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Abstract 

Rationale: Spinal cord injury (SCI) triggers a complex secondary injury process characterized by inflammation, neuronal loss, 
extracellular matrix (ECM) disruption, and limited endogenous repair. Although cell-based therapies hold potential for SCI 
treatment, their efficacy is often constrained by poor lesion targeting, inadequate persistence after delivery, and limited temporal 
control over therapeutic factor release. 
Methods: To address these limitations, we developed a macrophage-based mRNA delivery platform by electroporating CCR2 
positive (CCR2+) macrophages with ANXA1, GDNF, and CTGF mRNAs. In vitro, we assessed transfection efficiency, cell viability, 
secretion kinetics of therapeutic proteins, anti-inflammatory activity, and neuroprotective and regenerative effects. In vivo, using a 
mouse SCI model, we evaluated lesion-site accumulation, inflammatory regulation, tissue repair, electrophysiological recovery, 
transcriptomic alterations, and behavioral outcomes. 
Results: Following electroporation, CCR2⁺ macrophages efficiently expressed ANXA1, GDNF, and CTGF while maintaining high 
viability, with no marked shift toward CD86- or CD206-associated phenotypes. These engineered macrophages showed enhanced 
accumulation at the lesion site and sustained therapeutic protein secretion for up to 14 days. In vitro, they protected neuronal cells 
against oxidative stress-induced injury and promoted neurite outgrowth. In vivo, they attenuated inflammation, improved the local 
repair microenvironment, and promoted axonal regeneration, remyelination, and ECM remodeling, accompanied by partial 
recovery of electrophysiological and motor function after SCI. RNA-seq analysis further supported broad changes in pathways 
related to immune regulation, neural repair, myelination, and matrix remodeling. 
Conclusions: CCR2-enriched macrophages engineered with reparative mRNAs may represent a promising treatment strategy 
for SCI. By linking CCR2-associated lesion accumulation with multimodal reparative activity, this cell-based platform provides a 
potential approach for coordinated microenvironmental regulation and tissue repair. 
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Introduction 
Spinal cord injury (SCI) remains a major 

challenge in neurology and rehabilitation medicine 
because it often results in persistent motor, sensory, 
and autonomic dysfunction with limited 
opportunities for meaningful recovery [1, 2]. Whether 
caused by traumatic or non-traumatic insults, SCI 

imposes a profound physical, psychological, and 
socioeconomic burden on affected individuals. In the 
United States alone, approximately 500,000 people are 
living with SCI, with nearly 11,000 new cases reported 
each year [3, 4]. The lifetime cost of care is estimated 
to range from $1.1 million to $4.6 million per patient 
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[1]. Current treatment still relies largely on early 
decompression and acute interventions such as 
high-dose methylprednisolone and mild 
hypothermia; however, the overall therapeutic benefit 
of these approaches remains limited. More effective 
and safer treatment strategies are therefore still 
urgently needed. 

The difficulty of treating SCI is closely related to 
the complexity of its pathology. The initial mechanical 
insult is followed by a sustained secondary injury 
cascade that includes oxidative stress, inflammation, 
calcium overload, and glutamate excitotoxicity. These 
pathological events are closely interconnected and 
progressively amplify tissue damage, ultimately 
leading to persistent structural loss and neurological 
dysfunction [5, 6]. This multifactorial process may 
partly explain the limited efficacy of single-target 
therapies in SCI. More effective treatment is likely to 
require simultaneous intervention at several levels, 
including inflammation control, neuroprotection, 
regenerative support, and extracellular matrix 
remodeling, in order to reshape the lesion 
microenvironment and promote repair [7]. 

Against this background, cell-based therapy has 
emerged as a potential strategy for SCI repair, and 
increasing preclinical evidence supports its 
therapeutic potential [8-10]. However, the injured 
spinal cord is highly heterogeneous and dynamically 
evolving, which limits the efficacy of unmodified 
transplanted cells. As a result, engineering 
transplanted cells to function as active therapeutic 
carriers is increasingly viewed as an important 
direction in next-generation cell therapy [11]. 
Compared with conventional drugs or static delivery 
systems, engineered cells may provide longer in vivo 
persistence, greater responsiveness to local 
pathological cues, and improved accumulation at the 
injury site. Related approaches have already shown 
promise in oncology, where doxorubicin 
liposome-loaded macrophages have been used to 
target solid tumors and paclitaxel-loaded neutrophils 
have been shown to cross the blood-brain barrier in 
glioma models [12, 13]. These findings suggest that 
similar cell-engineering strategies may also be 
applicable to neurological disorders, including SCI. 

Among candidate cell types, neural stem cells 
(NSCs), mesenchymal stem cells (MSCs), and 
olfactory ensheathing cells (OECs) have all been 
explored for SCI therapy because of their 
neuroprotective, immunomodulatory, and 
axon-supportive properties [8, 14, 15]. However, these 
cells are not ideal engineering vehicles [16]. Their 
migration toward the lesion is often weak or 
nonspecific, which restricts effective enrichment 
within the injured spinal cord. In addition, genetic or 

functional modification may compromise cellular 
stability or performance. NSCs and OECs may show 
reduced functional consistency after engineering, 
whereas MSCs, although relatively easy to 
manipulate, display limited intrinsic tropism toward 
spinal cord lesions and retain mesodermal 
differentiation potential. Together with concerns 
about ectopic distribution, tumorigenic risk, and 
limited cell availability, these drawbacks highlight the 
need for a safer and more suitable carrier cell that can 
be engineered to regulate inflammation, support 
axonal repair, and remodel the extracellular matrix 
after SCI [17-19]. 

Macrophages are particularly attractive in this 
regard. As key regulators of the post injury 
inflammatory response, they display substantial 
phenotypic plasticity and can shift between 
inflammatory and reparative states in response to 
local cues [20-22]. This property is especially relevant 
in SCI, where pro-inflammatory macrophages 
exacerbate tissue damage through mediators such as 
TNF-α, IL-1β, and iNOS, whereas reparative 
macrophages help resolve inflammation and support 
tissue repair by producing IL-10, TGF-β, neurotrophic 
factors, and extracellular matrix-related components 
[23]. Their functional flexibility makes them well 
suited for therapeutic programming [24]. 
Macrophages also have a natural tendency to migrate 
toward injured tissue in response to chemokine 
gradients [25]. Following SCI, increased CCL2 
expression at the lesion site promotes recruitment of 
peripheral CCR2-positive macrophages through the 
CCL2-CCR2 axis [26-28], providing a biologically 
relevant basis for lesion-directed homing. In addition, 
macrophages can be generated in relatively large 
numbers from peripheral blood mononuclear cells, 
carry a low tumorigenic risk, and are generally 
amenable to genetic manipulation. Collectively, these 
features make macrophages a practical and promising 
platform for cell-based delivery in SCI. 

To utilize these advantages, gene transfer into 
macrophages must be both efficient and safe. 
Although viral vectors such as adeno-associated 
viruses and lentiviruses can achieve high transduction 
efficiency, their use remains constrained by cost, 
immunogenicity, and concerns regarding genomic 
integration [29, 30]. mRNA delivery offers a 
non-integrating alternative that enables rapid yet 
transient protein expression through direct 
cytoplasmic translation [31]. This feature is 
particularly relevant in SCI, where early intervention 
during the secondary injury phase may strongly 
influence later tissue remodeling and functional 
recovery. Recent advances in cap structure design, 
poly(A) tail optimization, and nucleotide modification 
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have further improved the stability and tolerability of 
therapeutic mRNA [32, 33]. Electroporation, in turn, 
provides a direct and efficient non-viral method for 
intracellular delivery by transiently permeabilizing 
the cell membrane, thereby enabling robust 
expression while minimizing vector-related toxicity 
and residue [34, 35]. Previous studies showing that 
macrophages loaded with neurotrophic mRNAs can 
promote repair after SCI further support the 
feasibility of mRNA electroporation as a macrophage 
engineering strategy [36-39]. 

On this basis, we developed a multifunctional 
macrophage-based therapeutic strategy for SCI by 
electroporating CCR2-enriched macrophages with 
ANXA1, GDNF, and CTGF mRNAs. These three 
cargos were selected to address interconnected 
aspects of SCI pathology, including dysregulated 
inflammation, impaired neural repair, and 
extracellular matrix disruption. ANXA1 was chosen 
for its pro-resolving and anti-inflammatory actions, 
including its ability to suppress pro-inflammatory 
signaling and promote macrophage polarization 
toward a reparative phenotype [40-42]. GDNF was 
included because of its well-established neurotrophic 
effects on neuronal survival and axonal growth 
through GFRα-1-associated signaling pathways 
[43-46]. CTGF was incorporated for its role in 
extracellular matrix production and remodeling, 
including the regulation of collagen and laminin, 
which may contribute to tissue repair [47-49]. By 
combining CCR2-associated homing with multimodal 
molecular programming, we aimed to establish an 
engineered macrophage platform capable of 
coordinated immunomodulation, neurotrophic 
support, and microenvironmental remodeling for SCI 
treatment. 

In this study, we established an mRNA-based 
macrophage engineering platform for SCI treatment. 
CCR2-enriched macrophages were electroporated 
with ANXA1, GDNF, and CTGF mRNAs to integrate 
inflammatory regulation, neurotrophic support, and 
microenvironmental remodeling within a single 
multimodal therapeutic strategy. 

Materials and Methods 
Isolation of myelin from adult mouse brains 

Myelin was isolated from adult C57BL/6 mouse 
brains using sucrose density-gradient centrifugation, 
as previously described. Briefly, brains from adult 
mice were rapidly collected and homogenized in 0.32 
M sucrose using a glass–polytetrafluoroethylene 
homogenizer. The homogenate was carefully layered 
over 0.85 M sucrose and centrifuged at 27,000 × g for 
50 min at 4 °C. Following centrifugation, the crude 

myelin fraction that settled on top of the interface 
between 0.32 M and 0.85 M sucrose solutions was 
obtained. The crude myelin fraction was resuspended 
in precooled sterile water and subjected to repeated 
osmotic shock and centrifugation until residual 
sucrose and visible impurities were removed. The 
purified myelin was passed through a sterile 0.22 μm 
filter (Corning) and stored at −80 °C until use. 

Isolation and enrichment of mouse peritoneal 
macrophages 

Peritoneal macrophages were isolated from 
adult mice using a thioglycollate-elicitation method as 
previously described [50]. Mice received 
intraperitoneal injections of thioglycollate medium 
once daily for three consecutive days. On day 4, the 
peritoneal cavity was lavaged with sterile PBS, and 
the peritoneal exudate was collected. The lavage fluid 
was centrifuged at 350 × g for 5 min at 4 °C. The 
supernatant was discarded, and the cells were 
resuspended in RPMI-1640 medium containing 5% 
fetal bovine serum. Cells were incubated at 37 °C for 
approximately 1 h to allow macrophage adherence. 
After 1 h of adherence, non-adherent cells were 
removed by washing three times with precooled PBS, 
and the remaining adherent macrophages were 
maintained in culture. The adherent cells were then 
cultured in fresh RPMI-1640 medium containing 5% 
FBS for 7 days to allow further maturation. 
Macrophage purity was confirmed by flow cytometry 
before subsequent experiments. 

CCR2 positive macrophages were further 
enriched using a modified induction protocol. Briefly, 
myelin extract (5 μg/mL) was added to thioglycollate 
medium, and mice received intraperitoneal injections 
once daily for 3 consecutive days. Peritoneal 
macrophages were then isolated and cultured as 
described above. After 7 days of culture, fully 
differentiated cells were collected for subsequent 
experiments. 

Flow cytometric sorting of CCR2 positive 
macrophages 

Macrophages were washed 2–3 times with PBS, 
collected, and centrifuged. The cells were then 
resuspended in PBS and incubated with anti-CD192 
(CCR2) antibody according to the manufacturer’s 
instructions for 30 min on ice in the dark. After 
washing to remove unbound antibody, CCR2 positive 
(CCR2+) macrophages were sorted using a NovoCyte 
flow cytometer (Agilent Technologies). 

Electroporation 
Flow-sorted CCR2⁺ macrophages were washed 

three times with PBS and centrifuged at 500 × g for 5 
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min before electroporation. For each reaction, 1 × 106 
cells were resuspended in electroporation buffer and 
mixed with 6 μg total mRNA. ANXA1, GDNF, and 
CTGF mRNAs were combined at a mass ratio of 1:1:1, 
and 2 μg eGFP mRNA was added as a reporter of 
transfection efficiency. 

The cell–mRNA suspension was transferred to 
an electroporation cuvette and electroporated using a 
single 5 ms pulse at 250 V. Immediately after 
electroporation, cells were transferred to prewarmed 
complete medium, allowed to recover at room 
temperature for 10 min, and then returned to standard 
culture conditions. 

At 24 h after electroporation, eGFP fluorescence 
was examined using an inverted fluorescence 
microscope (Leica DMi8 THUNDER). Culture 
supernatants were collected, passed through a sterile 
0.22 μm filter membrane (Corning, USA), and stored 
at −80 °C for subsequent analyses. 

Cell viability after electroporation 
Cell viability after electroporation was assessed 

using a Calcein-AM/PI live/dead assay kit (Beyotime 
Biotechnology Co., Ltd., China). After staining, cells 
were observed under an inverted fluorescence 
microscope. Calcein-AM-positive cells were 
considered viable cells, whereas PI-positive cells were 
counted as dead cells. Cell viability was calculated as 
the proportion of living cells to the total number of 
cells. 

In vitro protein expression kinetics by ELISA 
To determine whether macrophages maintained 

protein secretion after electroporation, culture 
supernatants were collected on days 1, 3, 5, 7, 10, and 
14. After centrifugation to remove cell debris, 
concentrations of ANXA1, GDNF, and CTGF were 
measured using ELISA kits according to 
manufacturers’ instructions. 

Culture and treatment of PC-12 cells and 
dorsal root ganglia 

PC-12 cells were purchased from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai). PC-12 
cells were cultured in RPMI-1640 supplemented with 
10% fetal bovine serum (Gibco) and 1% penicillin–
streptomycin (100×, Gibco) in a humidified incubator 
at 37 °C with 5% CO₂. 

For subsequent treatment experiments, PC-12 
cells were exposed for 24 h to one of the following 
media: (1) regular culture medium, (2) medium 
supplemented with 10% unmodified 
macrophage-conditioned supernatant, or (3) medium 
supplemented with 10% engineered 
macrophage-conditioned supernatant.  

Newborn Sprague–Dawley rats were first 
sterilized with 75% ethanol, and the dorsal root 
ganglia (DRGs) were carefully dissected under sterile 
conditions using fine forceps. The isolated DRGs were 
washed in ice-cold D-Hank’s solution, cut into small 
explants, and cultured in Neurobasal medium 
supplemented with 1% B27 and 1% penicillin. The 
explants were cultured in standard dishes under 
routine conditions. After 7 days in vitro, DRG 
explants were stained with the neuronal marker Tuj1. 
Images from random fields were acquired using an 
inverted fluorescence microscope (DMi8 Thunder, 
Leica). Neurite outgrowth was quantified with 
ImageJ, using the average length of the 50 longest 
neurites and the total neurite area as evaluation 
parameters [51, 52].  

To model oxidative stress, PC-12 cells and DRG 
explants were exposed for 3 h to one of the following 
treatments: (1) 200 μM H₂O₂ alone, (2) 200 μM H₂O₂ 
plus 10% macrophage-conditioned supernatant, or (3) 
200 μM H₂O₂ plus 10% engineered 
macrophage-conditioned supernatant. 

Apoptosis assay 
To assess the effects of engineered macrophages 

on PC-12 cell apoptosis under both basal and 
oxidative stress conditions, cells were cultured in the 
corresponding treatment media and then analyzed by 
TUNEL staining using a one-step apoptosis detection 
kit (red fluorescence, AF594, E-CK-A322, Elabscience, 
China). After treatment, cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.3% Triton 
X-100 for 15 min. The samples were then incubated at 
37 °C for 30 min, followed by an additional 60 min 
reaction in the dark. After that, the nuclei were 
stained with DAPI. Fluorescence images were 
captured using a THUNDER Imager Tissue 
microscope (Leica). Apoptotic cells were quantified 
with ImageJ software, and the apoptotic index was 
calculated as the percentage of TUNEL-positive cells 
among the total number of cells. Image acquisition 
and quantitative analysis were performed in a blinded 
manner with respect to the experimental groups. 

Live and dead cell assay 
To assess the effects of engineered macrophages 

on PC-12 cell survival under both basal and oxidative 
stress conditions, cells were cultured in the 
corresponding conditioned media according to the 
experimental grouping described above. Cell viability 
and cytotoxicity were determined using a 
Calcein-AM/PI Cell Viability and Cytotoxicity Assay 
Kit (C2015M, Beyotime, China) in accordance with the 
manufacturer’s protocol. After staining, images from 
random fields were captured using an inverted 
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fluorescence microscope (DMi8 Thunder, Leica). Cell 
viability was calculated as the percentage of 
Calcein-AM-positive cells among the total number of 
Calcein-AM-positive and PI-positive cells, using the 
following formula: Cell viability (%) = Number of 
Calcein-AM⁺ cells / (Number of Calcein-AM⁺ cells + 
Number of PI⁺ cells) × 100%. In addition, the 
proportions of live (Calcein-AM⁺) and dead (PI⁺) cells 
relative to the total cell number were also quantified 
to reflect cell survival and cytotoxicity. 

Cell proliferation assay 
To detect the impact of engineered macrophages 

on the proliferation of PC-12 cells, the cells were 
inoculated into appropriate conditioned media 
according to the grouping design. Cell proliferation 
was evaluated using a BeyoClick™ EdU cell 
proliferation kit (Alexa Fluor 488, C0071S, Beyotime, 
China). Briefly, cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.2% Triton 
X-100, and incubated with the EdU reaction mixture 
at room temperature for 30 min. Images were 
acquired using a THUNDER Imager microscope, and 
EdU-positive cells were quantified using ImageJ 
software. Proliferation is expressed as the percentage 
of EdU-positive cells to all cells. 

Western blot analysis 
Western blot analysis was carried out using 

conventional procedures. After 3 days of culture, 
macrophages and engineered macrophages were 
collected, and total protein was extracted with RIPA 
lysis buffer (Beyotime, China). Protein concentration 
was measured using a BCA Protein Assay Kit 
(Beyotime, China). Equal amounts of protein were 
then separated by 12% SDS-PAGE and transferred 
onto PVDF membranes (Millipore, USA). The 
membranes were blocked with 5% non-fat milk and 
incubated overnight with primary antibodies against 
GDNF (1:1000, mouse monoclonal, Santa Cruz), 
ANXA1 (1:1000, mouse monoclonal, Santa Cruz), 
CTGF (1:1000, mouse monoclonal, Santa Cruz), and 
β-tubulin (1:1000, ab52866, Abcam), which was used 
as the loading control. After washing five times with 
PBST, the membranes were incubated with an 
HRP-conjugated secondary antibody (1:1000, A0208, 
Beyotime) at room temperature in 5% non-fat milk. 
Protein bands were visualized using ECL 
chemiluminescent substrate (Millipore), and images 
were acquired with a ChemiDoc imaging system 
(Bio-Rad, USA). 

Spinal cord injury model and intravenous 
administration of macrophages 

Female C57BL/6 mice (8 weeks old, 18–22 g; n = 

98) were obtained from the Laboratory Animal Center 
of Xi’an Jiaotong University. All animal procedures 
were approved by the Animal Ethics Committee of 
Honghui Hospital, Xi’an Jiaotong University 
(Approval No. XJTUAE2025-2117), and were 
performed in accordance with institutional guidelines 
and the NIH Guide for the Care and Use of 
Laboratory Animals. 

Mice were anesthetized with 1% sodium 
pentobarbital (50 mg/kg, intraperitoneally). After 
exposure of the T8 spinal cord, a vascular clip was 
applied for 30 s to establish a contusive SCI. Mice 
were randomly allocated to three experimental 
groups: engineered macrophage group, macrophage 
group, and SCI control group. For long-term (8-week) 
studies, including histology, tracer injection, 
biodistribution and allowance for experimental loss, 
24, 10, and 10 mice were allocated to the three groups, 
respectively. Additional mice were allocated as 
follows: day 3 histology, 3 mice per group (n = 9); day 
7 histology, 3 mice per group (n = 9); day 7 flow 
cytometry, 3 mice per group (n = 9); RNA-seq, 3 mice 
per group (n = 9); electrophysiology, 4 mice per group 
(n = 12); sham controls, 6 mice. 

For intravenous cell administration, unmodified 
macrophages and engineered macrophages were 
collected, washed with sterile PBS, and resuspended 
in sterile saline at a concentration corresponding to 1 
× 106 cells per mouse. Before administration, both 
unmodified and engineered macrophages were 
labeled with DiR by incubation with 1 μL DiR dye 
(1-octadecyl-3,3,3,3-tetramethylindotricarbocyanine 
iodide, 100 μg/mL; Aladdin, China) in 200 μL sterile 
saline. After labeling, the cells were washed to remove 
unbound dye and resuspended in sterile saline for 
injection. A total volume of 10 μL of the cell 
suspension was slowly infused through the tail vein 
using a microinjection pump at a constant rate of 1 
μL/min for 10 min. Mice in the SCI control group 
received an equal volume of sterile saline through the 
tail vein using the same infusion procedure. After 
administration, the injection site was gently 
compressed until bleeding ceased, and the mice were 
returned to their cages for postoperative care. 

Flow cytometry analysis 
For tissue flow cytometry, a 3 mm spinal cord 

segment centered on the lesion was collected 7 days 
after the injury. The tissue was chopped and 
mechanically separated by a 70 μm cell sieve to 
prepare a single cell suspension. Cells were 
centrifuged at 300 × g for 10 min at 4 °C, resuspended, 
and incubated with the indicated antibodies for 30 
min at 4 °C. After staining, the samples were fixed 
with 1% paraformaldehyde before flow cytometric 
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acquisition. 
The following antibodies were used: anti-mouse 

CD11b-APC (1:200, 562102, BD Pharmingen), 
anti-mouse CD45-PE (1:200, 157604, BioLegend), 
anti-mouse CD86-FITC (1:200, 561961, BD 
Pharmingen), and anti-mouse CD206-MMR (1:200, 
321126, BioLegend). Samples were analyzed on a 
NovoCyte flow cytometer (Agilent), and the data 
were processed using FlowJo v7.6 software. 

Inflammatory cytokine quantification 
In order to evaluate the inflammatory response 

after injury, a 3 mm spinal cord segment centered on 
the lesion site was collected on the 7th day after the 
injury. Each sample was weighed and homogenized 
in cold PBS containing protease inhibitors, and the 
final homogenate volume was adjusted according to 
tissue mass. The homogenate was passed through a 70 
μm cell strainer and further disrupted by sonication. 

Concentrations of IL-1β, IL-4, IL-6, IL-10, and 
TNF-α were measured using ELISA kits (Qingdao 
Ruikai Biotechnology Co., Ltd) according to the 
manufacturer’s instructions. Absorbance was read 
using a microplate reader, and cytokine 
concentrations were calculated from standard curves. 

In vivo imaging and axonal tracing 
After tail-vein injection of macrophages, the 

AniView600 small animal imaging system (BLT, 
China) was used for imaging at 30 min, 48 h and 7 
days respectively. The excitation and emission 
wavelengths were 748 nm and 780 nm, respectively. 
On the seventh day, mice were deeply anesthetized 
and perfused; the spinal cord, lungs, kidneys, liver, 
spleen, and heart were collected for in vitro imaging 
under the same collection conditions. Fluorescence 
intensity was quantified to assess the biodistribution 
and lesion-associated accumulation of the 
transplanted cells. Anterograde and retrograde axonal 
tracing experiments were performed 1 week prior to 
tissue collection. Mice were anesthetized with 1% 
sodium pentobarbital (40 mg/kg, intraperitoneally) 
and fixed in a stereotaxic apparatus. Four burr holes 
(~1 mm diameter) were drilled in the bilateral motor 
cortex (coordinates in mm: AP 1.0/1.0, AP 1.0/–1.0, 
AP –1.0/1.0, AP –1.0/–1.0; depth: 0.5 mm). A 
microsyringe was mounted vertically on the 
stereotaxic injector arm, and 0.5 μL of 10% 
biotinylated dextran amine (BDA, Thermo Fisher, 
USA) was injected into each site for anterograde 
tracing. In the same animals, retrograde tracing of 
sensory pathways was performed by injecting 1.2 μL 
of 2% Fast Blue (FB) into four bilateral sites located 5–
6 mm caudal to the injury site (approximately at the 
L1/L2 spinal level), at a depth of 0.5 mm. After 

injection, the surgical site was sutured, and mice 
received intramuscular penicillin for 3 consecutive 
days to prevent infection. One week after tracer 
injection, mice were anesthetized and perfused. Spinal 
cord tissues were collected and processed for 
cryosectioning and subsequent tracing analysis. 

Spinal cord electrophysiology 
At 8 weeks after spinal cord injury, motor 

evoked potentials (MEPs) were recorded to evaluate 
the recovery of conduction-related function. Mice 
were anesthetized with 1% sodium pentobarbital (50 
mg/kg, intraperitoneal injection) and fixed in a 
stereotaxic frame. Recordings were obtained with the 
MadLab-4C data acquisition and analysis system 
(Zhongshi Technology, China). For stimulation, a pair 
of tungsten microelectrodes (85 mm, 0.5 MΩ, 
KeDouBC) was used as bipolar electrodes. The two 
electrodes were placed 1 mm apart and inserted into 
the T6 spinal segment at a depth of about 300–500 μm. 
Single square-wave pulses with a duration of 0.1 ms 
were delivered every 3 s. For recording, a 1 mm silver 
ball electrode was placed at the T10 segment. The 
signals were filtered with a 20–1000 Hz bandpass and 
then analyzed with MATLAB software. Parameters 
such as amplitude and latency were quantified in a 
blinded manner by technicians who were unaware of 
the treatment groups. 

Electromyography (EMG) recording 
At 8 weeks post-spinal cord injury, electrode 

implantation was performed to record 
electromyography (EMG) signals from the hindlimbs, 
in order to assess the recovery of muscle motor 
function. A non-invasive chip electrode was used, 
consisting of two stimulation electrodes and one 
recording electrode. In a quiet and enclosed 
environment, the chip electrodes were attached to the 
surface of the gastrocnemius and tibialis anterior 
muscles of awake mice. During spontaneous 
movement, EMG signals were continuously acquired 
and transmitted by a bioelectrical signal acquisition 
system. The electrical activity of the extensor and 
flexor muscles in the right hindlimb was recorded 
during free movement, and synchronized with a 
digital oscilloscope. Joint movement was observed at 
the same time to identify the stance and swing phases 
during locomotion. The recorded EMG signals were 
filtered with a 20–1000 Hz bandpass and then 
analyzed using MATLAB. All recordings and data 
analysis were performed in a blinded manner, with 
investigators unaware of the group allocation. Muscle 
activity was evaluated based on the amplitude and 
rhythmic pattern of the EMG signals. 
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Muscle atrophy analysis 
Eight weeks after the operation, the bilateral 

gastrocnemius muscle was removed from each 
experimental group (n = 6) and weighed. In order to 
provide normal reference values, we also collected 
bilateral gastrocnemius muscles of age-matched 
female C57BL/6 mice (8 weeks old, weight 18–22 g) 
and compared their average wet weight. 

Muscle samples were fixed in 4% 
paraformaldehyde for 72 h, dehydrated, embedded in 
paraffin, and sectioned at 5 μm. Sections were stained 
with H&E and Masson’s trichrome. Bright-field 
images were acquired at 200× magnification using a 
Leica DMi8 microscope. The cross-sectional area of 
muscle fibers and the collagen-positive area were 
quantified using ImageJ. 

Behavioral assessment 
Motor recovery was assessed weekly for 8 weeks 

using the Basso Mouse Scale (BMS). Before scoring, 
each mouse was placed in an open field for 
acclimation. Hindlimb locomotor function was then 
evaluated according to the standard BMS criteria by 
investigators blinded to group allocation. 

In order to further study the movement function, 
the GREEN Walk system and its supporting software 
were used for automatic gait analysis on the day 
before tissue collection. The system consists of a 
narrow glass walkway, which is illuminated by green 
LED lights above the walkway, and a high-speed 
camera is placed below to capture the position of the 
paw and gait parameters. The mice were trained 
continuously for 3 days before the official test. During 
the test, each mouse completed three runs on the 
walkway. The recorded parameters include stride, 
step time, step frequency, movement speed, swing 
time and maximum paw contact area. 

Perfusion sectioning and immunofluorescence 
staining 

PC-12 cells were seeded onto glass coverslips 
and cultured to the desired density. Cells were fixed 
with 4% paraformaldehyde for 15 min and 
permeabilized with 0.3% Triton X-100 in PBS for 10 
min. After blocking with BSA for 25 min at room 
temperature, the cells were incubated with Tuj1 
(1:500, Abcam), NF (1:500, Abcam) and MAP2 (1:200, 
Santa Cruz) antibodies at 4 °C overnight. The next 
day, cells were washed three times with PBS, and then 
incubated at room temperature with the 
corresponding Alexa Fluor 488, 555, 594 or 
647-labeled secondary antibodies (1:200, Invitrogen) 
for 2 h. Nuclei were counterstained with DAPI. Slides 
were mounted with anti-fade mounting medium and 
images were acquired using a DMi8 THUNDER 

microscope (Leica). Images were processed and 
analyzed using Leica LAS X 3.5.1 and ImageJ. 

Mice were deeply anesthetized with 1% sodium 
pentobarbital (40 mg/kg), perfused with cold 
heparinized saline, and then perfused with 4% 
paraformaldehyde (PFA). The spinal cord was then 
carefully removed, post-fixed in 4% PFA at 4 °C for 48 
h, dehydrated in sucrose, embedded, and 
cryosectioned into 16 μm thick sections. Sections were 
obtained from a 6–8 mm spinal cord segment centered 
on the lesion site. Sections were washed with PBS, 
permeabilized with 0.1% Triton X-100, blocked with 
5% BSA, and incubated overnight with the indicated 
primary antibodies at 4 °C. Primary antibodies against 
Tuj1 (1:500; Abcam), GFAP (1:200; Abcam), Syn (1:200; 
Santa Cruz), NF (1:300; Abcam), MBP (1:300; 
Proteintech), FN (1:300; Abcam), LN (1:300; Abcam), 
CCL2 (1:200; Santa Cruz), IBA-1 (1:200; Abcam), IL-10 
(1:300; Proteintech), IL-1β (1:300; Proteintech), 
Caspase-3 (1:200; Proteintech), MPO (1:200; 
Proteintech), NeuN (1:200; Proteintech), GDNF (1:200; 
Santa Cruz), GFRα-1 (1:200; Santa Cruz), NG2 (1:300; 
Proteintech), Brevican (1:200; Proteintech), ANXA1 
(1:200; Santa Cruz), and FPR2 (1:200; Santa Cruz) were 
used at the dilutions listed above. After PBS washing, 
sections were incubated with Alexa Fluor-conjugated 
secondary antibodies (1:200, Invitrogen) at room 
temperature for 2 h away from light. Nuclei were 
counterstained with DAPI (1:1000, Beyotime). Images 
were acquired using a DMi8 THUNDER wide-field 
fluorescence microscope. Images were processed and 
analyzed using Leica LAS X 3.5.1 and ImageJ. 

Morphological analysis of IBA-1 positive 
inflammatory cells 

To further evaluate the activation status of 
IBA-1⁺ inflammatory cells, we carried out a 
morphological analysis using ImageJ. All images were 
collected from peri-lesional areas under the same 
exposure conditions. For each animal, 3–5 random 
fields were selected, and 5–10 IBA-1⁺ cells were 
randomly chosen from each field for measurement. 
The cell body area and circularity were determined 
after manually outlining the soma. To analyze cellular 
processes, the images were first binarized and then 
skeletonized, and the total process length was 
measured using the Analyze Skeleton plugin. All 
measurements were performed in a blinded manner. 

Transmission electron microscopy 
For ultrastructural analysis, the mice were 

deeply anesthetized with 1% pentobarbital sodium 
(40 mg/kg), perfused with cold heparinized saline (10 
U/mL) through the heart, and then perfused with 50 
mL of 4% glutaraldehyde. Spinal cord tissue 
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containing the lesion site was collected and further 
fixed in 4% glutaraldehyde at 4 °C for 3 days. Samples 
were dehydrated, embedded, and sectioned into 
ultrathin sections of approximately 60 nm. After 
staining with 5% uranyl acetate and 0.3% lead citrate, 
sections were examined using an H-600 transmission 
electron microscope (Hitachi, Japan). The area of 
regenerated axons and the proportion of myelinated 
axons in each field were quantified. The degree of 
myelination was further evaluated by calculating the 
g ratio, which is defined as the inner diameter of the 
axon divided by the outer diameter of the fiber. 

RNA extraction and analysis 
The spinal cord tissue was collected for 

transcription analysis 3 days and 8 weeks after the 
injury respectively. Total RNA was extracted using 
TRIzol reagent (Invitrogen). RNA quality was 
assessed using an Agilent 5300 Bioanalyzer, and RNA 
concentration was measured using an ND-2000 
spectrophotometer. RNA purification, reverse 
transcription, library construction and sequencing 
were all completed by Shanghai Biotechnology Co., 
Ltd. (Shanghai, China). 

For library construction, 1 μg total RNA from 
each sample was processed using the Illumina 
Stranded mRNA Prep, Ligation kit (Illumina, San 
Diego, CA, USA). Libraries were quantified using a 
Qubit 4.0 fluorometer and sequenced on a NovaSeq 
6000 platform with 2 × 150 bp paired-end reads. Raw 
reads were trimmed and quality-controlled using 
fastp. High-quality reads were aligned to the 
reference genome using HISAT2, and transcripts were 
assembled based on reference annotations using 
StringTie. To further analyze changes in cellular 
composition within the spinal cord tissue, 
transcriptomic data were subjected to deconvolution 
analysis using BayesPrism, with reference single-cell 
RNA-seq datasets obtained from previously 
published studies [53, 54]. 

Quantitative real time PCR analysis 
To evaluate Ccl2 expression at 3 days after injury 

and the expression of SCI-related genes at 8 weeks, 
qPCR was performed on tissues collected from the 
lesion area. Samples were collected at the indicated 
time points and immediately frozen. Total RNA was 
extracted, reverse-transcribed into cDNA, and 
subjected to qPCR using SYBR Green Master Mix. 
Relative gene expression was calculated using the 
2−ΔΔCt method and normalized to Gapdh. Primer 
sequences are listed in Table S1. 

Statistical analysis 
All statistical analyses were performed using 

SPSS and GraphPad Prism 9.0 software. Data are 
presented as mean ± standard deviation (SD). 
Differences among multiple groups were analyzed 
using one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test. Comparisons 
between two groups were performed using an 
unpaired two-tailed Student’s t-test. Longitudinal 
BMS scores were analyzed using repeated-measures 
two-way ANOVA, with treatment group and time as 
the two factors, followed by Tukey’s post hoc test for 
multiple comparisons. A value of p < 0.05 was 
considered statistically significant. 

Results and Discussion 
Chemokine upregulation after SCI and 
generation of CCR2 positive engineered 
macrophages 

To characterize early transcriptional changes 
within the lesion core after SCI, we performed RNA 
sequencing on spinal cord tissues collected from 
normal mice and from the lesion epicenter at 3 days 
post-injury. Based on the criteria of |log2FC| > 1.5 
and p < 0.05, a total of 4613 differentially expressed 
genes (DEGs) were identified, including 2596 
upregulated and 2017 downregulated genes (Figure 
1A). Gene Ontology (GO) enrichment analysis 
showed that CCL2-related signaling was prominently 
represented among the altered pathways, including 
macrophage chemotaxis, chemokine receptor binding, 
and chemokine activity (Figure 1B). Consistently, 
Gene Set Enrichment Analysis (GSEA) revealed 
significant enrichment of CCL2-associated chemokine 
signaling and macrophage recruitment signatures in 
injured spinal cord tissue compared with normal 
tissue (enrichment score = 2.04, p < 0.001, adjusted p < 
0.001; Figure 1C). Consistent with these findings, 
CCL2 expression was elevated in the injured spinal 
cord. The mean fluorescence intensity of CCL2 in 
normal, uninjured, and injured sites was 21.37 ± 2.41, 
36.50 ± 1.12, and 61.10 ± 3.00, respectively, indicating a 
2.86-fold increase at the injury site compared to 
normal tissue, and a 1.67-fold increase compared to 
the adjacent uninjured segment (Figure 1D-F). These 
findings were further validated by qPCR, confirming 
the significant upregulation of Ccl2 in the injured 
tissue (Figure 1G).  

Because CCL2-related chemotactic signaling was 
activated early after SCI, we focused on CCR2, a 
major receptor for CCL2, as a practical marker for 
enriching macrophages with lesion-associated 
accumulation potential. Flow cytometric analysis 
showed that more than 93% of the isolated peritoneal 
cells were CD11b+&F4/80+, indicating that the cell 
preparation consisted predominantly of macrophages 
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(Figure 1H). However, the baseline proportion of 
CCR2+ cells remained low, accounting for only 
approximately 1.62% of the population (Figure 1I). To 
increase this fraction, mice were pretreated with 
intraperitoneal myelin extract before macrophage 
isolation. This increased the proportion of CCR2+ 
macrophages to approximately 3.90% (Figure 1J), 

corresponding to an approximately 2.4-fold increase 
over the untreated group (Figure 1K). Although the 
absolute increase was modest, the effect was 
consistent and statistically significant, suggesting that 
myelin extract enhances CCR2 expression in 
macrophages. 

 

 
Figure 1. Activation of CCL2/CCR2 axis and formation of engineered CCR2+ macrophages in SCI. (A) Volcano plot of the differential expression of genes in the 
injury group compared with the normal group. The yellow, green and gray dots represent upregulated genes, downregulated genes and genes without significant changes 
respectively. (B) GO enrichment analysis of differentially expressed genes. The circular diagram shows the enriched biological process (BP), cellular component (CC) and 
molecular function (MF) entries, among which the chemokine-related pathways (such as chemokine activity, chemokine receptor binding and macrophage chemotaxis) are 
significantly enriched. (C) Gene set enrichment analysis showing enrichment of Ccl2-associated chemotactic signatures in injured spinal cord tissue. (D) Schematic of tissue 
sampling from uninjured cords and cords at day 3 post-SCI. (E) Representative immunofluorescence images showing CCL2 staining (red) and DAPI-labeled nuclei (blue) in spinal 
cord sections from day-3 SCI and control mice (Scale bar: 200 μm). (F) Quantitative analysis of CCL2 fluorescence intensity. (G) Differential expression of Ccl2 mRNA. (H) 
Flow-cytometric gating of CD11b⁺/F4/80⁺ peritoneal macrophages. (I-J) CCR2 expression in peritoneal macrophages before and after myelin-extract stimulation. (K) 
Quantitative analysis of CCR2 expression in peritoneal macrophages before and after stimulation with myelin extract. (L–M) eGFP expression in peritoneal macrophages before 
and after electroporation (scale bar, 100 μm). (N) Western blot of ANXA1, CTGF, and GDNF in macrophages before and after electroporation. (O) Densitometric 
quantification of Western blots for ANXA1, CTGF, and GDNF expression in peritoneal macrophages before and after electroporation. Data are presented as mean ± SD; n = 
3 biologically independent samples per group. Statistical significance was determined by unpaired two-tailed Student’s t-test or one-way ANOVA, as appropriate. *p < 0.05. 
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Because unmodified macrophages expressed 
only low levels of ANXA1, CTGF, and GDNF, we 
introduced mRNAs encoding these three proteins into 
CCR2+ macrophages by electroporation. eGFP mRNA 
was included as a reporter of transfection efficiency. 
After electroporation, clear green fluorescence was 
readily detected in macrophages, confirming 
successful expression of the introduced eGFP mRNA 
(Figure 1L, M). Western blot analysis further 
demonstrated marked upregulation of ANXA1, 
CTGF, and GDNF proteins, which were nearly 
undetectable in unmodified macrophages (Figure 1N, 
O). Together, these data indicate that the exogenous 
mRNAs were successfully delivered into 
macrophages and efficiently translated into the 
intended therapeutic proteins. 

We next examined whether electroporation itself 
altered macrophage polarization. Flow cytometric 
analysis of CD11b, CD86, and CD206 showed that 
electroporation did not markedly increase either 
CD86⁺ or CD206⁺ macrophage subsets. Specifically, 
96.47% of cells were distributed in the CD11b+CD86− 
quadrant, whereas only 1.32% were CD11b+CD86+. 
Similarly, 98.89% of cells were CD11b+CD206−, 
whereas only 1.07% were CD11b+CD206+ (Figure S1). 
These findings suggest that electroporation did not 
cause a detectable shift toward either a 
CD86-associated inflammatory phenotype or a 
CD206-associated reparative phenotype under the 
tested conditions. 

The feasibility of this strategy was further 
supported by viability and secretion analyses. 
Live/dead staining showed that most macrophages 
remained viable after mRNA delivery, with no 
significant reduction in survival compared with 
untreated controls (Figure S2A, B). ELISA of culture 
supernatants collected on days 1, 3, 5, 7, 10, and 14 
showed sustained release of ANXA1, GDNF, and 
CTGF throughout the observation period (Figure 
S2C-E). Secretion of all three proteins peaked around 
days 5-7 and remained detectable on day 14. These 
findings indicate that electroporated macrophages 
can provide sustained but time-limited therapeutic 
protein expression during a period that substantially 
overlaps with the early critical phase of secondary SCI 
pathology. 

Taken together, these results show that early 
CCL2-related chemotactic signaling after SCI can be 
exploited to enrich and engineer CCR2+ macrophages 
as a multifunctional delivery platform. The resulting 
cells retained high viability, showed no marked 
CD86/CD206-defined phenotypic shift under the 
tested conditions, and supported sustained short-term 
expression of multiple therapeutic proteins, 
supporting their further evaluation as a therapeutic 

strategy for SCI. 
These findings provide the cellular and 

mechanistic basis for the engineered macrophage 
strategy used in this study. After SCI, the CCL2–CCR2 
axis represents a biologically relevant recruitment 
pathway for peripheral macrophages, and may 
therefore be exploited to improve lesion-associated 
cell accumulation [26-28]. In parallel, mRNA 
electroporation provides a transient and 
non-integrating approach for therapeutic protein 
expression, reducing concerns related to viral vector 
integration and long-term uncontrolled expression 
[29-36]. By combining CCR2-associated lesion homing 
with programmable expression of ANXA1, GDNF, 
and CTGF, this platform was designed to address 
inflammation, neural repair, and extracellular matrix 
remodeling within a single therapeutic system. 

Neuroprotective and neurite outgrowth 
promoting effects of engineered macrophages 
in vitro  

To examine the in vitro activity of engineered 
macrophages, we established a conditioned-medium 
workflow using both PC-12 cells and dorsal root 
ganglion (DRG) explants (Figure 2A). In this system, 
neuronal cells or DRG explants were exposed to 
conditioned medium collected from unmodified or 
engineered macrophages, with or without H₂O₂ 
challenge, to evaluate neuroprotection and 
neurite/axonal growth-related effects. 

We first assessed whether engineered 
macrophage-conditioned medium could promote 
neurite/axonal outgrowth in DRG explants. 
Representative Tuj1 staining together with NeuriteJ 
analysis showed that H₂O₂ markedly impaired 
neurite extension, whereas treatment with engineered 
macrophage-conditioned medium substantially 
improved radial neurite outgrowth (Figure 2B). 
Quantitative analysis showed that the average axon 
length in the sham group was 2.17 ± 0.17 mm, but 
decreased to 0.84 ± 0.11 mm and 0.87 ± 0.09 mm in the 
H₂O₂ group and the H₂O₂ + macrophage supernatant 
group, respectively (Figure 2C). In contrast, axon 
length increased to 1.78 ± 0.10 mm in the H₂O₂ + 
engineered macrophage supernatant group, 
corresponding to 2.11-fold and 2.05-fold increases 
relative to the H₂O₂ group and the H₂O₂ + 
macrophage supernatant group, respectively, and 
reaching approximately 82% of the sham level. A 
similar pattern was observed for neurite outgrowth 
area. The sham group displayed the largest outgrowth 
area (17.75 ± 0.58 mm²), whereas the H₂O₂ group and 
the H₂O₂ + macrophage supernatant group showed 
markedly reduced areas of 5.85 ± 0.73 mm² and 5.93 ± 
0.78 mm², respectively. Treatment with engineered 
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macrophage-conditioned medium increased the 
outgrowth area to 11.80 ± 0.75 mm², representing 
approximately 2-fold increases relative to both injury 
groups and reaching 66% of the sham value (Figure 

2D). These data indicate that engineered macrophages 
can markedly improve neurite/axonal outgrowth 
under oxidative stress conditions. 

 

 
Figure 2. Neuroprotective and neurite/axonal growth-promoting effects of engineered macrophages in vitro. (A) Schematic overview of the extraction, culture, 
treatment, and evaluation of DRG explants. (B) Representative Tuj1 staining images of DRG explants and corresponding NeuriteJ-processed images under sham, H₂O₂, H₂O₂ + 
macrophage supernatant (MS), and H₂O₂ + engineered macrophage supernatant (EMS) conditions. (Scale bar: 200 μm) (C) Quantification of axon length in DRG explants. (D) 
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Quantification of axonal outgrowth area in DRG explants. (E) Representative immunofluorescence staining of NF (red) with DAPI nuclear counterstaining (blue) in PC-12 cells 
exposed to oxidative stress. (Scale bar: 200 μm) (F) Representative immunofluorescence staining of Tuj1 (red), MAP2 (green), and DAPI (blue) in PC-12 cells under oxidative 
stress. (Scale bar: 200 μm) (G–I) Quantification of the percentages of Tuj1⁺, NF⁺, and MAP2⁺ cells, respectively. (J) Representative EdU staining images of PC-12 cells cultured 
under basal conditions. (Scale bar: 200 μm) (K) Representative TUNEL staining images of PC-12 cells cultured under basal conditions. (Scale bar: 200 μm) (L) Representative 
Calcein-AM/PI staining images of PC-12 cells cultured under basal conditions. (Scale bar: 200 μm) (M–O) Quantification of EdU⁺ proliferating cells, TUNEL⁺ apoptotic cells, and 
cell survival under basal conditions, respectively. (P) Representative TUNEL staining images of PC-12 cells under H₂O₂-induced oxidative stress. (Scale bar: 200 μm) (Q) 
Representative Calcein-AM/PI staining images of PC-12 cells under H₂O₂-induced oxidative stress. (Scale bar: 200 μm) (R–S) Quantification of TUNEL⁺ apoptotic cells and cell 
survival under H₂O₂-induced oxidative stress. Scale bars are indicated in the corresponding panels. Data are presented as mean ± SD; n = 3 biologically independent experiments 
per group. Statistical significance was determined by one-way ANOVA. *p < 0.05; ns, not significant. 

 
We next examined neuronal structural markers 

in PC-12 cells exposed to oxidative stress. 
Immunofluorescence staining showed that H₂O₂ 
markedly reduced NF, Tuj1, and MAP2 signals, 
whereas treatment with engineered 
macrophage-conditioned medium restored all three 
markers (Figure 2E, F). Quantitative analysis showed 
that the H₂O₂ group contained 40.67 ± 1.97% 
Tuj1-positive cells, 37.00 ± 2.58% NF-positive cells, 
and 21.83 ± 3.13% MAP2-positive cells. Similar values 
were observed in the H₂O₂ + macrophage 
supernatant group (40.83 ± 3.13%, 31.17 ± 2.56%, and 
22.67 ± 2.94%, respectively), indicating limited 
protective activity of unmodified 
macrophage-conditioned medium under these 
conditions. In contrast, engineered 
macrophage-conditioned medium increased the 
proportions of Tuj1-, NF-, and MAP2-positive cells to 
77.67 ± 3.88%, 81.17 ± 5.23%, and 79.17 ± 2.99%, 
respectively (Figure 2G-I). Compared with the H₂O₂ 
group, these values represented 1.91-fold, 2.19-fold, 
and 3.62-fold increases, respectively. Together, these 
results indicate that engineered macrophages more 
effectively preserve neuronal structural markers and 
neurite integrity under oxidative stress. 

We then assessed whether engineered 
macrophage-conditioned medium affected PC-12 cells 
under basal conditions. Highly differentiated PC-12 
cells were cultured in control medium, 
macrophage-conditioned medium, or engineered 
macrophage-conditioned medium without H₂O₂ 
challenge. Proliferation, apoptosis, and survival were 
evaluated by EdU labeling, TUNEL staining, and 
Calcein-AM/PI staining, respectively (Figure 2J-L). 
No significant differences were observed among the 
three groups under basal culture conditions. 
Specifically, proliferation rates were 91.33 ± 2.34%, 
89.83 ± 2.64%, and 90.00 ± 3.16%, respectively (Figure 
2M); apoptosis rates were 10.33 ± 1.86%, 9.83 ± 2.48%, 
and 9.33 ± 2.16%, respectively (Figure 2N); and 
survival rates were 99.33 ± 0.82%, 99.33 ± 0.75%, and 
99.67 ± 0.52%, respectively (Figure 2O). These findings 
indicate that engineered macrophage-conditioned 
medium was well tolerated and did not exert 
detectable adverse effects on PC-12 cells under basal 
conditions. 

Finally, we asked whether engineered 

macrophages could reduce neuronal injury under 
H₂O₂-induced oxidative stress. TUNEL staining 
showed that the apoptosis rate was 63.50 ± 3.83% in 
the H₂O₂ group and 63.83 ± 2.71% in the H₂O₂ + 
macrophage supernatant group, with no significant 
difference between them (Figure 2P, R). In contrast, 
the H₂O₂ + engineered macrophage supernatant 
group showed a markedly reduced apoptosis rate of 
27.17 ± 2.99%, corresponding to approximately 42% of 
that observed in the two injury groups. Consistently, 
live/dead staining showed that cell survival 
remained below 70% in both the H₂O₂ group and the 
H₂O₂ + macrophage supernatant group, whereas 
survival increased to 83.3 ± 2.52% in the H₂O₂ + 
engineered macrophage supernatant group, 
representing 1.37-fold and 1.34-fold increases, 
respectively (Figure 2Q, S). These data indicate a clear 
protective effect of engineered macrophages against 
oxidative stress-induced neuronal injury. 

Overall, engineered macrophages were well 
tolerated under basal conditions and exerted marked 
neuroprotective as well as neurite/axonal 
growth-promoting effects under oxidative stress in 
vitro. Although these effects did not fully restore all 
readouts to sham levels, they support the capacity of 
the engineered macrophage platform to improve 
neuronal survival and growth-related responses in an 
injury-relevant microenvironment. 

These in vitro findings are consistent with the 
intended paracrine function of the engineered 
macrophages. ANXA1 may contribute to the 
suppression of inflammatory injury, GDNF provides 
neurotrophic support for neuronal survival and 
axonal extension, and CTGF may support 
matrix-associated repair processes. Although 
conditioned-medium experiments mainly reflect 
soluble-factor-mediated effects and cannot fully 
model the complexity of the injured spinal cord, they 
provide functional evidence that the engineered cells 
can generate a protective and growth-supportive 
secretory environment under oxidative stress. 

Engineered CCR2 positive macrophages 
alleviate after injury inflammation by shifting 
inflammatory cell phenotypes and cytokine 
profiles 

SCI elicits a robust inflammatory response that 



Theranostics 2026, Vol. 16, Issue 13 
 

 
https://www.thno.org 

7400 

contributes to neuronal and myelin loss. To 
investigate the immunomodulatory effects of 
engineered macrophages following SCI, we harvested 
spinal cord tissues from mice at day 7 post-injury and 
performed flow cytometric analysis together with 
cytokine quantification (Figure 3A). In the flow 
cytometric analysis, resident microglia and infiltrating 
macrophages were distinguished according to CD45 
expression intensity, with CD45low&CD11b+ cells 
defined as microglia and CD45highCD11b+ cells 
defined as infiltrating macrophages (Figure S3A) [55]. 
Quantitative analysis showed that the CD45high 
infiltrating macrophage population accounted for 
only a minor fraction of total myeloid cells and did 
not differ significantly among groups (Figure S3B). 

We next examined phenotype-associated 
markers within the CD45high macrophage population. 
The proportion of CD86+ macrophages remained high 
and comparable among the SCI, macrophage-treated, 
and engineered macrophage-treated groups (Figure 
S3C). In contrast, the engineered macrophage-treated 
group showed a significantly higher proportion of 
CD206+ macrophages together with a marked increase 
in the CD206/CD86 ratio (Figure S3D, E). These data 
suggest that although infiltrating macrophages were 
relatively sparse at this time point, their phenotype 
also shifted toward a more anti-inflammatory state 
after engineered macrophage treatment. 

Resident microglia constituted the predominant 
CD11b+CD45low myeloid population in the injured 
spinal cord. The main figure therefore focuses on 
phenotypic changes within this compartment. Within 
the CD45lowCD11b+ gate, the proportion of CD86+ 
pro-inflammatory microglia were comparable among 
the SCI group (25.25 ± 2.66%), the macrophage-treated 
group (24.63 ± 2.62%), and the engineered 
macrophage-treated group (26.15 ± 2.96%) (Figure 3B, 
D). By contrast, CD206+ anti-inflammatory microglia 
were present at low levels in both the SCI group (2.658 
± 0.47%) and the macrophage-treated group (2.792 ± 
0.37%), with no significant difference between the two 
groups. However, in the engineered 
macrophage-treated group, this proportion increased 
significantly to 6.660 ± 0.5564%, representing 2.50-fold 
and 2.39-fold increases relative to the SCI and 
macrophage-treated groups, respectively (Figure 3C, 
E). Consistent with this shift, the CD206/CD86 ratio 
within the microglial population was markedly 
elevated in the engineered macrophage-treated group 
(23.17 ± 1.56%) compared with the SCI group (12.19 ± 
1.19%) and the macrophage-treated group (12.87 ± 
0.65%) (Figure 3F). Engineered macrophage treatment 
increased the proportion of CD206+ microglia and 
elevated the CD206/CD86 ratio within the lesion 
microenvironment. 

To further characterize the local inflammatory 
milieu, we measured representative pro- and 
anti-inflammatory cytokines in spinal cord tissue. In 
the SCI and macrophage groups, pro-inflammatory 
cytokines IL-1β (247.0 ± 21.66 and 241.0 ± 15.00), IL-6 
(261.0 ± 22.27 and 246.7 ± 8.15), and TNF-α 
(550.0 ± 38.51 and 543.3 ± 20.50) were highly elevated, 
while anti-inflammatory cytokines IL-4 (127.0 ± 5.00 
and 145.3 ± 8.51) and IL-10 (124.3 ± 9.50 and 
120.0 ± 12.00) remained low, with no significant 
differences between the two groups. By contrast, the 
engineered macrophage group exhibited significantly 
reduced levels of IL-1β (146.3 ± 8.62), IL-6 
(175.7 ± 17.47), and TNF-α (267.3 ± 30.27), along with 
markedly increased IL-4 (177.3 ± 15.50) and IL-10 
(215.3 ± 27.02) (p < 0.05; Figure 3G–K). These findings 
further demonstrate that engineered macrophages 
attenuate microglial activation, rebalance cytokine 
expression, and create a more favorable 
immunological niche for neural repair after SCI. 

The lesion microenvironment shifted toward a 
less inflammatory state following engineered 
macrophage treatment. This change was accompanied 
by an increased proportion of CD206+ microglia, an 
elevated CD206/CD86 ratio, and corresponding 
alterations in inflammatory factor expression. 
Supplementary flow cytometric analysis further 
suggests that infiltrating CD45high macrophages, 
although present at low abundance, also displayed a 
more anti-inflammatory phenotype after engineered 
macrophage treatment. These findings support an 
early immunomodulatory effect of engineered 
macrophages and suggest that they may help 
establish a more repair-supportive inflammatory 
microenvironment after SCI [56]. 

Engineered macrophages reduce 
neuroinflammation and apoptosis with 
increased ANXA1/FPR2-associated signals 
after SCI  

Given the ability of engineered macrophages to 
modulate inflammatory cell phenotypes and cytokine 
profiles, we next examined whether these cells were 
associated with changes in inflammatory cell activity, 
neuronal preservation, apoptosis, and 
ANXA1/FPR2-related signaling in injured spinal cord 
tissue (Figure 4A). In the acute stage of SCI (days 1–3), 
neutrophils rapidly infiltrate the lesion and are 
associated with disruption of the BSCB, and release 
proinflammatory mediators, triggering secondary 
damage that exacerbates neuronal loss and impairs 
tissue repair [57]. To assess whether CCR2⁺ 
engineered macrophages could regulate neutrophil 
infiltration, the spinal cord was removed on the third 
day after the injury, and neutrophils were identified 
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by MPO immunostaining (Figure 4B). Quantitative 
analysis demonstrated a significant reduction in MPO 
fluorescence intensity in the engineered macrophage 
group (151.8 ± 5.62) relative to the SCI group (233.8 ± 
7.84) and the unmodified macrophage group 

(241.4 ± 6.98) (Figure 4H, p < 0.05). This reduction is 
consistent with decreased early neutrophil-associated 
inflammatory infiltration in the injured spinal cord 
after engineered macrophage treatment. 

 

 
Figure 3. Engineered macrophages reduce early inflammation by rebalancing inflammatory cell phenotypes and modulating cytokine expression in vivo. 
(A) Schematic diagram of the workflow for flow cytometry and ELISA analysis. (B–C) Flow cytometric analysis of spinal cord tissue at the injury site, showing the proportions of 
CD11b⁺CD86⁺ cells (CD86-positive inflammatory phenotype-associated cells) and CD11b⁺CD206⁺ cells (CD206-positive reparative phenotype-associated cells). (D) 
Percentage of CD86⁺ cells. (E) Percentage of CD206⁺ cells. (F) Ratio of CD206⁺/CD86⁺ cells. (G–K) Quantification of inflammatory cytokines by ELISA, including TNF-α (G), 
IL-1β (H), IL-6 (I), IL-4 (J), and IL-10 (K). Macro: unmodified macrophage-treated group; E-macro: engineered CCR2⁺ macrophage-treated group. Data are presented as mean ± 
SD; n = 3 biologically independent animals per group. Statistical significance was determined by one-way ANOVA. *p < 0.05; ns, not significant.  
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Microglia are important regulators of 
neuroinflammation and can shift toward different 
inflammatory states depending on the local 
microenvironment [58, 59]. ANXA1 has been shown 
to modulate microglial polarization and spatial 
cytokine distribution, thereby exerting 
immunoregulatory and neuroprotective effects [60]. 
In our flow cytometric analysis, CD45low microglia 
were distinguished from CD45high infiltrating 
macrophages, and the latter accounted for only a 
minor fraction of total myeloid cells at this stage. We 
therefore next examined lesion-associated IBA-1+ 
inflammatory cells and their cytokine-related features 
in spinal cord sections collected at day 7 after SCI. 
Immunofluorescence staining showed that IBA-1 
fluorescence intensity in the engineered 
macrophage-treated group (127.5 ± 7.18) was 
significantly lower than that in the SCI group (224.9 ± 
6.10) and the unmodified macrophage-treated group 
(222.4 ± 4.52) (Figure 4C–D, I; p < 0.01), indicating a 
reduction in IBA-1+ inflammatory cell signal after 
treatment. We then assessed the activation state of 
these IBA-1+ cells by quantifying cell body area, 
circularity, and process length (Figure S4A–C). 
Compared with the SCI and macrophage-treated 
groups, IBA-1+ cells in the engineered 
macrophage-treated group exhibited a smaller cell 
body area, lower circularity, and greater process 
length, consistent with a less activated and more 
ramified morphology. Because CD45high infiltrating 
macrophages represented only a minor fraction of 
total myeloid cells at this time point, these 
morphological changes are likely to mainly reflect 
modulation of the microglia-dominant inflammatory 
compartment. However, since IBA-1 staining alone 
does not fully distinguish resident microglia from 
infiltrating macrophages, this interpretation should be 
made with appropriate caution. 

Cytokine analysis further revealed that the 
engineered macrophage group had the lowest 
expression of IL-1β (120.7 ± 8.76), representing only 
60% of that in the SCI (200.4 ± 7.59) and macrophage 
(197.2 ± 6.12) groups (p < 0.01). Conversely, IL-10 
expression was highest in the engineered macrophage 
group (228.8 ± 15.28), markedly exceeding levels in 
the SCI (196.4 ± 10.18) and macrophage (197.2 ± 11.13) 
groups (p < 0.01; Figure 4J–K), suggesting a shift in the 
inflammatory milieu toward an anti-inflammatory 
state. 

Considering that inflammation contributes to 
secondary neuronal apoptosis, we further assessed 
cell death using caspase-3 staining. At day 7 
post-injury, the caspase-3 fluorescence intensity was 
lower in the engineered macrophage group 
(174.5 ± 10.66) than in the SCI (222.1 ± 5.92) and 
macrophage (217.7 ± 7.37) groups (p < 0.01; Figure 4E, 
M), corresponding to an approximate 25% reduction 
in apoptosis. Additionally, NeuN staining revealed 
higher neuronal preservation in the engineered 
macrophage group (224.6 ± 4.62), compared to the SCI 
(185.6 ± 5.78) and macrophage (187.2 ± 3.54) groups 
(p < 0.01; Figure 4B, L). 

To better understand the underlying mechanism, 
we assessed the expression of ANXA1 and its 
downstream receptor FPR2. The engineered 
macrophage group showed significantly elevated 
levels of ANXA1 (224.4 ± 11.41) and FPR2 
(232.9 ± 14.95) relative to the SCI (173.6 ± 8.92; 
169.0 ± 15.06) and macrophage (172.1 ± 8.65; 
168.2 ± 14.88) groups (p < 0.01; Figure 4F–G, N–O), 
corresponding to 1.29–1.38-fold increases. 

In summary, engineered macrophage treatment 
was associated with a reduction in early inflammatory 
responses, reduced lesion-associated IBA-1⁺ 
inflammatory cell signal, a more favorable local 
cytokine profile, decreased apoptosis, and improved 
neuronal preservation after SCI. In parallel, increased 
ANXA1 and FPR2 expression in the lesion is 
consistent with participation of ANXA1/FPR2-related 
signaling in this process. Together with the flow 
cytometric evidence that CD45high infiltrating 
macrophages account for only a minor proportion of 
myeloid cells at this stage, these findings support the 
view that engineered macrophage treatment exerts 
mainly microglia-associated immunomodulatory and 
neuroprotective effects in the injured spinal cord. 

These results further support the 
anti-inflammatory and neuroprotective role of 
engineered macrophages in vivo. Because neutrophil 
infiltration, microglia/macrophage activation, and 
inflammatory cytokine production are closely linked 
to secondary neuronal injury after SCI [5, 6, 57, 58, 61], 
the concomitant reduction in MPO, IBA-1, IL-1β, and 
caspase-3 signals, together with increased IL-10 and 
ANXA1/FPR2-related staining, suggests that 
engineered macrophages may attenuate inflammatory 
amplification while preserving neural cells within the 
lesion microenvironment. 
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Figure 4. Engineered macrophages are associated with reduced neuroinflammation, decreased apoptosis, and enhanced ANXA1/FPR2-related signaling 
after SCI. (A) Experimental timeline: tissue collected on day 3 or day 7 after SCI for sectioning and immunofluorescence. (B) NeuN (green; neuronal nuclei marker), MPO (red; 
neutrophil marker), and DAPI. (Scale bar: 100 μm) (C) IL-1β (green), IBA-1 (red), and DAPI. (Scale bar: 100 μm) (D) Immunofluorescence of IL-10 (green), IBA-1 (red), and DAPI 
(blue). (Scale bar: 100 μm) (E) Caspase-3 (red; apoptosis marker) and DAPI. (Scale bar: 100 μm) (F) FPR2 (red; ANXA1 receptor) and DAPI. (Scale bar: 100 μm) (G) ANXA1 (red) 
and DAPI. (Scale bar: 100 μm). (H–O) Quantification of fluorescence intensity for MPO, IBA-1, IL-1β, IL-10, NeuN, Caspase-3, FPR2, and ANXA1 across groups. Data are 
presented as mean ± SD; n = 3 biologically independent animals per group. Statistical significance was determined by one-way ANOVA. *p < 0.05. 

 
Transcriptomic remodeling after engineered 
macrophage treatment 

To examine transcriptional remodeling in the 
chronic lesion environment, we performed RNA 

sequencing on tissue collected from the lesion core at 
8 weeks after SCI. Genes meeting the criteria of 
|log₂FC| > 1.5 and p < 0.05 were defined as 
differentially expressed genes (DEGs). Hierarchical 
clustering showed that the SCI group and the 
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unmodified macrophage-treated group shared 
broadly similar transcriptional profiles and were 
therefore combined as a single control group for 
comparison with the engineered macrophage-treated 
group (Figure 5A). In total, 2,116 DEGs were 
identified, including 1,506 upregulated and 610 
downregulated genes (Figure 5B). Enrichment 
analysis highlighted biological processes and 
pathways related to inflammatory regulation, 
macrophage chemotaxis, extracellular matrix (ECM) 
organization, receptor signaling, and neural repair 
(Figure 5C). We next performed gene set enrichment 
analysis (GSEA) to further define pathway-level 
changes relevant to the therapeutic design of this 
study. Compared with controls, the engineered 
macrophage-treated group showed significant 
enrichment of pathways related to regulation of 
inflammatory response, regulation of macrophage 
chemotaxis, extracellular matrix structural 
constituent, PI3K-Akt signaling, and 
cytokine-cytokine receptor interaction (Figure S5A-E). 
Overall, these findings point to coordinated changes 
in inflammation, chemotaxis-related signaling, and 
matrix remodeling within the repaired spinal cord 
microenvironment. qPCR further supported the 
RNA-seq results. Several genes associated with 
neuroprotection and repair, including Fgf2, Igf1, Ntn4, 
and Gdnf, were significantly upregulated in the 
engineered macrophage-treated group. This 
expression pattern is consistent with a more 
supportive local environment for neuronal survival 
and axon-related growth. Increased expression of 
Anxa1 and its receptor Fpr2, together with reduced 
Cd86, further suggested a less pro-inflammatory 
lesion milieu. In parallel, upregulation of Col1a1, Ctgf, 
and Lama2 was consistent with enhanced ECM 
synthesis and remodeling, which may contribute 
structural support for tissue repair. By contrast, lower 
expression of Gfap and Plp1 suggested attenuation of 
reactive gliosis and altered myelin-associated 
transcriptional status. Reduced Atp7a expression may 
likewise reflect lower copper-related stress responses, 
including oxidative stress, inflammation, and 
mitochondrial dysfunction (Figure 5D-E). 

To estimate changes in tissue cellular 
composition, we applied BayesPrism-based 
deconvolution using published single-cell RNA-seq 
datasets as references [53, 54]. This analysis suggested 
relatively higher proportions of neurons, endothelial 
cells, and stromal cells in the engineered 
macrophage-treated group, together with lower 
proportions of inflammatory populations such as 
microglia and neutrophils (Figure 5F). This pattern is 
consistent with a lesion environment characterized by 
reduced inflammatory burden and stronger structural 

support. 
Overall, the transcriptomic and deconvolution 

data suggest that engineered macrophage treatment 
was associated with broad remodeling of the chronic 
SCI lesion environment. The observed changes were 
consistent with reduced inflammatory activity, 
altered chemotaxis-related signaling, enhanced 
ECM-related programs, and increased expression of 
genes linked to neural repair and tissue support. 
Together, these findings support the view that 
engineered macrophages can reshape the injured 
spinal cord microenvironment at both molecular and 
cellular levels. 

These transcriptomic findings suggest that the 
therapeutic effect of engineered macrophages is not 
restricted to a single molecular pathway. Instead, the 
treatment was associated with coordinated changes in 
immune regulation, macrophage chemotaxis, 
cytokine signaling, neural repair, myelination, and 
extracellular matrix organization. This pattern is 
consistent with the multifactorial nature of SCI, in 
which inflammation, insufficient trophic support, 
inhibitory matrix remodeling, demyelination, and 
impaired axonal growth act together to limit recovery 
[5-7]. Thus, the RNA-seq data provide molecular 
support for the histological and functional 
improvements observed in later experiments. 

Engineered macrophages accumulate at the 
lesion site and enhance GDNF signaling after 
SCI 

Biodistribution analysis is important for 
assessing the in vivo lesion-associated accumulation 
of engineered cells. Precisely directing engineered 
macrophages to the site of SCI is expected to enhance 
therapeutic efficacy. To assess whether CCR2 
enrichment was associated with enhanced 
accumulation of engineered macrophages at the 
lesion site, we performed in vivo fluorescence 
tracking experiments. DiR-labeled macrophages or 
CCR2-enriched engineered macrophages were 
intravenously injected into SCI model mice, and their 
biodistribution was monitored over time. 

Fluorescence imaging at day 2 post-injury 
showed that the engineered macrophage group had a 
markedly stronger signal in the spinal lesion region 
than the unmodified macrophage group (3.156 ± 0.26 
vs. 1.01 ± 0.07; p < 0.01), corresponding to a 3.11-fold 
increase (Figure 6A, C). By day 7, fluorescence 
intensity had declined in both groups, but the 
engineered macrophage group still retained a 
stronger signal than the unmodified macrophage 
group (1.514 ± 0.05 vs. 1.012 ± 0.04), corresponding to 
a 1.49-fold difference (Figure 6A, C). Ex vivo imaging 
of isolated spinal cords further supported the same 
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trend, showing that fluorescence intensity at the 
lesion site in the engineered macrophage group was 
approximately 15-fold higher than that in the 
unmodified macrophage group (Figure 6B, E). 
Analysis of major organs further showed that 
unmodified macrophages predominantly 
accumulated in the liver and kidneys, whereas 
engineered macrophages exhibited significantly 

reduced signals in these organs—liver fluorescence 
was only 70% of that in the control group (Figure 6B, 
D). These results are consistent with enhanced 
lesion-associated accumulation of engineered 
macrophages after systemic administration, although 
they do not, on their own, establish a strictly 
receptor-dependent targeting mechanism. 

 

 
Figure 5. Transcriptomic reprogramming and cell composition changes induced by engineered macrophages 8 weeks after SCI. (A) Heatmap showing 
hierarchical clustering of 500 randomly selected gene expression profiles. (B) Volcano plot showing differentially expressed genes between the engineered macrophage group and 
the control group, using the thresholds |log₂FC| > 1.5 and p < 0.05. (C) Gene Ontology (GO) enrichment analysis of the differentially expressed genes, including biological process 
(BP), molecular function (MF), and cellular component (CC) categories. (D) Heatmap of 14 representative DEGs related to neural repair, inflammation regulation, and 
extracellular matrix remodeling. (E) Differential expression profiles of 14 key genes associated with neuroregeneration, modulation of inflammation, and extracellular matrix 
remodeling. (F) Deconvolution analysis based on mRNA sequencing data predicting the relative proportions of major cell types in spinal cord tissue across groups. RNA-seq was 
performed with n = 3 biologically independent samples per group. Differentially expressed genes were identified using |log₂FC| > 1.5 and p < 0.05. 
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Figure 6. Engineered macrophages show enhanced lesion-associated accumulation and increase GDNF/GFRα-1-associated signals after SCI. (A) 
Representative in vivo fluorescence images showing biodistribution of DiR-labeled macrophages and engineered macrophages at 2 and 7 days after systemic administration in SCI 
mice. (B) Representative ex vivo fluorescence images of isolated spinal cords and major dissected organs at 7 days after administration. Organs were labeled as follows: 1. Liver; 
2. Spleen; 3. Lungs; 4. Kidneys; 5. Heart. (C) Quantification of fluorescence intensity in the lesion region at 2 and 7 days after injection. (D) Quantification of fluorescence intensity 
in the liver and kidney. (E) Quantification of fluorescence intensity in isolated spinal cord tissue at 7 days after injection. (F) Representative immunofluorescence images of GFAP 
(green), Tuj1 (red), and DAPI (blue) in injured spinal cord sections. Enlarged views of the boxed regions are shown on the right. (Scale bars: 400 μm for overview images and 150 
μm for magnified images.) (G–H) Quantification of fluorescence intensities of GFAP and Tuj1, respectively. (I) Representative immunofluorescence staining of GDNF (red) and 
DAPI (blue) in injured spinal cord sections. Enlarged views of the boxed regions are shown on the right. (Scale bars: 400 μm for overview images and 150 μm for magnified 
images.) (J) Representative immunofluorescence staining of GFRα-1 (red) and DAPI (blue) in injured spinal cord sections. Enlarged views of the boxed regions are shown on the 
right. (Scale bars: 400 μm for overview images and 150 μm for magnified images.) (K–L) Quantification of fluorescence intensities of GDNF and GFRα-1, respectively. Data are 
presented as mean ± SD; n = 3 animals per group for biodistribution analysis and n = 6 animals per group for immunofluorescence analysis. Statistical significance was determined 
by one-way ANOVA. *p < 0.05. 
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We next examined glial scar-associated 
remodeling and neuronal structural changes by GFAP 
and Tuj1 immunofluorescence staining (Figure 6F). 
GFAP fluorescence intensity was comparable between 
the SCI group (201.8 ± 4.99) and the 
macrophage-treated group (201.3 ± 4.21), but was 
significantly reduced in the engineered 
macrophage-treated group (152.2 ± 5.94), 
corresponding to approximately 75% of the level 
observed in the other two groups (Figure 6G). In 
contrast, Tuj1 fluorescence intensity was markedly 
higher in the engineered macrophage-treated group 
(253.3 ± 5.38) than in the SCI group (166.9 ± 5.14) and 
the macrophage-treated group (170.9 ± 1.79), 
representing 1.52-fold and 1.48-fold increases, 
respectively (Figure 6H). This pattern is consistent 
with reduced scar-associated change together with 
improved preservation of neuronal structural signal 
after engineered macrophage treatment. 

We then asked whether these local tissue 
changes were accompanied by altered neurotrophic 
signaling. At 8 weeks after SCI, immunofluorescence 
staining showed that both GDNF and GFRα-1 were 
significantly increased in the engineered 
macrophage-treated group. Fluorescence intensities of 
GDNF and GFRα-1 reached 230.8 ± 4.17 and 219.8 ± 
4.75, respectively, compared with 177.0 ± 4.87 and 
172.7 ± 4.16 in the SCI group, and 180.2 ± 3.86 and 
172.0 ± 6.09 in the macrophage-treated group (Figure 
6I-L). These findings are consistent with enhanced 
GDNF/GFRα-1-related signaling within the lesion 
after engineered macrophage treatment.  

Overall, engineered macrophages showed 
greater lesion-associated accumulation after systemic 
administration and were associated with increased 
neurotrophic signaling, reduced GFAP-positive 
scar-associated change, and improved neuronal 
structural preservation in the injured spinal cord. 

These findings suggest that the therapeutic 
activity of engineered macrophages may depend on 
both lesion-associated accumulation and local cargo 
expression. Compared with passive delivery, 
CCR2-enriched macrophages can exploit the 
CCL2-rich inflammatory environment after SCI, 
thereby improving delivery to the injured spinal cord 
[26-28]. The increase in GDNF/GFRα-1-related 
staining further supports the neurotrophic component 
of the platform, while the reduction in 
GFAP-associated signal indicates that engineered 
macrophage treatment may help attenuate 
scar-associated barriers to axonal repair [43-46]. 

Engineered macrophages are associated with 
extracellular matrix remodeling and enhanced 
axon associated repair in SCI  

The extracellular matrix (ECM) is important for 
neural repair because it provides structural support 
for axonal growth. Connective tissue growth factor 
(CTGF), a member of the CCN family, functions as a 
downstream mediator of TGF-β signaling and 
mediates its profibrotic effects, thereby promoting 
ECM synthesis and remodeling [62-64]. To determine 
whether engineered macrophage treatment was 
associated with a more growth-supportive ECM 
environment in SCI, we performed 
immunofluorescence staining at 8 weeks after SCI. 

In the engineered macrophage group, 
neurofilament (NF) signal showed greater overlap 
with the ECM proteins fibronectin (FN) and laminin 
(LN) within the lesion area, compared with the SCI 
and unmodified macrophage groups (Figure 7A, B). 
In the engineered macrophage group, the average 
fluorescence intensity reached 150.5 ± 10.48 for FN 
and 189.2 ± 7.72 for LN, respectively—markedly 
greater than those in the macrophage group 
(112.6 ± 5.53 and 144.5 ± 5.69) and the SCI group 
(107.9 ± 5.39 and 143.2 ± 8.66) (p < 0.01). No obvious 
difference was observed between the SCI and 
macrophage groups (p > 0.05) (Figure 7C, E). Further 
analysis revealed that FN and LN levels in the 
engineered macrophage group were approximately 
1.39-fold and 1.32-fold higher, respectively, compared 
to the SCI group, suggesting enhanced ECM 
deposition and structural support for axonal 
regrowth. These findings suggest that engineered 
macrophage treatment promoted a lesion matrix 
environment more favorable for repair. 

Astrocyte-derived chondroitin sulfate 
proteoglycans (CSPGs) are important extracellular 
matrix components known to influence axonal 
plasticity after SCI [6, 65]. We therefore examined 
NG2 and brevican expression in the lesion area to 
determine whether engineered macrophage treatment 
was associated with altered CSPG composition 
(Figure 7F, G). Brevican expression was significantly 
lower in the engineered macrophage-treated group 
(181.7 ± 4.07) than in the SCI group (226.5 ± 5.45) and 
the macrophage-treated group (225.5 ± 3.95), reaching 
approximately 80% of the levels observed in the two 
control groups. In contrast, NG2 expression was 
significantly higher in the engineered 
macrophage-treated group (220.1 ± 13.25), 
corresponding to a 1.23-fold increase relative to the 
SCI group (175.0 ± 11.42) and the macrophage-treated 
group (178.5 ± 10.51) (Figure 7H, I). Together, these 
changes suggest that engineered macrophage 
treatment altered the lesion-associated CSPG profile 
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and may be associated with matrix remodeling and 
repair-related cellular responses. 

We next asked whether these ECM-related 
changes were accompanied by improved 
axon-associated structural signals. Neurofilament 
(NF) fluorescence intensity was similar in the SCI 
group and the macrophage-treated group (103.2 ± 2.60 
and 105.4 ± 2.70, respectively), with no significant 

difference between them. In contrast, NF intensity 
was markedly higher in the engineered 
macrophage-treated group (169.8 ± 6.38), representing 
1.65-fold and 1.61-fold increases relative to the SCI 
and macrophage-treated groups, respectively (Figure 
7A, B, D). This pattern is consistent with improved 
axon-associated structural preservation or repair after 
engineered macrophage treatment. 

 

 
Figure 7. Engineered macrophages are associated with extracellular matrix remodeling and enhanced axon-associated repair in SCI. (A) Representative 
immunofluorescence images of the lesion area showing expression of fibronectin (FN, green), neurofilament (NF, red), and nuclei (DAPI, blue); lower panels display magnified 
views of FN/NF colocalization. (Scale bars: 50 μm for overview images and 100 μm for magnified images.) (B) Representative immunofluorescence images showing laminin (LN, 
green), NF (red), and DAPI (blue) in the lesion area; lower panels show magnified LN/NF colocalization. (Scale bars: 50 μm for overview images and 100 μm for magnified images.) 
(C–E) Quantification of average fluorescence intensity for FN, NF, and LN across groups. (F) Immunofluorescence staining of brevican (green, inhibitory CSPG) and DAPI (blue); 
lower panels show magnified lesion areas. (Scale bars: 50 μm for overview images and 100 μm for magnified images.) (G) Immunostaining of NG2 (red, CSPG-associated marker) 
and DAPI (blue); lower panels show magnified views. (Scale bars: 50 μm for overview images and 100 μm for magnified images.) (H–I) Quantification of average fluorescence 
intensity of brevican and NG2 in each group. Data are presented as mean ± SD; n = 6 biologically independent animals per group. Statistical significance was determined by 
one-way ANOVA. *p < 0.05. 
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Overall, engineered macrophages were 
associated with increased expression of 
growth-supportive ECM components, reduced 
inhibitory matrix-associated signals, and stronger 
NF-positive axon-related signal within the lesion. 
Rather than pointing to a single downstream 
mechanism, these findings support a broader role for 
engineered macrophages in establishing a more 
permissive extracellular environment for 
axon-associated repair after SCI. 

Functional assessment of axon associated 
structural repair and remyelination after 
engineered macrophage treatment 

It has been reported that the restoration of motor 
function after SCI largely depends on the extent of 
axonal regeneration [65-67]. To evaluate the 
pro-regenerative effects of engineered macrophages, 
we used neurofilament (NF) as a marker to assess 
axonal growth within the lesion area. Notably, the 
engineered macrophage group exhibited dense 
clusters of NF-positive axons at the injury site, with an 
average fluorescence intensity of 
58.92 ± 8.27—representing a 6.88-fold and 6.49-fold 
increase compared to the SCI group (7.74 ± 1.25) and 
the unmodified macrophage group (8.26 ± 1.33) (p < 
0.01; Figure 8A, C). Because effective remyelination is 
important for restoring rapid signal conduction after 
SCI, we next evaluated myelin-related repair by 
staining for myelin basic protein (MBP) (Figure 8A). 
Strong MBP-positive signals were observed in both 
the lesion core and peri-lesional regions in the 
engineered macrophage group, whereas the SCI and 
macrophage groups showed only weak MBP staining. 
Quantitative analysis showed that MBP fluorescence 
intensity in the engineered macrophage group 
reached 106.09 ± 18.22, which was 12.14-fold and 
11.46-fold higher than that in the SCI group (8.74 ± 
1.25) and macrophage group (9.26 ± 1.33), respectively 
(Figure 8D). These findings indicate a marked 
improvement in remyelination-related repair after 
engineered macrophage treatment.  

We then used transmission electron microscopy 
(TEM) to evaluate ultrastructural changes at 8 weeks 
after SCI (Figure 8B). The number of regenerated 
axons per visual field was significantly higher in the 
engineered macrophage-treated group (30.50 ± 1.38) 
than in the SCI group (9.67 ± 1.86) and the 
macrophage-treated group (10.50 ± 2.17), representing 
3.16-fold and 2.90-fold increases, respectively (Figure 
8E). The mean cross-sectional area of regenerated 
axons also increased to 49.70 ± 2.96 μm² in the 
engineered macrophage-treated group, compared 
with 17.27 ± 1.80 μm² in the SCI group and 19.78 ± 1.78 
μm² in the macrophage-treated group (Figure 8F). 

This pattern is consistent with reduced axonal 
atrophy. TEM images further showed that axons in 
the engineered macrophage-treated group were more 
frequently ensheathed by thick and compact myelin. 
In line with this observation, the mean g-ratio 
decreased to 0.77 ± 0.03, compared with 0.90 ± 0.02 in 
the SCI group and 0.86 ± 0.04 in the 
macrophage-treated group (Figure 8G, H). By 
contrast, many axons in the SCI group remained 
poorly myelinated or unmyelinated, indicating 
limited spontaneous remyelination. Overall, these 
findings suggest that engineered macrophage 
treatment improved both the extent and the quality of 
myelin-related repair. 

Collectively, engineered macrophages were 
associated with stronger axon-related structural 
signals, increased numbers and size of regenerated 
axons, and improved remyelination-related 
ultrastructural features in the injured spinal cord. 
These results support a beneficial effect of engineered 
macrophage treatment on axon-associated structural 
repair and remyelination after SCI. 

Engineered macrophages enhance 
synaptogenesis and promote sensorimotor 
circuit reconstruction 

At 8 weeks after SCI, we examined 
synapse-related changes by immunofluorescence 
staining for synaptophysin (Syn), a presynaptic 
marker. The engineered macrophage-treated group 
showed a denser distribution of Syn-positive puncta 
within the lesion core than the SCI group and the 
unmodified macrophage-treated group (Figure 9C). 
Quantitatively, Syn fluorescence intensity reached 
110.8 ± 1.94 in the engineered macrophage-treated 
group, compared with 67.62 ± 4.21 in the SCI group 
and 67.94 ± 1.92 in the macrophage-treated group, 
representing 1.64-fold and 1.63-fold increases, 
respectively (Figure 9F). This pattern suggests 
improved synapse-associated structural preservation 
after engineered macrophage treatment. Since SCI 
disrupts both axonal continuity and synaptic 
connectivity, the increase in Syn-positive signal may 
help support later recovery of neural signal 
transmission. Thus, re-establishing the structural 
integrity of both sensory and motor pathways is 
critical for functional recovery. To further assess the 
contribution of engineered macrophages to circuit 
rewiring, we performed both anterograde and 
retrograde tract tracing. BDA was injected into the 
motor cortex for anterograde tracing of corticospinal 
tract (CST) axons, whereas Fast Blue (FB) was injected 
bilaterally 5–6 mm caudal to the lesion to retrogradely 
label ascending sensory axons. At the proximal site, 
BDA labeling of CST axons was comparable among all 
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groups. However, in the lesion and distal segments, 
BDA-positive fibers were rarely observed in the SCI 
and unmodified macrophage groups, indicating 
limited axonal regeneration across the lesion. In 
contrast, robust BDA labeling was evaluated in the 
distal spinal cord of mice treated with engineered 
macrophages. Quantitative analysis showed that BDA 
fluorescence intensity at the lesion site reached 156.3 ± 
15.05 in the engineered macrophage group, which 
was 1.56 times that of the SCI group (100.1 ± 6.86) and 
1.61 times that of the macrophage group (97.08 ± 7.82) 
(Figure 9A, D). A similar trend was observed in FB 

retrograde tracing. While no significant differences 
were noted in the distal spinal cord, FB-labeled 
neurons were nearly absent in the lesion and proximal 
regions of the SCI and macrophage groups. In 
contrast, the engineered macrophage group showed a 
substantial increase in FB-positive neurons rostral to 
the lesion, suggesting successful reconnection of 
ascending sensory axons. Specifically, the FB signal 
intensity at the lesion site in this group was 213.0 ± 
11.04, which was 1.35-fold and 1.49-fold higher than 
that in the SCI (157.2 ± 20.35) and macrophage groups 
(143.2 ± 6.12), respectively (Figure 9A, E). 

 
 

 
Figure 8. Engineered macrophages are associated with enhanced axon-associated structural repair and remyelination at the injury site. (A) Representative 
immunofluorescence images of spinal cord sections stained for NF (red), MBP (green), and DAPI (blue). Enlarged images of the boxed regions are shown below. (Scale bars: 50 
μm for overview images and 100 μm for magnified images.) (B) Representative TEM images obtained at 8 weeks after injury, showing regenerated axons and surrounding myelin 
sheaths. (Scale bar: 1 μm). (C–D) Quantification of NF and MBP fluorescence intensities in the lesion area, respectively. (E) Quantification of the average number of regenerated 
axons per field at 8 weeks post-injury. (F) Quantification of the mean cross-sectional area of regenerated axons. (G) Comparison of the g-ratio among groups. (H) Scatter plot 
showing the relationship between g-ratio and axon diameter in each group at 8 weeks after injury. Data are presented as mean ± SD; n = 6 biologically independent animals per 
group. Statistical significance was determined by one-way ANOVA. *p < 0.05. 
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Figure 9. Engineered macrophages facilitate synapse formation and functional neural circuit reconstruction after SCI. (A) Representative immunofluorescence 
staining of the lesion site showing BDA-labeled corticospinal tract (CST) axons (red) and Fast Blue (FB)-positive sensory neurons (blue), reflecting axonal projection and sensory 
circuit connectivity. (Scale bar: 100 μm). (B) Schematic diagram showing the injection locations of BDA and FB for anterograde and retrograde tracing. (C) Representative images 
of Synaptophysin (Syn, red) staining in the lesion area, with DAPI (blue) used for nuclear counterstaining, indicating synapse formation in the injured spinal cord. (Scale bars: 50 
μm for overview images and 100 μm for magnified images.) (D–F) Quantitative analysis of the average fluorescence intensity of BDA, FB and Syn in the injury area of each group. 
Data are presented as mean ± SD; n = 6 biologically independent animals per group. Statistical significance was determined by one-way ANOVA. *p < 0.05. 

 
Overall, engineered macrophage treatment was 

associated with stronger synapse-related signal and 
improved axon tracing across the lesion, changes that 
may help support neural repair after SCI. This pattern 
may be linked to greater lesion-associated 
accumulation of engineered macrophages, along with 
local changes in inflammatory regulation, 
neurotrophic support, and extracellular matrix 
remodeling. Although the current data do not define a 
complete circuit-reconstruction mechanism, they 
support the potential of engineered macrophages as a 
cell-based approach for structural repair and partial 
functional improvement after SCI. 

These structural changes are consistent with the 
tri-modal design of the engineered macrophage 
platform. CTGF is closely related to extracellular 
matrix production and remodeling, while ECM 
components such as fibronectin and laminin can 
provide a more permissive substrate for axonal 
extension and tissue repair [68]. In parallel, increased 
NF, MBP, BDA, FB, and synaptophysin signals 

suggest that engineered macrophage treatment was 
associated with axon-related repair, remyelination, 
and partial reconstruction of neural connectivity [69, 
70]. These findings do not prove complete circuit 
restoration, but they support a coordinated 
tissue-repair response involving matrix remodeling, 
axonal preservation or regrowth, myelin-associated 
recovery, and synaptic remodeling. 

Engineered macrophages alleviate muscle 
atrophy and enhance electromyographic 
activity following SCI 

We next assessed hindlimb muscle activity by 
electromyography (EMG) at 8 weeks after SCI, as 
muscle output provides a useful functional readout of 
neuromuscular recovery. In both the SCI group and 
the unmodified macrophage-treated group, the 
tibialis anterior (TA) and gastrocnemius-soleus (GS) 
muscles showed weak and irregular activation, and 
coordinated alternating discharge during locomotion 
was rarely observed. By contrast, mice treated with 
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engineered macrophages displayed clearer 
alternating activation of the TA and GS muscles 
throughout the gait cycle (Figure 10C). Their EMG 
waveforms were also better organized and of higher 
amplitude, approaching the pattern observed in sham 
animals. Together, these features are consistent with 
improved neuromuscular control. 

Quantitative analysis further supported these 
observations. In the engineered macrophage-treated 
group, the mean TA amplitude reached 0.71 ± 0.12 
mV, compared with 0.12 ± 0.03 mV in the SCI group 
and 0.13 ± 0.02 mV in the unmodified 
macrophage-treated group, corresponding to 
5.92-fold and 5.47-fold increases, respectively. For the 
GS muscle, the mean amplitude was 0.28 ± 0.05 mV, 
compared with 0.09 ± 0.01 mV in the SCI group and 
0.10 ± 0.01 mV in the unmodified macrophage-treated 
group, representing 3.1-fold and 2.8-fold increases, 
respectively. Although these values did not fully 
return to sham levels (TA: 1.26 ± 0.27 mV; GS: 0.61 ± 
0.08 mV), they reached 56% and 46% of normal 
values, respectively (p < 0.01), indicating substantial 
recovery of motor output and muscle coordination 
(Figure 10F, G). 

We then examined whether this functional 
improvement was accompanied by better 
preservation of muscle structure. Histological analysis 
of the gastrocnemius muscle showed marked atrophy 
in both the SCI group and the unmodified 
macrophage-treated group, characterized by 
disorganized myofiber arrangement, widened 
interstitial spaces, inflammatory infiltration, and 
excessive collagen deposition on H&E and Masson’s 
trichrome staining. In contrast, the engineered 
macrophage-treated group showed markedly 
improved muscle morphology, including more 
orderly myofiber organization, reduced interstitial 
expansion, less inflammatory infiltration, and lower 
collagen deposition. These findings suggest that 
engineered macrophage treatment not only improves 
muscle activity, but also helps preserve skeletal 
muscle structure after SCI. Muscle area quantification 
showed that the engineered macrophage group 
reached 88.61 ± 1.13%, compared to 50.40 ± 2.63% and 
49.88 ± 1.66% in the macrophage and SCI groups, 
respectively (p < 0.01). The collagen fiber area ratio in 
the engineered macrophage group was 28.67 ± 1.74%, 
markedly lower than that of the macrophage group 
(56.13 ± 1.66%) and SCI group (58.46 ± 0.88%) (p < 
0.01, Figure 10H–J). 

Collectively, these results demonstrate that 
engineered macrophages significantly enhance 
neuromuscular function following SCI by improving 
muscle activation and coordination, while 

simultaneously mitigating muscle atrophy and 
collagen overaccumulation. These effects collectively 
contribute to early remodeling of motor circuits and 
functional recovery. 

Engineered macrophages improve 
conduction-related electrophysiological signals 
and promote partial motor functional 
recovery after SCI 

At 8 weeks after SCI, locomotor recovery was 
first assessed using an automated gait analysis system 
that recorded both two-dimensional and 
three-dimensional movement parameters (Figure 
11A, C). At this time point, mice in the SCI group and 
the unmodified macrophage-treated group still 
exhibited severe hindlimb paralysis and were unable 
to support body weight, such that gait parameters 
could be obtained only from the forelimbs. In contrast, 
mice treated with engineered macrophages showed 
partial recovery of hindlimb function, including 
detectable ground contact and sustained weight 
support. The maximum proportion of time spent with 
a single hind paw in contact with the ground during 
standing reached 29.23 ± 2.82%, which remained 
lower than the sham value (40.95 ± 1.01%) but 
indicated clear recovery of hindlimb weight-bearing 
ability and stance stability (p < 0.01, Figure 11K). 
Detailed gait parameters further supported this 
behavioral recovery. The engineered 
macrophage-treated group achieved an average stride 
length of 35.33 ± 3.01 mm, corresponding to 
approximately 60.53% of the sham value (58.37 ± 0.96 
mm), and was significantly greater than that of the 
SCI and macrophage-treated groups, which were 
unable to walk (p < 0.01, Figure 11F). Additional gait 
parameters, including running speed, gait cycle time, 
swing time, and stride frequency, were also 
significantly improved in the engineered 
macrophage-treated group (p < 0.01, Figure 11G–J, L). 
Together, these data indicate partial restoration of 
hindlimb locomotor function after engineered 
macrophage treatment. 

This improvement was consistent with the Basso 
Mouse Scale (BMS) results. At week 8, both the SCI 
group and the unmodified macrophage-treated group 
remained at a score of 2, indicating only minimal 
hindlimb function. By contrast, the engineered 
macrophage-treated group reached a score of 5, 
consistent with substantial recovery of autonomous 
hindlimb movement, although deficits in 
coordination and overall locomotor performance 
persisted (Figure 11D). 
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Figure 10. Intravenous administration of engineered macrophages alleviates muscle atrophy and improves electromyographic activity. (A–B) Schematic 
illustration of muscle electrophysiological recordings 8 weeks after spinal cord injury (SCI). (C) Representative EMG traces of gastrocnemius–soleus (GS) and tibialis anterior 
(TA) muscles in mice from different treatment groups. (D–E) Representative images of H&E staining and Masson’s trichrome staining of gastrocnemius muscles at 8 weeks 
post-SCI (scale bar: 50 μm). (F–G) Quantification of mean EMG amplitudes of TA and GS muscles (in mV). (H) Wet weight of gastrocnemius muscle. (I) Percentage of muscle fiber 
area. (J) Percentage of collagen fiber area. Data are presented as mean ± SD; n = 4 biologically independent animals per group for EMG analysis and n = 6 biologically independent 
animals per group for muscle wet weight and histological analysis. Statistical significance was determined by one-way ANOVA. *p < 0.05; ns, not significant. 
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Figure 11. Engineered macrophages improve motor function and enhance electrophysiological outcomes at 8 weeks after SCI. (A) Gait analysis of mice at 8 
weeks after SCI. (B) Measurement of motor evoked potentials (MEPs). (C) Representative output from Green Walk software in untreated controls, including gait patterns, 
maximum paw print area, and representative traces of left hind (LH) and right hind (RH) limb movements (LF = left forepaw; RF = right forepaw; LH = left hind paw; RH = right 
hind paw). (D) BMS locomotor scores. (E) Representative MEP waveforms in different treatment groups. (F) Stride length. (G) Running speed. (H) Gait cycle duration. (I) Swing 
time. (J) Step frequency. (K) Percentage of the gait cycle during which a single paw maintained maximum ground contact. (L) Support base. (M–N) Quantification of MEP latency 
and amplitude. Data are presented as mean ± SD; n = 6 biologically independent animals per group for BMS and gait analysis and n = 4 biologically independent animals per group 
for MEP analysis. Longitudinal BMS scores were analyzed using repeated-measures two-way ANOVA followed by Tukey’s post hoc test. Gait parameters and MEP endpoints 
were analyzed using one-way ANOVA followed by Tukey’s post hoc test. *p < 0.05; ns, not significant. 

 
We then examined whether this behavioral 

improvement was accompanied by better conduction 
across the lesion. For motor evoked potential (MEP) 

recording, the stimulating electrode was placed at T6, 
two segments rostral to the injury site, and the 
recording electrode at T10, two segments caudal to 
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the lesion (Figure 11B, E). In sham mice, MEP latency 
was shortest (4.501 ± 0.67 ms). By contrast, latency 
was markedly prolonged in both the SCI group and 
the unmodified macrophage-treated group (18.02 ± 
1.00 ms), indicating severe impairment of descending 
conduction. In the engineered macrophage-treated 
group, latency was significantly shortened to 13.46 ± 
0.76 ms. Although this value did not return to the 
sham level, it indicates partial recovery of descending 
conduction after injury (p < 0.01, Figure 11M). MEP 
amplitude showed the same pattern. The mean 
amplitude in the engineered macrophage-treated 
group reached 0.16 ± 0.01 mV, compared with 0.02 ± 
0.003 mV in both the SCI and unmodified 
macrophage-treated groups, corresponding to 
7.83-fold and 7.94-fold increases, respectively (p < 
0.01, Figure 11N). Although this value remained 
lower than that of the sham group (0.57 ± 0.03 mV), it 
still indicated a clear improvement in 
conduction-related output. Overall, these 
electrophysiological findings support partial 
restoration of descending conduction and are in line 
with the behavioral evidence for incomplete but 
meaningful recovery of motor function after SCI. 

Functionally, the improvements in EMG activity, 
MEP responses, BMS scores, and gait parameters 
were consistent with the histological and molecular 
evidence of reduced inflammation, enhanced 
neurotrophic signaling, ECM remodeling, axonal 
repair, remyelination, and synaptic remodeling. This 
agreement across molecular, histological, 
electrophysiological, and behavioral readouts 
suggests that engineered macrophages may promote 
recovery by both delivering exogenous therapeutic 
molecules and reshaping endogenous lesion 
networks. Compared with single-target approaches, 
this multimodal strategy may better match the 
multi-stage pathological features of SCI, in which 
inflammation, matrix disruption, axonal injury, 
demyelination, and impaired circuit reconnection 
occur in parallel [69-73]. 

Several limitations should be acknowledged. 
First, the present study does not define the relative 
contribution of ANXA1, GDNF, and CTGF 
individually. Second, because an M2 macrophage 
control group was not included, the 
engineering-specific effects cannot be fully separated 
from reparative effects related to macrophage 
phenotype. Third, endogenous microglia, infiltrating 
macrophages, and intravenously administered 
engineered cells were not completely distinguished in 
all in vivo analyses. Fourth, the conditioned-medium 
experiments mainly reflect paracrine effects and do 
not fully address possible contact-dependent actions 
of membrane-associated ANXA1. Finally, although in 

vitro ELISA showed sustained short-term secretion 
after electroporation, the in vivo half-life and 
persistence of the delivered proteins were not directly 
measured. Future work should refine factor 
combinations, dosing windows, re-administration 
strategies, and long-term safety before broader 
translation is considered. 

Conclusions 
In summary, we establish a macrophage-based 

therapeutic strategy that combines CCR2-associated 
lesion accumulation with transient and 
programmable mRNA expression. Engineered CCR2⁺ 
macrophages were designed to co-deliver ANXA1, 
GDNF, and CTGF, thereby integrating inflammatory 
regulation, neurotrophic support, and matrix 
remodeling within a single cell-based platform. 
Across molecular, histological, electrophysiological, 
and behavioral analyses, this strategy was associated 
with reduced inflammatory activity, enhanced neural 
and matrix repair, improved remyelination, and 
partial recovery of motor and conduction-related 
function after SCI. These findings support engineered 
macrophages as a flexible and multimodal platform 
for coordinated microenvironmental regulation and 
tissue repair after SCI. 
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