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Enhancing CAR Macrophage Efferocytosis Via Surface
Engineered Lipid Nanoparticles Targeting LXR Signaling

Skylar T. Chuang, Joshua B. Stein, Sarah Nevins, Cemile Kilic Bektas, Hye Kyu Choi,
Wan-Kyu Ko, Hyunjun Jang, Jihun Ha, and Ki-Bum Lee*

The removal of dying cells, or efferocytosis, is an indispensable part of
resolving inflammation. However, the inflammatory microenvironment of the
atherosclerotic plaque frequently affects the biology of both apoptotic cells
and resident phagocytes, rendering efferocytosis dysfunctional. To overcome
this problem, a chimeric antigen receptor (CAR) macrophage that can target
and engulf phagocytosis-resistant apoptotic cells expressing CD47 is
developed. In both normal and inflammatory circumstances, CAR
macrophages exhibit activity equivalent to antibody blockage. The surface of
CAR macrophages is modified with reactive oxygen species (ROS)-responsive
therapeutic nanoparticles targeting the liver X receptor pathway to improve
their cell effector activities. The combination of CAR and nanoparticle
engineering activated lipid efflux pumps enhances cell debris clearance and
reduces inflammation. It is further suggested that the undifferentiated
CAR-Ms can transmigrate within a mico-fabricated vessel system. It is also
shown that our CAR macrophage can act as a chimeric switch receptor (CSR)
to withstand the immunosuppressive inflammatory environment. The
developed platform has the potential to contribute to the advancement of
next-generation cardiovascular disease therapies and further studies include
in vivo experiments.

1. Introduction

Programmed cell removal (PrCR) mediated by macrophages is a
dynamic physiological process that plays a key role in immuno-
surveillance and maintaining tissue homeostasis.[1] In particular,
the clearance of apoptotic cells (ACs), or efferocytosis, is pivotal
in the resolution phase of inflammation.[2] Recent evidence
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implicates the role of impaired efferocyto-
sis in the pathogenesis of atherosclerosis.[3]

The upregulation of CD47, a “don’t eat me”
signal, on lesion foam cells significantly
impedes efferocytosis when these cells un-
dergo apoptosis. ACs that are not read-
ily cleared can undergo secondary necro-
sis and contribute to chronic inflamma-
tion by increasing cellular oxidative stress
and releasing pro-inflammatory intracellu-
lar factors.[4] Moreover, cholesterol crys-
tals (CC) that enrich lesion foam cells also
contribute to inflammation through the
NLRP3 inflammasome pathway.[5] Collec-
tively, these inflammatory hallmarks (i.e.,
necrotic cell debris and CC) cascade to
further lesion expansion, plaque destabi-
lization, and thrombosis. Hence, efficient
removal of these detrimental hallmarks
can alleviate chronic inflammation and re-
duce the risks associated with cardiovas-
cular disease (CVD). Although systemic
administration of therapeutic agents such
as CD47-blocking antibodies greatly im-
proves efferocytosis and reduces plaque
burden, it can lead to side effects such as

anemia.[3] These side effects can be partially mitigated by tar-
geted pro-efferocytic nanoparticles.[6] However, increased AC
ingestion after CD47 blockade can lead to the accumulation
of free cholesterol pools in the phagocyte and an increase in
cholesterol burden, culminating in CC formation.[7] Thus, there
is a clear need to improve the current understanding of the
role of efferocytosis in atherosclerosis and further develop novel
therapeutic strategies to improve this process.

Despite the success of cholesterol-lowering drugs such as
statins and PCSK9 inhibitors in reducing the incidence of
atherosclerosis, CVD remains the leading cause of death
worldwide.[8] A promising new way to treat atherosclerosis is
targeting the liver X receptor (LXR) pathway. LXR is a protein
that regulates cholesterol metabolism and homeostasis. By acti-
vating LXR, we can increase the amount of cholesterol that is re-
moved from lesion foam cells, which helps prevent the buildup
of plaque in the arteries.[9] In addition to facilitating choles-
terol efflux that alleviates excess free cholesterol burden, the LXR
pathway is also linked to promoting a tolerogenic response in
macrophages via efferocytosis. In particular, Mer tyrosine kinase
(MerTK) plays a key role in mediating AC ingestion and suppres-
sion of inflammation in mice with lupus-like autoimmunity.[10]
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Indeed, activation of LXR𝛼 is linked to a dampened inflamma-
tory response and an anti-inflammatory M2 phenotype, which
is believed to be atheroprotective.[11] However, clinical develop-
ment of LXR agonists is hampered by off-target effects such
as hepatic steatosis and hypertriglyceridemia.[12] Further, due to
their inherent hydrophobic nature, CC are insoluble and diffi-
cult to remove using pharmacological means. Hydroxypropyl 𝛽-
cyclodextrin (HP𝛽-CD) is shown to positively affect atherosclero-
sis regression by increasing free cholesterol conversion to oxys-
terols through the LXR pathway in macrophages and promoting
reverse cholesterol transport (RCT) in vivo.[13] The hydrophobic
cavity of HP𝛽-CD permits stable host–guest complex interaction
between CD and cholesterol, consequently improving CC solubil-
ity and reducing CC-mediated damage and inflammation. How-
ever, systemic administration of CD can lead to toxicities, with
ototoxicity being a major side effect.[14] To this end, various for-
mulations of CD-based nanoparticles have been developed for
targeted atherosclerosis therapy.[15] Although CD-based therapies
can alleviate the burden of lipids in the body, macrophages with
increased expression of CD47 have limited ability to target and
engulf ACs with the assistance of CD47-based therapies.

Given the complex nature of atherosclerosis and the heavy
involvement of the immune system, immunoengineering ap-
proaches that modulate or augment the functions of the immune
cell effector of the lesion can offer more remarkable therapeutic
outcomes. Engineered cell therapy, such as chimeric antigen re-
ceptor (CAR) T cell therapy, has reached critical success in the
treatment of acute and relapsed lymphoblastic leukemia.[16] The
programmable functions of CAR enable the selective elimination
of target cells. The versatility of CAR engineering has recently
been extended to non-oncology applications,[17] as well as other
types of immune cells, such as NK cells and macrophages.[18] We
speculated that CAR-engineered monocytes and macrophages
(CAR-Ms) targeting ACs with elevated CD47 expression (CD47Hi

ACs) could improve cell clearance and decrease inflammation.
We chose macrophages as engineering targets due to i) the high
affinity of circulating monocytes (prior to macrophage differenti-
ation) to mobilize toward inflamed atherosclerotic regions, ii) the
prominent role of macrophages as essential phagocytes in the le-
sion, and iii) the resilience of macrophages and their ability to
produce anti-inflammatory cytokines upon ingestion of ACs.[19]

CAR-Ms are also hindered by inflammatory signaling in the mi-
croenvironment. To overcome this limitation, our novel CAR-
M also serves as a chimeric switch receptor (CSR) in which the
usual CD47-SIRP𝛼 is a stimulatory rather than an inhibitory sig-
nal. We also engineer the CAR-M to serve as a drug carrier of
cholesterol-dissolving small molecules. Nanoparticle backpacks
do not interfere with ordinary cell function and have previously
been demonstrated to increase the bioavailability of the encapsu-
lated drug and enhance cellular effector functions.[20] Through
selective receptor targeting, spatio-temporal control of drug re-
lease can be achieved.[21] For example, CAR T-cells backpacked
with IL-15 super-agonist nanogels enhance T-cell expansion and
overall therapeutic efficacy in vivo.[22] Hence, attaching nanopar-
ticles made of HP𝛽-CD to CAR-Ms enables scientists and clin-
icians to make CAR-Ms more resistant to the accumulation of
lipids over time after they ingest ACs.

To overcome the aforementioned obstacles in engineering im-
mune cells for CVD treatment, we developed a novel nano-

immunoengineering platform composed of i) anti-CD47 CAR-
Ms and ii) surface-anchored HP𝛽-CD lipid nanoparticles (𝛽-CD
LNPs) to target the hard-to-clear CD47Hi ACs (Figure 1a). We
hypothesized that the clearance of CD47Hi ACs could be im-
proved by dual anti-CD47 CAR and 𝛽-CD LNP engineering. The
propensity of monocytes to localize to inflamed tissues allows
them to serve as advanced cell-based-drug delivery vehicles in
vivo. We reasoned that CAR-expressing monocytes could medi-
ate phagocytosis against CD47Hi ACs upon differentiation into
CAR macrophages in situ at the lesion site and serve as drug
delivery vehicles. Lipid nanoparticles are the gold standard for
targeted drug delivery.[23] One lipid nanoparticle in particular,
the 𝛽-CD LNP, is composed of HP𝛽-CD modified with a ROS-
sensitive moiety to hydrophobically pack inside the nanoparti-
cle core.[24] HP𝛽-CD, released by the 𝛽-CD LNP under oxidative
stress, solubilizes the CCs and increases oxysterol metabolism.
Free HP𝛽-CD upregulates the LXR pathway in macrophages,
which can promote apoptotic cell debris clearance[25] (Figure 1b).
To achieve this goal, we combine genetic engineering and nan-
otechnology. We first design a chimeric antigen receptor corre-
sponding to anti-CD47 to engulf ACs at the injury site. Next, we
introduce the 𝛽-CD LNP as a nano-sized carrier to enhance the
breakdown of lipids by activating LXR signaling, which helps in
the engulfment of AC and CC. This “living factory” would ensure
that macrophages can efficiently break down lipids without being
dilapidated by the immune system. Such metabolic reprogram-
ming will, in turn, lead to increased cholesterol efflux and limit
the overall lipid burden without hindering CAR activity. In short,
our nanoparticle-backpacking approach will reduce and protect
against ongoing lipid burden to facilitate efferocytosis of CD47Hi

ACs by our anti-CD47 CAR-M cells.

2. Results and Discussion

2.1. Synthesis and Characterization of 𝜷-CD Lipid Nanoparticles
(𝜷-CD LNPs)

To synthesize 𝛽-CD LNPs for degrading CC, we adapted a previ-
ously reported synthesis of core–shell LNPs containing phenyl-
boronic acid pinacol ester (PBAP)-modified 𝛽-CD cores (Figure
S1a, Supporting Information).[26] The 1H-NMR and FT-IR spec-
tral data confirmed the chemical composition via signature peaks
(Figure S1b,c, Supporting Information). PBAP-modified 𝛽-CD
LNPs were prepared by nanoprecipitation (Figure S2a, Support-
ing Information), resulting in an average diameter of 150 nm, as
visualized by transmission electron microscopy (TEM) (Figure
S2b, Supporting Information). We also characterized the syn-
thesized PBAP by chemical mapping via X-ray photoelectron
spectroscopy (Figure S2c, Supporting Information), which sup-
ports the successful incorporation of PBAP-modified 𝛽-CD into
the LNPs. The 𝛽-CD LNPs had low cytotoxicity in both THP-1
macrophages and human umbilical vein endothelial cells (HU-
VECs) (Figure S2d, Supporting Information), highlighting their
biocompatibility in a vascular system. While the 𝛽-CD LNPs were
highly stable under normal conditions, they readily degraded
under different H2O2 concentrations and released HP𝛽-CD
(Figure S3a, Supporting Information). The PBAP-mediated reac-
tion products were observed to be effective at scavenging reactive
oxygen species (ROS), as was demonstrated in the rhodamine
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Figure 1. Nano-immunoengineered CAR-M for potential atherosclerosis therapy. a1) Schematic illustration of CAR-transduced THP-1 monocytes an-
chored with 𝛽-CD LNPs. The inset shows a confocal micrograph of CAR-monocyte carrying 𝛽-CD LNP backpacks. Scale bar is 5 μm. a2) Schematic
depiction and transmission electron micrograph of a 𝛽-CD LNP. Scale bar is 100 nm. a3) Design of the anti-CD47 CAR construct, a4) the 𝛽-CD LNP
loaded CAR-Ms (CAR-M/ 𝛽-CD LNP) could locate the inflamed lesion, traverse, and mediate targeted clearance of lesion apoptotic cells with elevated
CD47 expression (CD47Hi ACs). b) The ingested cholesterol-rich materials (ACs and CC) could be scavenged by 𝛽-CD released from cell surface LNPs
due to ROS-mediated degradation. Oxysterols converted from cholesterol facilitated by 𝛽-CD could activate the LXR signaling pathway and increase key
downstream genes such as Abca1, Abcg1, and Mertk to promote cholesterol efflux and suppression of inflammation. Scale bars are 5 μm.

quenching assay (Figure S3b, Supporting Information) and re-
ducing intracellular ROS (Figure S3c, Supporting Information).
The ROS-scavenging effect of this material had been shown to re-
duce inflammation significantly and improve the therapeutic out-
come in atherosclerosis and ischemic stroke.[15,27] Upon hydroly-
sis of the 𝛽-CD LNPs, the released HP𝛽-CD could readily form an

inclusion complex with cholesterol and effectively dissolve CC in
a dose-dependent manner (Figure S4a, Supporting Information).
Further, the 𝛽-CD LNP-treated macrophages harbored a lower
amount of accumulated CC compared to the PBS-treated con-
trol macrophages (Figure S4b,c, Supporting Information). As the
ability of the 𝛽-CD LNPs to partake in the LXR pathway was not

Adv. Mater. 2024, 36, 2308377 2308377 (3 of 16) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202308377 by R
utgers U

niversity L
ibraries, W

iley O
nline L

ibrary on [06/06/2024]. 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

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

investigated previously,[15,27] we sought to evaluate this property
using quantitative reverse transcription PCR (RT–qPCR). Treat-
ment of CC-incubated THP-1 macrophages with 𝛽-CD LNPs led
to a significant downregulation of the pro-inflammatory genes
Il-1b, Nlrp3, and Il-6 by 2.95-, 3.27-, and 4.11-fold, respectively.
Further, there was an upregulation of genes involved in choles-
terol efflux (Abca1 and Abcg1, part of the LXR pathway) by 1.95-
and 2.48-fold (Figure S4d, Supporting Information). A slight up-
regulation of Abca1 and Abcg1 by CC was also previously re-
ported, and 𝛽-CD could further enhance such upregulation.[13]

2.2. In Vitro Anchoring of 𝜷-CD LNPs onto THP-1 Monocytes
and their Protective Effects

To allow controlled release of 𝛽-CD from the surface of mono-
cytes, we chose CD45 as the target receptor for 𝛽-CD LNP
binding because this receptor has been shown to permit sur-
face retention of liposomes and nanogels for at least 7 days in
T cells.[22] We first coupled anti-CD45 antibodies to the 𝛽-CD
LNPs by thiol–maleimide coupling, followed by direct incuba-
tion with THP-1 monocytes to obtain 𝛽-CD LNP-bound cells[28]

(Figure 2a). 𝛽-CD LNP backpacking on the CAR-M cell surface
enabled the triggered release of HP𝛽-CD by the produced H2O2
(intracellular or extracellular) in an inflammatory environment.
DLS provided evidence of conjugation of the anti-CD45 anti-
bodies by the increase in the hydrodynamic diameter of the 𝛽-
CD LNPs after purification (Figure 2b). It is important to note
that the 𝛽-CD LNPs were prepared with a negative zeta poten-
tial to prevent any nonspecific adsorption and subsequent en-
docytosis, which could reduce the amount of LNPs that could
be retained at the surface. This method allowed for the loading
of 𝛽-CD LNPs at different concentrations with various efficien-
cies (Figure 2c). Confocal microscopy revealed a robust loading
of THP-1 monocytes with boron–dipyrromethene–(BODIPY-) la-
beled 𝛽-CD LNPs (Figure 2d). The density of the 𝛽-CD LNPs
could be tuned for optimal loading (Figure 2e). Based on the
non-toxic concentration of 38 μm (Figure S2d, Supporting Infor-
mation), we chose this loading concentration for our subsequent
experiments. Combined with the results of nanoparticle track-
ing analysis (NTA) (typical batch generates ≈ 1.93 × 109 parti-
cles per mL), this was equivalent to ≈174 LNPs per cell. Previ-
ous studies have shown that up to 300 multilamellar liposomes
could be tethered onto the surface of T cells.[20a] However, this
could be due to a greater expression of CD45 on lymphocytes than
on monocytes.[29] We further examined the targetability of CD45
as it was previously shown for NP retention in T cells. While
there was no significant difference between the control group
that contained no anti-CD45 antibody versus the group that con-
tained the anti-CD45 antibody immediately after cell backpack-
ing, we observed a drastic difference in the amount of cell-
tethered NP fluorescence after 2 days post-anchoring (Figure 2f).
Further, Z-stack imaging indicated the surface retention of the
𝛽-CD LNPs 2 days post-loading (Figure 2g). This highlights the
pivotal role of targeted binding via CD45 conjugation in increas-
ing the surface half-life of the 𝛽-CD LNPs in leukocytes. To fur-
ther quantify the cell populations with surface 𝛽-CD LNPs over
time, we employed flow cytometry to detect surface LNPs via
biotin-streptavidin binding (Figure 2h). This enabled us to track

the number of surfaces versus internalized NP by examining
the AlexaFluor to BODIPY fluorescence ratio. Most cells (>90%)
exhibited NP on the surface after 1 day; however, there was a
substantial decrease in the surface NP signature 2 days post-
anchoring, according to Figure 2i. However, this is possibly at-
tributed to the proliferative property of THP-1 cells in the un-
differentiated state (proliferation time ≈ 26 h) that leads to the
dilution of surface-bound 𝛽-CD LNPs. A similar finding is seen
in primary T cells containing NP backpacks after stimulation
in vitro.[20a]

Next, we sought to evaluate whether the release of HP𝛽-CD
from 𝛽-CD LNP-backpacked cells could provide sufficient con-
centrations in reducing CC. We pre-loaded THP-1 cells with
the LNPs and harvested cell supernatant at least 24 h post-
loading before incubating with CC under various conditions
(Figure 3a). The HP𝛽-CD released from the NP-bound cells could
solubilize CC in vitro, especially in those that contained H2O2.
We further examined whether cellular backpacking could pro-
vide any protective effects by challenging the cells with vari-
ous inflammatory mediators (Figure 3b). The decrease in in-
tracellular CC in backpacked cells versus non-backpacked cells
mirrored the results in our in vitro CC dissolution experiment
(Figure 3c). When examining the CC-induced inflammation re-
sponse, we observed a decrease in gene expression of both Nlrp3
and Il-1b in THP-1 macrophages containing 𝛽-CD LNP back-
packs compared to those without, supporting the protective ef-
fect of backpacking in decreasing the inflammasome response
(Figure 3d). Considering that M1 macrophages are the most com-
mon subtype detected in atherosclerotic lesions and cause plaque
destabilization,[30] we subjected to control and NP-bound THP-1
macrophages to LPS and IFN-𝛾 for 24 h after their initial differ-
entiation for 2 days. We found that control M1 macrophages had
more 2′-7′-Dichlorodihydrofluorescein diacetate (DCFDA) fluo-
rescence signal than NP-backpacked M1 macrophages, which
suggests that the NP-backpacking decreased intracellular ROS
levels (Figure 3e). Similarly, we saw a reduction in lipid ac-
cumulation in oxidized low-density lipoprotein (ox-LDL)-treated
control macrophages compared to the backpacked macrophages
(Figure 3f). Significantly, this further manifested the ROS and
lipid scavenging advantages of surface-engineered nanoparticle
backpacks. During efferocytosis, free cholesterol from ACs con-
tributed to the intracellular cholesterol pool, which could be toxic
and lead to CC buildup. Given the multiple protective effects of
𝛽-CD LNPs, we speculated that the 𝛽-CD LNPs could enhance ef-
ferocytosis by virtue of promoting free cholesterol conversion to
oxysterols such as 25- or 27-hydroxycholesterol and activating the
LXR pathway.[13]

Hence, we examined whether the 𝛽-CD LNPs could en-
hance LXR signaling during efferocytosis. Upon incubation with
ACs, we observed a 1.81- and 5.22-fold up-regulation of essen-
tial LXR target genes Abca1 and Abcg1; Cyp27a1, whose 27-
hydroxycholesterol product is an endogenous ligand for LXR,
was also increased by 1.71-fold (Figure 3g). Previous reports
have shown that HP𝛽-CD could facilitate cholesterol egress
from lysosomes through the upregulation of LAMP-1 and that
𝛾-CD could promote lysosomal-ER association through cel-
lular conduits.[31] Mechanistically, the ER-associated enzyme
cholesterol 25-hydroxylase had been shown to promote effe-
rocytosis and resolution of inflammation in mice with lung
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Figure 2. In-vitro surface anchoring of 𝛽-CD LNP onto monocytes. a) Schematic illustration of 𝛽-CD LNP loading onto THP-1 cells via CD45 targeting.
b) Size and zeta potential change before and after CD45 antibody conjugation and antibody quantification. c) Loading efficiency of the 𝛽-CD LNPs based
on a density of 1.0 × 106 cells mL−1. d) Confocal microscopy images of THP-1 cells (red) with 𝛽-CD LNP backpacks (green). Scale bar equals 20 μm.
e) THP-1 monocytes could be loaded with the indicated doses of 𝛽-CD LNPs and analyzed by flow cytometry. f,g) The effect of CD45 antibody targeting
on cell-associated LNPs was evaluated on days 0 and 2 by flow cytometry (f) and confocal microscopy (g). Data represent mean ± SEM; n = 3; ***p
< 0.001 by unpaired two-tailed Student’s t test. Scale bars equal 5 μm. h) Surface 𝛽-CD LNPs containing DSPE-PEG-biotin could be detected using a
secondary reporter (AlexaFluor 647-streptavidin) by flow cytometry. i) Representative dot-plot of surface 𝛽-CD LNP on THP-1 cells over 2 days analyzed
by flow cytometry.

inflammation;[32] while, the failure of lysosomal acid lipase-
mediated production of 25- and 27-hydroxycholesterol was shown
to reduce cholesterol efflux and efferocytosis.[33] In addition,
there was a concomitant increase in Mertk and Il-10 by 1.57-
fold and 2.85-fold in 𝛽-CD LNP-containing macrophages com-
pared with unmodified macrophages (macrophages without
backpacks), supporting enhanced efferocytosis. Notably, there

was also a reduction in Ccl2 expression, as well as an increase
in the expression of Tfeb (autophagy marker) and Cd206 (M2
marker) expression. Collectively, these data demonstrate that 𝛽-
CD LNP backpacks could reduce intracellular CC and the associ-
ated inflammation, offer protection against ROS and resistance
to foam cell formation, and enhance efferocytosis while suppress-
ing inflammation in THP-1 macrophages.
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Figure 3. 𝛽-CD LNP loading mediates protection and potentiates efferocytosis in macrophages. a) Schematic depicting in vitro CC dissolution of THP-1
cells containing 𝛽-CD LNP backpacks. Data are mean ± SEM; n = 3; *p < 0.05 and ***p < 0.001 by one-way ANOVA with Tukey post-hoc analysis; n.s.
means no significance. b) THP-1 cells with or without 𝛽-CD LNP backpacks were challenged with various inflammatory mediators (LPS and IFN-𝛾 ; CC;
oxLDL) to evaluate the protective effects of 𝛽-CD. c) Confocal microscopy images of THP-1 macrophages (red) examined 16 h after incubation with CC
(green). Scale bar = 20 μm. d) Canonical inflammasome genes in THP-1 macrophages after 3 h incubation with CC determined by RT-qPCR. e) DCFDA
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2.3. CAR-M Engineering and Phagocytosis of CD47Hi AC Under
Normal and Inflammatory Conditions

The main goal of this experimental design was to increase the
LXR signaling further and the efferocytosis connection found
through 𝛽-CD LNPs by manipulating the cells. A key underly-
ing mechanism leading to defective efferocytosis in atheroscle-
rosis is the upregulation of CD47, a myeloid immune check-
point, in lesion smooth muscle cells.[3] Previous works have
demonstrated the pivotal role TNF-𝛼 plays in upregulating CD47
expression in various types of cells via the NF-k𝛽 signaling
pathway.[34] This event negatively impacts phagocytosis and AC
clearance, leading to secondary necrosis in the atherosclerotic
plaque. We hypothesized that by engineering macrophages with
anti-CD47 CAR, we could enhance the phagocytosis of CD47Hi

ACs. To increase macrophage efferocytic ability against CD47Hi

ACs, we engineered human THP-1 monocytes with a first-
generation, bicistronic lentiviral vector encoding a humanized
anti-CD47 single chain antibody variable fragment (scFv), CD8
transmembrane domain, and a CD3𝜁 intracellular domain linked
to an EGFP reporter (Figure 4a,b). The CD3𝜁 domain was pre-
viously shown to trigger phagocytosis due to the presence of
immunoreceptor tyrosine-based activation motifs (ITAMs).[18c]

Upon lentiviral transduction and FACS, the expression of CAR
was evaluated using Protein L, which recognized immunoglob-
ulin light chains and scFvs.[35] We chose Protein L rather than
CD47 for CAR detection because the cognate receptor of CD47,
SIRP𝛼, was also expressed in macrophages; and thus, could inter-
fere with evaluation. Flow cytometry analysis revealed that most
of the population (83.7%) were double positive for GFP and Pro-
tein L-Alexa Fluor 647 after FACS (Figure 4c). There was also a
small population of cells (7.7%) that were GFP-positive but not
stained by Protein-L, possibly due to the very low surface expres-
sion of CAR. In contrast, the unsorted batch only contained 6.8%
of double-positive cells. Thus, with the dual detection of the sur-
rogate marker (GFP) and Protein L, we could confirm the surface
expression of CAR in CAR-Ms.

One unique aspect of our CAR design is that it permits
rewiring the endogenous inhibitory response upon CD47 bind-
ing. We speculated that the CAR-Ms could engulf the target
CD47Hi ACs upon binding to CD47, which normally trans-
duced an inhibitory signal to the host phagocyte. This concept
of chimeric switch receptor (CSR) has previously been demon-
strated in CAR T-cells against PD-L1,[36] but not in macrophages
(Figure 4d). To test our hypothesis, we first prepared beads
coated with lipids and CD47 proteins to mimic apoptotic bodies;
then, we performed bead phagocytosis assays with the CAR-Ms
(Figure S5a, Supporting Information). In contrast to the control
macrophages transduced with a blank virus, the CAR-Ms took
up a significantly greater number of CD47-coated beads (Figure
S5b,c, Supporting Information). To further evaluate the phago-
cytic capability of CAR-Ms, we chose MCF-7 cells as model target
ACs due to their high basal expression of CD47. Their surface ex-

pression of CD47 could be further increased by incubation with
TNF-𝛼 before subjecting the cells to apoptosis for 4 h.[34] This
allowed us to generate phagocytosis-resistant, CD47Hi early ACs
that mimicked those found in chronically inflamed lesions.[3] We
independently verified the upregulation of CD47 in MCF-7 cells
by fluorescence microscopy under healthy and apoptotic condi-
tions (Figure S6a, Supporting Information).

Further, flow cytometry showed a blunted reduction of CD47
on the surface of TNF-𝛼-treated ACs (Figure S6b, Supporting In-
formation). Interestingly, TNF-𝛼 treated cells not only showed
increased fluorescence signal but also exhibited more clusters
(Figure S6c, Supporting Information). The differential cluster-
ing of CD47 under healthy versus apoptotic states was described
previously[37] and could also partially explain the increased re-
sistance of ACs against clearance by macrophages under in-
flammatory conditions. Having established the target cell model,
we first performed phagocytosis of CD47Hi ACs with control
macrophages or CAR-Ms, using anti-CD47 antibodies as a posi-
tive control. After 1 h of incubation, there was very little phago-
cytosis in control macrophages (Figure 4e); in contrast, control
macrophages with CD47-blocked ACs showed enhanced phago-
cytosis, with several whole cells in the process of being engulfed
by the macrophages. When utilizing CAR-Ms, we noticed not
only the occurrence of whole-cell engulfment but also the inter-
nalization of multiple cell “fragments” or apoptotic bodies. Con-
focal microscopy showed that the ACs were indeed internalized
using Z-stack imaging (Figure S5d, Supporting Information).
Next, we extended the phagocytosis experiment duration to 2 h
because a typical phagocytosis event is usually completed within
30–180 min.[38] Compared to the control macrophages, there was
a much greater phagocytosis of the CD47Hi ACs by CAR-Ms
(Figure 4f). To further examine the phagocytosis events, we quan-
tified the events using CellTagging, an image-based method pre-
viously reported by the Morris group.[39] This enabled us to dis-
tinguish the amount of CD47Hi ACs that were either partially en-
gulfed or fully engulfed by the macrophages (Figure S7, Support-
ing Information). After 2 h of co-culture, we observed 69.8% ±
17.8% of CAR-Ms having engulfed one or more ACs, with 39.8%
± 17.7% of CAR-Ms having fully engulfed ACs and 30.0% ±
3.41% of cells undergoing engulfment; on the other hand, only
34.9% ± 9.48% of control macrophages showed engulfment, in
which 13.1% ± 6.07% of control cells had totally engulfed the tar-
get and 21.8% ± 4.00% of cells in the process of engulfing the
ACs (Figure 4g–i)

The chronic inflammatory environment negatively affects both
the capacity of the macrophages to carry out phagocytosis and
the ability of the ACs to be cleared (Figure 5a). In addition to the
overexpression of CD47 on ACs, lesion macrophages suffer re-
duced efferocytic capability due to ectodomain shedding of the
tyrosine kinase receptors (i.e., TAM receptors, Tyro3, Axl, and
MerTK) mediated by metalloproteinases such as A Disintegrin
And Metalloprotease 17 (ADAM17), the expression of which can
be upregulated with LPS.[40] Having demonstrated the potential

fluorescence of THP-1 macrophages as a measure of intracellular ROS levels after 24 h of stimulation with LPS (100 ng mL−1) and IFN-𝛾 (50 ng mL−1).
f) Nile red fluorescence of THP-1 to assess lipid content in THP-1 macrophages. g) Gene expression changes in THP-1 macrophages with or without
𝛽-CD LNP backpacks incubated with apoptotic Jurkat cells (ACs) determined by RT-qPCR. Data represent mean ± SEM; n = 3; *p < 0.05, **p < 0.01,
and ***p< 0.001 by unpaired two-tailed Student’s t-test.
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Figure 4. CAR-M engineering and phagocytosis activity. a) Schematic diagram illustrating the process of generating CAR-Ms from THP-1 cells. b)
Lentiviral construct used for CAR transduction. c) Verification of surface expression of anti-CD47 CAR in CAR-Ms. d) The anti-CD47 CAR represents a
chimeric switch receptor (CSR) that reverses existing inhibitory signal mediated by the SIRP𝛼-CD47 axis to enhance phagocytosis of CD47Hi ACs. e)
Confocal micrographs depicting phagocytosis of CD47Hi ACs in control macrophages, macrophages with CD47-blocked ACs, and CAR-Ms after 1 h
incubation at 37 °C. Scale bar equals 20 μm. f) Representative fluorescence microscopy images of control macrophages and CAR-Ms incubated with
ACs for 2 h at 37 °C. The cells were washed three times prior to imaging. Scale bar = 100 μm. g–i) Quantitative analysis of partial (g), full (h), and total (i)
engulfment of CD47Hi AC using CellTagging after 2 h co-culture at 37 °C. Data are mean ± SEM; n = 5; *p < 0.05 and **p < 0.01 by unpaired two-tailed
Student’s t-test.
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Figure 5. CAR-M phagocytosis under inflammatory condition. a) In addition to increasing CD47 expression in lesion cells, chronic inflammation also
reduces the capacity of macrophages to clear ACs via ectodomain shedding. Efferocytic receptors (ex. MerTK) can be cleaved by metalloproteinase
ADAM17, leading to reduced efferocytosis overall. b) Representative fluorescence micrographs depicting phagocytosis of standard ACs (without inducing
CD47 elevation) by M1-control macrophages or CAR-Ms after 2 h incubation. Arrowheads point to fully internalized ACs. Scale bar = 100 μm. c–e)
Quantification of partial (c), full (d), and total internalization of standard ACs by either M1 control macrophages or CAR-Ms by CellTagging (e). f)
Quantitative analysis of phagocytosis of standard ACs by control macrophages or CAR-Ms pretreated with either TNF-𝛼 alone or TNF-𝛼 and LPS. Data
are mean ± SEM; n = 3; *p < 0.05 and **p < 0.01 by unpaired two-tailed Student’s t-test. g) Combined M1 macrophages with CD47Hi ACs co-culture
to simulate the phagocytosis in the atherosclerotic lesion environment. Scale bar = 100 μm. h) Suppression of TNF-𝛼 expression in macrophages upon
efferocytosis with CD47Hi ACs characterized by RT-qPCR. Data are mean ± SEM; n = 3; *p < 0.05 and **p < 0.01 by one-way ANOVA with Tukey post-hoc
analysis.

of anti-CD47 CAR in enhancing the phagocytosis of CD47Hi ACs,
we hypothesize that the anti-CD47 CAR can also serve as alter-
native receptors to rescue efferocytosis because of the loss in
binding affinity between host SIRP𝛼 and CD47 on the surface
of ACs.[37] To test this hypothesis, we subject both the control
macrophages and CAR-M to various types of inflammatory sig-

nals without perturbing the levels of CD47 on ACs. We first sim-
ulate the inflammatory environment of the lesion by incubating
phagocytes with LPS and IFN-𝛾 to induce M1 polarization. We
subsequently prepared standard ACs from Jurkat cells (i.e., with-
out inducing elevated CD47 expression) using established meth-
ods for co-culture experiments. We observe that while both M1

Adv. Mater. 2024, 36, 2308377 2308377 (9 of 16) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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control macrophages and CAR-Ms exhibit reduced phagocytosis,
CAR-Ms can phagocytose more Jurkat ACs (Figure 5b). Further
analysis reveals 6.42%± 1.15% and 16.3%± 8.81% of M1 CAR-M
partaking in full and partial engulfment, respectively, compared
to 4.59%± 0.66% and 6.37%± 1.39% of M1 control macrophages
engaged in such processes (Figure 5c–e) Similarly, while con-
trol macrophages and CAR-Ms exposed to either TNF-𝛼 alone or
TNF-𝛼 and LPS exhibit reduced phagocytosis, CAR-Ms outper-
form control macrophages in phagocytosis (23.1% ± 2.40% for
TNF-𝛼 alone and 19.2% ± 1.27% for TNF-𝛼 and LPS in CAR-M;
14.8% ± 3.19% for TNF-𝛼 alone and 8.47% ± 2.52% for TNF-𝛼
and LPS in control macrophages (Figure 5f).

To further examine the full extent of phagocytosis under in-
flammatory conditions, we sought to determine M1 CAR-M ver-
sus M1 control macrophage-mediated phagocytosis of CD47Hi

ACs because CAR-Ms would be subjected to a similar inflam-
matory onslaught as endogenous lesion macrophages. Fluores-
cence microscopy showed ≈27% of M1 CAR-Ms having engulfed
CD47Hi ACs, compared to ≈17% in control macrophages in 2 h
(Figure 5g). Further, RT-qPCR analysis showed the most signifi-
cant reduction of TNF-𝛼 in the M1 CAR-M/𝛽-CD LNP group com-
pared to other conditions (Figure 5h). This result also indirectly
confirmed the timely phagocytosis of ACs because phagocytosis
of necrotic cells leads to increased production of TNF-𝛼.[37] To-
gether, our data indicate that anti-CD47 CAR not only exerted
improved phagocytosis of hard-to-clear CD47Hi ACs in CAR-M
but could also serve as alternative receptors to induce target cell
engulfment in different types of ACs.

2.4. Combining 𝜷-CD LNPs With CAR-M for Enhanced
Phagocytosis and Transmigration in a Microfabricated System

To better understand how CAR-Ms compare with the standard
regimen of CD47 blockade, and whether 𝛽-CD LNPs could en-
hance the phagocytosis activity, we again investigated the degree
of total, full, and partial phagocytosis of CD47Hi ACs (Figure 6a).
Quantification analysis revealed increased phagocytosis in both
control macrophages treated with anti-CD47 antibodies, CAR-
Ms, and CAR-Ms/𝛽-CD LNPs (Figure 6b–d). Although there was
no statistically significant difference in total engulfment between
the CAR-M versus CD47 blockade group (p = 0.29), there was
significantly greater phagocytosis in CAR-M/𝛽-CD LNPs com-
pared to control macrophages with anti-CD47 antibodies (p =
0.0071), implying some synergy between CAR-mediated phago-
cytosis and the HP𝛽-CD released from LNPs. This enhance-
ment mirrors the increase in anti-inflammatory cytokine expres-
sion after efferocytosis results from our in vitro 𝛽-CD LNP back-
pack experiments (Figure 4h). To confirm the enhancing ef-
fect of the engineered CAR, we performed RT-qPCR of control
macrophages and CAR-Ms loaded with 𝛽-CD LNPs after phago-
cytosis of CD47Hi ACs. We observed an increased expression of
the LXR target genes Abca1 and Abcg1 in CAR-Ms by 2.39- and
2.03-fold, respectively. Further, Mertk and Il-10 levels increased
by 1.42- and 2.21-fold compared to control macrophages with 𝛽-
CD LNPs (Figure 6e). Live imaging further confirmed the timely
reduction of ACs by CAR-M/𝛽-CD LNP within 1 h (Figure 6f).
Together, these findings provide evidence for a synergistic en-
hancement of efferocytosis by dual nanoparticle and CAR engi-

neering. One key advantage of a cell-based therapy platform is
the homing ability of cells to target tissues. Monocytes have the
ability to travel to atherosclerosis-affected areas by binding to ac-
tivated endothelial cells and then passing through the endothe-
lial layer into the subendothelial layer (diapedesis), as illustrated
in Figure S8a, Supporting Information. To demonstrate the fea-
sibility of CAR-Ms as a potential therapeutic platform in a vas-
cular system, we first tested the cytotoxicity of CAR-Ms by per-
forming co-culturing experiments with HUVECs. We opted for
50/50 culture media for the greatest viability of THP-1 and HU-
VECs. This resulted in an ≈14% reduction in the cell viability of
HUVECs. Considering this, no observable toxicity was associated
with HUVECs co-incubated with CAR-Ms after 24 h (Figure S8b,
Supporting Information). Having confirmed the non-toxic nature
of CAR-Ms, we next evaluated the conditions for optimal HU-
VEC activation for cell binding by treating the cells with TNF-𝛼
at different dosages for different time points (Figure S8c,d, Sup-
porting Information). The subendothelial space or arterial intima
was heavily comprised of extracellular matrix materials, such as
collagen, fibronectin, and laminin. For the CAR-Ms to function
as intended, we performed preliminary cell penetration and mi-
gration studies using gelatin–methacrylate (GelMA) hydrogels.
Initial attempts using 10% cross-linked GelMA did not result in
meaningful penetration or migration. Adjusting the cross-linked
concentration to 6% and adding ACs resulted in more significant
cell migration (Figure S8e, Supporting Information). With that,
we constructed a microfluidic device to examine the adhesion
and trans-endothelial migration of CAR-Ms (Figure 6g) (Figure
S8f, Supporting Information). The device was constructed with
one pathway to allow for the seeding and adhesion of HUVECs
and a second channel that was filled with GelMA containing ACs,
replicating the subendothelial space of atherosclerotic plaque tis-
sue. Next, we developed an optimized procedure for cell seed-
ing, hydrogel loading, and cell activation (Figure 6h). Upon 24 h
of co-incubation, we could readily observe the binding of CAR-
Ms with the activated HUVECs, as similarly shown in control
THP-1 monocytes (Figure 6i). To demonstrate the potential of
CAR-Ms in acting as therapeutic vehicles, we anchored 𝛽-CD
LNP backpacks onto the cells and examined diapedesis. Confocal
microscopy revealed an increased number of CAR-Ms transmi-
grated to the GelMA layer in the activated HUVEC group com-
pared to the non-activated group, demonstrating the potential
of the LNP-loaded CAR-Ms as a platform for targeting inflamed
atherosclerotic lesions in vivo (Figure 6j). While our microfluidic
device showed the ability of our CAR-M cells to migrate to the
GelMA layer of the microfluidic device, more experiments are re-
quired to correlate these findings to the context of atherosclerotic
plaque.

3. Conclusion

Given that macrophages play a profound role in the catabolic
turnover of cellular materials in the peripheral tissues, our ob-
jective was to enhance the capabilities of macrophages to clear
ACs that overexpress CD47 because of chronic inflammation.
To achieve this, we developed a new type of CAR-Ms called the
chimeric switch receptor macrophage (CSR-M). Our approach
combined the anti-CD47 scFv with a stimulatory intracellular
signaling domain, effectively reversing the inhibitory signaling
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Figure 6. Assessment of CAR-M phagocytosis combined with 𝛽-CD LNP. a) The various conditions selected to evaluate macrophage phagocytosis of
CD47Hi AC. Quantitative analysis via CellTagging of b) partial, c) full, and d) total engulfment after 1 h incubation of macrophage with CD47Hi AC at
37 °C. e) The activation of LXR signaling targets Abca1 and Abcg1 as well as efferocytosis targets Il-10 and Mertk in control macrophages with 𝛽-CD
LNPs or CAR-Ms with 𝛽-CD LNPs after co-culture with CD47Hi AC for 2 h at 37 °C. f) Time lapse fluorescence imaging of CAR-Ms with CD47Hi AC for 1 h.
Scale bar equals 45 μm. g) (top) 3D rendering of the microfabricated vessel-on-a-chip device constructed using photolithography; (bottom) HUVECs
were seeded in the top channel and visualized by microscopy. Scale bars equal 100 μm. h) Experimental timeline for HUVEC activation and CAR-M
co-culture. i) Fluorescence microscopy images examining the adherence of control THP-1 cells and CAR-Ms to TNF-𝛼-activated HUVECs in the device.
Scale bars = 20 μm. j) Confocal microscopy image and quantitation of CAR-Ms in the GelMA hydrogel layer indicating transendothelial migration. The
CAR-Ms were fluorescently labeled with 𝛽-CD LNPs (red). Scale bar = 100 μm. Data are mean ± SEM; n = 3; **p < 0.01 and ***p< 0.001 by one-way
ANOVA with Tukey post-hoc analysis; n.s. means not significant.

linked to the SIRP𝛼-CD47 axis. The phagocytosis activity of our
developed CAR-Ms was significantly more potent than stan-
dard control macrophages, both in standard and inflamma-
tory settings. Moreover, it was able to target ACs with normal
or elevated expression of CD47. Given that ACs are the natu-
ral targets for macrophages, it would be worthwhile to high-
light that our strategy only enhanced macrophage phagocytosis

of its target, rather than provoking phagocytosis against novel
targets.

Further, we used LNPs composed of PBAP-modified 𝛽-CD
to augment macrophage function, including efferocytosis.
Anchoring the LNPs as cellular backpacks could improve the
bioavailability of 𝛽-CD in vivo. We demonstrated this potential
in a simple blood vessel-on-a-chip model, where CAR-Ms could
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bind to and transmigrate into the hydrogel layer, mimicking the
intima while carrying the LNPs. Previous studies have attributed
the beneficial effects of these LNPs to the suppression of ROS.
Indeed, oxidative stress has been shown to negatively impact
cholesterol efflux and efferocytosis.

Our research has revealed that the beneficial effects of our ap-
proach are in part due to the release of HP𝛽-CD, which promotes
metabolic reprogramming and improves LXR signaling. Previ-
ous works have shown that the LXR pathway is vital in main-
taining cholesterol homeostasis and reducing inflammation. In-
creased catabolism by HP𝛽-CD released from the LNPs can re-
duce the overwhelming cholesterol burden caused by AC inges-
tion through metabolic reprogramming. Our results show that
the combination of HP𝛽-CD and anti-CD47 CAR works syn-
ergistically to enhance phagocytosis, surpassing the effects of
CD47 blockade alone. To further improve the efficacy of our ap-
proach, future work could focus on developing second or third-
generation CARs with additional activation domains or linking
an intracellular signaling domain to increase the release of anti-
inflammatory cytokines, which could improve efferocytosis.

In conclusion, we have successfully developed a varia-
tion of CAR-M, namely CSR-M, which considerably improves
macrophage phagocytic activity. Our approach is exclusively cre-
ated to maximize macrophage phagocytosis of its related target,
apoptotic cells. Our studies have suggested that by using LNPs
composed of PBAP-modified 𝛽-CD, there could be an enhance-
ment in macrophage function. Moreover, our advanced technol-
ogy allows for a faster and more effective way to clear CD47Hi
ACs, providing a wider clearance window and decreasing the
chances of secondary necrosis in the context of atherosclerosis.

4. Experimental Section
Reagents: 4-(Hydroxymethyl)phenylboronic acid pinacol ester was

purchased from Sigma–Aldrich (St. Louis, MO). Hydroxypropyl-𝛽-
cyclodextrin (HP𝛽-CD) was purchased from Fisher Scientific (Waltham,
MA). 1,1′-Carbonyldiimidazole was purchased from Sigma–Aldrich
(St. Louis, MO). Methylene Chloride was purchased from Fisher
Scientific (Waltham, MA). Dimethyl sulfoxide was purchased from
Sigma–Aldrich (St. Louis, MO). 4-dimethylaminopyridine was purchased
from VWR (Radnor, PA). 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), DSPE-PEG(2000)-
maleimide (ammonium salt), and TopFluor cholesterol were purchased
from Avanti Polar Lipids (Alabaster, Al). Chloroform was purchased from
Fisher Scientific (Waltham, MA). Hydrogen peroxide was purchased from
Sigma–Aldrich (St. Louis, MO). DCFDA was purchased from Sigma–
Aldrich (St. Louis, MO). Presto Blue Cell Viability Reagent was pur-
chased from Fisher Scientific (Waltham, MA). Nile Red was purchased
from Sigma–Aldrich (St. Louis, MO). Sodium sulfate was purchased from
Sigma–Aldrich (St. Louis, MO). Sodium chloride was purchased from
Sigma–Aldrich (St. Louis, MO). Chloroform-D1 was purchased from VWR
(Radnor, PA). Potassium bromide (IR grade powder) was purchased from
VWR (Radnor, PA). Cholesterol was purchased from Sigma–Aldrich (St.
Louis, MO). Tryphan blue 0.1% solution was purchased from VWR (Rad-
nor, PA). BSA was purchased from Biosciences (Warrangton, PA). Rutin
hydrate was purchased from Sigma–Aldrich (St. Louis, MO). Protein As-
say Dye Reagent Concentrate was purchased from Biorad (Hercules, CA).
Sylgard 184 Silicone Elastomer was purchased from Electron Microscopy
Sciences (Hatfield, PA).

Synthesis of PBAP-CD: Phenylboronic acid pinacol ester (PBAP) was
conjugated to HP𝛽-CD using a previously established method.[21] Briefly,
PBAP (550 mg) and CDI (760 mg) were added to 7 mL of anhydrous

DCM. The reaction flask was flushed with argon gas and stirred for 30 min
at RT. The reaction mixture was washed twice with deionized water and
with brine once. The organic solvent was dried using sodium sulfate, and
then, vacuumed for a duration of 24 h. The PBAP-activated CDI (430 mg)
was added to 9 mL of DMSO along with DMAP (270 mg) and HP𝛽-CD
(106 mg). The reaction vessel was flushed with argon gas and stirred for
48 h at RT. The mixture was then precipitated in deionized water and col-
lected by centrifugation. The pellet was dried under a vacuum for 24 h.

1H-NMR and FTIR Characterization of PBAP-CD: The PBAP-CD was
characterized by proton nuclear magnetic resonance (1H-NMR) and in-
frared spectroscopy (IR). For 1H-NMR analysis, 1 mg of PBAP-CD was
dissolved in deuterated chloroform, and the sample was run on a Bruker
AVANCE Neo 500 MHz NMR. For IR analysis, 1 mg of PBAP-CD was added
to 100 mg of dried KBr powder. The powder was ground to a fine powder
using a mortar and pestle. Approximately 50 mg of this was then used
to create a KBr disc using a minipress. The spectrum was then captured
using a Thermo Fisher Nicolet iS10.

Preparation and Characterization of 𝛽-CD LNP: 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and 1,2-dioleoyl-sn-glycero-3-
phosphate (sodium salt) (DOPA) were constituted in 20 mm stock
solutions in chloroform. The stock solutions were stored in −20 °C until
use. The chloroform was vacuumed off and the lipids were redispersed in
ethanol. DSPE-PEG(2000)-maleimide (ammonium salt) was reconstituted
as 1 mg mL−1. DMPC (81 μL), DOPA (51 μL), and DSPE-PEG-maleimide
(1 μL) were added to make a 4% ethanolic solution in HEPES 7.4 pH
buffer. The solution was heated at 65 °C for 1 h. PBAP-CD (5 mg) dissolved
in methanol was added drop-wise to the lipid solution and vortexed for
3.75 min. The methanol was removed by evaporation for 2 h at 65 °C.
The formed 𝛽-CD LNPs were then stored at 4 °C until use. Hydrodynamic
diameter, zeta potential, and particle concentration of the 𝛽-CD LNPs
were measured using a Malvern ZetaSizer Nano Series and NanoSight
NS 3000 (Westborough, MA). For XPS analysis, 10 μL of the 𝛽-CD LNP
solution was dried on a cleaned silicon substrate and analyzed using
a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer (XPS)
System with a monochromated X-ray source (Al-K𝛼) and a base pressure
of <5 × 10−8 mbar. TEM images of the 𝛽-CD LNPs were acquired using a
JEOL transmission electron microscope (JEM1010; JEOL, Japan) with an
accelerating voltage of 80 kV.

𝛽-CD Release Kinetics from LNP: The amount of 𝛽-CD released from
the LNPs was determined by complexing the free 𝛽-CD to rutin. 4 μL
of rutin (1 mm in methanol) was added to 2 mL 𝛽-CD LNPs (1 mg
mL−1 in HEPES 7.4 buffer). The sample was aliquoted into 300 μL por-
tions, followed by adding H2O2 (10 mm stock). The sample was then
pipetted into a 96 well plate at 100 μL per well. The fluorescence was
measured at various time points using a microplate reader. The cali-
bration curve was generated by adding 100 μL rutin hydrate at various
concentrations (0, 2, 4, 6, and 8 mm) along with 𝛽-CD as previously
described.[46] The calibration curve was measured and determined indi-
vidually for each time point. The same protocol was repeated with some
minor changes to facilitate total hydrolysis. The 𝛽-CD LNPs were aliquoted,
followed by the addition of 1 mm H2O2. The sample was incubated at RT
overnight. Rutin was then added, incubated for 30 min, and fluorescence
measured.

Cell Culture: The human monocytic cell line THP-1 cells were cul-
tured in complete RPMI-1640 medium (Gibco, Thermo Fisher Scientific)
with 10% FBS, 1% penicillin–streptomycin, and 0.1% 𝛽-mercaptoethanol.
The THP-1 cells were differentiated into macrophage-like cells with 50 ng
mL−1 phorbol 12-myristate 13-acetate (PMA) (Tocris Bioscience) for 48 h.
For polarization into M1-like macrophages, the cells were incubated with
100 ng mL−1 LPS and 50 ng mL−1 IFN-𝛾 for 24 h after differentia-
tion. HEK293 and MCF-7 cells were cultured as Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, 1% penicillin–
streptomycin, 1% non-essential amino acids (NEAA), and L-glutamine.
HUVECs were cultured in endothelial growth medium (DMEM/F12, 2%
FBS, 1 μg mL−1 hydrocortisone, 5 ng mL−1 EGF, 10 ng mL−1 FGF-2, 20 μg
mL−1 heparin sulphate, 250 ng mL−1 insulin, and 100 U mL−1 penicillin).
The cells were cultured at 37 °C in a humidified atmosphere containing
5% CO2.
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ROS Scavenging Assay: UV-induced photodegradation of rhodamine B
was used to examine the ROS-scavenging effect of 𝛽-CD. Briefly, 1.68 mm
of H2O2 was subjected to UV-irradiation for 1 h; then, mixed with rho-
damine B with a final rhodamine B concentration of 10 μm. The mixture
(with and without LNPs) was further irradiated for 15–20 min, and the ab-
sorbance of rhodamine B was recorded at 553 nm using a Varian Cary50
spectrophotometer.

For intracellular ROS measurement, THP-1 cells were seeded at 30 000
cells per well and differentiated for 48 h. Thereafter, the media was re-
placed with serum-free media and the cells were incubated with 50 μm
H2O2 in addition to varying doses of 𝛽-CD LNPs for 1 h at 37 °C.
The cells were then washed twice with PBS and incubated with 2′-7′-
Dichlorodihydrofluorescein diacetate DCFDA (100 μm) for 2 h at 37 °C.
Fluorescence was then measured (excitation 485 nm, emission 535 nm).
The amount of ROS scavenged was determined by plotting a calibration
curve with the negative and positive control.

Cell Viability: Cell viability was measured by incubating macrophages
with 𝛽-CD LNP at varying concentrations for 24 h. The Presto Blue as-
say (10% volume ratio to cell medium; Thermo Fisher Scientific) was then
carried out according to the manufacturer’s instructions. A calibration plot
was also plotted using positive and negative control. The concentration of
𝛽-CD LNP refers to the concentration of 𝛽-CD assuming 100% encapsula-
tion.

Cholesterol Crystal Preparation and Dissolution: Cholesterol monohy-
drate crystals were prepared as reported previously.[41] Briefly, cholesterol
was dissolved in hot acetone at 20 mg mL−1. The opaque solution was
heated to 90 °C to dissolve, followed by precipitation in an ice bath. This
cycle was repeated six times. In the last cycle, nuclease-free water was
added to 10% of the final volume to create monohydrate cholesterol crys-
tals (CC). The CC were collected by centrifugation, and the acetone/water
mixture was decanted. The dried crystals were further reduced in size us-
ing a probe ultrasonicator (20 kHz, 5 Watts) in sterile, tissue grade PBS for
1 h on ice. For fluorescently labeled CC, a small amount of BODIPY-labeled
cholesterol (TopFluor-cholesterol, Avanti, Alabaster, AL) was doped into
the cholesterol solution in acetone. The capacity of 𝛽-CD LNPs to dissolve
CC was evaluated by incubating different concentrations of LNPs with CC
at a fixed H2O2 concentration for 16 h at 37 °C. The samples were subse-
quently filtered with a 0.22 μm filter and supernatant (filtrate) collected
for fluorescence analysis using a Tecan microplate reader (Mannedorf,
Switzerland) using an excitation wavelength of 488 nm and emission wave-
length of 550 nm. The crystalline fraction was obtained by incubating the
filters with hot methanol, and the fluorescence was recorded.

Intracellular CC Content: Macrophages were incubated with 2 μg of
CC for 3 h, followed by treatment with 𝛽-CD LNPs for 24 h. The cells were
washed three times with PBS, once with 0.1% Tryphan Blue solution, fol-
lowed by three times with PBS. The absorbance of the BODIPY-cholesterol
was then measured.

Foamy Macrophage Staining: To evaluate the capability of 𝛽-CD
LNP-backpacked macrophages to resist lipid accumulation, Nile Red
staining was employed. In short, LNP-backpacked THP-1 cells were
seeded at 30 000 cells per well in a 96-well plate and differentiated with
PMA. After differentiation, the cells were incubated with PBS or ox-LDL
(25 μg mL−1) for 24 h in serum-free media, followed by the addition
of an equal volume of media with FBS for another 24 h. The cells were
then washed, fixed, and stained with 5 μL of 1 mg mL−1 Nile Red for
30 min at RT. The cells were subsequently washed twice, and fluores-
cence was recorded using a Tecan microplate reader (excitation 488,
emission 550).

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR):
Depending on the experiments, the total RNA was isolated from cells,
either 9 or 24 h-post incubation for CC-related studies and efferocytosis
experiments, respectively, using TRIzol Reagent (LifeTechnologies, MA).
The total RNA was reverse transcribed to cDNA using SuperScriptIII
First-Strand Synthesis System (LifeTechnologies, MA). The cDNA used
for qPCR reactions was performed using a StepOnePlus RT-PCR system
(Applied Biosystems) with Power SYBR Green PCR master mix (Applied
Biosystems). The gene expression levels were reported in fold change val-
ues relative to control and normalized against glyceraldehyde-3-phosphate

Table 1. The primers used in this study.

Gene Forward primer Reverse primer

GAPDH CATGTTCCAATATGATTCCACC GATGGGATTTCCATTGATGAC

IL-1𝛽 ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

IL-6 AAACAACCTGAACCTTCCAAAGA GCAAGTCTCCTCATTGAATCCA

ABCA1 ACATCCTGAAGCCAATCCTGA CTCCTGTCGCATGTCACTCC

ABCG1 ATTCAGGGACCTTTCCTATTCGG CTCACCACTATTGAACTTCCCG

CYP27A1 CGGCAACGGAGCTTAGAGG GGCATAGCCTTGAACGAACAG

IL-10 GCTCCTGAGGTATGGAATAGAGTCC TATGTGTCATTTGCGGGGGC

MERTK CTCTGGCGTAGAGCTATCACT AGGCTGGGTTGGTGAAAACA

CD206 CTACAAGGGATCGGGTTTATGGA TTGGCATTGCCTAGTAGCGTA

TFEB ACCTGTCCGAGACCTATGGG CGTCCAGACGCATAATGTTGTC

CCL2 CAGCCAGATGCAATCAATGCC CAGCCAGATGCAATCAATGCC

NLRP3 CCACAAGATCGTGAGAAAACCC CGGTCCTATGTGCTCGTCA

TNF-𝛼 CTGCTGCACTTTGGAGTGAT AGATGATCTGACTGCCTGGG

dehydrogenase (GAPDH) gene expression. The primers are listed in
Table 1.

Antibody Coupling to 𝛽-CD LNP: Anti-CD45 antibodies were con-
jugated to the LNPs using thiol-maleimide coupling as reported in
literature.[42] For a typical reaction, 10 μg of anti-human CD45 antibody
(BioLegend, San Diego, CA) reconstituted in a small volume of PBS con-
taining 2 mm EDTA at pH 7.4 was activated using Traut’s reagent for 1 h at
RT. Subsequently, 900 μL of LNPs was added, and the solution was left on a
rotatory shaker for 16 h at 4 °C. Following the reaction, 1 μm L-cysteine was
added to quench any unreacted maleimide groups. Unreacted mAbs were
purified with Vivaspin 500 (Sartorius, Gotten, Germany). The antibody-
coupled LNPs were stored at 4 °C until use. The concentration of the anti-
body on the surface of the LNPs was determined by the Bradford assay and
the absorbance measured at 595 nm. A calibration curve was determined
using BSA (Polysciences, Warrington PA).

Backpacking of 𝛽-CD LNPs to THP-1 Cells: The 𝛽-CD LNP backpacks
were loaded onto the cells using a modified procedure as described
previously.[22] For a typical experiment, 1.0 × 106 cells were incubated
with 90 μL of the LNPs in Hank’s Balanced Salt Solution (HBSS) (Gibco,
Thermo Fisher Scientific) for 1 h at 37 °C. Thereafter, the cells were
washed three times with HBSS and used for subsequent experiments.
The loading efficiency at different concentrations was calculated by the
following formula:

Loading Efficiency (LE%) = (1 − Cf∕Ct) × 100% (1)

where Cf is the fluorescence of the amount of free, non-loaded LNP in the
supernatant and Ct is the fluorescence of the total amount of LNPs. To
determine dose-dependent loading, various concentrations of LNPs were
incubated with 1.0 × 106 cells, washed three times, and analyzed by flow
cytometry using a Beckman Coulter Gallios Cytometer (Beckman Coulter,
Brea, California), equipped with 405, 488, and 638 nm lasers. Data were
analyzed using Beckman Coulter Kaluza version 1.2 software. To visual-
ize the LNPs on the THP-1 cells, the backpacked cells in suspension were
labeled with CMTPX (C42H40ClN3O4; Invitrogen), washed, and adhered
onto the glass coverslips using a previously described method.[30] The
macrophages were fixed and imaged using a Zeiss LSM800 confocal mi-
croscope.

Surface Imaging and Quantification of 𝛽-CD LNPs: Characterization of
CAR-Ms backpacked with 𝛽-CD LNPs was conducted using field emission
scanning electron microscopy (FE-SEM). To prepare the sample, 5 × 104

cells were differentiated on a 10 mm × 10 mm size of glass substrate
and cultured for 2 days. The cells were washed three times with DPBS
and fixed using 4% formaldehyde in DPBS for 10 min at RT. The fixed
cells were subjected to graded dehydration using various concentrations
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of ethanol (30%, 50%, 70%, 90%, and 100%, each for 10 min) and hex-
amethyldisilazane (HMDS) (50% and 100%, each for 10 min). The de-
hydrated cells were air-dried overnight on a clean bench. Afterward, the
glass with the dried cells was mounted onto aluminum stubs and coated
with 20 nm of gold using a sputter coater. The morphology of the CAR-Ms
with 𝛽-CD LNPs was then observed using FE-SEM (10 kV, Carl Zeiss, Ger-
many). The images obtained from FE-SEM were analyzed for morpholog-
ical changes due to the 𝛽-CD LNPs. CAR-Ms and 𝛽-CD LNP backpacks in
the FE-SEM image were pseudocolored using Adobe photoshop. To quan-
tify surface-coupled 𝛽-CD LNPs, DSPE-PEG-biotin was incorporated into
the LNPs via post-insertion for 15 min at 55 °C.[43] The purified antibody-
coupled LNPs were prepared and conjugated to the cell surface as de-
scribed in the above section. Surface detection of LNPs was achieved by
staining the cells with streptavidin-AlexaFluor 647 and detection by flow
cytometry.

Lentiviral Vector Design and Production: The humanized anti-CD47
scFv was designed based on previous work for engineering anti-CD47
CAR T-cells.[44] The lentiviral expression vector was custom cloned by
VectorBuilder. For lentivirus production, HEK293T cells were cultured to
60–70% confluency before transfecting with the expression vector, the
psPAX2 packaging vector (Addgene #12260), and the envelope vector
pMD2.G (Addgene #12259) at a ratio of 4:3:1, respectively, using Lipo-
fectamine 3000. The supernatant containing lentiviral particles was har-
vested 48–72 h post-transfection and filtered with a 0.45 μm syringe fil-
ter, and the virus was isolated using the PEG6000 precipitation method
as reported.[45] Lentivirus titer was determined using the qPCR Lentivirus
Titer Kit (Applied Biological Materials, Canada) according to the manufac-
turer’s instruction.

Transduction and Selection of THP-1 Cells by FACS: THP-1 cells (1.0 ×
105 cells) were transduced with lentivirus at various multiplicities of in-
fection (MOI), ranging from 0.5 to 20. Successfully transduced cells were
expanded and sorted by FACS using the MoFlo Astrios cell sorter (Beck-
man Coulter, Brea, California).

Detection of Surface CAR by Protein L: The detection and quantifica-
tion of CAR on THP-1 cells were performed using Protein L as described
previously.[35] In short, 1.0 × 106 cells were washed three times with 1×
PBS and resuspended in 0.5 mL of FACS buffer (1× PBS, 25 mm HEPES,
1% FBS). The cells were stained with 1 μg of biotinylated protein L (Gen-
Script, Piscataway, NJ) for 45 min at 4 °C. The cells were subsequently
washed three times with ice-cold buffer; then, stained with AlexaFluor 647-
streptavidin for 30 min at 4 °C. The cells were analyzed by flow cytometry
as described above.

CD47 Bead Preparation and Phagocytosis Assay: Liposome-coated
beads containing CD47 mimicking CD47-rich apoptotic bodies were pre-
pared using a previously described method with some modifications.[18c]

Small unilamellar vesicles (SUVs) containing 95% DMPC, 2% Ni2+-DGS-
NTA, 0.5% PEG5000-PE, and 0.5% Liss Rhod-PE were prepared using the
thin film hydration method, sonicated, and cleared by 33 freeze thaw cy-
cles. Silica microbeads (3 μm in size; Bangs Labs, IN) were mixed with the
SUVs at a 2 mm final concentration for 30 min at RT on a rotatory shaker in
the dark. The liposome-coated beads were washed twice with PBS, resus-
pended in PBS + 0.1% w/v BSA, and incubated with recombinant human
CD47-his (Sino Biological) for an additional 45 min. The CD47-coupled
beads were further washed twice with PBS and resuspended in PBS+ 0.1%
w/v BSA. For phagocytosis assays, control macrophages and CAR-M were
incubated with the beads for 2 h at 37 °C, washed three times with PBS,
fixed with 4% formaldehyde, and stained with anti-CD11b antibody (con-
trol) or anti-GFP antibody (CAR-M) prior to imaging with a Zeiss LSM800
confocal microscope. The internalized beads were quantified using Im-
ageJ.

Generating CD47Hi ACs and Standard ACs: MCF7 cells (1.0 × 105

cells) were seeded into a 24-well plate and stimulated with TNF-𝛼 at 50 ng
mL−1 for 48 h. The cells were then treated with 1 μm of staurosporine (STS)
for 4 h. The expression of CD47 was confirmed by flow cytometry and flu-
orescence microscopy. For standard AC preparation, Jurkat cells (2.0 ×
106 cells) in PBS were seeded into a 6 cm dish and irradiated under a UV
lamp for 5 min. The cells were redispersed in growth media and cultured
for another 2–4 h prior to further experimentation.

Phagocytosis of ACs and Quantification by CellTagging: Control (un-
transduced) THP-1 cells or CAR-expressing THP-1 cells were seeded at
1.0 × 105 cells per well in a 48-well plate and differentiated with 50 ng
mL−1 PMA for 48 h. CMTPX-labeled CD47Hi MCF7 ACs were fed to the
phagocytes at a ratio of 3 AC: 1 macrophage for 2 h at 37 °C. Subse-
quently, the media were gently aspirated off and the wells washed with
warm PBS three times to remove any unbound ACs. The macrophages
were fixed and stained with anti-CD11b antibody (control) or anti-GFP an-
tibody (CAR-M). The macrophages (at least 50 phagocytes per field) in
four to five field of views were imaged using either a ZOE Fluorescent Cell
Imager or a Zeiss LSM800 confocal microscope. For time-lapse imaging,
a Nikon Eclipse Ti-E microscope was used to image the macrophages in-
cubated with ACs for a total duration of 1 h. To further distinguish the
proportion of cells that were partially engulfed or completely engulfed,
the proportion of fluorescent-positive cells was calculated using an au-
tomated method run with python slightly modified from the CellTagging
Script developed by Guo et al.[39] Briefly, the background image was trans-
lated into binary images by thresholding the green fluorescent signal. The
Otsu method was utilized to determine the threshold for detecting green
fluorescence. The watershed method was used to segment the binary im-
age into individual cells. The detected cells were then filtered to remove
cell aggregates and debris. The intensity of the red fluorescent signal of
interest was then quantified to determine the colocalization of green and
red fluorescent signal, as well as the percentage of cells with fluorescence
to cells with minimal fluorescent signals to cells with no red fluorescence
based on set thresholds in the processed image. The processes were run
with the Python 3.11.1 and its libraries: scikit-image 0.19.2, numpy 1.24.0,
matplotlib 3.6.2, seaborn 0.12.2, and jupyter 5.2.

Activation of HUVECs: Stimulation of HUVECS was achieved by treat-
ing the cells with TNF-𝛼 at a concentration ranging from 0 to 10 ng mL−1

for at least 24 h at 37 °C. The cells in four to five view fields were imaged
using a ZOE Fluorescent Cell Imager and fluorescence analyzed by ImageJ.

Cytotoxicity of CAR-M: The day prior to the experiment, 3.0 × 105 HU-
VECs were seeded into a six well plate. An equal volume of 3.0× 105 control
macrophages or CAR-Ms in complete RPMI media (800 μL) were added
to the HUVECs. To test the toxicity of CD47-blockade, HUVECs were pre-
treated with 10 μg mL−1 of CD47 antibodies for 30 min prior to the addition
of macrophages. The cells were co-cultured for 24 h at 37 °C and analyzed
by flow cytometry. Toxicity was measured by calculating the percentage of
cells positive for 4′,6-diamidino-2-phenylindole (DAPI) and CD31.

Fabrication of the Microfluidic Device: The microfluidic device was fab-
ricated using Poly(dimethylsiloxane) (PDMS, Slygard 184, Dow Corning,
USA) and mold printed with polycaprolactone (PCL) filaments. The mi-
crofluidic model was designed in Sketchup (Google, Inc., Mountain View,
CA), exported as STL files, and translated into a printable g-code file using
Perfactory Rapid Prototype (RP) (EnvisionTEC, Inc., Dearborn, MI). The
g-code was exported to the 3D Bioplotter where it was assigned the ma-
terial file for polycaprolactone (PCL) (Lot MKCL2159, avg Mn 45k). PCL
was loaded into the high-temperature cartridge fitted with a 24 G, 4 mm in
length, stainless steel luer lock needle. PCL was printed at a temperature
of 125 °C and 6 bar pressure at a speed of 1 mm s−1 at a 37 °C build plate
on a plastic 10 cm petri dish. PDMS secondary templates were prepared
using this PCL master by pouring a PDMS prepolymer-catalyst mixture
onto the 3D printed structure and cured at a low temperature (37 °C) for
24 h to prevent the melting of PCL. The PDMS cast was then attached to a
clean glass slide by plasma treatment at 70 W for 2.05 min (CUTE, Femto
Science Inc., Korea). The polar silanol groups on the plasma-treated sur-
faces of both materials formed irreversible bonds, allowing the assembled
device to withstand high pressure.

Macrophage Penetration/Migration in Different GelMA Concentrations:
5%, 6.5%, 7.5%, and 10% GelMA solutions w/v were prepared in com-
plete macrophage media in the presence of 1 × 106 apoptotic cells per mL
and 0.5% Irgacure w/v. GelMA hydrogels were obtained after cross-linking
under UV (312 nm, at a 3 cm distance), washed with PBS, and incubated
O/N with 1.0× 106 CAR-Ms per mL or 2.0× 106 CAR-Ms loaded with LNPs
per mL. Hydrogels prepared without ACs were used as control. The next
day, the hydrogels were washed with PBS twice and transferred into a new
96 well plate containing PBS to observe under a fluorescence microscope.
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Microfluidic Culturing of HUVEC and Transmigration of THP-1
Macrophages: The GelMA layer of the model was formed in the
microfluidic device by injecting uncross-linked 6.5% w/v GelMA with
0.5% w/v Irgacure, 0.75 μg mL−1 of CCl2, and 2.0 × 106 ACs mL−1 to the
shallower channel. Then, the GelMA was cross-linked under UV treatment
for 1 min. After cross-linking, Tris-HCL buffer containing 0.5 mg mL−1

of dopamine hydrochloride (Sigma–Aldrich, USA) was injected into the
deeper channel to incubate cross-linked GelMA for 45 min. The dopamine
coating promoted the attachment of HUVECs on the surfaces of GelMA.
Subsequently, PBS was used to wash the residual dopamine from the
non-GelMA surfaces. HUVECs were then seeded in the deeper channel
(2.0 × 106 cells mL−1). Seeded HUVECs were incubated at 37 °C until
the complete coverage of the GelMA layer with daily media change.
The layer of HUVECs was activated by adding media with 1 ng mL−1 of
TNF-𝛼. 24 h after the activation, macrophages stained with CMTPX were
injected into the shallower channel and incubated overnight. The next day,
unattached macrophages were washed away twice with PBS. The extent
of trans-migration of the macrophages into the GelMA layer was studied
using Zeiss LSM710 (Oberkochen, Germany) confocal laser scanning
electron microscope, and the images were analyzed using NIH Image J.

Statistical Analysis: All statistical analysis was performed in Prism
9.5.0 (GraphPad, Inc.). The statistical test used is indicated in each figure
legend. Error bars throughout the paper denote 95% confidence intervals
of the mean.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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