Cell Reports

Medicine

Microneedle delivery of CAR-M-

like engineered

macrophages alleviates intervertebral disc
degeneration through enhanced efferocytosis

capacity

Graphical abstract

BAI

i
{

Disc repair

IDD

Macropﬁage

Irﬁprove NP
& microenvironment
&
&3 i Efferoytosis of CAR-eM 2
[ 5 \ Q
& ¢ » on apoptotic NP cells =
> 6 g &

% 5....BAI1(CAR)

Phagocytosis

A

Récognition

Localized

MNs application CAR-eM therapy

Highlights
e Macrophages undergo phenotype and phagocytic ability
changes after efferocytosing in IVD

e Design of CAR-M-like engineered macrophages (CAR-eMs)
targeting efferocytosis

e Design of a microneedle delivery system to deliver CAR-eMs
into the degenerated disc

e Microneedles loaded with CAR-eMs efficiently treat the
inflammatory degenerative disorder

Zhou et al., 2025, Cell Reports Medicine 6, 102079
April 15, 2025 © 2025 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.xcrm.2025.102079

Authors

Xingyu Zhou, Dingchao Zhu, Di W, ...,
Lei Tan, Bingjin Wang, Cao Yang

Correspondence

tanlei_hubu@163.com (L.T.),
wangbingjinly@163.com (B.W.),
caoyangunion@hust.edu.cn (C.Y.)

In brief

Zhou et al. develop a microneedle
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efficiently clearing apoptotic cells and
improving the inflammatory
microenvironment for the treatment of a
highly prevalent inflammatory
degenerative disorder.

¢? CellPress


mailto:tanlei_hubu@163.com
mailto:wangbingjinly@163.com
mailto:caoyangunion@hust.edu.cn
https://doi.org/10.1016/j.xcrm.2025.102079

Please cite this article in press as: Zhou et al., Microneedle delivery of CAR-M-like engineered macrophages alleviates intervertebral disc degeneration
through enhanced efferocytosis capacity, Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102079

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Microneedle delivery of CAR-M-like engineered
macrophages alleviates intervertebral disc
degeneration through enhanced efferocytosis capacity

Xingyu Zhou,-5 Dingchao Zhu,'-> Di Wu,"-> Gaocai Li,"-> Huaizhen Liang," Weifeng Zhang,' Yali Wu,? Hanpeng Xu,’
Zhengdong Zhang,'-® Bide Tong,” Yu Song,” Kun Wang,' Xiaobo Feng,' Jie Lei,’ Hongchuan Wang,' Xiaoguang Zhang,'
Liang Ma,’ Yuhang Chen,’ Junyu Wei,! Zixuan Ou,’ Shuchang Peng,' Xinghuo Wu," Lei Tan,’-* Bingjin Wang,"-*

and Cao Yang'-46:*

1Department of Orthopaedics, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022,
China

2Hubei Province Key Laboratory of Biological Targeted Therapy, MOE Key Laboratory of Biological Targeted Therapy, Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan 430022, China

3Department of Orthopedics, The First Affiliated Hospital of Chengdu Medical College, Chengdu 610500, China

4Shenzhen Huazhong University of Science and Technology Research Institute, Shenzhen 518057, China

5These authors contributed equally

6Lead contact

*Correspondence: tanlei_hubu@163.com (L.T.), wangbingjinly@163.com (B.W.), caoyangunion@hust.edu.cn (C.Y.)
https://doi.org/10.1016/j.xcrm.2025.102079

SUMMARY

Macrophages eliminate apoptotic cells produced daily in the body through efferocytosis. Restricted clear-
ance can cause inflammation-related diseases. In intervertebral discs (IVDs), apoptotic nucleus pulposus
cells (NPCs) are difficult to effectively remove, and their accumulation can cause changes in the inflammatory
microenvironment, disrupt IVD homeostasis, and lead to IVD degeneration (IDD). Here, we present chimeric
antigen receptor-M-like engineered macrophages (CAR-eMs) with enhanced efferocytosis capacity for IDD
treatment. Macrophages undergo phenotypic transformation and a reduction in phagocytic ability after
phagocyting apoptotic NPCs, but their efferocytosis capacity recovers with upregulated brain-specific
angiogenesis inhibitor 1 (BAI1) expression. We develop a CAR-eM system with enhanced BAI1 expression
and an IVD circular microneedle (MN) delivery system that utilizes arrays of MNs to deliver CAR-eMs into
the deep IVD layers, thereby clearing apoptotic NPCs, ameliorating the inflammatory microenvironment,
and repairing damaged IVDs. Our study explores the therapeutic potential of CAR-eM efferocytosis for
IDD treatment.

INTRODUCTION avoid their accumulation and subsequent necrotic release of intra-
cellular substances that can trigger inflammation.'®"" Efferocyto-
sis, the phagocytosis of damaged cells and intracellular sub-
stances, is crucial for maintaining the integrity of the body and

the homeostatic turnover of cells.'®'2 In recent years, efferocyto-

Macrophage therapy is an emerging immunotherapeutic
approach that achieves therapeutic effects by injecting, trans-
planting, or implanting activated macrophages into patients.'?

Currently, it is primarily used in cancer treatment to kill tumor
cells and improve the inflammatory microenvironment.>> To
improve the targeting of immune cells, the concept of chimeric
antigen receptors (CARs) was proposed, and different CAR mac-
rophages (CAR-Ms) were designed for macrophage therapy
strategies. Some of these have entered clinical evaluation with
significant effects.”®” However, few CAR-M therapy strategies
have been developed for non-oncology applications. Therefore,
the application of CAR-M therapy in more diseases can extend
their therapeutic prospects.

The production of apoptotic cells occurs continuously in healthy
adults.®° These cells must be promptly cleared by phagocytic
cells in the body, such as macrophages and dendritic cells, to

sis-disease relationships have been studied in various disease
models such as atherosclerosis,’®'* autoimmune system dis-
eases,'® chronic inflammation,'® and cancer.'”:'®

Low back pain (LBP) is prevalent globally, affecting millions.
Among spinal degenerative diseases, intervertebral disc (IVD)
degeneration (IDD) is the primary cause of LBP and imposes a
significant socioeconomic burden.'®" Previous studies have
reported that IVD homeostasis disruption leads to degeneration,
featuring nucleus pulposus (NP) cell (NPC) loss, extracellular ma-
trix reduction, and increased type | collagen synthesis.?>*
Importantly, NPC apoptosis and local accumulation of inflamma-
tory cytokines play important roles in IDD progression and are
potential therapeutic targets.>>="
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Figure 1. Macrophages infiltrate and efferocytose apoptotic NPCs in IDD

(A) Representative general views, H&E staining, and general views of human NP tissues with different degenerative grades.

(B) IHC staining of MMP3 and collagen type Il in human NP tissues with different degenerative grades.

(C and D) TUNEL staining (green) (C) of human NP tissues and their statistical analysis results (D) of the percentage of TUNEL-positive cells in each grade.

(legend continued on next page)
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Currently, few studies report macrophage phagocytosis in de-
generated NP tissues, and it remains unknown if efferocytosis
plays a role in the progression of IDD. Macrophages complete
efferocytosis by recognizing phosphatidylserine (PtdSer) ligands
on apoptotic cells via receptors like T cell immunoglobulin
mucin (TIM)-4 and brain-specific angiogenesis inhibitor 1
(BAI1), enabling the phagocytosis of dying cells.'®?® Engineering
macrophage with a “CAR” targeting apoptotic cells to better
exert its pro-phagocytic and pro-tissue repair capabilities is an
intriguing and worthwhile exploration.

However, cell delivery for treatment faces unresolved issues,
such as maintaining cell activity and mitigating local injection
damage.”’®™" For IVDs, the damage caused by traditional
acupuncture injection itself, as well as the sudden changes in
the local mechanical and metabolic environment of the NP re-
gion during acupuncture injection, poses challenges to the clin-
ical translation of cell therapy for IDD.***® Microneedles (MNs)
are effective drug delivery tools that consist of micron-scale nee-
dle tips and a substrate that can penetrate through a certain
thickness of tissue and transport small-molecule drugs, biomol-
ecules, and cells into deep tissues for precise therapy.®* The ad-
vantages of MNs include smaller injuries, multiple uses, precise
sustained release, and the ability to induce physical responses or
stimuli. Their minimally invasive, flexible, and safe features
greatly reduce dosage and adverse reactions.?**~°® Therefore,
integrating cell therapy with MN delivery systems is a promising
treatment approach.

In this study, we designed an MN delivery system to deliver
CAR-M-like engineered macrophages (CAR-eMs) into the IVD
to clear apoptotic NPCs (apo-NPCs), ameliorate inflammation,
and delay the progression of degeneration through enhanced ef-
ferocytosis. First, we clarified the efferocytotic process in NPCs
and its impact on NP tissues and explored macrophage mecha-
nisms for treating degenerated NP tissues through efferocytosis.
However, we observed that efferocytosis-induced phenotypic
transformation reduced efferocytosis, linked to the downregu-
lated phagocytic receptor BAI1. Macrophages with upregulated
BAI1 exhibit a certain degree of enhanced efferocytotic ability.
Therefore, we designed CAR-eMs with enhanced BAI1 expres-
sion and an IVD circular MN delivery system to deliver CAR-
eMs into the deep layers of the IVD to exert therapeutic effects.

RESULTS

Macrophages infiltrate and efferocytose apo-NPCs in
IDD

Previous studies have reported that IDD progression is associ-
ated with increased apo-NPCs and that immune cell infiltration
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also affects the immune microenvironment within the IVD."*8

To further investigate efferocytosis within IVDs, we collected
NP tissues from volunteers undergoing surgery for idiopathic
scoliosis or lumbar disc degenerative diseases. The Pfirrmann
grading system, based on magnetic resonance imaging (MRI)
T2-weighted hyperintense signal changes, assessed NP tissue
degeneration, showing reduced moisture content and increased
fibrosis during IDD progression®® (Figure 1A). Hematoxylin and
eosin (H&E) staining revealed varying degrees of disorder and
calcification in the NP matrix of different degeneration grades*°
(Figure 1A). Additionally, we performed immunohistochemical
(IHC) staining of these specimens and observed that as the NP
tissue degeneration grade increased, the level of matrix metallo-
proteinase (MMP) 3 increased, whereas that of collagen type I
(Col Il) decreased®® (Figure 1B), thus indicating a positive corre-
lation between histological degeneration and imaging results.
Subsequently, we used TUNEL staining to investigate apoptosis
within the NP tissue during the progression of IDD*' (Figures 1C
and 1D). Degeneration of NP tissue is accompanied by an in-
crease in the number of apoptotic cells. Western blotting (WB)
showed a markedly elevated cleaved caspase-3 (p17/p19) to
caspase-3 ratio®” (Figures 1E and 1F).

Additionally, as IVD degenerates, neovascularization and neu-
rogenesis occur, extending into the NP region, which lays the
structural foundation for immune cell infiltration.***° Studies
have confirmed the infiltration of immune cells, including
CD68" macrophages, into the IVD from the perspectives of his-
tology and single-cell RNA sequencing.’®™*® Furthermore, we
performed immunofluorescence (IF) analysis of the degenerated
NP tissues and observed CD68* cells in the degenerated NP tis-
sue, thus indicating that IDD was accompanied by macrophage
infiltration (Figure 1G). These findings lay the foundation for effer-
ocytosis of IVD.

To further study this process at the cellular level in vitro, we iso-
lated human NPCs from the surgical specimens described earlier
and used tumor necrosis factor alpha (TNF-a), an inflammatory
cytokine involved in the pathogenesis of IDD,*** to establish an
apo-NPC model. Flow cytometric analysis using Annexin V/propi-
dium iodide (PI) staining demonstrated that the proportion of apo-
NPCs increased in a dose-dependent manner (Figure 1H). We
selected a TNF-a. concentration of 500 ng/mL for 24 h to establish
an apo-NPC model and confirmed degeneration of NPCs using
WB and IF analysis (Figures S1A and S1B). Additionally, we ob-
tained THP-1-derived macrophages (TDMs) by inducing THP-1
cells and performed corresponding validation experiments®®®"
(Figures S2A-S2C). Based on these results, we co-cultured
TDMs with apo-NPCs labeled with PKH26 or Cypher5E for 6 h
and detected macrophage phagocytosis and corpse acidification

(E and F) Representative western blots (E) and their statistical analysis results (F) of the ratio of cleaved caspase-3 (p17/p19) to caspase-3 showing relative degree

of apoptosis in human NP tissues with different degenerative grades.

(G) IF staining of CD68 (red) to verify the infiltration of macrophages in degenerated IVDs.
(H) Flow cytometry analysis using Annexin V/PI staining in human NPCs stimulated with TNF-a gradient dose of 0, 100, 250, 500, and 1,000 ng/mL for 24 h.
(I) CD68-stained (green, left) or Hoechest33342-labeled (right) TDMs co-cultured with PKH26-labeled (left) or Cypher5E-labeled (right) apo-NPCs to show ef-

ferocytosis within the NP tissue.

(J) CD68-stained TDMs co-cultured with PKH26-labeled apo-NPCs pretreated with or without Annexin V.
(K) Efferocytosis rates calculated from analyses of results shown in (J). Scale bars, 20 um. At least 3 independent experiments were performed.
Data represent means + SD, **p < 0.01, ***p < 0.0001, by one-way ANOVA (D and F) and Student’s t test (K).
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Figure 2. Macrophages regulate extracellular matrix synthesis and catabolism through efferocytosis
(A and B) Heatmap (A) and bar graph (B) of quantitative reverse-transcription PCR (RT-qPCR) statistical analysis showing the transcription levels of CD86, CD206,
iNOS, Arg1, IL-1B, IL-6, TNF-a, IL-10, and TGF-p in TDMs with or without efferocytosis.

(legend continued on next page)
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using fluorescence microscopy (Figures 11 and S3A). The addition
of Annexin V inhibited the uptake, indicating that phagocytosis
was completed through the recognition of PtdSer on the surface
of apo-NPCs*? (Figures 1J and 1K). These findings were validated
in primary human bone-marrow-derived macrophages (h(BMDMs)
(Figures S3B-S3D), revealing an interaction between macro-
phages and apo-NPCs via efferocytosis.

Macrophages regulate extracellular matrix synthesis
and catabolism through efferocytosis
To investigate the regulatory role of macrophage efferocytosis in
the surrounding NP tissues, we detected TDMs (macrophages
only), TDMs incubated with apo-NPCs (efferocytosis), and
TDMs incubated with Annexin V-pretreated apo-NPCs (which
almost completely inhibited efferocytosis, non-efferocytosis).
Quantitative polymerase chain reaction indicated that after 6 h
of efferocytosis, TDMs exhibited an increased release of anti-
inflammatory substances (such as interleukin [IL]-10) and a
reduced release of pro-inflammatory substances (such as
TNF-a and IL-1B) (Figures 2A and 2B). This indicated a pheno-
typic transformation from a pro-inflammatory to anti-inflamma-
tory state in macrophages following efferocytosis. To explore
the effect of efferocytosis on surrounding NP tissue, we con-
structed a co-culture model with indirect cell-to-cell contact™®
(Figure 2C). The experiment was divided into four groups, with
the lower compartment seeded with normal NPCs. In the control
group, the upper compartment was seeded with normal NPCs,
whereas in the other three groups, the upper compartment
was seeded with apo-NPCs, thus indicating that they had
received degenerative induction treatment. After 24 h of co-cul-
ture, the upper-compartment cells were removed, and the con-
trol group received normal NPCs again. The non-efferocytosis
group received TDMs co-cultured with apo-NPCs pretreated
with Annexin V, the injury group received apo-NPCs, and the ef-
ferocytosis group received TDMs co-cultured with apo-NPCs.
After another 6 h of culture, upper-compartment supernatants
and lower-compartment NPCs were collected for detection.
Enzyme-linked immunosorbent assays (ELISAs) of the super-
natants showed increased inflammatory substance production
in the injury group, while changes in the non-efferocytosis and ef-
ferocytosis groups were similar to the transcript-level changes
(Figure 2D). Due to the limited co-culture time, there was no sig-
nificant difference in the anti-inflammatory substance content
between the supernatant of the injury group and efferocytosis
group. Extending the co-culture time to 12 and 18 h revealed a
significant increase in transforming growth factor f (TGF-B)
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content in the supernatant of the efferocytosis group after co-
culture for 18 h (compared to the injury group), while maintaining
the overall culture time (Figure S4B). To exclude TDM-induced
secretion changes, additional three groups were set up, i.e., con-
trol, macrophages, and apo-NPCs, where normal NPCs, macro-
phages, and apo-NPCs were added to the upper compartment
(Figure S4A), respectively. After co-culturing for 6 h, ELISA was
performed on the upper-compartment supernatants. Macro-
phages alone without efferocytosis had no significant impact
on inflammatory substance secretion, whereas apo-NPCs
significantly increased the secretion of pro-inflammatory sub-
stances (Figure S4C). In terms of expression levels, NPCs co-
cultured with apo-NPCs exhibited heightened degeneration
and apoptosis compared to the control group. However, the
co-culture treatment of the efferocytosis group showed some
mitigation of apo-NPC-induced degeneration (Figures 2E and
2F). Extending co-culture to 18 h revealed significant differences
in Bax and MMP3 expression levels in the efferocytosis
group compared to the injury and non-efferocytosis groups
(Figures S4D-S4G). Similarly, WB of lower-compartment NPCs
in the co-culture task mentioned in Figure S4A excluded the ef-
fects of adding TDM alone on NPCs (Figures S4H and S4l).

Subsequently, we established a disc percutaneous needle
puncture animal model (rat IDD model) in Sprague-Dawley rats
and treated the PBS and macrophages groups (Ms group) with
PBS and TDMs, respectively (Figure 2G). After 4 weeks of treat-
ment, X-ray and micro-computed tomography (CT) analyses re-
vealed a significant decrease in IVD height and bone destruction
in the upper and lower vertebral surfaces in the PBS group. How-
ever, disc height index (DHI) was slightly higher in the Ms group
than it was in the PBS group (Figures 2H and 2I). MRl indicated
that the T2-weighted signal intensity was slightly higher in the Ms
group than it was in the PBS group (Figures 2H and 2J). H&E
staining and safranin O/fast green (SO&FG) staining revealed
that the introduction of TDMs improved the morphology and
arrangement of cells as well as the structural organization within
the NP tissue (Figures 2K-2M). IHC and TUNEL staining revealed
that compared to injection with PBS, NP tissue treated with
TDMs exhibited lower MMP3 expression and higher Col I
expression along with fewer apoptotic cells (Figures 2N-2Q
and S4J-S4M). These findings demonstrate that exogenous
macrophages introduced into NP tissue can alleviate the dam-
age caused by needle puncture and delay the degeneration of
rat IVDs. In summary, these experiments demonstrate the poten-
tial therapeutic effects of TDMs in alleviating IVD damage and
delaying degeneration.

(C) Schematic graph of the experimental workflow with the co-culture model without cell-to-cell contact. Created with BioRender.com.
(D) Quantitative ELISA measurements of IL-1, IL-6, IL-10, and TGF-B in co-culture supernatants.
(E and F) Representative western blots (E) and their statistical analysis results (F) showing expression of Bax, Bcl-2, MMP3, and collagen type Il in human NPCs

after cultured in the co-cultured model.
G) Schematic illustration of the animal experimental design.
H

(
(
(
(
(
(

) Representative X-ray images, micro-CT images, and MRI of rat coccygeal IVDs from the control, PBS, and macrophages (Ms) groups.
| and J) Disc height index (I) and Pfirrmann degenerative grades (J) of rat coccygeal IVDs (n = 10 biological replicates).
K-M) H&E staining (K), SO&FG staining (L), and histological scores (M) of rat coccygeal IVDs (n = 10 biological replicates).
N and O) IHC staining of MMP3 (N) and collagen type Il (O) in rat coccygeal IVDs.
P and Q) TUNEL staining (green) (P) in rat coccygeal IVDs and their statistical analysis results (Q) of apoptosis rate in each group.

Scale bars are indicated separately in each group of images. At least 3 independent experiments were performed. Data represent means + SD, *p < 0.05,

**p < 0.01, **p < 0.001, ***p < 0.0001, ns. no significance, by one-way ANOVA.
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Macrophages polarize toward M2 after efferocytosis,
and this is accompanied by decreased expression of
phagocytic receptors and a reduction in phagocytic
capacity
Inthis study, we explored the regulatory role of macrophages inthe
IVD microenvironment mediated by efferocytosis. To better under-
stand this process, we performed RNA sequencing (RNA-seq)
analysis of macrophages co-cultured with apo-NPCs (efferocyto-
sis group) and apo-NPCs pretreated with Annexin V (control group)
(Figures 3Ai and 3Aii). There was a significant difference in
gene expression between the control and efferocytosis groups
(Figures 3B and S5A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis demonstrated that during efferocyto-
sis, the inflammatory pathway and phagocytosis-related cytoskel-
etal changes were activated, and the transcription factor, peroxi-
some proliferator-activated receptor (PPAR) signaling pathway
that may regulate phagocytic receptor expression during efferocy-
tosis also exhibited significant differences compared to the control
group'® (Figures 3C and S5B). Gene ontology (GO) analysis indi-
cated that the signaling pathways mediated by inflammatory fac-
tors and genes related to cellular inflammatory response were
significantly enriched in macrophages of the efferocytosis group
(Figures 3D and S5C-S5E). Additionally, gene set enrichment anal-
ysis (GSEA) demonstrated that compared to the non-efferocytosis
group, macrophages undergoing efferocytosis exhibited downre-
gulated pro-inflammatory pathways and upregulated anti-inflam-
matory pathways (Figures 3E and 3F), thus indicating the pheno-
typic transformation of macrophages after efferocytosis and
confirming the previous results. Upregulation of phagocytic regu-
lation genes aided efferocytic functions'® (Figures 3G, S5F, and
S5G). Furthermore, genes associated with “wound healing”
were significantly upregulated during efferocytosis® (Figure 3H).
Efferocytosis regulates macrophage phenotypes, promoting
pro-tissue repair effects during later stages of their action.?®>*
The tissue repair and inflammatory regulatory capabilities of
macrophages are closely related to their polarization pheno-
types.'?° In surgically excised NP tissue, IF analysis revealed
a significantly increased proportion of CD68"CD206" cells/
CD68*CD86™ cells in severely degenerated NP tissue, indicating
a tendency for macrophages toward M2 polarization (Figures 3l
and S6A). Co-culture experiments of TDMs and BMDMs with
apo-NPCs in vitro as demonstrated by flow cytometry indicated
that efferocytosis may regulate the potential for M2 polarization
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(Figures 3J and S6B), and this was also verified at the transcript
level (Figures 3K and S6C). To investigate the effect of macro-
phage phenotype on efferocytosis capacity, we induced polari-
zation of TDMs toward the M2 phenotype®®®' (Figures S2B,
S6D, and S6E). However, polarized M2-type TDMs co-cultured
with apo-NPCs exhibited a significantly lower efferocytosis
rate compared to unpolarized M2-type TDMs (Figure 3L).
This suggests that macrophage efferocytosis promotes the
transformation toward an anti-inflammatory and pro-tissue
repair phenotype, but the phagocytic ability is limited during
this transformation (Figure 3M). To exclude the influence of
apoptosis induction on the phenotype and phagocytic ability of
macrophages, we included an additional apo-NPC model
induced by tert-butyl hydroperoxide (TBHP) (100 pM)***” (Fig-
ure S1C). Changes in the efferocytosis rate of hBMDM and
M2-induced hBMDM co-cultured with both types of apo-NPCs
were consistent with the results described earlier (Figure S6F).
The macrophage efferocytosis process comprises three
stages that include the “smell phase,” the “eating phase,” and
the “digestion phase.”'%*® The “eating phase” relies on phago-
cytic receptors and PtdSer for recognition and ingestion.'**®
BAI1, a direct PtdSer-binding receptor, participates in various
pathological processes and is a potential therapeutic
target.'* %5258 BAI1 binds to PtdSer on apoptotic cells and in-
teracts with the cytoplasmic protein ELMO through its cyto-
plasmic tail domain, affecting efferocytosis efficiency.®> To
explore the decline in macrophage phagocytic ability following
efferocytosis, we measured the expression of BAI1 on macro-
phages before and after. The results revealed that after efferocy-
tosis, the transcriptional and translational levels of BAI1 were
downregulated (Figures 4A, 4B, and S6G-S6l), and the expres-
sion level of BAI1 in polarized M2-type TDMs was lower than
that in unpolarized M2-type TDMs (Figures 4C and 4D). These re-
sults suggest that in IDD, macrophage efferocytosis possesses
the potential to polarize macrophages toward the M2 phenotype
but is accompanied by a decrease in the expression of the
phagocytic receptor BAI1 and a reduction in phagocytic ability.

Overexpression of BAI1 in CAR-eM results in enhanced
efferocytosis capacity and regulatory ability of the NP
tissue microenvironment

To investigate if altered BAI1 expression directly affects macro-
phage efferocytosis strength, we constructed a small interfering

Figure 3. Phenotype transformation, decreased expression of phagocytic receptors, and reduction in phagocytic ability of macrophages

after efferocytosis

(A) Schematic workflow of the RNA-seq of TDMs from the control (non-efferocytosis, i), efferocytosis (non-CAR-eM, ii), and efferocytosis+ (CAR-eM, iii) groups.

Created with BioRender.com.

(B) Heatmap of differential gene expression between the control and efferocytosis groups.
(C and D) KEGG (C) and GO (D) enrichment analysis between the control and efferocytosis groups.

(E-H) GSEA showing enrichment of “IFNy-mediated signaling pathway,” “TGF-B signaling pathway,

TDMs between the control and efferocytosis groups.

engulfment of apoptotic cell,” and “wound healing” in

() IF staining using CD68 (red), CD86 (yellow), and CD206 (green) to verify the phenotype of macrophages in IVDs. Scale bar is marked in the image.

(J) Flow cytometry analysis of CD86 and CD206 in TDMs of each group.

(K) The Mo/M; ratio calculated by determining the ratio of the transcription levels of CD206 to CD86 in each group to observe phenotypic changes of TDMs. Data

represent means + SD, *p < 0.05, by Student’s t test.

(L) Flow cytometry analysis of TDMs treated with Cypher5E-labeled apo-NPCs to show the difference in efferocytosis capacity with or without M, induction.
(M) Schematic illustration of the changes within phenotypic transformation and phagocytic ability. Created with BioRender.com. At least 3 independent ex-

periments were performed.
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RNA (siRNA) targeting BAI1 and transfected it into TDMs. We de-
tected a decrease in BAI1 expression on transfected TDMs
(Figures S6J and S6K), and flow cytometry and IF analysis re-
vealed that silencing of BAI1 expression led to fewer apo-
NPCs phagocytosed by TDMs (Figures 4E-4G), suggesting
that it limits efferocytosis. Conversely, overexpressing BAI1 in
TDMs using an FLAG-tagged BAI1 plasmid (Figures S6L and
S6M) increased apo-NPC phagocytosis, suggesting enhanced
efferocytosis (Figures 4G-4l). These findings highlight BAI1’s
crucial role in regulating macrophage efferocytosis and its po-
tential to enhance apoptotic cell recognition with increased
expression.

To this end, we propose using CAR-eMs, exogenous macro-
phages overexpressing BAI1, with enhanced efferocytotic ca-
pacity to exert therapeutic effects on IDD. To validate this, we
used a co-culture system and transfected engineered TDMs
(eTDMs). The lower compartment of the co-culture system was
seeded with normal NPCs and pretreated with degeneration in-
duction as described earlier for 24 h, followed by replacement of
the upper compartment with eTDMs and apo-NPC co-culture,
thus simulating the introduction of exogenous CAR-eM treat-
ment (efferocytosis of CAR-eM group). The upper layer was
seeded with eTDMs, and the apo-NPCs pretreated with Annexin
V co-culture served as the non-efferocytosis treatment (non-ef-
ferocytosis group) control. In addition, the upper layer was
seeded with TDMs, and the apo-NPC co-culture served as the
treatment control with non-engineered macrophages (efferocy-
tosis of non-CAR-eM group). After co-culturing for 6 h, all super-
natants of the NP layer were collected for ELISA detection.
Compared to the non-efferocytosis group and efferocytosis of
the non-CAR-eM group, the efferocytosis of CAR-eM group
had a significantly altered inflammatory environment with
decreased pro-inflammatory cytokines (IL-1f8 and IL-6) and
increased anti-inflammatory cytokines (IL-10 and TGF-B) (Fig-
ure 4J). Additionally, NPCs in the lower compartment were
collected, and their transcriptional and translational levels were
analyzed. Results showed that NPCs in the efferocytosis of
CAR-eM group exhibited fewer apoptotic tendencies and a
lower degenerative phenotype (Figures 4K and 4L).

To investigate the mechanism of action of CAR-eMs in the
treatment of degenerative NP tissue, we added a CAR-eM group
(or efferocytosis+ group) in which eTDMs were co-cultured with
apo-NPCs in previous RNA-seq (Figure 3Aiii). Compared to the
non-CAR-eM group (efferocytosis group), the CAR-eM group
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exhibited significant transcriptome changes in macrophages
(Figures 4M and S7A). According to KEGG and GO analyses,
in addition to some differences in gene expression related to
the inflammatory response and cytokine signaling pathways,
changes in other pathways of macrophages from the CAR-eM
group also confirmed the conclusions of other studies such as
upregulation of genes encoding glycolysis and gluconeogenesis
and downregulation of macrophage differentiation’®:"-59-1
(Figures 4N and S7B-S7F). The downregulation of cell death
pathways (such as ferroptosis, apoptosis, and others) may be
a protective mechanism for macrophages to clear apoptotic
cells, while the upregulation of “protein digestion and absorp-
tion” genes aids in timely processing of apoptotic cell corpses
(Figures S7G-S71).

These findings suggest that introducing exogenous CAR-eMs
into degenerative NP tissues possesses the potential to improve
the NP tissue microenvironment, reduce NPC apoptosis, and
achieve better therapeutic effects than introducing unmodified
macrophages.

A plastic MN patch loaded with CAR-eM is designed for
the treatment of IDD

To deliver engineered macrophages into the IVD with minimal
damage and improved therapeutic effects, we designed a deliv-
ery device (CAR-eM-MNs). It consists of a poly(lactic-co-gly-
colic) acid (PLGA) shell and a gelatin methacryloyl (GelMA)-
CAR-eM mixture, forming the needle body and a soft tape
substrate (Figure 5A). PLGA provides mechanical stability,*> 5
while GelMA, crosslinkable under UV and supportive of cell
viability, serves as an excellent material for cell loading,®>:®
making them both biocompatible and biodegradable.®” To pre-
pare this cell-loaded MN patch, we first collected peritoneal
lavage fluid from rats and isolated the peritoneal macrophages
(Figure 5B). Macrophages were added to the prepared GelMA
solution to create a pre-polymer solution of GelMA-macro-
phages (Figure 5A).

The MN shells were produced by casting a mixture of PLGA
and DMSO into a polydimethylsiloxane (PDMS) mold contain-
ing an array of needle cavities. The MNs possessed a height
of 1,000 um, a pitch of 650 um, and a base diameter of
350 um. The PLGA and DMSO mixture was cast onto the
PDMS mold surface modified with O, and the excess material
was removed by doctor blading. After drying at 70°C for 2 h to
evaporate DMSO, the PLGA shell solidified (Figure 5A). To

Figure 4. Overexpression of BAI1 in CAR-eM results in enhanced efferocytosis capacity and regulation of the NP tissue microenvironment
(A and B) Western blots (A) and their statistical analysis (B) showing the transcription and expression level of BAI1 in control and efferocytosis groups.

(C and D) Representative western blots (C) and their statistical analysis (D) showing expression of BAI1 in TDMs and M,-induced TDMs.

(E and F) Hoechest33342-labeled TDMs with or without siRNA treatment co-cultured with Cypher5E-labeled apo-NPCs. Fluorescence images (E) and their
statistical analysis results (F) of the calculated efferocytosis rate to show the change in efferocytosis capacity.

(G) Flow cytometry analysis of TDMs treated with Cypher5E-labeled apo-NPCs to show the difference in efferocytosis capacity in each group.

(H and I) Hoechest33342-labeled TDMs with or without plasmid treatment co-cultured with Cypher5E-labeled apo-NPCs. Fluorescence image (H) and its sta-
tistical analysis results (I) of the calculated efferocytosis rate to show the change in efferocytosis capacity.

(J) Quantitative ELISA measurements of IL-1B, IL-6, IL-10, and TGF-p in supernatants from co-culture in each group.

(Kand L) Representative western blots (K) and their statistical analysis results (L) showing expression of Bax, MMP3, and collagen type Il in human NPCs in the co-

cultured model.

(M) Volcano plot showing the differential gene expression between the CAR-eM and non-CAR-eM groups.
(N) KEGG and GO analysis in CAR-eM relative to non-CAR-eM. Scale bars, 20 um. At least 3 independent experiments were performed.
Data represent means + SD, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, by Student’s t test (B, D, F, and I) and one-way ANOVA (J and L).
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Figure 5. A plastic MN patch loaded with CAR-eM is designed for the treatment of IDD

(A) Schematic diagram of the preparation of the plastic MN patch loaded with CAR-eM.

(B) Acquisition of macrophages from rat peritoneal lavage fluid, shown by microscopic image and flow cytometry analysis.

(C) Confocal microscopic images of PLGA shell after the molding processes from three mutually perpendicular cross-sections (i, ii, and iii), and (iv) shows the
three-dimensional structure.

(D) Representative images of macrophage viability from live and dead assay under different crosslinking times.

(E) Viability of 3D GelMA-macrophages with respect to different compressive moduli of GeIMA tuned by crosslinking time.

(F) Addition of macrophages in PLGA shells. Schematic graph of MN fabrication (i), confocal microscopic images of Hoechest33342-labeled macrophages in MN
(i), and magnified image of the MN patch with rhodamine B-dyed PLGA shell loaded with macrophages (jii).

(G) Schematic graph of the engineering process of rat autologous macrophages. Created with BioRender.com.

(H and I) Representative western blot (H) and its statistical analysis results (l) showing BAI1 expression in rat macrophages to verify the success of the engineered
process. Scale bars are marked separately on each group of images. At least 3 independent experiments were performed.

Data represent means + SD, **p < 0.001, by Student’s t test.

observe the morphology of the MN shells, we added rhodamine  confocal fluorescence microscopy. The images indicate that
B, ared fluorescent dye, to the mixture and repeatedly castitto  the PLGA shell filled the needle cavity of the mold and exhibited
make the shells more robust and uniform. After two rounds of a relatively uniform thickness across all confocal planes
drying and shaping, we observed and imaged the shells using  (Figure 5C).
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Next, the GelMA-macrophage prepolymer solution was added
to the PLGA shells and crosslinked using UV light. Considering
the potential damage caused by UV exposure, we investigated
the effect of crosslinking time on cell viability. Calcein-AM/PI
staining revealed that the macrophage viability decreased with
increasing crosslinking time (Figures 5D and 5E). At a crosslink-
ing time of 5 min, the viability reached 64%; however, when
the crosslinking time exceeded 5 min, the macrophage
viability significantly decreased. The stiffness of the gel changes
inversely with the crosslinking time, and both excessively soft
and stiff environments are detrimental to cell survival.®” At cross-
linking times of 4-5 min, the gel stiffness ranged between 25 and
30 kPa, which was also appropriate for maintaining macrophage
viability (Figure 5E). After adding the prepolymer solution of
GelMA-macrophages to the PDMS mold and crosslinking for
5 min, double-sided tape was used to attach the MNs and
detach them from the mold (Figures 5A and 5F). Confocal imag-
ing of MNs containing macrophages labeled with Hoech-
est33342 indicated that the macrophages were evenly distrib-
uted within the conical needle body (Figure 5F).

To obtain CAR-eMs with an enhanced efferocytotic capacity,
we constructed a lentiviral expression vector carrying the rat
adgrb-1 (BAI1) gene. We integrated adgrb-1 into the genome
of rat peritoneal macrophages using lentiviral transduction (Fig-
ure 5@G). The resulting CAR-eM cells exhibited stable upregula-
tion of BAI1 (Figures 5H and 5I), and their enhanced efferocytosis
was verified by flow cytometry (Figures S8A and S8B). By using
these engineered macrophages to create a plastic MN patch, we
obtained CAR-eM-MNs carrying CAR-eMs. To characterize the
delivery and release behavior of CAR-eMs, we introduced
CAR-eM-MNs into a GelMA crosslinked hydrogel and incubated
them in complete medium.®®°° CAR-eM viability was assayed at
48-h, 1-week, and 2-week time points after the introduction of
MNs (Figure S9A). Confocal imaging was performed on planes
1, 1.5, and 2 mm away from the substrate. The fluorescence
area ratio of the images reflects the release of macrophages
(Figures S9A and S9B), and the nutrients in culture medium
and GelMA can sustain CAR-eM activity in vitro for at least
2 weeks (Figures S9A and S9C).

CAR-eM MNs applied in the in vivo treatment of IDD

We established a rat model by percutaneous needle puncture
and accessed the subcutaneous tissue at the tail. Then, we
separated the surface tissues of the degenerative IVD and
applied CAR-eM-MNs to the IVD surface. After 1 min, the tape
was removed, and the MNs were successfully transferred to
the IVD tissue. This served as the CAR-eM-MN group (Figure 6A).
We also used MNs loaded with primary autologous macro-
phages as a control for treatment with unmodified macrophages,
thus forming the non-CAR-eM-MN group (Figure 6A). Addition-
ally, CAR-eMs were injected into the rat tail IVD using needle
puncture to serve as a control for the non-MN treatment, thus
forming the CAR-eM group (Figure 6A). All three groups were
observed for 4 weeks after treatment (Figure 6B). Prior to treat-
ment, we labeled the isolated autologous macrophages of
each group with PKH26 to detect the presence of macrophages
in the IVD using in vitro imaging. We detected the fluorescence
distribution and intensity in the tail at 0, 2, and 4 weeks after
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the treatment. The results revealed that after macrophage treat-
ment, all three groups contained macrophages that were re-
tained around the rat tail IVD in the short term. However, as the
treatment time increased, PKH26 fluorescence intensity in the
CAR-eM group decreased sharply. The non-CAR-eM-MN and
CAR-eM-MN groups that received MN treatment maintained a
certain fluorescence intensity (Figure 6C), thus indicating that
the MNs provided a retention environment for macrophages
during treatment. With the degradation of PLGA and GelMA,
macrophages were released into the IVD to exert their therapeu-
tic effects. The sham-operated group with only skin incision
and tissue separation was compared with the untreated
control group and the degeneration group with needle puncture
modeling to exclude the influence of the surgery on IVDs. After
4 weeks of treatment, X-ray and micro-CT analyses suggested
that CAR-eMs delivered by MNs delayed disc height loss
(Figures 6C-6E, S10A, and S10B). MRI examination revealed
increased T2-weighted signal intensity in the CAR-eM-MN
group, thus indicating a higher IVD water content (Figures 6D,
6F, S10A, and S10C). Histologically, H&E and SO/FG staining
showed preserved NP structure with good continuity of the
annulus fibrosus (AF) tissue and a distinct boundary between
the NP and AF regions in the CAR-eM-MN group (Figures 6G-
6l, S10D, and S10E). Compared to the CAR-eM group, the AF
laminar structures were better maintained, indicating that MN
delivery caused less damage to the AF tissue than did conven-
tional drug delivery. IHC and TUNEL staining assessed degener-
ative phenotype and apoptosis. As expected, MMP3 expression
was significantly reduced in the IVDs of the CAR-eM-MN group,
whereas type |l collagen expression was significantly increased
(Figures 6J, 6K, S10F, and S10G). The number of TUNEL-posi-
tive cells was also reduced significantly compared to that in
the other groups (Figures 6L and 6M), and cleaved caspase-3
expression showed the same results (Figures S10H and S10I),
indicating that macrophage efferocytosis effectively cleared a
large number of apoptotic cells from degenerative IVD tissue
and regulated inflammatory factor expression through pheno-
typic transformation to thereby improve the inflammatory micro-
environment in the IVD. Finally, as observed by fluorescence im-
aging, macrophages delivered by MNs effectively resided in the
IVD tissue, promoting long-term tissue repair (Figure 6N).

Based on the appearance of the rat tail and the morphological
characteristics of the skin at the incision site and paravertebral
tissues (muscles and ligaments), the surgery and implantation
of MNs did not cause other safety concerns’® (Figures S11A
and S11B).

Therapeutic effect of CAR-eM-NMNs in lumbar spine
surgery

Surgical intervention such as lateral lumbar interbody fusion is a
primary method for lumbar degenerative disease. Surgical pro-
cedures through a retroperitoneal approach preserve the bone
structure of the posterior column, providing the advantages of
minimally invasive surgery.”""?

To evaluate the potential application of MNs in lumbar spine
surgery, we selected a rabbit lumbar IDD model and exposed
the third to sixth lumbar vertebrae (L3-L6) and the IVDs from
corresponding segments via a retroperitoneal approach,’® as
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Figure 6. CAR-eM MNs applied in the in vivo treatment of IDD

(A) Images and schematic graphs of rat coccygeal IVDs under different treatments (CAR-eM, non-CAR-eM-MNs, and CAR-eM-MNs).

(B) Schematic workflow of the animal experimental design and different treatment methods applied in the rat coccygeal IDD model by percutaneous needle
puncture.

(C) Representative X-ray images and PKH26-labeled macrophages in vivo show the localization of macrophages in coccygeal IVDs at different time points.
(D) Representative micro-CT images and MRI images of rat coccygeal IVDs in each group at different time points.

(E and F) Disc height index (E) and Pfirrmann degenerative grades (F) of rat coccygeal IVDs in each group.

(G-I) H&E staining (G), SO&FG staining (H), and histological score (l) of rat coccygeal IVDs in each group.

(J and K) IHC staining of MMP3 (J) and collagen type Il (K) in rat coccygeal IVDs in each group.

(L and M) TUNEL staining (green) in rat coccygeal IVDs to show the apoptosis rates in each group.

(N) Fluorescence images of PKH-26-labeled CAR-eM delivered by MNs in coccygeal IVDs show the long-term localization of macrophages. Scale bars are
indicated separately in each group of images. For animal experiments in this section, n = 10 biological replicates. Data represent means + SD, *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, by one-way ANOVA.
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shown in Figures 7A and S12A-S12C. Subsequently, a surgical
knife loading 11# blade was used to cut through the AF tissue
and remove the unilateral transverse process (TP), causing
lumbar instability and accelerating IDD’° (Figure S12C). Due
to the unique anatomical features of TPs in rabbits, removing
them reduces the difficulty of surgical implantation of MNs.
The IVDs subjected to this modeling treatment were randomly
divided into the following groups: IVDs receiving CAR-eM injec-
tion through needle puncture (CAR-eMs group), IVDs receiving
CAR-eM-MN treatment (CAR-eM-MNs group), IVDs implanted
with MNs without loading any cells (MNs group; control), and
IVDs without any additional treatments (degenerated groups).
IVDs with intact AF and TP were used as the sham-
operated group (sham group). The IVDs of the rabbits without
surgical operation were used as the complete control group
(Figures 7A and S12D-S12F). All IVD samples were collected
and evaluated after 4 weeks of postoperative feeding in rabbits
(Figure 7B).

The X-ray, micro-CT, and MRI images showed that the intro-
duction of CAR-eMs reduced the degree of IVD injury after
surgery and delayed the progression of degeneration, and the
use of MNs improved the therapeutic effect of CAR-eM
(Figures 7C-7G). H&E staining and safranin O-fast green staining
showed that CAR-eM-MN application relatively better preserved
IVD morphology (Figures 7H and 71). TUNEL staining demon-
strated that CAR-eM-MNs effectively reduced apoptotic cells
in lumbar IVDs (Figures 7H and 7J). To better demonstrate the
ability of CAR-eM to clear apoptotic cells in IVDs, we performed
Annexin V/PI staining tissue flow cytometry analysis and
WB-based detection of tissue cleaved caspase-3 on IVDs from
the sham, degenerated, MNs, and CAR-eM-MNs groups. The
results showed that in response to CAR-eM-MN treatment, the
number of apoptotic cells in IVDs and the apoptotic phenotype
reduced significantly, almost approaching the level in normal
IVDs (Figures 7K-7N). Moreover, as evidenced through fluores-
cence imaging, macrophages administered via MNs success-
fully resided within the IVD and demonstrated sustained thera-
peutic efficacy in promoting tissue repair over an extended
duration (Figure S12G).

Additionally, we verified that CAR-eM introduction and MN
application did not contribute to unexpected inflammatory re-
sponses in the cartilaginous endplates or paravertebral tissues,
including paravertebral muscles and paravertebral ligaments
(Figures 7H and S11C). Blood routine and biochemical tests did
not identify any unwanted immune effects and liver and kidney
function injury following CAR-eM treatment’*"* (Figure S11D).

Cell Reports Medicine

In summary, through lumbar spine surgery, CAR-eM-MNs
delivered exogenous autologous engineered macrophages into
the IVD. By upregulating the expression of the phagocytic recep-
tor BAI1 and enhancing macrophage efferocytosis, they effec-
tively cleared apo-NPCs in the NP tissue of IDD and improved
the inflammatory microenvironment in the IVD, ultimately delay-
ing IDD progression by slowing disc degeneration.

DISCUSSION

Macrophage therapies have been demonstrated to be effective
treatment strategies,'"*’® and the concept of CAR-M has been
proposed and applied clinically to enhance targetability.’*’
IDD is a pathological process characterized by the inflammatory
reaction in NP tissues®®’” causing pain and impaired daily
activities.”® Various stress reactions alter the microenvironment
of IVDs, leading to apoptosis of NPCs, and apo-NPCs that
cannot be cleared in time accumulate in large numbers, further
exacerbating the progression of IVD.?>"® In this study, we suc-
cessfully designed an MN delivery system to deliver CAR-M-
like engineered autologous macrophages (CAR-eMs) into the
IVD. This delivery therapy can clear apo-NPCs, improve the
inflammatory microenvironment of the IVD, repair damaged
IVDs, and delay the progression of degeneration through
enhanced efferocytosis.

Macrophage-mediated efferocytosis is crucial for clearing
apoptotic cells and maintaining cellular homeostasis.'®'" It
also aids tissue repair by removing apoptotic cells and frag-
ments,>*%8" while releasing nutrients and cytokines to support
cell growth.'®?® Our research revealed that macrophages release
anti-inflammatory and tissue repair factors by phagocytizing and
clearing apo-NPCs, and this improves the microenvironment of
the NP tissue and restores the extracellular matrix of the IVD.

Macrophages primarily rely on phagocytic receptors such
as T cell immunoglobulin mucin (TIM) family members, BAI1,
stabilin-2, and the Tyro3/AxI/Mer family of tyrosine kinases that
directly or indirectly bind to PtdSer and mediate efferocytosis
in apoptotic cells.'>?® BAI1 is expressed on macrophage mem-
branes, and its extracellular domain recognizes and binds to
apoptotic cells, whereas the intracellular segment interacts
with ELMOT1 to initiate efferocytosis-related processes.®*** Mul-
tiple studies have reported that the expression level of BAI1
affects efferocytosis capacity, and the effective clearance of
apoptotic cells and remodeling of the tissue microenvironment
are of great significance for the treatment and recovery of inflam-
matory diseases.'*'%>2

Figure 7. Therapeutic effect of CAR-eM-MNs in lumbar spine surgery

(A) Schematic graphs of rabbit lumbar surgery showing experimental grouping under different treatments (sham, CAR-eMs, MNs, and CAR-eM-MNss).

(B) Schematic workflow of the rabbit experimental design.

(C-E) Representative X-ray (C), micro-CT (D), and MRI (E) images of rabbit lumbar IVDs in each group.

(F and G) Disc height index (F) and Pfirrmann degenerative grades (G) of rabbit lumbar IVDs in each group.

(H) H&E staining, SO&FG staining, and TUNEL staining (green) in rabbit lumbar IVDs in each group.

(I and J) Histological score (I) and the proportion of TUNEL+ cells (J) of rabbit lumbar IVDs in each group calculated from analyses of results shown in (H).

(K and L) Annexin V/PI staining tissue flow cytometry analysis (K) and the calculated proportion Annexin+ cells (L) of rabbit lumbar IVDs in each group.

(M and N) Representative western blots (M) and the calculated ratio of cleaved caspase-3 to caspase-3 (N) showing the apoptotic degree of rabbit lumbar IVDs in

each group. For animal experiments in this section, n > 3 biological replicates.

Data represent means + SD, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns. no significance, by two-way ANOVA.
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Efferocytosis is a continuous process that ensures the timely
clearance of apoptotic cells in tissues. However, we observed
that macrophages underwent phenotypic transformation and a
reduction in phagocytic ability after efferocytosis, and this may
be related to the downregulation of BAI1 expression. In our
work, we used two different stimuli-induced apo-NPC models
to exclude the influence of different sources of apoptosis induc-
tion on macrophage phenotype and phagocytic ability. There-
fore, the phenotype transition we propose may only be one of
the factors affecting efferocytosis, and perhaps efferocytosis
has unique mechanisms of action on different cell types.®*
Firstly, unlike other types of cells, NPCs and their extracellular
matrix contain collagens, proteoglycans, MMPs, a disintegrin
and metalloproteinase with thrombospondin motifs, cathepsin
proteases, some non-collagenous proteins, and other prote-
ases,”® which may affect macrophage activation of different
signaling pathways after recognizing and engulfing apo-NPCs.
Secondly, the specific cytokine milieu resulting from interactions
with the apo-NPCs may further modulate macrophage re-
sponses, which is interesting and worthy of further exploration.
In brief, apo-NPCs significantly affect macrophage phenotype
and phagocytic ability, impacting the inflammatory response in
IVD health and disease. Understanding these dynamics is crucial
for developing targeted therapies aimed at modulating macro-
phage function in disc degeneration and associated conditions.

We investigated the role of BAI1 in mediating macrophage ef-
ferocytosis to apo-NPCs and proposed the design of an engi-
neered macrophage with BAI1 as the “CAR” (CAR-eM) for the
treatment of IDD. These results support the therapeutic potential
of CAR-eMs. The upregulation of BAI1 expression in CAR-eM
cells significantly improved the clearance efficiency of apo-
NPCs. CAR-eMs not only exhibit increased phagocytic activity
but also release higher levels of anti-inflammatory cytokines
and tissue repair factors. This suggests that CAR-eMs exhibit
strong therapeutic effects for the treatment of IDD.

IVD discectomy is a commonly used surgical treatment in clin-
ical practice®®’; however, the procedure results in high recur-
rence and surgical revision rates due to the failure to repair AF
defects.®® Local injection of biologically active molecules is a
common local treatment approach; however, secondary injury
caused by the injection must also be considered.®®8%%° |n
contrast, minimally invasive, flexible, and safe MN delivery sys-
tems exhibit broad prospects and research value for the treat-
ment of IDD.?** We designed an IVD circular MN delivery system
with a soft substrate, CAR-eM-MNs, for the in vivo delivery of
CAR-eMs. This delivery method reduces damage to the AF tis-
sue and helps to maintain the structure of the IVDs and mechan-
ical integrity of the spine, thereby reducing the risk of postoper-
ative segmental instability. Its sustained-release characteristics
reduce the required dosage, enhance therapeutic efficacy, and
greatly improve treatment safety, thus making it a promising
emerging treatment modality for IDD with significant potential.

In conclusion, our study provides evidence that CAR-eMs can
effectively clear apo-NPCs and improve the inflammatory micro-
environment of IVD through enhanced efferocytosis. The design
of the CAR-eM-MN delivery system allows for targeted delivery
of CAR-eMs to the deep layers of the IVD for therapeutic effects.
However, further studies are required to confirm the therapeutic
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effect of CAR-eMs in larger animal models and to explore their
long-term retention and survival rates in vivo.

Limitations of the study

Our study possesses some limitations. First, we validated the
impact of BAI1 expression on macrophage efferocytosis at
the cellular level using siRNA and overexpression plasmids.
Employing BAI1 knockout animal models would be better for
in vivo investigation. Large animals like goats or primates are
more conducive to assessing clinical transformation potential.
Furthermore, due to the spine’s deep location in vivo, low-inten-
sity fluorescent signals limit in vitro imaging observations.
Methods such as isotope labeling are more favorable for macro-
phage tracing observations. Although our MN delivery system
successfully delivered CAR-eMs into the deep layers of the
IVD, the long-term retention and survival rates of these cells
require further investigation. Lastly, the specific mechanisms of
CAR-eM-mediated IVD repair require further exploration through
efferocytosis-related intracellular signaling pathways.
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Human nucleus pulposus tissues
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Patient demographics shown in Table S1.
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2-Hydroxy40-(2-hydroxyethoxy)- Sigma-Aldrich Cat#410896
2-methylpropiophenone

GelMA Sigma-Aldrich Cat#900629
Zoletil 50 Virbac N/A

Isoflurane RWD N/A

Critical commercial assays

Human IL-1p ELISA Kit Elabscience Cat#E-EL-H0149
Human IL-6 ELISA Kit Elabscience Cat#E-EL-H6156
Human IL-10 ELISA Kit Bioswamp Cat#HM10203
Human TGF-B ELISA Kit Bioswamp Cat#HM10058
Calcein/PI Cell Viability Assay Kit Beyotime Cat#C2015L
Annexin V-FITC Apoptosis Detection Kit BD Biosciences Cat#556547

Deposited data

RNA sequencing data

This paper

Mendeley Data: https://data.mendeley.com/

datasets/fp33xxkbnk

Experimental models: Cell lines
Human: THP-1 ATCC TIB-202

Experimental models: Organisms/strains

Sprague-Dawley rats Laboratory Animal Center of
Huazhong University of

Science and Technology

Two-month-old, male, 200 + 20 g, SPF-grade

New Zealand White rabbits Laboratory Animal Center of
Huazhong University of

Science and Technology

Three-month-old, male, 2.5 + 0.5 kg,
conventional grade

Oligonucleotides

Primers for real-time PCR analysis, see Table S2 This paper N/A
siRNA sequence, see Table S2 This paper N/A
Software and algorithms

ImageJ NIH Vv2.0.0
FlowJo BD Biosciences V10.4.0
GraphPad Prism GraphPad V9

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human NP samples

Human NP samples were collected from 20 volunteers (7 males and 13 females, aged 10 to 68 years) who suffered from idiopathic
scoliosis or lumbar disc herniation and spinal stenosis without hereditary diseases, neurologic abnormalities, cancer, infective dis-
eases, autoimmunity and endocrine diseases, and underwent spinal open or minimally invasive surgery (Table S1). Prior to collecting
clinical samples and data, we informed each volunteer about the research purpose, experimental procedures, and potential risks
associated with the study, and obtain their written consent in accordance with the institutional ethical guidelines. The degenerative
grade of human NP samples was assessed using clinical medical records and magnetic resonance imaging (MRI) results based on
the Pfirrmann grading system.®® These samples are mainly used for histological staining, while some of them are used for cell culture
and subsequent experiments. Approval for the sample collection was granted by the Ethics Committee at Tongji Medical College,
Huazhong University of Science and Technology (No. S341).

Animals

Two-month-old Sprague-Dawley rats (SD rat, male, 200 + 20 g) were obtained from the Laboratory Animal Center of Huazhong Uni-

versity of Science and Technology and maintained in the specific pathogen—free barrier facility under 12:12 h light:dark cycle at 21°C.

All rat experiments were approved by the Laboratory Animal Center of Huazhong University of Science and Technology (No. 3951).
Three-month-old New Zealand White rabbits (2.5 + 0.5 kg) were obtained from the Laboratory Animal Center of Huazhong Univer-

sity of Science and Technology, acclimatizing to the local environment for at least 1 week. The rabbits were provided with
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maintenance ration specifically formulated for rabbits and were reared under ambient room temperature conditions in a conventional
environment. All rabbit experiments were approved by the Laboratory Animal Center of Huazhong University of Science and Tech-
nology (No. 3952).

METHOD DETAILS

Cell culture and treatments

Human NP samples classified as Grade | were obtained from volunteers who were diagnosed with lumbar vertebral fracture or idio-
pathic scoliosis, as previous described.”’**” The specimens were cut into pieces, rinsed with phosphate buffer saline (PBS) twice,
treated with 0.4% collagenase Il (Invitrogen, USA) for 4 h at 37°C, centrifuged at 800 rpm for 5 min, and rinsed with PBS twice. Cellular
precipitates were suspended and grown in 1:1 Dulbecco’s Modified Eagle’s Medium: F12 (1:1 DMEM: F12; Gibco, USA) containing
10% FBS (Gibco, USA) and 1% penicillin-streptomycin (Sigma-Aldrich, USA) in the incubator at 37°C with 5% CO.. The culture me-
dium was first replaced after one week. Then, the culture medium was replaced every three days until NP cells covered the bottom of
the culture flask and reached over 95% confluence. Cells were passaged at a ratio of 1:3 or 1:4. NP cells in the second passage were
regarded as normal state and used to perform experiments.

The human monocyte leukemia cell line (THP-1) was obtained from the ATTC (American Type Tissue Culture Collection, USA). We
used RPMI 1640 medium with 10% FBS (Gibco, USA) to culture THP-1 cells at a density of 5x10° cells/mL at 37°C and 5% CO, and
replaced the cell culture medium every two days. THP-1 monocytes were cultured in 6-well plates treated with 100 ng/mL phorbol
12-myristate 13-acetate (PMA) (MedChemExpress, USA) in all experiments for 24 h to become adherent macrophages, TDMs
(Figure S2A).

Cytokines were administered at concentrations of 100 ng/mL LPS (Sigma-Aldrich, USA) or 20 ng/mL IL-4 (Peprotech, USA) with
20 ng/mL IL-13 (Peprotech, USA) separately in order to polarize macrophages toward different phenotypes (Figure S4A).

Isolation of primary macrophages

Human bone marrow-derived macrophages (BMDM) were isolated from bone marrow aspirates obtained from volunteers (with
informed consent and in accordance with institutional ethical guidelines) undergoing orthopedic surgeries that did not require the
bone marrow for diagnostic or therapeutic purposes. BMDMs were isolated using density gradient centrifugation and cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 1% penicillin-streptomycin (Sigma-Aldrich,
USA), and 20 ng/mL human M-CSF (MedChemExpress, USA) in an incubator at 37°C with 5% CO, for a week.®® The purity of
BMDMs was assessed by flow cytometry, calculating the proportion of CD11b+CD68" cells.

Rat and rabbit peritoneal macrophage were isolated from rat and rabbit peritoneal lavage fluid (PF). PF was collected via peritoneal
lavage with 5 mL (for rat) or 10 mL (for rabbit) of ice-cold PBS and immediately placed onice. PF was centrifuged at 300 g for 5 min at
4°C, and the resulting pellet was resuspended in RPMI 1640 medium containing 10% FBS (Gibco, USA), 1% penicillin-streptomycin
(Sigma-Aldrich, USA) and 20 ng/mL rat or rabbit M-CSF (MedChemExpress, USA).* The macrophages were allowed to adhere in the
incubator at 37°C with 5% CO, for a week for subsequent experiments.

Flow cytometry

Trypsin was added to well plates until TDMs became detached and RPMI complete medium was added to neutralize the effects of
the enzyme. The cell suspension was centrifuged at 400 x g for 5 min and re-suspended in a volume of 200 pL media. For each sam-
ple, 200,000 cells were added into a tube, blocked for 30 min at 4°C and stained with 100 times diluted FITC-conjugated anti-CD11b
(Biolegend, USA), BV421-conjugated anti-CD68 (BD Pharmingen, USA), PE-Cy7-conjugated anti-CD86 (BD Pharmingen, USA) and
APC-conjugated anti-CD206 (BD Pharmingen, USA) in the dark for 30 min. Cells were subsequently washed for 3 times. Flow cytom-
etry was performed using BD FACSymphony A1 (BD Biosciences, USA) and data was recorded for the corresponding channel.

FlowdJo software (BD Biosciences, USA) was utilized for all analyses. All antibodies used are listed in Table S3.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA from NP cells was extracted with TRIzol reagent (Thermo Fisher Scientific, USA) according to the standard protocols.
Complimentary DNA (cDNA) was synthetized using the HiScript Ill RT SuperMix for g°PCR (Vazyme, China). AceQ gPCR SYBR Green
Master Mix (Vazyme, China) was utilized for gPCR analysis, with detection of signals performed using the CFX96 Touch sequence
detection system (Bio-Rad, USA) and GAPDH was used as an internal control to calculate the relative fold changes in gene expres-
sions. All primers used are listed in Table S2.

Western blotting analysis

Treated cells were lysed with RIPA (Boster, China) supplemented with 1% PMSF (Boster, China) for 30 min on the ice, centrifuged at
12000 rpm for 15 min, and the protein content of supernatant was measured using a BCA protein assay kit (Boster, China). Proteins
(80-40 pg) were separated on a 7.5-12.5% SDS-PAGE and moved onto a polyvinylidene difluoride (PVDF) membrane (Millipore,
USA). The membrane was blocked with 5% milk and exposed to primary antibodies at 4°C overnight. Following two washes with
Tris-buffered saline (TBS) containing 0.1% Tween 20 and incubation with secondary antibodies, proteins were exposed to
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chemiluminescence reagents (Affinity, China) and imaged by ChemiDoc MP Imaging System (Bio-Rad, USA). The application and
dilution ratios for all antibodies used are listed in Table S3.

Immunofluorescence analysis

NP cells or macrophages were planted in the glass coverslip. After the medium was replaced twice, cells were exposed to indicated
treatments. The coverslip was washed twice with PBS, treated with 4% paraformaldehyde for 20 min, made permeable with 0.5%
Triton X-100 for 15 min due to the target protein being situated inside the cell, and obstructed with regular goat serum for 30 min. The
cells were exposed to primary antibodies at 4°C overnight, rinsed twice with PBS supplemented with 0.1% Tween 20 and incubated
with secondary antibodies of anti-mouse/rabbit Alexa Fluor 488 nm or 569 nm. Nuclei were stained with DAPI (Invitrogen, USA). Fluo-
rescence images were captured using a fluorescence microscope (Olympus, Japan).

RNA interference and plasmid transfection
BAI1 protein knockdown in TDMs was performed using small interfering RNA (siRNA) technology (siRNA sequences shown in
Table S2). In brief, 50 nM siRNA (General Biol, China) against BAI1 (siBAl1) were transfected to TDMs using Lipofectamine 2000 (In-
vitrogen, USA) for 72 h. After confirming the highly-efficient silencing, TDMs were used for further analysis.

Human adgrb1 were tagged with FLAG and cloned into the empty vector plasmid pECMV-3 x FLAG-C to obtain the overexpression
plasmids. For efficiently transient transfection, TDMs were transfected with the previous plasmids using Lipofectamine 2000 (Invitro-
gen, USA) for 72 h.

Synthesis of GelMA-macrophages

To create the prepolymer solution for the GelMA-macrophages, lyophilized GelMA (Sigma-Aldrich, USA) at a concentration of 10%
(w/v) and photoinitiator (2-Hydroxy40-(2-hydroxyethoxy)-2-methylpropiophenone, Sigma-Aldrich, USA) at a concentration of 0.5%
(w/v) were dissolved in cell culture medium.®” Macrophages were added to the prepared GelMA solution to create a prepolymer so-
lution of the GeIMA-macrophages.

Fabrication of PLGA shells

Multiple polydimethylsiloxane (PDMS) molds were created with an array of MN cavities measuring height of 1000 um, pitch of 650 pm,
and base diameter of 350 um for the production of the MN PLGA shell. PLGA50/50 (Sigma-Aldrich, USA) solution with a PLGA-DMSO
ratio of 1:3 (w/w) was poured into the mold repeatedly. The PDMS mold surface was treated with O, plasma before casting to hydro-
philize the surface, enabling the PLGA solution to adhere to the walls of the cavity and fill it. The PLGA was poured onto the mold and
then dried in a vacuum to harden the PLGA shell and eliminate any air bubbles. To thicken and strengthen the PLGA shell, the identical
procedure was performed again.®’

Rat coccygeal IVDs needle puncture IDD model

Twenty-gauge needles were used to establish an IDD model in two-month-old SD rats, with needle punctures at the Co7-8, Co8-9,
and Co9-10 levels.?>° Briefly, rats were anesthetized using 3% pentobarbital and positioned in a prone posture. A twenty-gauge
needle punctured the Co7-8, Co8-9, and Co9-10 coccygeal IVDs vertically and parallel to the endplates. The needle was inserted
for 5 mm to reach the center of NP region, and rotated by 180° in the axial direction and held for 10 s. Co6-7 and Co10-11 IVDs
were left as self-negative control.

Surgical procedure of rabbit lumbar IDD model

Rabbits were anesthetized using marginal ear vein anesthesia with Zoletil 50 (Virbac, France) and gas anesthesia with isoflurane
(RWD, China). They were positioned prone, with their limbs secured to the operating table, and the skin over the left side of the lumbar
spine was shaved. A longitudinal incision of approximately 7cm was made on the left side of the waist, using the iliac crest as a bony
landmark.®” The L3-L7 vertebral bodies were exposed by carefully separating the paravertebral tissues through the incision.”" After
removing the transverse process, IVD was located, and the surrounding tissues were cleaned. A surgical knife loading 11# blade was
then used to cut through the AF tissue and the MNs were subsequently loaded.

In vivo imaging of macrophages

According to the experimental design, randomly selected SD rats were sacrificed, and rat tails were collected. Macrophages in vivo
imaging at each time point was performed by using an FX PRO imaging system (Bruker, Germany), and the scanning parameters
were set at an excitation wavelength of 550 nm and an emission wavelength of 600 nm.

Radiological analysis

X-ray, micro-Computed Tomography (uCT), and MRI analyses were used to evaluate the radiological degenerative degrees of coccy-
geal IVDs of rats. After 4 weeks of treatment, the rats were anesthetized with 3% pentobarbital and sacrificed for collecting rat tails.
X-ray scanning of rat tails was performed using a DRX Ascend system (Carestream, Canada) with the following parameters: exposure
time, 0.06 s; distance, 100 cm; current, 160 mA; voltage, 50 kV. The nCT scanning system (SkyScan 1176, Bruker, Germany) was
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operated using the following parameters: imaging pixel size, 18 um; current, 100 pA; voltage, 60 kV. Subsequently, coccygeal IVDs
were three-dimensionally restricted using CT-Vox software (Bruker, Germany). T2-weighted imaging was performed usinga 7.0 T
animal specific MRI system using the following parameters: fast spin echo sequence with time to repetition, 3,000 ms; time to
echo, 70 ms; slice thickness, 0.5 mm with a 0 mm gap.

Histological analysis

Human NP specimens were washed with PBS twice and fixed for two days with 4% paraformaldehyde, dehydrated, embedded in
paraffin, and cut into 5 um sections. After radiological analysis, coccygeal IVD specimens of rats were washed with PBS twice and
fixed for two days with 4% paraformaldehyde, decalcified with 10% EDTA solution, dehydrated, embedded in paraffin, and cut into
5 um sections. The sections were stained by hematoxylin/eosin (H&E) and safranin O/fast green (SO&FG) to analyze the degenerative
degrees of IVDs. The sections were imaged using the BX53 microscope (Olympus, Japan).

Immunohistochemistry (IHC) staining

Slides of human NP samples or rat coccygeal IVD specimens were deparaffinized with xylene, rehydrated with ethanol in gradient
concentrations, antigen-retrieved with citrate buffer, blocked with normal goat serum, and incubated with special primary antibodies
overnight. After incubation with secondary antibodies and visualizing using DAB peroxidase substrate kit, histological images were
analyzed using a BX53 microscope (Olympus, Japan).

QUANTIFICATION AND STATISTIC ANALYSIS

Apoptosis assays
NP cells were harvested with 0.25% trypsin (Boster, China), followed by staining with an Annexin V-FITC Apoptosis Detection Kit (BD
Bioscience, USA) as the provided guidelines. After washing twice with PBS, NP cells were resuspended in 150 pL of binding buffer at
a concentration of 6 x 10° cells/mL. After staining with 4 L of Annexin V-FITC and 10 uL propidium (Pl) and incubation for 15 min at
room temperature, NP cells were analyzed using BD FACSymphony C6 Plus (BD Bioscience, USA). The apoptotic index was calcu-
lated by dividing the total cell count by the number of cells undergoing apoptosis.

After 24 h of growth, NP cells were treated and apoptosis was assessed using the TUNEL assay (Elabscience, China) as the man-
ufacturer’s instructions. Briefly, the cells were treated to deparaffinized, hydrated, rinsed with PBS, a and subsequently exposed to
the TUNEL reaction solution for 60 min at 37°C. Ultimately, the microscope (Olympus, Japan) was used to analyze the images.

Enzyme-linked immunosorbent assays (ELISA)

Inflammatory cytokine levels were measured in supernatants of co-cultured systems using the Human IL-13 ELISA Kit (Elabscience,
China), Human IL-6 ELISA Kit (Elabscience, China), Human IL-10 ELISA Kit (Bioswamp, China) and Human TGF-$ ELISA Kit (Bio-
swamp, China).

Efferocytosis assays

Human apo-NPCs were stained with CypHer5E (Cytiva, USA) or PKH26 (Sigma-Aldrich, USA), and then resuspended in RPMI 1640
medium. Macrophages pre-labeled with Hoechest33342 (MedChemExpress, USA) were incubated with apoptotic targets at a 1:5
ratio of phagocytes to targets for the specified durations. The efferocytosis rates were based on the phagocytosis rates evaluated
through a flow cytometry assay or fluorescence imaging.

The analysis of RNA sequencing data and the examination of gene sets using gene set enrichment analysis (GSEA)
As previously described, total RNA was harvested from nine culture TDM samples using TRIzol reagent (Thermo Fisher Scientific,
USA). The RNA sequencing library was constructed using 1 ug of RNA and an lllumina TruSeq RNA Sample Prep Kit (lllumina,
USA). Libraries were prepared using lllumina HiSeq X Ten accompanying the Ovation RNA-Seq System V2, qualitatively checked
by a Bioptic Qse100 Analyzer and sequenced on the lllumina HiSeq X Ten.

GSEA was conducted using GSEA 4.3.2 software with 1000 permutations and default parameters according to standard proced-
ure. The C2 (curated gene sets) collection and C5 (ontology gene set) collection of the Molecular Signatures Database (MSigDB)
version 7.5.1 were used to map overlaps between gene sets in MsigDB and expression set.

Mechanical testing of GelMA-macrophages

UV light (14 mW/cm?) was used to crosslink the standardized gel structure to prepare the samples for mechanical testing. Stiffness of
hydrogels was assessed through compressive tests using a universal testing machine (SUNS, China) equipped with a 10 N load cell.
The compressive modulus of gels crosslinked for durations ranging from 2 to 7 min was determined.
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Macrophage viability test

Macrophage viability was evaluated using a Calcein-AM/PI staining kit (Beyotime, China). A mixture of 0.05% calcein and 0.2%
ethidium homodimer-1 in PBS was applied to every well and left to incubate for 30 min. The samples were imaged using a fluorescent
microscope (Olympus, Japan) after being washed three times with PBS, to determine the ideal GelMA characteristic.

Statistical analysis

The data in this study were obtained from at least three independent experiments. Unpaired Student’s t test was used to analyze the
significance between two groups, whereas two-way ANOVA was used to analyze the significance among multiple groups. GraphPad
Prism version 9.3.0 was used to analyze data and statistical results. Data are shown as mean + standard deviation. Asterisks indicate
the degree of significance by p values: *p < 0.05; **p < 0.01; **p < 0.001, ***p < 0.0001, ns. No significance.
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