 5h, the expression of
IL-6/1L-6r0, IL-20rp and NFkB-1 was downregulated, while the expres-
sion of CCL21a and IL-10ra was upregulated in the C48 group. NFkB-1
plays a role in promoting the activation, aggregation, and production of
inflammatory mediators in inflammatory cells, thereby exacerbating
plaque inflammation [83,84]. IL-20 is expressed in atherosclerotic pla-
ques and accelerates murine atherosclerosis in vivo. [85] As a receptor
subunit of IL-20, IL-20rp can bind to IL-20 and form a complex, medi-
ating its signal transduction. CCL21a can attract endothelial cells and
endothelial precursor cells, guiding them to migrate to the angiogenesis
area by binding with its receptor CCR7, thereby participating in the
formation of new blood vessels and tissue repair [86,87]. Furthermore,
IL-10 ra can bind to IL-10 to regulate its signal transmission, maintaining
immune balance in the plaque microenvironment and preventing an
excessive immune response. The increase in the IL-10 ra level was
consistent with the increase in the IL-10 level observed in Fig. 4;j.

As expected, we found that intravenously injected engineered
monocytes may compete with endogenous monocytes during recruit-
ment and contribute to immune responses. The notable reduction in the
total macrophage count in the arteries after the introduction of engi-
neered monocytes (Fig. 71) could be attributed to competitive recruit-
ment. The upregulated Neu4 expression in Fig. 5g and the notable MCP-
1 decrease (Fig. 7i) also suggest that engineered monocytes may lessen
leukocyte recruitment to atherosclerotic plaque lesions. Furthermore,
CD47p-GQD-miR223- engineered monocytes showed significant sys-
temic lipid-lowering impacts (Fig. 7m—o and Fig. S9). The combination
of anti-inflammatory and lipid-lowering treatments will enhance ther-
apeutic results in atherosclerosis patients compared to individual lipid-
lowering, anti-inflammatory, or anti-cytokine therapies.

5. Conclusion

As an advanced treatment concept for atherosclerotic plaques in its
infancy, a strategy to enhance therapeutic cell therapy using engineering
means to integrate nanomaterials and genetic molecules is emerging. In
contrast to traditional anti-inflammatory therapies that focus on foam
cells, like delivering statins, anti-foam cytokines, and nuclear receptor
agonists passively into plaques to counter foam cell formation, the
engineered monocyte therapy system offers the advantage of natural
trafficking towards atherosclerotic lesions. More specifically, the role of
monocytes in entering lesions has been completely reversed. These
ccells no longer primarily contribute to foam cell formation but instead
aid in inhibiting it and promoting healing. By leveraging the CD47-
SIRPa interaction for activation and termination, we successfully
reversed the inflammatory environment of the lesion, decreased
monocyte infiltration, and improved lipid metabolism in the early stages
of treating atherosclerotic plaques. Furthermore, drawing inspiration
from chimeric antigen receptor T-cell immunotherapy, our cell engi-
neering technology presents opportunities to modify endogenous im-
mune cells and reintroduce them, potentially for future clinical
applications using monocytes obtained from human patients.
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