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Macrophage membrane coated nanoscale D
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Abstract

Organ transplantation is a crucial life-saving procedure for patients suffering from end-stage organ failure, yet

it faces a global shortage. This scarcity not only impacts individual patients but also places strain on healthcare
systems worldwide. However, the risk of rejection adds another layer of difficulty to this already intricate medical
procedure. Herein, we present the design and synthesis of graft-targeting macrophage membrane coated
nanoscale coordination polymers (ANCPs@MM), in which dexamethasone sodium phosphate (DEXp) serves as

an effective immunosuppressive drug, Fe*" acts as bridging ligands for coordination-driven self-assembly with
cargo molecules, and macrophage membranes are utilized to reduce uptake by the immune system as well as a
retarder to enhance the blood circulation time. The high drug loading, responsive release behavior and targeting
capability of the obtained dNCPs@MM promote their biological performance. In a murine allogeneic heart
transplantation model, ANCPs@MM exhibited remarkable efficacy in attenuating acute rejection at a low dosage,
with a mean survival time of 14.7 days compared to 8.6 days for DEXp and 9.3 days for dNCPs treatment. At a high
dosage, dNCPs@MM exhibited the ability to control established rejection by inducing exhaustion in both CD4*
and CD8* T cell and preventing of alloreactive T cells from acquiring effector (CD44"CD62L7) functions. Moreover,
while high doses of DEXp or dNCPs treatment led to significant adverse effects, the administration of ANCPs@
MM demonstrates tolerable adverse effects even at high dosage levels. Therefore, ANCPs@MM exhibits promising
potential for clinical application in addressing rejections in allografts and xenografts.
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Introduction and delicate process that necessitates long-term thera-

Organ transplantation is not only a life-saving procedure  peutic intervention. Allogeneic and xenogeneic organ
for patients with terminal illnesses, but also a complex transplantation, despite its benefits, carries the risk of
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acute rejection, which is one of the leading causes of
graft failure [1, 2]. To mitigate this risk, immunosuppres-
sive agents are used, which have significantly reduced the
incidence of acute rejection. Current immunosuppres-
sants have been instrumental in preventing rejection and
have demonstrated outstanding anti-rejection effects.
However, they also come with a host of off-target adverse
effects, including myelosuppression, neuritis, liver dam-
age, and increased risk of cancer, which can be caused
by their prolonged usage [3]. Glucocorticoids (GCs) are
a class of immunosuppressive drugs that are widely used
in clinical settings due to their broad range of physiologi-
cal activities in inducing and maintaining immunosup-
pression [4]. They are effective in reducing inflammation
and suppressing the immune system, which makes them
indispensable in the management of rejection. However,
their long-term administration can result in various
adverse effects, such as hyperglycemia from islet dam-
age, osteoporosis, and opportunistic infections [5, 6]. To
overcome this limitation, it is increasingly imperative
to explore innovative strategies for enhancing targeted
intravenous delivery. One such approach involves the
development of advanced nanoplatforms capable of effi-
ciently delivering GCs directly into rejected grafts, ensur-
ing their effective transportation to the target organs or
tissues.

Nanoparticles are extensively researched and utilized
in various medical applications, including transplanta-
tion, due to their ability to optimize pharmacokinetics
and remarkable adaptability [7-10]. In transplantation
medicine, nanoparticles offer significant advantages over
traditional methods. One of the key challenges in trans-
plantation is achieving effective immunosuppression to
prevent organ rejection. Traditional immunosuppressive
drugs often exhibit limited efficacy and can cause severe
side effects due to their broad systemic distribution.
Nanoparticles, however, can be engineered for targeted
drug delivery, thereby optimizing pharmacokinetics and
minimizing off-target adverse effects [11]. For instance,
dexamethasone can be grafted onto macromolecular pre-
drugs and forming nanomicelles for passive targeting at
inflammatory sites [12]. However, considerations such
as poor in vivo stability, inadequate drug loading, and
potential kidney risks associated with polymeric mate-
rials significantly impact their application. Therefore, A
highly efficient nano-drug delivery strategy with active
targeting that remains stable in vivo may prove effective
for acute rejection treatment.

In doing so, we selected dexamethasone sodium phos-
phate (DEXp) and designed nanoscale coordination
polymers (NCPs) based on DEXp. These nanoparticles
consist of DEXp chelated with Fe** ions through coor-
dination, exhibiting high drug loading ratio and acid-
sensitive release properties for rapid release in acidic
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inflammation environments. The selection of Fe3* ions
as bridging ions is based on two key considerations.
First, according to the Hard-Soft-Acid-Base principle,
hard bases preferentially bind with hard acids, while soft
bases have a stronger affinity for soft acids. Phosphoric
acid, characterized by its high electronegativity and small
size, is classified as a hard base. Conversely, Iron(III) ions
(Fe®*), as transition metal ions with relatively high charge
density, are categorized as hard acids. Consequently, the
interaction between Fe** and phosphoric acid within the
DEXp matrix results in the formation of robust coordina-
tion bonds, leading to the creation of stable NCPs. Sec-
ondly, compared to other metal ions that can be toxic at
higher concentrations and pose risks to cellular health
and overall organismal safety, Fe’* exhibits superior bio-
compatibility due to its naturally higher physiological
concentrations in the human body. However, despite
their promising characteristics, these dNCPs suffer from
a significant limitation: their insufficient stability in the in
vivo environment. To address this limitation, the result-
ing dNCPs were enveloped with macrophage mem-
branes, thus creating core-shell structured nanoparticles,
which we refer to as ANCPs@MM. In this study, we char-
acterized not only the physicochemical properties and
in vitro release of ANCPs@MM but also investigated
their toxicity, biodistribution, and pharmacokinetics. By
employing a murine heterotopic heart transplantation
model, we further evaluated the anti-rejection effect of
dNCPs@MM, which demonstrated superior immuno-
suppressive effects and reduced off-target adverse effects.
Our study may lay a robust foundation for the clinical fea-
sibility and enhancement of solid organ rejection treat-
ment. The utilization of ANCPs@MM has the potential to
improve the treatment by offering a targeted approach to
combat rejections in allografts and xenografts.

Materials and methods

Preparation of dNCPs

A certain amount of FeCl;-6H,O was dissolved in 10 mL
of deionized water and then added dropwise to an aque-
ous solution containing DEXp (51.6 mg, 0.1 mmol) and
stirred for 12 h at room temperature. It can be observed
that the reaction solution gradually became turbid and
light gray. The product was collected by centrifugation at
12,000 rpm for 30 min at 4 °C and washed three times
with deionized water. Finally, the prepared metal ion-
organic drug nanoparticles were lyophilized to obtain
dNCPs (yield: 49%).

Synthesis of Cy3 or Cy5.5 labeled dNCPs

Sulfo-Cyanine3 (Cy3)/ Sulfo-Cyanine5.5 (Cy5.5) (Beyo-
time, China) was dissolved in deionized aqueous solution
containing DEXp avoiding light, followed by the addition
of FeCl; solution at a 5:1 molar ratio. The mixture was
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stirred at room temperature for 12 h in the absence of
light. Subsequently, it was purified using a 3500 Da dialy-
sis bag and stored away from light for spare use.

Extraction of macrophage membrane

The bone marrow-derived macrophages were extracted
from the marrow cavities of femurs and tibias of C57BL/6
mice through flushing with RPMI-1640 containing 10%
heat-inactivated Fetal Bovine Serum (FBS). These cells
were lysed using RBC lysis buffer and washed in ice-
cold tris-magnesium buffer (TM-buffer, pH 7.4, 0.01 M
Tris, and 0.001 M MgCl,). These cells were cultivated
in Petri dishes with high glucose DMEM, 10% FBS, 1%
penicillin—streptomycin (P/S), and 20 ng/mL macro-
phage colony-stimulating factor (Beyotime) to facilitate
macrophage differentiation over a 7-day period. Subse-
quently, the cell suspensions were re-suspended in TM
buffer containing 1% protease inhibitor at 4 °C. The cells
were ground 50 times with a homogenizer, and centrifu-
gated at 4 °C for 5 min at 3200 rpm. Subsequently, the
cells were centrifuged at 4 °C with a rotational speed of
100,000 rpm for 70 min. The supernatant was then dis-
carded, and the precipitate was re-suspended in PBS.
Macrophage membrane (MM) vesicles were acquired by
repeatedly extruding the suspension through a 0.4 pm
polycarbonate porous membrane using an Avanti Mini
extruder (repeated 15 times). The MM vesicles were then
temporarily stored in PBS solution.

Preparation of INCPs@MM

An aqueous solution containing dNCPs (2 mg) was
slowly added to a 200 puL PBS solution containing MM
vesicles (extracted from 107 cells). Referring to previous
research protocols, the mixed solution was first treated
in a 100 W ultrasonic shaker for 2 min, followed by
extruding the resulting mixture through a polycarbon-
ate porous membrane (pore size: 0.4 pm) 20 times using
a Mini extruder. The final product was centrifuged at
15,000 rpm for 30 min at 4 °C to obtain purified AINCPs@
MM and washed three times with deionized water. The
purified nanoparticles were redispersed in PBS for subse-
quent experiments.

Dynamic Light Scattering (DLS) and Zeta potential

The size and surface charge of dNCPs and dNCPs@
MM were recorded on Zetasizer Nano ZS90 (Malvern,
England).

Transmission electron microscope (TEM)

The size and morphology of ANCPs and dNCPs@MM
was evaluated on Tecnai G2 spirit Biotwin (Thermofisher,
America).

Page 4 of 17

STEM-EDS-elemental mapping
STEM-EDS mapping was used to confirm the elemental
distributionso NCPs using SEM (Hitachi SU-8010) and
STEM (FEI Titan G2 80-200).

UV-vis
The optical absorbance of related samples was recorded
on UV-2600i (Shimadzu, Japan).

Thermal gravimetric analysis (TGA) curves of DEXp and
dNCPs

TGA was performed using a TG 209 F1 Libra thermos
gravimetric analyzer in flowing air atmosphere.

SDS-PAGE

Cells and nanoparticles were lysed by RIPA lysis buffer
(Beyotime). A BCA kit was then used to assay the protein
concentration. The sample was mixed with SDS-PAGE
sample loading buffer and heated at 100 °C for 5 min.
Samples with the same amount of protein (10 pL/well)
were then loaded on an 8% SDS-PAGE gel and electro-
phoresed for 2 h under constant pressure. The obtained
gels were stained with Komas blue for 2 h and analyzed
with Quantity One 1-D analysis software (Bio-Rad, Her-
cules, USA).

Western blotting

Cells and nanoparticles were rinsed with PBS twice and
lysed in ice-cold RIPA buffer (Beyotime) containing
phosphatase and protease inhibitors. Sample proteins
were then subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Membranes were probed with
CD11b, F4/80, and CD68 antibodies from Beyotime Bio-
tech. The relative quantity of proteins was determined by
a densitometer software (ImageJ, NIH, USA).

Release profile of dNCPs and dNCPs@MM

The release profiles of DEXp from dNCPs or dANCPs@
MM were studied under various PH environments.
dNCPs or ANCPs@MM (10 mg) dispersed in deionized
water (4 mL) were put in a dialysis bag (MWCO =12,000)
that was subsequently placed in 35 mL of buffer solution
(sitting in a 37 °C shaker with 30x g shaking rate). At var-
ious time intervals, 2 mL of incubation media was taken
out for HPLC analysis, and 2 mL of medium (fresh) was
refilled into the buffer solution.

MTT (3- [4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) assay

To assess the cytotoxic effect of NPs, a commercial kit
(Beyotime, Shanghai) was used to detect the viability of
AML-12, RAW264.7, and H9C2 cells. DEXp, dNCPs or
dNCPs@MM (0.1-100 pg/ mL, final concentration based
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on DEXp) was added in 96-well microplates (9000 cells/
well), and then 10 pL MTT solution was added. After
incubation at 37 °C for 4 h, 100 puL Formazan dissolving
solution was added individually to each well, and incu-
bated until the purple crystals were completely dissolved.
We set the wells with only PBS as the blank group, and
the wells with only cells as the control group. The absor-
bance of each sample was then measured by a microplate
reader at a wavelength of 570 nm. The viabilities of AML-
12, RAW?264.7, and H9C2 cells were determined by com-
paring with both the blank group and the control group.

Intracellular drug release

For intracellular drug release behavior, macrophages
were incubated in the media containing at 37 °C for 24 h.
the media were replaced with fresh media containing
Cy3-dNCPs and Cy3-dNCPs@MM, and the cells were
incubated for additional 2, 4, and 6 h, respectively. The
results were detected by flow cytometry.

Cellular uptake

The cellular uptake were conducted in macrophags.
After seeding the cells and incubation at 37 °C for 24 h,
the media were replaced with fresh media containing
Cy3-dNCPs and Cy3-dNCPs@MM, and the cells were
incubated for additional 2, 4, and 6 h, respectively. Sub-
sequently, the cells were washed for three times with PBS
buffer and fixed by paraformaldehyde for 15 min. After
washing with PBS for three times again, the cells were
observed via confocal laser scanning microscopy.

Animals

C57BL/6 (B6) mice and BALB/c (B/c)(8—10 weeks old)
were purchased from Phenotek Biotechnology (Shang-
hai, China). All animal experiments were performed in
accordance with the guidelines of the National Institute
of Health for the Care and Use of Laboratory Animals
and approved by the Committee on Ethics of Medicine
of Naval Medical University (No. 202403006). The mice
were housed in standard animal rooms, and during the
post-operative period, the mice were kept in a clean,
warm, and quiet environment. All efforts were made to
minimize animal suffering and the number of animals
used.

Heart transplantation

Heterotopic BALB/c hearts were transplanted into the
abdomen of C57BL/6 recipients by anastomosing the
donor aorta to recipient aorta, and the donor pulmo-
nary artery to the recipient inferior vena cava. The heart
grafts were monitored daily until rejection; rejection was
defined as complete cessation of pulsation.
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Assessment of the transplanted heart status

The Stanford Cardiac Surgery Laboratory Graft Scor-
ing System was used for scoring, ranging from 0 (no
contraction), 1 (contraction barely visible or palpable),
2 (contraction with a marked decrease in intensity but
coordinated contraction nevertheless; disturbed rhythm),
3 (strong, coordinated beats but with a marked decrease
in intensity or rate), and 4 (strong contraction of both
ventricle at a normal heart rate). Peak aortic velocity
(Vp-AO) and posterior left ventricular wall amplitude
(A-LVPW) of the transplanted heart were measured
using an 10-22 MHz ultrasound probe (Esaote, IT). All
analyses were performed by impartial observers.

In vivo imaging

To analyze the metabolic characteristic of ANCPs and
dNCPs@MM, Cy5.5-dNCPs and Cy5.5-dNCPs@MM
dissolved in 100 puL PBS was injected into recipients
through tail vein. Fluorescence images were captured at
1 h to 24 h post-injection by IVIS Spectrum (PerkinElmer,
excitation/emission:675/720, binning = 4, f-stop =4, expo-
sure time = 1s).

Histopathological evaluation

The mice were sacrificed at the indicated time points.
The transplnated hearts were cut coronally, fixed in 10%
buffered formalin, embedded in paraffin, and sectioned
at a thickness of 3 pm. The sections were stained with
hematoxylin and eosin to assess histological injury. Heart
sections were labeled blindly and randomly observed
by impartial investigators. The area of myocardial dam-
age was scored according to the percentage of the area of
the overall myocardium: O (less than 10%), 1 (10-25%), 2
(25-50%), 3 (50-75%), and 4 (75-100%). A semi-quanti-
tative grading system was employed to assess the extent
of myocarditis cell infiltration: OR (no infiltration), 1R
(mild infiltration, focal or perivascular), 2R (moderate
infiltration, multifocal), and 3R (extensive infiltration,
densest and diffuse).

Real-time PCR analysis

The total RNA was extracted using TRIzol reagent (Invi-
trogen, China) according to the manufacturer’s instruc-
tions. cDNA was transcribed using a Superscript III
Reverse Transcriptase Kit (Invitrogen) and oligo d(T)
(Applied Biosystems, USA). Quantitative RT-PCR anal-
ysis was performed with a SYBR RT-PCR kit (Takara,
Japan) and the StepOne Real-Time PCR System (Applied
Biosystems). All reactions were conducted in a 20 pL
reaction volume in triplicate. The relative expression lev-
els for a target gene were normalized against GAPDH.
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Immunofluorescence assay

The paraffin heart sections were de-paraffinized, rehy-
drated, and handled according to a standard protocol.
Then the sections were incubated with CD3, CD4, and
CD8 primary antibodies (Beyotime) overnight. After
that, the slides were washed three times with PBS and
incubated with secondary antibodies for 1 h at room
temperature. The nuclei were counter-stained with DAPI.
The slides were then observed and imaged using a fluo-
rescent microscope (Nikon 80i, Japan).

Flow cytometry

Heart grafts, lymph nodes, and splenocytes were col-
lected and prepared for flow cytometry. Dead cells were
excluded using Live/Dead solution. An additional dump
channel was used to exclude irrelevant cells using a mix-
ture of antibodies (DX5, CD11c, F4/80, and CD19) (Invit-
rogen). Additional antibodies for CD3, CD4, CD8, CD44,
CD62L (Invitrogen) were used to stain T cells. The results
were detected by flow cytometry.

Blood glucose

The mice were sacrificed at the indicated time points. The
levels of blood glucose were detected using a glucometer
(Roche, Switzerland).

Serum biochemistry analysis

The mice were sacrificed at the indicated time points.
All serum samples were collected and centrifuged at
5000 rpm for 10 min. Creatinine and urea nitrogen were
analyzed using an auto-analyzer (Cobas 8000, Roche)
with ¢702 module.

Statistical analysis

Statistical significance was determined utilizing an
ANOVA followed by Bonferroni’s test correction using
GraphPad Prism 10 (La Jolla, USA). Graft survival curves
significance was assessed using a Mantel-Cox log rank
test. The results are expressed as the mean *standard
deviation (SD). In every case, p <0.05 was considered sta-
tistically significant.

Results

Preparation and characterization of dNCPs and dNCPs@
MM

Self-assembly strategies driven by the energies of metal-
ligand bonding have been demonstrated to be a straight-
forward and efficient synthetic approach with highly
adjustable structural and functional properties. NCPs
are commonly defined as assemblies of metal-containing
units linked together by organic ligands through coor-
dination interactions with the metal. The utilization of
cargoes as organic ligands for assembly can significantly
enhance the drug loading capacity and ratio, while also

Page 6 of 17

minimizing potential adverse effects from additional
organic ligands. Furthermore, the dosing ratio, loading
amount, and loading ratio of the composite drug can be
easily adjusted. The nanoscale coordination polymers
based on DEXp and iron ions (Fe**) were synthesized
using a “one-step” approach, achieved through coordina-
tion-driven self-assembly with cargo molecules serving
as bridging ligands. The Dynamic Light Scattering (DLS)
results indicated that the average size of ANCPs nanopar-
ticles changes with varying molar ratios of DEXp and
Fe** (Fig. 1a). Nanoparticles with a DEXp to Fe' ratio of
5:1 were found to best match our expected particle size
(<100 nm), avoiding being overtaken by the reticuloen-
dothelial system.

In order to enhance the dispersion of nanoparticles
and extend their circulation time, dNCPs were fur-
ther coated with macrophage membranes through co-
extrusion using a porous membrane. The results of DLS
assay indicated that the average particle size of dNCPs
increased from (92.2+8.3 nm) to (107.6+9.7 nm) after
encapsulation with membranes (Fig. 1b). The zeta poten-
tial of ANCPs@MM decreased from -27.41 mV to -42.89
mV upon coating with the macrophage membranes
(Fig. 1c). Upon cell membrane encapsulation, a distinct
cell membrane shell wrapping around the outer layer of
dNCPs was clearly observed, indicating effective coat-
ing of ANCPs with macrophage membranes (Fig. 1d, e).
UV-vis spectra were further conducted to elucidate the
formation and structure of dNCPs. In comparison with
free DEXp, dNCPs exhibited a slight redshift at 242 nm,
which corresponds to the characteristic absorption peak
of DEXp (Fig. 1f). This phenomenon may be attributed
to the presence of FeCl, in the nanoparticles. The Fourier
transform-infrared spectroscopy (FT-IR) results showed
that the phosphate groups in DEXp were involved in
the coordination of dNCPs, as indicated by the peaks at
1101.74, 991.53, and 891.62 cm™! transferring to 1067.99
and 889.68 cm™! in the dNCPs (Fig. 1g). X-ray photo-
electron spectroscopy (XPS) analysis revealed that the
dNCPs spectrum was mainly composed of carbon (C),
oxygen (O), Fe, and phosphorus (P) peaks, indicating
coordination between DEXp and Fe3*. The O 1s bind-
ing energy showed a characteristic P-O peak at 532.5 eV.
Additionally, the Fe 2p binding energy consisted of a Fe
2p,,, peak at 724.6 eV and a Fe 2p,,; peak at 711.0 eV,
confirming the dominance of +3 valence state for Fe in
dNCPs (Figure S1). The assembly component and mode
were examined using scanning TEM energy-dispersive
X-ray spectroscopy (STEM-EDS) analysis, showing the
uniform distribution of P and Fe elements in dNCPs
(Fig. 1h). To further test the drug loading efficiency of
dNCPs, UV-vis was used to detect the absorption values
of DEXp and FeCl; at 242 nm and 297 nm, respectively,
in order to obtain standard curves (Fig. S2). According
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Fig. 1 Preparation and characterization of dNCPs and dNCPs@MM. a Size distributions of dNCPs with different molar ratios of DEXp/Fe*" measured by
DLS. b Size distributions of dNCPs and dNCPs@MM measured by DLS. ¢ Zeta potentials of dNCPs and dNCPs@MM. d TEM images of dNCPs. Scale bars
represent 50 nm. e TEM images of dNCPs@MM. Scale bars represent 50 nm. f UV-vis spectra of free DEXp, FeCl;, and dNCPs in water. g Detection of dNCPs
and dNCPs@MM by FT-IR spectroscopy. h STEM-EDS-elemental mapping of dNCPs, along with the corresponding EDS element maps for red C, green O,
indigo P, and blue Fe. Scale bars represent 50 nm. i TGA curves of DEXp and dNCPs. j-k Western-blot identification of macrophage membrane-associated
proteins including CD11b, F4/80, and CD68 (1: macrophages, 2: dNCPs, 3: ANCPs@MM, 4: macrophage membrane). | SDS-PAGE protein tracking of reten-
tion protein (1: macrophages, 2: dNCPs, 3: ANCPs@MM and 4: macrophage membrane). Data are presented as mean +s.d. ns p>0.05

to the standard curves, we found that DEXp concentra-
tions were as high as 98.6% before and after dissociation.
ICP results indicated that the weight of iron in dNCPs is
about 0.78%. TGA results also confirmed that the weight
of organic matter is about 99% in dNCPs (Fig. 1i). These
results collectively suggested that dNCPs served as an
efficient drug loading platform.

Moreover, the nanoparticles were examined through
western-blot analysis and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The
western-blot analysis unequivocally confirmed the pres-
ence of proteins, including CD11b, F4/80, and CD68,
on the ANCPs@MM (Fig. 1j, k, Fig. S3). These proteins
are known to be crucial for the function and identity of
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macrophages. On the other hand, the SDS-PAGE results
revealed that the protein content of ANCPs@MM was
virtually identical to those found on the macrophage
membrane (Fig. 11). This finding suggests that the protein
composition of ANCPs@MM mirrors that of macrophage
membranes, thereby indicating that the cell membrane
has been successfully encapsulated on the NPs surface.

Performance analysis of ANCPs and dNCPs@MM in vitro

We next evaluated the impact of macrophage mem-
brane coating on enhancing the dispersion and stability
of dNCPs nanoparticles. The stabilities of dNCPs and
dNCPs@MM in water, PBS buffer solution, and 10%
fetal bovine serum (FBS) were assessed using DLS for
24 h. The results indicated that while dNCPs displayed
poor stability in PBS and 10% FBS, ANCPs@MM exhib-
ited excellent stability in all three environments. These
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core-shell structured nanoparticles demonstrated out-
standing in vitro stability and could serve as a promis-
ing platform for drug delivery (Fig. 2a). We subsequently
investigated the influence of pH on the drug release
behavior of ANCPs and dANCPs@MM. The results dem-
onstrated that DEXp was rapidly released within a few
hours in dNCPs. In stark contrast, only 22.55% of DEXp
was released after 48 h of incubation in ANCPs@MM at
pH=7.4, while at pH=5.5, the release rate of DEXp sig-
nificantly increased, exhibiting a burst effect within 8 h,
and reached 69.19% after 48 h of co-incubation (Fig. 2b).
These findings suggested that the pH-dependent release
pattern may be attributed to the acid-triggered dis-
sociation of metal-ligand bonds, and the macrophage
membrane-encapsulated dNCPs could maintain stability
in complex environments, minimizing premature drug
release while rapidly exposing loaded drugs in acidic
microenvironments, such as inflamed tissues. To evalu-
ate the biocompatibility of ANCPs@MM, a comprehen-
sive in vitro cytotoxicity assessment was conducted. The
MTT assay was employed to scrutinize the cytotoxicity
of DEXp, dNCPs, and ANCPs@MM on three distinct cell
lines, AML 12, H9¢2, and RAW 264.7. As expected, neg-
ligible cytotoxicity was observed even at a high concen-
tration of 100 pg/ml in ANCPs@MM (Fig. 2c).

Previous research on long-circulating nanoparticles
has primarily focused on mitigating their clearance by
macrophages [13]. One approach we employed involved
coating nanoparticles with macrophage membranes to
enhance their immune evasion capability. We examined
the cellular uptake efficiency of macrophages in vari-
ous environments by encapsulating the hydrophilic red
fluorescent dye Sulfo-Cyanine3 (Cy3) towards dNCPs
and dNCPs@MM to monitor the phagocytic activi-
ties. The fluorescence of macrophages incubated with
Cy3-dNCPs exhibited a remarkable increase compared
to Cy3-dNCPs@MM as the incubation time prolonged
(Fig. 2d). To directly investigate macrophage cellular
uptake, phagocytosis of nanoparticles by macrophages
was observed using confocal fluorescence microscopy
(Fig. 2e). Intense red fluorescence was evident after 2 h
of incubation of macrophages with Cy3-dNCPs and esca-
lated as incubation progressed, indicating substantial
uptake by the macrophages. In contrast, minimal fluo-
rescence was observed in macrophages incubated with
Cy3-dNCPs@MM even after 6 h of incubation, suggest-
ing that the membrane-encapsulated drug delivery sys-
tem may offer an effective strategy to evade macrophage
clearance.

Graft targeting and anti-rejection capabilities of dNCPs@
MM in vivo

In order to assess the in vivo biological performance of
dNCPs@MM, murine allogeneic heart transplantation
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was conducted using C57BL/6 recipients of fully MHC
mismatched BALB/c heart grafts in this study (Fig. 3a).
Recipients treated with saine promptly rejected their
allografts, while free DEXp or dNCPs treatment signifi-
cantly prolonged the survival of allografts after trans-
plantation (mean survival of 8.6 vs. 9.3 days, respectively)
(Fig. 3b, c). In contrast, INCPs@MM greatly promoted
graft survival, with a mean survival of 14.7 days. Com-
pared to the DEXp group, the dNCPs group exhibited
a higher beating score, although the difference did not
reach statistical significance. Notably, AINCPs@MM dem-
onstrated a significant enhancement in beating score
compared to other groups (Fig. 3d). Furthermore, the
peak aortic velocity (Vp-AO) and the left ventricular pos-
terior wall (A-LVPW) of the heart grafts were measured
using Spectral Doppler ultrasound. The quantitative
values of Vp-AO and A-LVPW were both significantly
higher in the ANCPs@MM group compared to the other
groups, indicating a superior preservation of heart graft
function (Fig. 3e, f).

After the intravenous administration of Cy5.5, Cy5.5-
dNCPs, and Cy5.5-dANCPs@MM, fluorescence images
of mice were acquired using a small animal fluorescence
imaging system at 1, 2, 4, 8, 12, and 24 h post-injection.
The results demonstrated that, in comparison with the
Cy5.5-dNCPs group and the free Cy5.5 group, the cir-
culation time of Cy5.5-dANCPs@MM group was sig-
nificantly prolonged. Furthermore, a more pronounced
accumulation of fluorescent substances was observed
at the transplanted heart sites in the abdomen of mice
treated with Cy5.5-dNCPs@MM (Fig. 3g). Moreover,
the resected major organs (including heart, liver, spleen,
lung, kidney) and plasma were examined using a fluores-
cence imaging system 24 h after injection. In addition to
the livers and grafts, a significant increase in fluorescence
intensity was also observed in the plasma (Fig. 3h). These
findings suggest that AINCPs@MM not only have the abil-
ity to accumulate in allografts but also exhibit prolonged
blood circulation duration.

The dNCPs@MM treatment attenuated rejection-induced
graft injury and diminished lymphocyte infiltration

The histological evidence was further obtained by hema-
toxylin and eosin (H&E) staining (Fig. 4a). While the
free DEXp and dNCPs groups exhibited a certain pro-
tective effect compared to the saline group, there was
still noticeable lymphocyte infiltration, cardiomyocyte
necrosis, and congestion in grafts. Conversely, grafts
from mice treated with ANCPs@MM exhibited minimal
loss of integrity and barely noticeable congestion, result-
ing in lower injury and inflammatory cell infiltration
scores (Fig. 4b, c). Given that cytokines secreted by vari-
ous immune cells, including T lymphocytes, play a cru-
cial role in the pathogenesis of rejection, we conducted a
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comparison of cytokine expression levels (TNF-a, [FN-y,
IL-1B, IL-2, and IL-6) among different groups (Fig. 4d).
The results revealed a significant reduction in the secre-
tion of TNF-«, IFN-y, IL-1pB, IL-2, and IL-6 in the other
three groups (DEXp, dNCPs and dANCPs@MM) com-
pared to the saline group, with notably superior perfor-
mance observed in the AINCPs@MM group. Considering
that the recruitment and infiltration of T lymphocytes
into grafts are the primary drivers of cellular rejection,
we next assessed CD3 through immunofluorescence 6
days post transplantation (Fig. 4e, f). The results revealed
a significant reduction in the quantity of CD3" cells in
the ANCPs@MM group compared to the other groups,
indicating effective inhibition of bulk T cell infiltration by
dANCPs@MM. Moreover, ANCPs@MM treatment led to a

uniform reduction of T lymphocyte subsets identified by
immunofluorescence targeting CD4 and CDS8 in grafts,
demonstrating its broad inhibitory capacity against T
lymphocytes (Fig. 4g, h).

The dNCPs@MM treatment resulted in a reduction of graft-
infiltrating T cells and a shift in their effector phenotypes

Previously, we have reported that graft-infiltrating T
cells are more likely to be donor specific and can rapidly
elaborate effector function [14—16]. In order to gain a
deeper insight into the impact of AINCPs@MM on graft-
infiltrating T cells, we grafted the fully MHC mismatched
BALB/c heart allografts into C57BL/6 and compared the
profiles of graft-infiltrating CD4" and CD8" T cells at the
peak of the rejection response (day 6) (Fig. 5a, b). Flow
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cytometry analysis revealed a substantial retrieval of
graft-infiltrating T cells from the transplanted heart fol-
lowing treatment with DEXp or dNCPs, and the overall
population of CD4* and CD8* T cells was further sig-
nificantly reduced with ANCPs@MM treatment (Fig. 5¢).
Moreover, analysis of the CD4" and CD8" compartments,
based on CD44 and CD62L expression, yielded similar
profiles in both DEXp and dNCPs groups. In contrast,
a notable difference was observed in the ANCPs@MM
group, where both CD4" and CD8" subsets exhibited a

predominantly CD44 phenotype and largely downregu-
lated the expression of CD62L, consistent with an effec-
tor phenotype.

We also conducted an analysis of the T cells in the sec-
ondary lymphoid organs of the host 6 days post-trans-
plantation. The total number of CD4* and CD8" T cells,
as well as the percentages of CD44MCD62L™ effector T
cells within both CD4* and CD8" subsets, exhibited con-
sistent reductions in the ANCPs@MM group compared
to other groups in draining lymph nodes. To our surprise,
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both CD4" and CD8* subsets were found to be similar
across all four groups, either in absolute cell numbers or
at a relative percentage of CD44"CD62L" effector T cells
in spleen and non-draining lymph nodes.

Successful rescue of rejected grafts with delayed high-dose
dNCPs@MM treatment

To mimic the clinical transplantation scenario in which
rejection is often detected several days after its initia-
tion, we characterized the impact of delayed high-dose

dNCPs@MM treatment on ongoing T cell-mediated
acute rejection (Fig. 6a). The allografts in the DEXp and
dNCPs groups exhibited a high rate of failure on day
13-14, whereas the dNCPs@MM treatment signifi-
cantly promoted graft survival, with an average survival
period of 18.57 days (Fig. 6b, c). Histologic examination
of day 10 allografts from both the high-dose DEXp and
dNCPs groups revealed a significantly higher degree of
tissue damage and cellular infiltration compared to the
high-dose ANCPs@MM treatment, leading to increased
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injury and inflammatory cell infiltration scores (Fig. 6d-
f). The other semi-quantitative gradings, including the
heart beating score, Vp-AO, and A-LVPW, also exhibited
a similar trend among the groups, albeit all groups expe-
rienced a decrease in scores compared with treatment
from the start of transplantation (Fig. 6g-i). Quantifica-
tion of the total numbers of graft-infiltrating CD3" T
cells at day 10 post-transplantation revealed a 4.31-fold

increase in DEXp-treated recipients and a 4.11-fold
increase in dNCPs treated recipients, compared to grafts
from dNCPs@MM recipients (Fig. 6j, 1). These findings
were confirmed with immunofluorescence of graft-infil-
trating CD4" and CD8" T cells, where reduced cellular
infiltrate was observed in allografts receiving dANCPs@
MM compared to those receiving DEXp or dNCPs
(Fig. 6k, m). Furthermore, the decreased infiltration of T
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major organs including kidney, heart, lung, and spleen. Scale bars represen

cells into the graft also led to a reduction in proinflam-
matory cytokines in allografts that received dNCPs@
MM compared to those that received DEXp or dNCPs
(Fig. 6n).

dNCPs@MM demonstrated reduced adverse effects and
exceptional biocompatibility

GCs constitute the most important and frequently used
class of immunosuppressive drugs due to their potent
anti-rejection capability. However, there is also a coun-
terbalancing perspective on GCs, stemming from con-
cerns about their systemic adverse effects resulting from

t 100 um. Data are presented as mean+s.d. ns p>0.05, * p<0.05, ** p<0.01

cumulative exposure, thereby impeding their utiliza-
tion [17]. In this study, we observed that recipient mice
treated with high doses of DEXp or dNCPs experienced a
reduction in body weight compared to those treated with
dANCPs@MM, while no significant changes were noted
following the low-dose treatment (Fig. 7a, b). On the day
of sacrifice, the blood glucose levels of mice were evalu-
ated. Importantly, high doses of DEXp or dNCPs led to a
marked elevation in blood glucose levels in the recipient
mice. In contrast, the blood glucose levels of mice treated
with high doses of AINCPs@MM showed a slight increase
compared to the control group and were comparable to
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those observed with low doses of DEXp or dNCPs treat-
ment (Fig. 7c). We subsequently investigated the adverse
effects on major organs of the recipients. Histological
examination revealed a sizable accumulation of lipid
droplets in the livers of high -dose DEXp- or dNCPs-
treated recipients, whereas high -dose dNCPs@MM
treatment resulted in only minimal lipid droplet forma-
tion (Fig. 7d). Taken together, our data indicate that the
administration of ANCPs@MM demonstrates tolerable
adverse effects even at high dosage levels.

Unlike the significant adverse effect of GCs on liver, his-
tological analysis of other recipient major organs revealed
no evidence of toxicity even at high treatment doses in all
groups (Fig. 7f). Moreover, the hemolytic assay demon-
strated that the AINCPs@MM did not induce significant
hemolysis, indicating its excellent hemocompatibility
(Fig. S4). These observations were further supported by
the results of comprehensive blood biochemistry analysis
in recipient following ANCPs@MM treatment, revealing
favorable tolerability at the administered dose (Fig. 7e).

Discussion

Organ transplantation is a critical life-saving procedure
for patients suffering from end-stage organ failure. How-
ever, the global shortage of suitable donor organs pres-
ents a significant challenge [18]. Addressing this issue by
exploring alternative sources of organs for transplanta-
tion has become an urgent priority in healthcare. Xeno-
transplantation, involving genetically engineered organs
or tissues from different species, has emerged as a prom-
ising solution to this dilemma. Notably, following the
world’s first pig-to-human kidney xenotransplantation
into brain-dead decedents in 2021, clinical exploration
of xenotransplantation has experienced rapid growth in
recent times. Despite efforts having been made to utilize
CRISPR-Cas9 technology for the design and engineer-
ing of humanized porcine donors, the long-term survival
of xenografts still faces huge challenges due to persistent
xenogeneic immunologic barriers [19]. Recently, a study
of scRNA-seq on two instances of pig-to-human kid-
ney xenotransplantation revealed substantial peripheral
immune activation and infiltration of human immune
cells into porcine xenografts [20]. In light of this, it is
recommended to consider strategies such as employing
higher doses and more potent immunosuppressive drugs
to address this challenge; however, these approaches
may be accompanied by significant systemic adverse
effects. These concerns prompt us to explore nanotech-
nology-based targeted immunosuppression with mini-
mal adverse effects in addressing this challenge. Recent
advancements in nanomaterial design have witnessed a
significant paradigm shift towards developing more bio-
compatible and long-circulating membrane-based deliv-
ery nanosystems [21]. These systems effectively mimic
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the biological features of their source cells while retain-
ing the essential physicochemical properties of nanopar-
ticles. The membrane cloaking technique preserves the
intact proteolipid composition and the complex set of
surface proteins, which are crucial for effective bioin-
terfacing. By leveraging the unique properties of cell
membranes, particularly those of macrophages, research-
ers can develop sophisticated nanocarriers that offer
enhanced biocompatibility, prolonged circulation, and
precise targeting capabilities [22, 23].

In this article, we present the design and synthesis of
graft-targeting ANCPs@MM, in which DEXp serves as an
effective immunosuppressive drug, Fe** acts as bridging
ligands for coordination-driven self-assembly with cargo
molecules, and macrophage membranes are utilized
to escape immune recognition as well as a retarder to
enhance the blood circulation time of the ANCPs@MM.
The resulting NPs have been successfully used for tar-
geted immunosuppression in a fully MHC-mismatched
murine heterotopic heart transplantation model (H-2%
to H-2). While the utilization of whole cells as carri-
ers has been explored, current research in this area has
predominantly focused on cell membrane coatings for
surface functionalization of NP cores [24, 25]. Through
the application of a thin layer of natural macrophage cell
membrane enveloping an inner core of ANCPs, we have
successfully generated a more biocompatible and long-
circulating nanoplatform. This approach to membrane
cloaking preserves the intact proteolipid composition
and the complex array of surface proteins essential for
effective biointerfacing, thereby imparting AINCPs@MM
with the desirable immunogenicity characteristic of the
parent cells. The present research explains the prolonged
blood circulation of ANCPs@MM is a consequence of
the protection of outer layer of macrophage membrane
on inner metal-ligand bonds and the efficient evasion
of macrophage clearance, as manifested by in vitro drug
release assays and macrophage uptake experiments.

The current immunosuppressive regimens in solid
organ transplantation heavily rely on GCs due to the
unique and multifaceted molecular mechanisms of GCs
[26]. The immunosuppressive mechanisms induced by
GCs encompass: inhibition of IL-2 to deplete T cells,
thereby preventing Thl differentiation and leading to T
cell apoptosis; suppression of B cell clonal expansion by
inhibiting the production of IL-2 and related peptides,
resulting in reduced antibody production; direct or IL-
5-mediated induction of eosinophil apoptosis; downreg-
ulation of Fc receptors and MHC class II molecules on
macrophage surface through inhibition of proinflamma-
tory cytokines; acceleration of lymphocyte apoptosis and
abrogation of alloimmune responses to third-party anti-
gens [27-30]. These mechanisms are consistent with our
previous finding that a single 200 pg bolus dose of GCs
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(methylprednisone) remained significant in its impact
[31]. With the certified excellent stability and biocom-
patibility of INCPs@MM demonstrated in vitro, we uti-
lized a murine heart transplantation model in this study
to investigate the impact of ANCPs@MM on allografts
and graft-infiltrating T cells. In the absence of interven-
tion, allogeneic hearts completely stopped beating on
day 7 post-transplantation, whereas low-dose (500 pg/
Kg) administration of dANCPs@MM effectively halted
the rejection process and extended graft survival by an
additional 7 days. This dosage represents approximately
one-tenth of the dexamethasone dosage used in previ-
ous studies [32, 33]. The primary mechanism underlying
graft acceptance appears to involve the induction of both
CD4" and CD8" T cell exhaustion, as well as the inability
of alloreactive T cells to acquire effector (CD44MCD62L")
functions.

Previous studies have indicated that the use of GCs
alone is associated with a certain percentage of failure in
halting ongoing allograft rejection [34-36]. To address
this concern, we allowed alloreactive immune cells to
develop responses against fully MHC-mismatched heart
transplantation 4 days prior to initiating high-dose
(5 mg/Kg) ANCPs@MM treatment, when there were
already significant, if not peak levels of primed CD4" and
CD8" T cells infiltration into the allograft. Importantly,
delayed administration of high-dose ANCPs@MM treat-
ment effectively enhanced graft survival and inhibited
the accumulation of both CD4" and CD8" T cells in the
allograft, thus confirming that its efficacy extends beyond
mere inhibition of de novo rejection.

While INCPs@MM have shown remarkable efficiency
in directly delivering GCs to rejected grafts, thereby
enhancing therapeutic efficacy, the long-term adminis-
tration of relatively high doses of GCs raises valid con-
cerns about potential toxicity [37]. Furthermore, the
use of GC-delivering nanoplatforms alone also poses
challenges related to chronic rejection and long-term
outcomes [38]. To address these challenges, we believe
that a combined therapeutic strategy incorporating GC-
delivering nanoplatforms with other immunosuppressive
drugs, such as calcineurin inhibitors and mycopheno-
late mofetil, could effectively reduce the overall dosage
of each drug while maintaining or enhancing the desired
immunosuppressive outcomes in clinical practice.

Conclusions

In conclusion, our study highlights the promising thera-
peutic potential of a novel nanoplatform, dNCPs@
MM, composed of dexamethasone—Fe** coordination
polymers encapsulated within an outer macrophage
membrane. In this study, ANCPs@MM demonstrated
outstanding efficacy in suppressing acute rejection at

Page 16 of 17

a low dosage and treating established rejection at a
high dosage. To the best of our knowledge, this study is
the first demonstration of utilizing membrane-coated
nanoparticles for the treatment of acute rejection in solid
organ transplantation. Furthermore, it is anticipated that
this research will lay the groundwork for future investiga-
tions focused on membrane-coating strategies to address
rejections in allografts and xenografts.
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