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SUMMARY

Tumor-associated macrophages (TAMs) enhance cancer progression by promoting angiogenesis, extracel-

lular matrix remodeling, and immune suppression. Nerve infiltration also contributes to tumor growth. How-

ever, the role of TAMs in promoting intratumoral nerve growth remains unclear. In this study, we have shown 
that TAMs express a distinct neural growth gene signature. TAMs actively enhanced neural growth within 
tumors and directly promoted in vitro neurite outgrowth. We identified secreted phosphoprotein 1 (SPP1) 
as a required mediator of TAM-driven neural growth and mTORC2 activation. Leveraging this TAM-neural 
growth function, we explored TAM neuroregenerative potential. Adoptive transfer of TAMs in severe com-

plete-compressive-contusive spinal cord injury (scSCI) increased neuronal survival, axonal regrowth, and 
motor function recovery. Moreover, TAMs healed scSCI microenvironment and remodeled the cyst. Func-

tional and proteomic analyses confirmed SPP1 and neural Rictor as necessary molecular mediators for 
TAM-induced regeneration. Our data unveil a role for TAMs in tumor innervation and neural tissue repair.

INTRODUCTION

Intratumoral nerve infiltration supports cancer growth in several 

tumors. Notably, many tumors promote nerve growth and infil-

tration, generating a positive feedback loop between the can-

cer-dependent nerve growth and tumor progression. 1 Several 

mediators produced by cancer cells have been proposed to 

regulate nerve-cancer interaction. 2 However, the contribution 

of different cells composing the tumor microenvironment to can-

cer-dependent nerve growth has been poorly investigated. Tu-

mor-associated macrophages (TAMs) play a crucial role in tu-

mor growth stimulation, supporting angiogenesis, extracellular 

matrix (ECM) remodeling, cell proliferation, and immunosup-

pression. 3 Macrophages and other cells of the tumor microenvi-

ronment, including Schwann cells, have been shown to migrate 

through nerves, functioning as chemoattractants for cancer 

cells. 4 Nonetheless, the specific role of TAMs in directly stimu-

lating nerve growth remains unclear. Beyond their roles in organ-

ogenesis, tissue regeneration, and wound healing, 5 macro-

phages also contribute to peripheral nerve maintenance and
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Figure 1. TAMs show the neural growth gene signature

(A) Uniform approximation and projection (UMAP) plot of human GBM, astrocytoma, and healthy tissue scRNA-seq data.

(B) Heatmap of the gene identifying the clusters in (A).

(legend continued on next page)
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regeneration. 6,7 Resident enteric microglia-like nerve-associ-

ated macrophages play a role in developmental synaptic prun-

ing and maintenance of mature neuronal circuitry. 8,9 Recruit-

ment of macrophages into the peripheral nerves of obese 

prediabetic mice has been shown to be neuroprotective, delay-

ing terminal sensory axon degeneration. 10 In contrast, macro-

phage-mediated healing and regenerative functions have been 

reported to be defective in the injured adult central nervous sys-

tem (CNS) regeneration, characterized by a maladaptive wound 

repair process supported by tissue hypoxia, chronic inflamma-

tion, and fibrotic cysts formation, leading to neural tissue loss 

and axonal degeneration. 11–14 In this work, we investigated 

the neural growth properties of TAMs and their relevance in 

mediating intratumoral innervation and promoting neural repair 

after spinal cord injury (SCI).

RESULTS

TAMs express a neural growth gene signature

To assess whether TAMs are endowed with properties related 

to neural growth potential, we first investigated the gene signa-

ture of TAMs infiltrating human tumors in our single-cell RNA 

sequencing (scRNA-seq) data (Zenodo: https://zenodo.org/ 

record/6046299#.YgZ6bpbSKN4) obtained from human glio-

blastoma (GBM), astrocytoma, and adjacent healthy tissue 

(Figures 1A and 1B; Figures S1A and S1B). We further extended 

the analysis of the TAM signature to publicly available scRNA-

seq datasets of human pancreatic, 15 breast, 16 and colorectal 

cancers 17 (Figures 1C and 1D; Figure S1C). Following TAM clus-

ter identification (CD45 + , CD14 + , CD163 + , TGFBI + ; Figure 1D), 

we first extracted the differentially expressed genes (DEGs) of 

the TAM cluster compared with all other non-myeloid CD14 − 

cell clusters, 18,19 including tumor, stromal, and infiltrating im-

mune cells. As expected, Gene Ontology (GO) analysis on the 

identified DEGs showed that TAM clusters upregulated GOs 

related to response to hypoxia, angiogenesis, ECM remodeling, 

and wound healing (Figure S1C). 3,20 Of note, in addition to these 

expected TAM-related GOs, we consistently found in TAM clus-

ters all scRNA-seq datasets of human GBM, pancreatic, breast, 

and colorectal cancer, with the upregulation of GOs related to 

neural development, synapse formation, response to axon 

injury, and neuron-axon regeneration (Figure 1C). 21 We first ex-

tracted 152 DEGs upregulated in the 27 neural-related GOs ex-

pressed by the TAM cluster in the human GBM dataset 

(Figure S1D). We refined this initial list by including only genes 

related to the cell secretome and itemized in the Secreted 

Protein Database (SEPDB), 22 with well-established roles in 

neural growth-related functions, and identified a TAM-specific

23-gene neural growth signature (Table S1). 10,23–31 GO 

coverage analysis confirmed that the neural growth gene list 

was primarily associated with nerve growth, and its enrichment 

was consistently observed in TAM clusters across multiple hu-

man cancer scRNA-seq datasets (Figures 1D and 1E). 

Consistently, TAMs were significantly enriched in the neural 

growth list compared with circulating monocytes (Mo) in bulk 

RNA-seq datasets from human breast and endometrial cancer, 

and mouse GBM (Figures 1F and 1G). 32–34 Collectively, these 

findings confirm that the neural growth gene signature was a 

consistent feature of TAMs across various human and murine tu-

mors (Figures 1D, 1F, and 1G).

We next performed a subset analysis on TAM and microglia 

clusters, the latter representing another major GBM myeloid 

population with reported neurogenic properties 8,9,27,35–37 within 

our GBM scRNA-seq dataset (Figures 1H and 1I). We identified

3 different microglia populations: (1) sub-clusters 1 and 10 were 

entirely composed of cells derived from healthy brain tissue 

(Figure S1E), both expressing homeostatic microglia markers 

(Figure 1I), (2) sub-clusters 0 and 2 were disease-associated mi-

croglia (DAM) expressing Itgax 38 (Figure 1I), and (3) sub-clusters 

3–6 and 9 were GBM-associated microglia (GBM-MG) 36 ex-

pressing APOE (Figure 1I). TAM clusters (sub-clusters 7, 8, 

and 11) expressed the Trem2, Apoe genes, and the neurogenic 

gene Lgals3 10 (Figure 1I). The neural growth gene list was 

strongly upregulated in TAMs (Figure 1H) and in a subset of 

GBM-MG (GBM-MG high , Figure 1H) with selective enrichment 

of GOs related to synapses, neuron projection, and wound heal-

ing (Figure S1F). We further confirmed the TAM-specific overex-

pression of the neural growth signature in a publicly available 

bulk RNA-seq database of mouse GBM. 32 Consistently, in this 

dataset, the expression of the neural growth signature was 

higher in TAMs compared with Mo, healthy microglia, and 

GBM-MG (Figure 1G). 32

Overall, we find that within the tumor, macrophages acquire a 

neural growth signature, which is consistently expressed by 

TAMs extracted from 8 different tumor datasets, both from hu-

man and mouse samples.

TAMs enhance tumor innervation through SPP1

To functionally assess TAM’s neural growth potential, we stud-

ied TAM’s impact on tumor innervation using an in vivo model 

of a sarcoma tumor. 39–41 Notably, scRNA-seq analysis of a 

mouse sarcoma dataset 41 confirmed the presence of a TAM 

cluster exhibiting upregulation of the neural growth gene 

signature (Figure 2A). We therefore performed adoptive trans-

fer experiments to enhance the TAM population within the tu-

mor microenvironment and assessed their functional impact

(C) Bubble plot of gene ontologies representing TAM-neural growth signature in GBM, breast, colorectal, and pancreatic human scRNA-seq datasets.

(D) Neural growth gene list expression in TAM clusters of human colorectal, GBM, pancreatic, and breast cancer scRNA-seq datasets.

(E) Bubble plot showing the coverage of the ‘‘neural growth’’ genes to the GOs related to TAM properties.

(F) Expression of the neural growth gene list in TAM and Mo from human breast and endometrial cancer and from mouse GBM.

(G) Neural growth gene list expression in TAM, Mo, healthy microglia, and DAM from mouse GBM.

(H) TAM (7, 8, 11) TGFBI + /TMEM119 − sub-clusters of human GBM enrich the expression of the neural growth gene list compared with TGFBI − /TMEM119 + 

microglia.

(I) Violin plot of marker genes defining microglial and macrophage subpopulations within GBM, including healthy microglia, DAM, GBM-MG, GBM-MG high , 

and TAM.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S1 and Table S1.
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on tumor innervation. TAMs were generated in vitro by 

exposing macrophages to a sarcoma-conditioned microenvi-

ronment (see STAR Methods), thereby inducing a phenotype 

that closely mimicked that of in vivo TAMs. In vitro-generated

mouse TAMs acquired specific markers and properties distinct 

from M2-like macrophages (Figures S1G–S1R), expressed the 

in vivo defined TAM gene signature 19 (Figure S1G), and ex-

hibited key TAM functional features, including metabolic

Figure 2. TAMs promote tumor innervation in mouse sarcoma through SPP1

(A) Neural growth gene list expression (pink cells indicate higher expression) is increased in the CD14 + /TGFBI + TAM cluster in the mouse sarcoma scRNA-seq 

dataset (red square).

(B) Scheme of the experimental workflow.

(C) NF200 immunohistochemistry in control (CTRL) and TAM sarcoma sections. Arrows indicate nerves. Scale bar, 150 μm.

(D and E) Images and quantification of NF200 + nerves from CTRL and TAM sarcoma sections. Arrows indicate nerves. Scale bar, 200 μm.

(F and G) Images and quantification of NF200 + axons from CTRL and TAM sarcoma sections. Scale bar, 20 μm.

(H and I) Images and quantification of NF200 + axons from TAM LV Scramble - and TAM LV Spp1-KD sarcoma sections. Scale bar, 20 μm.

(J and K) Images and quantification of NF200 + and PRPH + nerves from TAM LV Scramble and TAM LV Spp1-KD sarcoma sections. Scale bar, 200 μm.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S2.
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Figure 3. TAMs directly enhance neuronal growth and axonal regeneration via SPP1

(A) RNA bulk expression of neural growth gene list in in vitro-generated mouse M2-like macrophages (M2) and TAMs (TAM).

(B and C) Images and quantification of β3Tub expression in human iPSC-MNs alone (CTRL) or co-cultured with TAM tdTomato , or M2 tdTomato . Scale bar, 50 μm. 

(legend continued on next page)
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plasticity, angiogenesis, ECM remodeling, and immunomodu-

lation (Figures S1H–S1Z).

To induce sarcoma, we transplanted MN-MCA1 cells into the 

skeletal muscles of recipient mice, 42 either alone or coinjected 

with 5 × 10 5 TAMs obtained from tdTomato-expressing mice 

(TAM tdTomato ), on days 0 and 14 (Figure 2B). TAM tdTomato trans-

planted into the sarcoma were continuously exposed in vivo to tu-

mor-derived stimuli, enabling their integration into the tumor 

microenvironment and sustaining their pro-tumoral functionality.

3 weeks after the tumor graft (day 21), the increased TAM popu-

lation within the sarcoma did not change primary tumor weight 

and volume (Figure S2A). However, adoptive transfer of TAMs 

led to enhanced lung metastases and tumor progression 

(Figures S2B–S2D). TAM tdTomato transplantation determined a 

2-fold increase in nerve number (Figures 2C–2E) and NF200 + 

axons (Figures 2F and 2G), suggesting a role for TAMs in promot-

ing tumor innervation and progression. Consistent with the com-

mon pattern shared by nerve and blood vessel wiring, 43 we 

observed NF200 + axons lining CD31 + vessels (Figure S2E). 

Bioinformatic analysis of human and mouse TAM RNA-seq da-

tasets highlighted secreted phosphoprotein-1 (SPP1), a known 

neurotrophic factor, 24,26,27 as one of the most consistently upregu-

lated genes (Figures S2F and S2G). We confirmed the expression 

and high concentration of secreted SPP1 by in vitro-generated 

TAMs (Figures S2H and S2I). To assess whether SPP1 was a 

required factor for TAM-induced intratumoral nerve growth effect, 

we transplanted short hairpin RNA (shRNA)-silenced Spp1 TAMs 

(TAM LV Spp1-KD ) in the sarcoma model. TAM LV Spp1-KD resulted in 

a marked inhibition of Spp1 expression in transduced cells 

(Figures S2J and S2K) and a consistent reduction in secreted 

SPP1 (Figures S2L and S2M), without affecting their survival 

(Figures S2N and S2O). TAM LV Spp1-KD or scramble transduced 

TAMs (TAM LV Scramble ) were administered on days 0 and 14 after 

tumor cell grafting (Figure 2B). Despite a comparable 

number of TAM LV Scramble and TAM LV Spp1-KD in the tumor mass 

(Figure S2P), we found that TAM LV Scramble increased NF200 + 

axons and Peripherin + nerve fibers within the tumor (Figures 2H– 

2K; Figure S2Q), whereas TAM LV Spp1-KD failed to promote axonal 

and nerve fiber growth (Figures 2H–2K; Figure S2Q), suggesting 

the role of SPP1 in TAM tumor innervation effect.

Collectively, these data show that TAMs enhance tumor pro-

gression and peripheral nerve infiltration and identify SPP1 as 

one required TAM-neural growth effector.

TAMs play a direct role in neurite outgrowth and axonal 

regrowth

Our results displayed above show that TAMs express a neural 

growth signature and hence enhance neural growth in tumors. 

We further confirmed the upregulation of the neural growth 

gene signature in TAMs compared with M2-like macrophages 

(Figure 3A), suggesting a specific role for TAMs in promoting 

neuronal outgrowth.

To assess whether TAMs have a direct role in neuronal 

outgrowth, we tested the capability of in vitro-generated mouse 

TAMs and M2-like macrophages (Figures S1G–S1R) to promote 

neural sprouting in different neuronal cell types, including human 

motor neurons (MNs) derived from human induced pluripotent 

stem cells (iPSC-MNs), 44 mouse neurons derived from neural 

stem cells (mNSCs), 45 and dorsal root ganglia (mDRGs), and a 

well-standardized 3D brain organoid model 46,47 (Figures 3B–3H; 

Figure S3A). In line with the data observed in vivo in the tumor 

model, after co-culturing with TAM tdTomato , all these different 

neuronal cultures approximately doubled their neurite outgrowth 

assessed by the expression of the neurite-specific marker β3-

tubulin (β3Tub) (Figures 3B–3F; Figure S3A), and increased their 

neurite length (Figure S3B), while maintaining a comparable num-

ber of neuronal cells (Figure S3C). This effect was not observed 

when these different neuronal types were co-cultured with M2-

like macrophages obtained from tdTomato-expressing mice 

(M2 tdTomato ) (Figures 3B–3F; Figure S3A). Similarly, brain organo-

ids co-cultured with TAMs exhibited increased expression of 

β3Tub (Figures 3G and 3H) and, despite a comparable number 

of active cells (Figures S3D and S3E), showed a higher frequency 

of Ca 2+ spontaneous oscillations compared with both M2-like 

macrophages co-cultured and control organoids (Figures S3F 

and S3G). These in vitro findings indicate that TAMs specifically 

support neuronal outgrowth, a property not observed in M2-like 

macrophages.

To test whether TAMs may promote axonal regrowth, we trans-

planted TAM tdTomato into a zebrafish model of axonal regenera-

tion. We injected TAM tdTomato in Tg(-3.1neurog1:GFP) sb2 zebra-

fish 48 embryos expressing the reporter protein GFP in neuronal 

cells, allowing spinal axonal fiber visualization (Figures 3I–3K). 

Following damage to the spinal neural tissue, we quantified GFP 

expression at the lesion site. At both 1 and 2 days post injury 

(dpi), TAM tdTomato transplantation significantly reduced the exten-

sion of the neural damaged area compared with vehicle (dPBS)

(D) Quantification of β3Tub expression in mNSCs CTRL or co-cultured with TAM or M2.

(E and F) Images and quantification of β3Tub expression in DRGs (CTRL) or co-cultured with TAM, or M2. Scale bar, 50 μm.(G and H) Images and quantification of 

β3Tub expression in brain organoids at 14 days in vitro (DIV) (CTRL) or co-cultured with TAM, or M2. Scale bar, 200 μm.

(I and J) Lesion extension in injured (CTRL) and TAM-treated Tg(-3.1neurog1:GFP) sb2 zebrafish embryos at 1 (I) and 2 dpi (J).

(K) GFP expression in healthy, injured (CTRL) and TAM-treated Tg(-3.1neurog1:GFP) sb2 zebrafish embryos. Scale bar, 100 μm.

(L and M) Images and quantification of β3Tub expression in mNSCs co-cultured with TAM, TAM LV Scramble , TAM LV Spp1-KD , or TAM LV Spp1-KD +rSPP1. Scale 

bar, 50 μm.

(N and O) Quantification and images of β3Tub expression in mNSCs co-cultured with TAM, TAM + parecoxib, and TAM + celecoxib. Scale bar, 50 μm.

(P and Q) Immunoblot and quantification of β3Tub and Rictor expression in mNSCs alone (CTRL), co-cultured with TAM, or TAM + parecoxib. Blots were cropped 

to remove irrelevant lanes for clarity.

(R and S) Images and quantification of β3Tub expression in iPSC-MNs alone (CTRL), +JRAB2011, co-cultured with TAM, or TAM + JRAB2011. Scale bar, 50 μm. 

(T and U) Images and quantification of β3Tub expression in mNSC LV Scramble and mNSC LV Rictor-KD alone (CTRL), or co-cultured with TAM. Scale bar, 50 μm. 

(V) Graphical abstract of TAM-neuron interaction.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S3.
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treated zebrafish, suggesting a role of TAMs in promoting axonal 

regeneration (Figures 3I–3K).

These data indicate that TAMs have a direct role in 

neuronal outgrowth and axonal regeneration, both in vitro and 

in vivo.

We then assessed whether SPP1 was a required mediator of 

TAM’s direct effect on neural outgrowth in vitro. Contrary to 

TAM LV Scramble , TAM LV Spp1-KD failed to increase β3Tub expres-

sion in neurons derived from mNSCs (Figures 3L and 3M). 

Accordingly, pharmacological inhibition of Spp1 by parecoxib, 

an inverse agonist of the NR4A2 transcription factor 49 required 

for Spp1 expression, 50 significantly reduced TAM Spp1 expres-

sion (Figure S3H) and inhibited TAM-induced neurite outgrowth 

and β3Tub protein upregulation (Figures 3N–3Q, left). In contrast, 

TAM’s effect on neurite outgrowth was not inhibited when using 

celecoxib, a control COX-2 inhibitor not affecting SPP1 expres-

sion (Figures 3N and 3O). Collectively, these data confirm the 

role of SPP1 as a required mediator of TAM-induced neural 

growth.

To assess whether SPP1 was sufficient to mediate the in-

crease in neurite outgrowth, we supplemented the neuronal 

cultures with recombinant SPP1 (rSPP1) at concentrations 

comparable to those secreted by TAM (range 0.06 ng/mL–

1 μg/mL) (Figures S3I and S3K). We found that rSPP1 supple-

mentation, TAM-conditioned medium, and M2-like macro-

phages stimulated by hypoxia, a condition known to increase 

SPP1 expression, 51 did not affect neurite outgrowth in neurons 

derived from mNSCs and iPSC-MNs (Figures S3L and S3M). 

Conversely, supplementation of rSPP1 to shRNA-silenced 

Spp1 TAMs restored their ability to promote neurite extension 

(Figures 3L and 3M).

In neurons, SPP1 signaling has been shown to promote 

neural maturation, which includes activation of the Rictor 

signaling pathway. 52 In line with this, TAMs increased Rictor 

expression in NSC-derived neurons (Figures 3P and 3Q, right). 

Notably, pharmacological inhibition of Spp1 gene expression 

in TAMs prevented Rictor upregulation (Figures 3P and 3Q, 

right). While rSPP1 alone was insufficient to induce Rictor 

expression in neuronal cells (Figure S3K), supplementation 

of rSPP1 to shRNA-silenced Spp1 TAMs rescued the 

increase in Rictor, confirming that SPP1 is a necessary yet 

not sufficient mediator of TAM-induced Rictor activation 

(Figures S3N and S3O).

These results indicate that SPP1 is required but not sufficient 

for TAM-mediated neural growth and Rictor activation, suggest-

ing that a combination of multiple secreted factors and cell-cell 

interactions is necessary for TAM-neural growth activity.

To assess the role of Rictor in mediating the TAM-induced 

neural growth effect, we treated human iPSC-MNs with the 

Rictor inhibitor JRAB2011 53 and observed an impaired increase 

in TAM-induced β3Tub expression (Figures 3R and 3S). 

JRAB2011 alone did not alter β3Tub expression (Figures 3R 

and 3S). Similarly, lentiviral shRNA downregulation of Rictor

expression in neurons derived from mNSCs (mNSCs LV Rictor-KD ,

Figure S3P) reduced the TAM-induced β3Tub increased expres-

sion (Figures 3T and 3U), without affecting β3Tub expression in 

control mNSCs LV Rictor-KD and mNSCs LV Scramble (Figures 3T

and 3U). Our results suggested that Rictor expression in neurons 

is required for the TAM-neural growth effect.

Altogether, these data indicate a direct role of TAMs in promot-

ing neural growth, confirm SPP1 as a required but not sufficient 

mediator of TAM-induced Rictor activation and nerve growth, 

and identify Rictor as an essential signaling pathway for TAM-

driven nerve growth (Figure 3V).

Adoptive transfer of TAMs promotes motor recovery in a 

scSCI mouse model

The adult mammalian CNS is characterized by maladaptive 

wound repair. 14 Unlike other tissues, CNS injury triggers the 

appearance of M2-like macrophages only in the early phase after 

injury. 12,13,54–58 Following SCI, M2-like macrophages migrate 

from the choroid plexus to the lesion site, and their inhibition ex-

acerbates tissue damage and hinders functional recovery. 12 

Although adoptive transfer of M2-like macrophages enhanced 

functional recovery in a preclinical mild SCI model, 59 they failed 

in a clinical trial. 60 M2-like macrophages are endowed with 

some tissue-healing properties. However, transcriptomic anal-

ysis highlighted that TAMs exhibit enhanced neuroregenerative 

and wound-healing potential compared with M2-like macro-

phages (Figure S1I), characterized by the expression of a neural 

growth gene signature and direct functional nerve growth-pro-

moting properties (Figures 3A–3F). Leveraging this neural growth 

function, which added to the TAM wound-healing properties, we 

explored TAM’s potential to repair a CNS lesion, such as SCI. 

Most human SCI involve contusive and compressive in-

juries. 61–63 We established a validated preclinical severe com-

plete-compressive-contusive spinal cord injury (scSCI) mouse 

model 64,65 to obtain a clinically relevant model, which develops a 

permanent complete loss of motor functions and mirrors the injury 

response observed in humans with complete SCI 66 (Figures 4A– 

4E; Videos S1A and S2A). In severe complete SCI, the primary 

insult causes extensive neural damage followed by progressive 

cell loss, inflammation, ischemia, and ECM disruption, leading to 

a large cyst that separates the rostral and caudal spinal cord. 67 

The injured parenchyma is isolated from the intact neural tissue 

by a fibroglial scar, which inhibits regeneration and repair 68,69 

(Figure 4B).

To assess the effect of TAM-neural growth property in scSCI, 

we performed intraparenchymal transplantation of 2 × 10 6 

TAM tdTomato or M2 tdTomato macrophages, or vehicle (0.9% NaCl 

solution), at the lesion site 3 days after the scSCI, corresponding 

to the subacute phase (2–4 dpi, Figure 4A). 66,68 TAM tdTomato and 

M2 tdTomato transcriptomic analysis after 7 days from transplanta-

tion (t7) in the injured spinal cord showed that both cell pheno-

types were transient, with a reduction of the neural growth and 

wound-healing gene lists expression, suggesting that repeated 

administrations of cells could improve their regenerative efficacy 

(Figures S4A–S4E). Accordingly, we increased the dose from 1 

(Figures S4F–S4K) to 3 or 4 administrations, administered once 

a week (3, 10, 17, and 24 dpi), and ended the experiment at 37 

or 57 dpi (Figure 4A). Motor function was assessed using two 

behavioral scales: the Basso, Beattie, Bresnahan (BBB) locomo-

tor rating scale adapted for mice, 70,71 which is more sensitive for 

detecting improvements in stepping and coordination (see STAR 

Methods; Figures 4C–4E; Table S2), and the Basso Mouse Scale 

(BMS) (n = 97 total animals tested; Figures S4J and S4K; 

Table S2). 72 Unlike the commonly used SCI contusive mouse 

model (70 kdyn), 70–72 following scSCI, 64 mice experienced
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complete paralysis of the hind limb paws (Figures 4C–4E; Videos 

S1A and S2A). After scSCI, TAM-treated mice exhibited a pro-

gressive improvement of the hindlimb functionality compared 

with both vehicle and M2-like macrophages, reaching a signifi-

cant partial motor recovery from day 21, with a mean BBB score 

at the end of the study (37 dpi) of 5.6 ± 1.09 (Figures 4C and 4E) 

corresponded to an extensive movement of at least one ankle 

(Video S2A). Similar to the vehicle, adoptive transfer of M2-like 

macrophages was not effective, showing no improvement of 

motor disability and never reaching the ability of a slight ankle 

movement (Figures 4C and 4E). The use of the linear mixed-ef-

fects regression model 73 with a single change point highlighted 

significant differences between the slopes of the vehicle- and 

M2-treated groups compared with the TAM-treated group 

(Figure 4D). By using this single change point regression model, 

the BBB score before the change point (13 dpi for TAMs; 

Table S2) grew linearly in all groups, and thereafter only the 

TAM group maintained a linear improvement with a slope of 

0.102 (p < 0.001). The effect size (ratio of means) of TAM treat-

ment was 2.7 (95% confidence interval [CI] 0.49–4.9; p = 

0.017) and 11.64 (95% CI = 2.5–20.77; p = 0.013) compared 

with vehicle- and M2-treated groups, respectively (Table S2). 

Additionally, the model predicted that the TAM treatment would 

increase the BBB score from 4.94 at 37 dpi to 6.98 at 57 dpi, 

10 days after the experimental endpoint (dashed lines in 

Figure 4D). In addition, TAM treatment resulted in significantly 

reduced ankle joint spasticity, a hallmark of upper MN impair-

ment that develops after scSCI (Figures S4L–S4N; Table S2). 

This pathological spasticity is commonly associated with 

enhanced spinal reflex excitability, which arises due to the loss 

of inhibitory supraspinal inputs following SCI. A key contributor 

to this hyperexcitability is the increased density of excitatory 

(VGLUT1 + ) synapses on spinal motor circuits. 74–78 Consistently, 

TAM treatment decreased excitatory VGLUT1⁺ synapses in both 

rostral and caudal perilesional parenchyma (Figures S4O and 

S4P), indicating synaptic remodeling underlying motor recovery. 

We observed comparable improvements in motor recovery 

when the first TAM treatment was started at 10 dpi, when cyst for-

mation initiates and peak inflammation declines (Figure S4Q), 

therefore extending the therapeutic window for initial treatment. 

In vivo electromyography (EMG) analysis of the foot extensor 

and flexor muscles during voluntary contractions in awake mice 

confirmed the long-lasting effect of TAM tdTomato administration, 

which was in line with the stably maintained BBB score up to 57 

dpi (Figure S4R) and the restored activity in extensor muscles 

(Figures 4F and 4G; Figures S4S and S4T). Notably, following 

TAM administrations, neural regeneration at 57 dpi, as assessed 

by NEUN and NF200 staining, was maintained to a similar extent 

as observed at 31dpi, further confirming the persistence of the 

TAM-mediated neuroprotective and pro-regenerative effects 

(Figure S4U).

The overall assessments of the motor function of TAM-treated 

mice show a significant long-lasting (57 dpi) partial recovery 

compared with vehicle- and M2-treated mice.

Figure 4. TAM transplantation promotes partial motor functional recovery after scSCI

(A) Vehicle (VEH), mouse TAMs (TAM), and M2-like macrophages (M2) administration workflow in scSCI.

(B) Images and magnification of GFAP expression from VEH-, TAM-, and M2-. Scale bar, 200 and 10 μm, respectively.

(C) BBB score of VEH-, TAM-, and M2-treated scSCI mice. Arrows mark the injection day.

(D) Mixed-effect regression model of BBB score. Arrows mark the injection day. Dashed lines indicate predicted post-experiment response.

(E) Mean BBB score of VEH- and TAM-treated scSCI mice (31–37 dpi).

(F) LG electromyography traces in VEH-, TAM-treated scSCI, and healthy mice.

(G) LG duration of activity in VEH-, TAM-treated scSCI, and healthy mice.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S4, Table S2, and Videos S1 and S2.
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Adoptive transfer of TAMs promotes neural 

regeneration in scSCI

Bioluminescence imaging and immunohistochemistry confirmed 

a similar distribution of TAM tdTomato and M2 tdTomato transplanted 

cells in the lesioned and peri-lesioned spinal cord parenchyma 

(Figures S4V–S4X). No tdTomato cells were found in other 

visceral organs, indicating that transplanted cells do not dissem-

inate throughout the body (Figures S4Y and S4Z).

Adoptive transfer of TAM tdTomato , but not M2 tdTomato macro-

phages, increased spinal cord neural parenchyma repair, pro-

moted myelination (Figures 5A and 5B), doubled the number of 

NEUN and CHAT-expressing spinal neurons (Figures 5C and 

5D; Figures S5A and S5B), and of the NF200 + axons in the injured 

spinal cord parenchyma and in those passing through the cyst 

(Figures 5E–5G), where the majority of TAM tdTomato (>60%) 

were in close contact with axonal fibers (Figure 5H). In-depth 

analysis of axonal regrowth by tracing descending corticospinal 

tract fibers (CST) axons using biotinylated dextran amine (BDA) 79 

showed a 3.4-fold increase in BDA-positive fibers reaching the 

region caudal to the lesion in TAM-treated mice (Figures 5I and 

5J), indicating a higher number of axonal fibers crossing and 

extending through the cyst. We in vitro validated the direct tro-

phic and pro-survival effects of TAMs on iPSC-MNs cultured un-

der conditions of oxygen and glucose deprivation (OGD) (>50% 

cell survival; Figures 5K; Figure S5C).

Altogether, these data show that TAMs improve motor func-

tion in scSCI, which is supported by a direct effect on neuronal 

cell survival and axonal regrowth.

Adoptive transfer of TAMs heals the scSCI 

microenvironment through ECM remodeling

Efficient CNS repair requires not only neural regeneration but 

also restoration of the spinal cord parenchyma, including 

vascular perfusion, ECM reorganization, and mitigating chronic 

inflammation. Beyond their identified neural growth activity, 

TAMs exhibit wound-healing functions, such as ECM remodel-

ing, angiogenesis, hypoxia response, immune modulation, and 

metabolic adaptation (Figures S1G–S1Z), which likely support

tissue regeneration. We therefore evaluated the TAM pro-regen-

erative effects on ECM remodeling, angiogenesis, and immune 

modulation within the injured spinal cord parenchyma.

In the injured spinal cord parenchyma, cyst size and compo-

sition are the main aspects inhibiting spinal cord regenera-

tion. 66 The cyst of TAM-treated mice decreased the expression 

of relevant ECM components, 66–69 such as collagen type-1 

(Coll1), collagen type-3 (Coll3), and Fibronectin (Figure 5L; 

Figures S5D–S5F). Analysis of the cyst volume assessed using 

glial fibrillary acidic protein (GFAP)-stained tissues showed no 

differences in volumes between the different experimental 

groups (Figure S5G). In addition to GFAP-stained tissues, we as-

sessed cyst morphology employing X-ray phase-contrast micro-

computed tomography, which allows objective tissue analysis at 

micrometer resolution 80–83 (Figures 5M–5O; Figures S5H–S5J). 

The cysts in vehicle-treated samples appeared as a single 

compact structure, completely separating the rostral and caudal 

spinal cord parenchyma (Figures 5M and 5N; Figure S5I; Video 

S1B). In contrast, cysts in TAM-treated spinal cords appeared 

fragmented into small and multiple lobes (Figures 5M and 5N; 

Figure S5J; Video S2B), with a mean of 2.5-fold smaller area 

that did not disrupt the spinal tracts (Figures 5N and 5O). These 

data suggested that TAMs induce cyst remodeling by MMP-

dependent ECM. By using pharmacological inhibition of MMPs 

with Batimastat 84,85 (Figure S5K), which did not impair TAM-

induced neurite outgrowth in vitro (Figure S5L), we confirmed 

that MMP activity is essential for the beneficial effects of TAM 

on scSCI (Figure 5P; Figures S5M and S5N).

Adoptive transfer of TAMs heals the scSCI 

microenvironment through angiogenesis and tissue 

oxygenation

TAMs are described to support angiogenesis through VEGF in tu-

mors. 43 We confirmed that in vitro-generated TAMs secrete 

VEGFA (Figure S2H), and that adoptive transfer of TAMs was 

able to promote angiogenesis in a Tg(fli1a:GFP) y1 zebrafish model 

(Figures S1T–S1V). Accordingly, TAM-treated scSCI enhanced the 

expression of CD31 + vessels, which exhibited an increased mean

Figure 5. TAM transplantation promotes neural regeneration after scSCI

(A and B) Images and quantification of LFB expression in the dorsal column region (DCR) of scSCI mice. Dashed line delineates the DCR. Scale bar, 100 μm. 

(C and D) Images and quantification of Neun + cells from vehicle (VEH), mouse TAMs (TAM), and M2-like macrophages (M2) treated spinal cord sections. Scale 

bar, 500 μm.

(E–G) Images and quantification of NF200 expression from VEH-, TAM-, and M2-treated spinal cord sections and cysts. Dashed line delineates the cyst. White 

arrows show NF200 expression inside the cyst. Scale bar, 100 μm.

(H) Magnification of a TAM and NF200 + axon in the scSCI parenchyma. Scale bar, 5 μm.

(I and J) Quantification, images, magnification, and NeuronJ reconstruction of BDA expression rostral and caudal to the lesion in VEH and TAM spinal cord 

sections. Scale bar, 100 μm.

(K) Quantification of β3Tub + cells among CASP3 + iPSC-MNs.

(L) ECM markers expression in VEH, TAM, and M2 cysts.

(M) Number of cysts in VEH- and TAM-treated scSCI mice.

(N) 3D X-ray tomography cyst reconstruction from VEH and TAM spinal cords. Scale bar, 200 μm.

(O) Cyst area in VEH- and TAM-treated scSCI mice.

(P) Mean BBB score of VEH- and TAM+Batimastat-treated scSCI mice (28 dpi).

(Q) CD31 + expression in VEH-, TAM-, and M2-treated spinal cord sections.

(R) Images and quantification of reduced thiol area in VEH- and TAM-treated spinal cord sections. Scale bar, 500 μm.

(S) 3D X-ray tomography images of spinal cord vessels from VEH- and TAM-treated scSCI mice. Scale bar, 150 μm.

(T) Quantification and magnification of CD163 + /CD204 + /ARG1 + cells in VEH, TAM, and M2 spinal cord sections. Asterisks indicate CD163 + /CD204 + /ARG1 + cells. 

Scale bar, 10 μm.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S5, Table S3, and Videos S1 and S2.
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branch number and mean maximum vessel length (Figures S5O– 

S5R). Consistently, TAMs reduced 1.7-fold the hypoxic area in 

scSCI (Figure 5R). Furthermore, Z-maximum projections of 

the entire spinal cord X-ray phase-contrast micro-computed to-

mography volumes showed an increased blood vasculature in 

TAM-treated spinal cords (Figure 5S; Videos S1C and S2C). These 

data show that TAM administration promoted angiogenesis and 

spinal cord tissue oxygenation in scSCI.

Adoptive transfer of TAMs heals the scSCI 

microenvironment through immune modulation

The SCI microenvironment favors a persistent inflammatory 

setting associated with prolonged M1-like macrophage polariza-

tion of infiltrating macrophages, which may contribute to the spi-

nal cord’s failure to regenerate and repair. 60,86 To assess the 

ability of TAMs to modulate scSCI chronic inflammation, we 

quantified the endogenous M1- and M2-like macrophage popu-

lations in lesioned spinal cords (Figure 5T; Figures S5S–S5X). 

TAM treatment showed a reduction of CD68 + , iNOS + M1-like

macrophages, with a parallel increase of CD206 + , and CD163 + ,

ARG1 + , CD204 + M2-like macrophages (Figure 5T; Figures S5S, 

S5T, S5W, and S5X), suggesting a TAM immune-modulatory ef-

fect promoting M2 polarization, which is typically associated 

with the wound-healing process. 57

Collectively, these results indicate that TAM has a neurorege-

nerative property and can modulate the scSCI-induced microen-

vironment by increasing ECM-remodeling, angiogenesis, and 

modulating chronic inflammation.

Preclinical long-term tumorigenicity and toxicity 

assessment confirms the safety of adoptive transfer of 

TAMs in scSCI

To assess the translational safety of TAM therapy, we evaluated 

long-term toxicity and tumorigenicity after single or repeated 

intraparenchymal administration in laminectomized mice. 1 

year post-transplantation, no changes in weight, behavior, or 

locomotion were detected, and histopathological analysis re-

vealed no visceral abnormalities or myeloid/macrophagic tu-

mors (Figures S5Y and S5Z; Table S3).

SPP1 and Rictor pathways are key mediators of TAM-

neural regenerative activity in scSCI

We have shown that TAM-induced neural growth, both in tumor 

and in in vitro neuronal cultures, is SPP1 dependent. Therefore, 

we investigated the role of SPP1 in TAM-mediated neural regener-

ation following scSCI. TAM LV Spp1-KD transplantation in scSCI 

failed to promote motor recovery, neuronal survival, axonal 

regeneration, and myelination compared with TAM LV Scramble 

(Figures 6A–6F; Figures S6A and S6B). Notably, we observed 

that TAM LV Spp1-KD retained its effects on the stromal compart-

ment, including angiogenesis (Figures S6C and S6D) and 

ECM degradation (Coll3; Figures S6G–S6I), whereas we 

observed a decrease in TAM LV Spp1-KD immunomodulatory effect 

(Figures S6E, S6F, and S6J–S6M). In line with previous findings, 30 

direct rSPP1 administration alone was not sufficient to improve 

functional outcomes following scSCI (Figures S6N and S6O). 

Overall, these data indicate that TAMs promote spinal cord repair 

through several molecular factors, and that SPP1 is required for the 

TAM-mediated neural growth and immunomodulatory effects.

Whole proteomic profile revealed clear differences between 

the treated and untreated scSCI tissue proteomes (Figure 6G; 

Figures S6P–S6S). TAM-treated spinal cord tissue showed 

more upregulated proteins related to neurons, synapses, and 

myelin than M2-treated spinal cord tissue (Figure 6H). The 

enrichment analysis on identified differentially abundant pro-

teins (DAPs) and the enriched ingenuity pathway analysis (IPA) 

terms revealed a significant enrichment of 29 core pathways 

and 9 upstream regulators (Figure 6I). Of note, in line with our 

in vitro data, an unbiased analysis of upstream regulators asso-

ciated with the DAPs unveiled that TAM-treated spinal cords 

showed an upregulation of Rictor (Figures 6I and 6J). Rictor 

overexpression in SCI is shown to promote SCI recovery. 87 

This TAM effect appeared to require SPP1 expression, since 

the injection of TAM LV Spp1-KD prevented the Rictor increase in 

spinal cord neurons (Figures 6K and 6L). We induced the adeno-

viral shRNA downregulation of Rictor in the lesioned spinal 

cord by injecting the AAV9 shRictor vector at 3, 10, and 17 dpi. 

AAV9 shRictor vector efficiently transduced the injured paren-

chyma (Figure 6M), reduced Rictor (Figures 6N and 6O), 

and decreased its downstream Rho-family mediators 88 

(Figures 6P–6R). Of note, the locomotor recovery in TAM-

treated Rictor KD mice was significantly reduced (Figure 6S). 

These data are consistent with the role of Rictor and the 

mTORC2 pathway in TAM-induced therapeutic effect for SCI.

hTAMs show neural growth functional phenotype 

Single-cell transcriptomic data on multiple tumor samples 

showed that human and mouse TAM display a neural growth 

signature (Figure 1D). We first confirmed that in vitro-generated 

human TAMs (hTAMs) expressed bona fide in vivo-TAM molec-

ular profile and functions (Figures 7A and 7B; Figures S7A–S7E),

including the in vivo defined TAM gene signature, 19 key TAM pro-

tein hallmarks (CD206 bight , CD163 bight , CXCR4 bight , VEGFA bight ,

HIF1A bight ), and chemotactic property (Figures S7F–S7H). 

Consistently, hTAMs, but not hM2-like macrophages, signifi-

cantly upregulated the identified neural growth gene signature 

(Figure 7C) and enhanced neural growth in iPSC-MNs-differenti-

ated human neuronal cells (Figures 7D–7F). We found hTAMs 

located in close contact with neurons (Figure 7D; Figure S7I). 

Similarly, hTAMs showed a direct trophic and pro-survival effect 

on SH-SY5Y-differentiated neuronal cells (>50%) in conditions 

of OGD (Figure S7J). SPP1 gene and protein were highly ex-

pressed by hTAMs (Figures 7G–7J; Figures S7K and S7L). 

Accordingly, pharmacological (parecoxib) or small interfering 

RNA (siRNA) genetic (hTAM siRNA SPP1-KD ) SPP1 inhibition in 

hTAMs (Figure 7K) significantly reduced neurite outgrowth in 

both iPSC-MNs and in SH-SY5Y-differentiated neuronal cells 

(Figures 7L–7O, 7R, and 7S). This effect was not observed 

when using celecoxib, a COX-2 inhibitor not affecting SPP1 

expression (Figures 7L–7N and 7R). rSPP1 supplementation, 

TAM-conditioned medium, and M2-like macrophages stimu-

lated by hypoxia, a condition known to increase SPP1 expres-

sion, 51 did not affect neurite outgrowth in SH-SY5Y-differenti-

ated neuronal cells (Figures S7M and S7N). Pharmacological 

inhibition of Rictor activity (JRAB2011) inhibited hTAM 

effect on neurite outgrowth in both SH-SY5Y-differentiated 

neuronal cells (Figures 7P and 7T) and in iPSC-MNs 

(Figures 7Q and 7U).
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Altogether, these findings show that, in addition to features 

related to wound healing, hTAMs are endowed with a neurorege-

nerative phenotype and enhance neural growth. We confirmed 

SPP1 as a necessary neural growth effector, and Rictor as a 

mediator of hTAM effect on neurons.

DISCUSSION

Beyond neurotransmission, nerves play essential roles in organo-

genesis, 89,90 tissue repair, and regeneration in adulthood. 91 They 

also have a role in supporting tumor growth and metastasis, 92 

contributing through nerve-secreted factors to enhance tumor 

aggressiveness. 93 Conversely, several tumor types promote neu-

ral growth and infiltration, establishing a self-sustaining feed-for-

ward loop between nerves and cancer cells. 1 Tumor progression 

is also fostered by a dynamic relationship between stromal and

cancer cells, with TAMs providing a major contribution in this 

context. 3,20 Neurotransmitters have been shown to support the 

pro-tumoral functions of TAMs; 1,94–96 however, TAM’s role in tu-

mor innervation development remains unclear. In this work, we 

report that TAMs exhibit distinctive nerve growth properties and 

contribute to fostering tumor innervation. Our in vitro and in vivo 

data indicate a direct role of TAMs in neurite outgrowth, suggesting 

the establishment of a vicious circle between TAMs and neuronal 

growth during tumor progression. Given the intricate cellular and 

molecular crosstalk within the tumor microenvironment, TAMs 

may also initiate signaling cascades in other cellular compart-

ments that ultimately promote neural invasion. However, in this 

work we provided evidence that TAMs, but not other cancer cells 

or tumor microenvironment cells, specifically express a neural 

growth gene signature (Table S1) in various cancer types, including 

GBM, fibrosarcoma, pancreatic, breast, endometrial, and

Figure 6. SPP1 and Rictor functional role in TAM therapeutic effect in scSCI

(A and B) Images and quantification of NEUN + cells in TAM LV Scramble and TAM LV Spp1-KD spinal cord sections. Scale bar, 500 μm.

(C and D) Images and quantification of NF200 expression in TAM LV Scramble and TAM LV Spp1-KD spinal cord sections. Scale bar, 50 μm.

(E and F) Images and quantification of LFB expression in the dorsal column region (DCR) of TAM LV Scramble and TAM LV Spp1-KD spinal cord sections. Scale bar, 100 μm.

(G) Volcano plots of protein abundance in vehicle (VEH), mouseTAMs (TAM), and M2-like macrophages (M2) treated spinal cords (TAM: n = 7; M2: n = 7; VEH: n = 6).

(H) Quantifications of neuron, synapse, and myelin-related proteins in M2 and TAM-treated scSCI mice.

(I and J) IPA of significant core pathways and upstream regulators in TAM vs. M2 and in TAM vs. VEH protein extracts from scSCI spinal cord.

(K and L) Images and quantification of Rictor + cells among NEUN + cells in VEH-, TAM LVScramble , and TAM LV Spp1-KD spinal cord sections. Scale bar, 15 μm. 

(M) Distribution of AAV9 Rictor KD GFP viral vector in spinal cord parenchyma. Yellow dashed line delineates the cyst. Scale bar, 200 μm.

(N and O) Immunoblot and quantification of Rictor expression in TAM-treated Rictor Scr and Rictor KD spinal cords. Blot was cropped to remove irrelevant lanes for clarity. 

(P–R) Immunoblot and quantification of RHOQ and RHOA, B, and C expression in VEH and TAM-treated Rictor Scr and Rictor KD spinal cords. Blot was cropped to 

remove irrelevant lanes for clarity.

(S) BBB score of TAM-treated Rictor Scr and TAM-treated Rictor KD scSCI mice.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S6.
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Figure 7. hTAMs display neural regenerative properties

(A) Quantification of neural growth-related enriched gene ontologies in human TAMs (hTAM) compared with human M2-like macrophages (hM2).

(B) Gene enrichment set analysis (GESA) of neuro-related gene ontologies of hTAM compared with hM2.

(legend continued on next page)
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colorectal cancers, which is preserved across different species 

(human and mouse) and it is retained in in vitro settings. Notably, 

our data showed a direct role of TAMs in neurite and axonal 

outgrowth, even in the absence of other tumor microenvironment 

cells and factors, since TAM-neural growth-promoting function 

was validated in adult mammalian CNS injury.

We identified SPP1 as a relevant factor produced by TAMs and 

required to enhance nerve growth in vitro, in tumors, and in the 

injured CNS. SPP1 is known to contribute to bone development, 

wound healing, 97 and cancer progression 98 and is associated 

with poor prognosis in different tumor types, 99–101 although the un-

derlying molecular mediators remain unclear. This study now re-

veals a direct role of SPP1 as a TAM-mediated factor involved in 

cancer-dependent nerve growth, potentially supporting its nega-

tive prognostic value. SPP1 exerts neurotrophic functions in the 

developing 27 and adult brain, 26 the peripheral nervous system, 29 

and neurons. 31,52 Overall, our data indicate that SPP1 was neces-

sary but not sufficient for TAM-induced neural growth and immu-

nomodulation in scSCI, while angiogenesis and ECM remodeling 

occurred independently of SPP1. rSPP1 alone did not reproduce 

TAM therapeutic effects, indicating that TAM-mediated neural 

regeneration relies on additional secreted factors and direct cell-

cell interactions.

SPP1 signaling has been shown to promote neural maturation 

by activating the Rictor signaling pathway in neurons. 31,52 Our 

data suggested that SPP1, produced by TAMs, is required for 

Rictor activation in neuronal cultures and following scSCI. In 

line with previous evidence that Rictor activation improves motor 

recovery in mild SCI, we found that TAM’s therapeutic effect re-

lies on Rictor induction in the spinal cord parenchyma. 87

We leveraged this neural growth property of TAMs to promote 

neural regeneration. Following severe SCI tissue loss, inflamma-

tion, and ischemia, a hostile microenvironment is created that 

inhibits repair and leads to cyst formation and permanent 

deficits. 61,62 Consistent with their activity in tumors, our data 

indicated that TAM administration in scSCI mitigated key patho-

logical events by reducing tissue ischemia, modulating inflam-

mation, and promoting ECM remodeling. 5,102 These effects 

complement the TAM neuroregenerative potential as indicated 

by increased neuronal survival, axonal regrowth, myelination, 

and improved motor and electrophysiological recovery. Notably, 

while M2-like macrophages exhibit some therapeutic benefit in 

mild SCI models, 103–105 they failed to promote recovery in severe

human SCI 11,60 and were likewise ineffective in our severe 

preclinical scSCI model. 65 In contrast, TAM adoptive transfer 

promoted functional recovery in severe SCI through multiple 

synergistic cellular and molecular mechanisms, driving compre-

hensive neural tissue regeneration and repair.

Long-term preclinical assessment of TAM adoptive transfer 

confirmed its safety, with no major histopathological alterations 

or tumor formation observed in the spinal cord or visceral or-

gans. The neuroregenerative phenotype of TAMs was 

conserved in humans, as hTAMs displayed a neural growth 

signature in addition to ECM remodeling, angiogenesis, and im-

mune modulation pathways. Consistent with murine data, 

hTAMs promoted neurite outgrowth via SPP1, which was 

required for neuronal Rictor activation. These findings support 

the translational potential of TAMs as a safe and effective dis-

ease-modifying cell therapy for CNS lesions. Moreover, the 

additional neural growth role of TAMs in tumors may be consid-

ered a further therapeutic target to reduce neural addiction in 

cancer. 106

Limitations of the study

Although our data identify SPP1 as a necessary mediator of 

TAM-induced neural growth and regeneration, the complete mo-

lecular mechanisms underlying the TAM nerve growth effect 

remain to be elucidated. SPP1 is required to induce TAM-depen-

dent neuronal Rictor activation, yet it is not sufficient to fully 

reproduce the TAM-mediated neurogenic or regenerative re-

sponses, suggesting the involvement of additional cofactors or 

cell-cell interactions. It is possible that TAMs provide a combina-

tion of soluble cues, including SPP1, and cell contact-dependent 

signals that converge on the neuronal mTORC2-Rictor pathway 

to promote axonal growth and repair. The identity and relative 

contribution of these factors remain to be fully elucidated. A 

comprehensive understanding of the molecular dialogue 

between TAMs and neurons could ultimately enable selective 

modulation of this interaction to either limit tumor innervation 

or enhance TAM-induced CNS regeneration.
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(C) Neural growth gene list enrichment in hM2 and hTAM.

(D) Magnification of human iPSC-MNs co-cultured with hTAM stained with β3Tub. Scale bar, 10 μm.

(E and F) Immunofluorescence and quantification of β3Tub expression in human iPSC-MNs CTRL or +hTAM or +hM2. Scale bar, 50 μm.

(G) Image of hTAM stained with SPP1. Scale bar, 10 μm.

(H and I) hTAM flow cytometry graph and barplot of SPP1 expression and unstained (CTRL) sample.

(J) Gene expression of SPP1 in hTAM and Mo (hMo).

(K) Gene expression of SPP1 in hTAM, hTAM + parecoxib, hTAM + celecoxib, hTAM siRNAScr , and hTAM siRNASPP1-KD.

(L and M) Images and barplot of β3Tub expression in human iPSC-MNs CTRL or with hTAM w/o parecoxib or celecoxib. Scale bar, 10 μm.

(N) β3Tub immunofluorescence of SH-SY5Y-MNs co-cultured with hTAM w/o parecoxib or celecoxib. Scale bar, 50 μm.

(O) β3Tub immunofluorescence of SH-SY5Y-MNs co-cultured with hTAM siRNAScr , and hTAM siRNASPP1-KD . Scale bar, 50 μm.

(P and Q) β3Tub immunofluorescence of SH-SY5Y-MNs and iPSC-MNs, CTRL or co-cultured with hTAMs w/o JRAB2011. Scale bar, 50 μm.

(R) Barplot of β3Tub expression in SH-SY5Y-MNs co-cultured with hTAMs w/o parecoxib or celecoxib.

(S) Barplot of β3Tub expression in SH-SY5Y-MNs co-cultured with hTAM siRNAScr , and hTAM siRNASPP1-KD.

(T and U) Barplots of β3Tub expression in SH-SY5Y-MNs or iPSC-MNs co-cultured with hTAM or hTAM +JRAB2011.

Data are presented as mean ± SEM. Dots represent biological replicates.

See also Figure S7.
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Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

GBM scRNA-seq, Zenodo: https://zenodo.org/record/6046299#.YgZ6bpbSK 

N4; bulk RNA-seq of mouse and human in vitro-generated M2-like macro-

phages and TAMs, BioStudies: S-BSST1497 and S-BSST1502. The prote-

omics raw data are accessible at PRIDE 107 : PXD038064 (username: 

reviewer_pxd038064@ebi.ac.uk, password: 8LrstclV).
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○ Lung tumor metastasis evaluation

○ Cell transplantation
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○ In vivo electromyographic recording

○ Corticospinal Tract Tracing in scSCI mouse model
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○ Tissue fixation and processing

○ Ex vivo immunofluorescence, histochemical staining, and quantifi-
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○ Luxol Fast Blue (LFB) staining

○ Image analysis and quantification

○ Analysis of tissue oxygenation

○ tdTomato M2-like macrophage, TAM distribution analysis

○ Ex vivo optical imaging
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Chaussade, S., Romagnolo, B., Perret, C., and Lamarque, D. (2009). 

Cyclooxygenase-2 inhibitors down-regulate osteopontin and Nr4A2-

new therapeutic targets for colorectal cancers. Gastroenterology 137. 

1358–66.e1. https://doi.org/10.1053/j.gastro.2009.06.039.

51. Raggi, F., Pelassa, S., Pierobon, D., Penco, F., Gattorno, M., Novelli, F., 

Eva, A., Varesio, L., Giovarelli, M., and Bosco, M.C. (2017). Regulation of 

Human Macrophage M1-M2 Polarization Balance by Hypoxia and the 

Triggering Receptor Expressed on Myeloid Cells-1. Front. Immunol. 8, 

1097. https://doi.org/10.3389/fimmu.2017.01097.

52. Roszkowska, M., Skupien, A., Wó jtowicz, T., Konopka, A., Gorlewicz, A., 

Kisiel, M., Bekisz, M., Ruszczycki, B., Dolezyczek, H., Rejmak, E., et al. 

(2016). CD44: a novel synaptic cell adhesion molecule regulating struc-

tural and functional plasticity of dendritic spines. Mol. Biol. Cell 27, 

4055–4066. https://doi.org/10.1091/mbc.E16-06-0423.

53. Benavides-Serrato, A., Lee, J., Holmes, B., Landon, K.A., Bashir, T., 

Jung, M.E., Lichtenstein, A., and Gera, J. (2017). Specific blockade of 

Rictor-mTOR association inhibits mTORC2 activity and is cytotoxic in 

glioblastoma. PLoS One 12, e0176599. https://doi.org/10.1371/journal. 

pone.0176599.

54. Beck, K.D., Nguyen, H.X., Galvan, M.D., Salazar, D.L., Woodruff, T.M., 

and Anderson, A.J. (2010). Quantitative analysis of cellular inflammation 

after traumatic spinal cord injury: evidence for a multiphasic inflammatory 

response in the acute to chronic environment. Brain 133, 433–447. 

https://doi.org/10.1093/brain/awp322.

55. David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage 

responses after spinal cord injury. Nat. Rev. Neurosci. 12, 388–399. 

https://doi.org/10.1038/nrn3053.

56. Gensel, J.C., and Zhang, B. (2015). Macrophage activation and its role 

in repair and pathology after spinal cord injury. Brain Res. 1619, 1–11. 

https://doi.org/10.1016/j.brainres.2014.12.045.

57. Kigerl, K.A., Gensel, J.C., Ankeny, D.P., Alexander, J.K., Donnelly, D.J., 

and Popovich, P.G. (2009). Identification of two distinct macrophage 

subsets with divergent effects causing either neurotoxicity or

ll
OPEN ACCESS Article

454 Immunity 59, 438–457, February 10, 2026

https://doi.org/10.1093/intimm/dxac060
https://doi.org/10.1186/s12868-017-0348-1
https://doi.org/10.1186/s12868-017-0348-1
https://doi.org/10.1186/s43556-023-00154-y
https://doi.org/10.1007/s11064-023-03971-3
https://doi.org/10.1007/s11064-023-03971-3
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1158/0008-5472.Can-16-2310
https://doi.org/10.1016/j.cell.2015.12.023
https://doi.org/10.1016/j.cell.2015.12.023
https://doi.org/10.1172/jci163446
https://doi.org/10.1172/jci163446
https://doi.org/10.1016/j.cell.2014.04.050
https://doi.org/10.1016/j.cell.2014.04.050
https://doi.org/10.3389/fgene.2018.00650
https://doi.org/10.1016/j.ccr.2013.01.008
https://doi.org/10.1038/s43018-021-00173-0
https://doi.org/10.1016/j.celrep.2022.110977
https://doi.org/10.1038/s41590-021-00921-5
https://doi.org/10.1038/s41590-021-00921-5
https://doi.org/10.1038/nature03875
https://doi.org/10.1038/nature03875
https://doi.org/10.1016/j.scr.2018.05.009
https://doi.org/10.1016/j.stem.2016.10.020
https://doi.org/10.1016/j.xpro.2023.102413
https://doi.org/10.1016/j.isci.2021.103438
https://doi.org/10.1016/j.isci.2021.103438
https://doi.org/10.1016/s0925-4773(02)00413-6
https://doi.org/10.1038/s42004-020-0331-0
https://doi.org/10.1038/s42004-020-0331-0
https://doi.org/10.1053/j.gastro.2009.06.039
https://doi.org/10.3389/fimmu.2017.01097
https://doi.org/10.1091/mbc.E16-06-0423
https://doi.org/10.1371/journal.pone.0176599
https://doi.org/10.1371/journal.pone.0176599
https://doi.org/10.1093/brain/awp322
https://doi.org/10.1038/nrn3053
https://doi.org/10.1016/j.brainres.2014.12.045


regeneration in the injured mouse spinal cord. J. Neurosci. 29, 13435– 

13444. https://doi.org/10.1523/jneurosci.3257-09.2009.

58. Milich, L.M., Choi, J.S., Ryan, C., Cerqueira, S.R., Benavides, S., Yahn, 

S.L., Tsoulfas, P., and Lee, J.K. (2021). Single-cell analysis of the cellular 

heterogeneity and interactions in the injured mouse spinal cord. J. Exp. 

Med. 218, e20210040. https://doi.org/10.1084/jem.20210040.

59. Chen, J., Wu, Y., Duan, F.X., Wang, S.N., Guo, X.Y., Ding, S.Q., Zhou, J. 
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101. Lê , H., Deforges, J., Cutolo, P., Lamarque, A., Hua, G., Lindner, V., Jain, 

S., Balloul, J.M., Benkirane-Jessel, N., and Qué mé neur, E. (2024). 
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Neurofilament 200 Sigma Cat: N4142; RRID: AB477272

DAPI Thermo Fisher Scientific Cat: D-1306; RRID: AB_2629482

Peripherin Millipore Cat: AB1530; RRID: AB_90725

B3 Tubulin Promega Cat: G7121; RRID: AB_430874

CD68 Thermo Fisher Scientific Cat: 14-0681-82; RRID: AB_2572857

GFAP Abcam Cat: AB53554; RRID: AB880202

NeuN Millipore Cat: MAB377; RRID: AB_2298772

CD31 BD Biosciences Cat: 557355; RRID: AB_396660

Rictor Invitrogen Cat: ma5-15681; RRID: AB_10987411

SPP1 R&D Systems Cat: IC14331A; RRID: AB_10920939

CD14 Epigenetek Cat: A72619; RRID: AB_3674842

CD163 Genetex Cat: GTX54458; RRID: AB_2887858

Iba1 Wako Cat: 019-19741; RRID: AB_839504

Collagen 1 Abcam Cat: AB34710; RRID: AB_731684

Collagen 3 Genetex Cat: GTX26310; RRID: AB_385206

Fibronectin Dako Cat: A0245; RRID:

CD206 R&D Systems Cat: AF2535; RRID: AB_2063012

vGlut Synaptic system Cat 135303; RRID: AB_887875

ChAT Millipore Cat: AB144P; RRID: AB_2079751

Casp3 Cell Signaling Cat: 9661; RRID: AB_2341188

Goat anti-mouse Alexa Fluor 488 Thermo Fisher Scientific Cat: A-11029; RRID: AB_2534088

Donkey anti-rabbit Alexa Fluor 546 Thermo Fisher Scientific Cat: A10040; RRID: AB_2534016

Donkey anti-rat Alexa-Cy3 Jackson Cat: 712-166-153; RRID: AB_2340669

Donkey anti-goat Alexa Fluor 488 Jackson Cat: 705-546-147; RRID: AB_2340430

Donkey anti-goat Alexa Fluor 647 Thermo Fisher Scientific Cat: A21447; RRID: AB_2535864

Donkey anti-mouse Alexa Fluor 488 Thermo Fisher Scientific Cat: A32766; RRID: AB_2762823

Donkey anti-mouse Alexa Fluor 647 Thermo Fisher Scientific Cat: A32787; RRID: AB_2762830

Donkey anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat: A21206; RRID: AB_2535792

Donkey anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat: A32795; RRID: AB_2762835

Goat anti-rat Alexa Fluor 488 Thermo Fisher Scientific Cat: A11006; RRID: AB_2534074

Rictor Abcam Cat: ab70374; RRID: AB_2253794

Rho Abcam Cat: ab40673; RRID: AB_777706

TC10 Invitrogen Cat: MA5-37999; RRID: AB_2897917

CD14, VioBlue REAfinity Miltenyi Biotec Cat: 130-110-524; RRID: AB_2655055

CD68, APC REAfinity Miltenyi Biotec Cat: 130-114-461; RRID: AB_2726643

CD163, APC-Vio770 REAfinity Miltenyi Biotec Cat: 130-112-131; RRID: AB_2655487

CD184 (CXCR4), VioBright FITC REAfinity Miltenyi Biotec Cat: 130-117-370; RRID: AB_2734060

HIF-1A, Alexa Fluor 647 BD Biosciences Cat: 565924; RRID: AB_2739388

VEGFA, PE Abcam Cat: ab214424; RRID: AB_3064726

Osteopontin, APC R&D Systems Cat: AF1433; RRID: AB_354791

CD14, APC eBiosciences Cat: 17-0141-81; RRID: AB_469351

CD206, Alexa Fluor 647 BD Biosciences Cat: 568808; RRID: AB_3094491

HLA-DR, APC-Cy7 BD Biosciences Cat: 335831; RRID: AB_2868692
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Continued
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Arg1 Kindly donated from collaborator N/A

iNOS, FITC REAfinity Myltenyi Biotec Cat: 130-116-421; RRID: AB_2727525

Bacterial and virus strains

pLV[shRNA]-EGFP:T2A:Puro-U6>mSPP1-shRNA VectorBuilder N/A

pLV[shRNA]-EGFP:T2A:Puro-U6>scramble-shRNA VectorBuilder N/A

pLV[shRNA]-EGFP:T2A:Puro- U6>mRictor VectorBuilder N/A

pLV[shRNA]-EGFP:T2A:Puro- U6>mScramble VectorBuilder N/A

AAV9-GFP-U6-mRICTOR-shRNA Biolabs N/A

AAV9-GFP-U6-scramble-shRNA Biolabs N/A

Biological samples

Embryonic (E14.5) mouse neural stem cells This paper N/A

Dorsal root ganglia This paper N/A

IPSCs-derived motor neurons This paper N/A

Chemicals, peptides, and recombinant proteins

Recombinant SPP1 R&D Stystems Cat: 441-OP-050/CF

DMEM/F-12 GlutaMAX Gibco Cat: 31331-028

B27 Gibco Cat: 17504-044

N2 Gibco Cat: 17502-048

Penicillin/Streptomycin Gibco Cat: 15140-122

EGF Peprotech Cat: AF-100-15

bFGF Preprotech Cat: 100-18B

IMDM Euroclone Cat: ECB2072L

FBS Euroclone Cat: ECS0186L

L-glutamine Gibco Cat: 25030081

M-CSF Miltenyi Biotec Cat: 130101704

LPS Sigma Aldrich Cat: L4005-100MG

IFN-y Sigma Aldrich Cat: IF002

IL-4 Miltenyi Biotec Cat: 130-093-920

Neurobasal Media Gibco Cat: 21103-049

StemPro Accutase Cell Dissociation Reagent Gibco Cat: A1105-01

Poly-lysine Sigma-Aldrich Cat: P6407

PFA Mondial Cat: FM0622

HBSS 10X Gibco Cat: 14180-046

Collagenase Roche Cat: 10103578001

Trypsin Sigma-Aldrich Cat: T4665

Parecoxib TargetMol Cat: T1780

Celecoxib LKT Laboratories Cat: 169590-42-5

Batimastat Selleck Chemicals Cat: S7155

RPMI Gibco Cat: 21870076

Lysis Buffer 17 R&D Systems Cat: 895943

StemPro-34 medium Thermo Fisher Scientific Cat: 10639011

SCF Peprotech Cat: 300-07-14UG

FLT-3 Peprotech Cat: 300-19-10UG

IL-3 Peprotech Cat: 200-03-10UG

IL-6 Peprotech Cat: 200-06-20UG

Rho-associated kinase inhibitor Selleck Chemicals Cat: Y27632

SB431542 Tocris Cat: 1614

LDN193189 Sigma Aldrich Cat: SML0559

Retinoic acid Sigma Aldrich Cat: R2500-25MG
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REAGENT or RESOURCE SOURCE IDENTIFIER

BDNF Peprotech Cat: 450-02

Laminin Thermo Fisher Scientific Cat: 23017015

GDNF Peprotech Cat: 450-10-10UG

CNTF Peprotech Cat: 450-13-20UG

DMEM Gibco Cat: 11965-092

GlutaMAX Supplement Gibco Cat: 35050061

Poly-D lysin Merck Cat: P6407-5MG

JRAB2011 MedCheExpress Cat: HY-122022

BSA Sigma Aldrich Cat: A7906-10G

CXCL12 Sigma Aldrich Cat: SRP3276-10UG

Coomassie Brilliant Blue R250 Sigma Aldrich Cat: 1.12553

Seahorse XF DMEM medium Seahorse Bioscience Cat: 103575-100

Hematoxylin Histo-Line Cat: 01HEMH1000

Eosin Histo-Line Cat: 01EOY102500

Eukitt Sigma Aldrich Cat: 03989

Dextran Biotin 10000 MW Lysine Fixable (BDA) Molecular Probes Cat: D1956

Critical commercial assays

Alexa Fluor 488 Tyramide SuperBoost Kit Thermo Fisher Cat: B40932

ELLA Mouse Immunoassay (Simple Plex Cartridge Kit) Bio-Techne Cat: SPCKA-MP-007736

Pierce BCA protein assay kit Thermo Fisher Scientific Cat: 23227

Proteome Profiler Human XL Cytokine Array Kit R&D System Cat: ARY022B

Fluo-4 Direct Calcium Assay Kit Invitrogen Cat: F10472

Multi Tissue Dissociation Kit Miltenyi Biotec Cat: 130-110-201

Zombie Yellow™ Fixable Viability Kit BioLegend Cat: 423103

DirectZOL RNA Miniprep kit (ZymoResearch) Zymo Research Cat: 2050

CytoTune iPS 2.0 Sendai Reprogrammin Kit Thermo Fisher Scientific Cat: A16517

Vectastain ABC-HRP kit Vector Laboratories Cat: PK-4000

GeneJET PCR Purification Kit Thermo Fisher Scientific Cat: K0702

DC Protein Assay Bio-Rad Cat: 5000111

CyQUANT cell proliferation assay kit Thermo Fisher Scientifc Cat: C35007

Transcription Factor Staining Buffer Set Miltenyi Biotec Cat: 130-122-981

Deposited data

scRNA Human Glioblastoma This paper https://zenodo.org/record/

6046299#.YgZ6bpbSKN4

Experimental models: Cell lines

SH-SY5Y-N ATCC Cat: CRL-2266

U87 ATCC Cat: HTB-14

MN/MCA1 MN-MCA1 sarcoma cells were 

kindly gifted by Professor Antonio 

Sica, Humanitas Clinical and 

Research Center, IRCSS, Milan, Italy.

N/A

Experimental models: Organisms/strains

C57BL6/J Envigo Cat: 057

B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J Jackson Laboratory Cat: 007909

Tg(-3.1neurog1:GFP) sb2 KIT - European Zebrafish Resource 

Center (EZRC) - Fish

Cat: 15205

Oligonucleotides

PTPRC Applied Biosystem Cat: Hs04189704_m1

CD14 Applied Biosystem Cat: Hs02621496_s1

CD206 Applied Biosystem Cat: Hs07288635_g1

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish model for TAM angiogenetic potency analysis

Zebrafish embryos were raised and maintained under standard conditions according to the national guidelines (D.Lgs 26/2014) under 

the institutional breeding authorization 0035597/23. Zebrafish embryos at 2 dpf of the Tg(fli1a:GFP) y1 line 108 were randomly divided 

into two experimental groups and then transplanted in the perivitelline region with 25 x 10 4 TAM or with dPBS as a control. Analyses 

were performed by counting the number and length of spikes in the subintestinal vessels using ImageJ software (USA National In-

stitutes of Health, USA), as previously described. 109

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CXCR4 Applied Biosystem Cat: Hs00607978_s1

GLUT1 Applied Biosystem Cat: Hs00892681_m1

MT3A Applied Biosystem Cat: Hs02379661_g1

MT1X Applied Biosystem Cat: Hs00745167_s1

ANGPTL4 Applied Biosystem Cat: Hs01101123_g1

SPP1 Applied Biosystem Cat: Hs00959010_m1

Primer SPP1 forward:

5’ – GCTTGGCTTATGGACTGAGGTC – 3’

Thermo Fisher Scientifc N/A

Primer SPP1 reverse:

5’ – CCTTAGACTCACCGCTCTTCATG– 3’

Thermo Fisher Scientifc N/A

siRNA anti human SPP1 Qiagen Cat: 1027416

siRNA anti human Scramble Qiagen Cat: 1027417

Software and algorithms

Fiji (ImageJ) RRID: SCR_002285

NIS-Element Basic Research RRID: SCR_002776

GraphPad Prism RRID: SCR_002798

Image Lab RRID: SCR_014210

FlowJo RRID: SCR_008520

Bcl2fastq RRID: SCR_015058

STAR RRID: SCR_004463

R studio RRID: SCR_000432

Bioconductor RRID: SCR_006442

DESeq2 package RRID: SCR_015687

featureCounts RRID: SCR_012919

GSVA RRID: SCR_021058

Seurat package RRID: SCR_016341

Other

ScRNA of human glioblastoma and astrocytoma This paper https://zenodo.org/record/

6046299#.YgZ6bpbSKN4

ScRNA of human pancreatic cancer Oh et al. 15 GSE231535

ScRNA of human breast cancer Liu et al. 16 GSE167036

ScRNA of human colorectal cancer Hsu et al. 17 GSE231559

BulkRNA sequencing of monocytes and TAM 

from human breast and endometrial cancer

Cassetta et al. 33 GSE117970

BulkRNA sequencing of monocytes 

and TAM from mouse glioblastoma

Chen et al. 59 PRJNA349180

Bulk RNA sequencing of monocytes, TAM, healthy 

and diseased microglia in mouse glioblastoma

Bowman et al. 32 GSE86573

ScRNA of mouse sarcoma Tessaro et al. 41 GSE201615, GSE201618
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Murine sarcoma model

All experimental procedures were approved by the National Institute of Health (protocol N.949/2018-PR). 7-week-old C57BL/6 male 

mice were randomly assigned to each experimental group. To induce tumor formation, we utilized the 3-MCA-derived sarcoma cell 

line MN/MCA1, 39 which was kindly provided by Francesca Consonni. 42 MN/MCA1 cells were plated in a T75 flask in fresh RPMI 

supplemented with heat-inactivated FBS (10%), penicillin-streptomycin (1%), and L-Glutamine (1%) for 24 h. At the specific exper-

imental time-point (days 0 and 14), MN/MCA1 cells were washed with PBS, detached with trypsin, resuspended in fresh sterile PBS, 

and injected intramuscularly in the left hindlimb of C57BL/6 male mice. On day 0, control mice (CTRL) received 1 injection (100 μl/ 

injection) of cell suspension (MN/MCA1 cells, 10 5 cells/mouse), TAM-treated mice received a combination of MN/MCA1 cells (10 5 

cells/mouse) and TAM (5 x 10 5 cells/mouse, TAM-treated mice), or a combination of MN/MCA1 cells (10 5 cells/mouse) and 

TAM LVScramble (5 x 10 5 cells/mouse, TAM LVScramble -treated mice), or a combination of MN/MCA1 cells (10 5 cells/mouse) and 

TAM LV Spp1-KD (5 x 10 5 cells/mouse, TAM LV Spp1-KD -treated mice). On day 14, TAM-treated mice received a second injection 

(100 μl/injection) of TAM suspension (5 x 10 5 cells/mouse), TAM LVScramble -treated mice received a second injection (100 μl/injection) 

of TAM LVScramble suspension (5 x 10 5 cells/mouse), and TAM LV Spp1-KD -treated mice received a second injection (100 μl/injection) of 

TAM LV Spp1-KD suspension (5 x 10 5 cells/mouse). On day 21, the mice were sacrificed, and the tumor masses were freshly dissected 

and post-fixed overnight in 4% PFA and 4% sucrose. The samples were then stored in 30% sucrose at 4 ◦ C for further analysis.

Zebrafish transection spinal cord injury model

Zebrafish embryos were raised and maintained under standard conditions according to the national guidelines (D.Lgs 26/2014) under 

the institutional breeding authorization 0035597/23. Two days post fertilization (2 dpf) zebrafish embryos from the Tg(-3.1neurog1: 

GFP) sb2110 were collected, staged according to the reference guidelines 111 and raised at 28 ◦ C in E3 medium fish water. Before 

manipulations, embryos were dechorionated and anesthetized. Zebrafish embryos were randomly divided into two groups, anesthe-

tized, and the spinal cord was transected at the 10th spinal segment level, as previously reported. 112 25 x 10 4 tdTomato TAM (injured-

+TAM) or dPBS (injured) were transplanted directly into the region of the spinal cord injury and placed in a 24-well plate, 1 embryo per 

well. For each embryo, the extension of the lesion at 1 and 2 days post injury (dpi) was measured using the Image-J software (USA 

National Institutes of Health, USA).

Severe complete contusive compressive SCI (scSCI) mouse model

All procedures on mice were approved by the National Institute of Health (protocol N.750/2019-PR) and by the Animal Ethics Com-

mittee of the University of Verona (CIRSAL, Centro Interdipartimentale di Servizio alla Ricerca Sperimentale). To maintain the colony 

of tdTomato mice in accordance with the 3R principle, we preferred to isolate tdTomato monocytes from male mice; therefore, we 

chose to injure and subsequently transplant only male mice. scSCI was performed as described previously. 64 Briefly, 7-week-old 

male C57BL/6 mice were anesthetized and underwent a laminectomy at the thoracic 11 (T11) vertebra. Then, by using a MASCIS 

Impactor, a 5g rod was dropped from a height of 6.25mm and left in compression for 11s. Subcutaneous injections of Baytril 

(10 mg/Kg) and Altadol (2mg/Kg) were provided. Animals were caged individually, and animal care was performed daily untill the 

end of the experiment. Animals showing a BBB score <= 1 at 1 day post injury were divided into groups, ensuring a comparable 

average BBB score across the groups.

Murine mouse model for TAM-safety assessment

All procedures on mice were approved by the National Institute of Health (protocol N.750/2019-PR) and by the Animal Ethics Com-

mittee of the University of Verona (CIRSAL, Centro Interdipartimentale di Servizio alla Ricerca Sperimentale). For the preclinical long-

term assessment, healthy 7-week-old male and female C57BL/6 mice underwent laminectomy at the T11 vertebra level and received

4 injections (1 μl/injection) of TAM (0.5 x 10 6 cells/μl), or saline solution in 4 points spaced 2 mm apart (0.5 mm depth), centered on the 

spinal segment under the removed T11 vertebra.

Murine monocyte isolation

All procedures on mice were approved by the National Institute of Health (protocol N.750/2019-PR) and by the Animal Ethics Com-

mittee of the University of Verona (CIRSAL, Centro Interdipartimentale di Servizio alla Ricerca Sperimentale). Murine bone marrow-

derived monocytes were extracted from 8–12-week-old male B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J or C57BL/6 mice.

Generation of human induced pluripotent stem cells (iPSCs)

iPSCs were generated as previously described by Bossolasco and colleagues, 44 by reprogramming skin biopsy-derived fibroblasts 

or peripheral blood mononuclear cells (PBMCs) from 3 healthy donors. Briefly, fibroblasts were seeded in a well of a 6-well plate in 

specific fibroblast medium and PBMC isolated from peripheral blood samples were seeded on 24-well plate in StemPro-34 medium 

(Thermo Fisher Scientific) supplemented with SCF (100 ng/ml; Peprotech), FLT-3 (100 ng/ml; Peprotech), IL-3 (20 ng/ml; Peprotech), 

and IL-6 (20 ng/ml; Peprotech) cytokines with daily medium changes and fresh cytokines addition. After 4 days, transduction was 

performed using CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific). 3–7 days later, reprogrammed fibroblasts 

and PBMCs were plated onto Matrigel-coated dishes and thereafter monitored for the emergence of iPSC colonies. Colonies passed 

using an EDTA solution (0.5 μM), were expanded in Essential 8 medium for at least 6 passages before being characterized and 

differentiated.
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Motor neuron (MN) differentiation from iPSCs

iPSCs were allowed to grow in suspension in HuES medium supplemented with basic FGF (20 ng/ml; Peprotech) and Rho-associated 

kinase (ROCK) inhibitor Y27632 (20 μM; Selleckchem) to obtain embryoid bodies (EBs). The third day, SB431542 (10 μM, Tocris) and 

LDN193189 (0.2 μM, Sigma-Aldrich) were added to the cultures to induce neuralization. On day 4, neural induction of EBs was per-

formed using DMEM/F12 supplemented with L-glutamine (2 mM), penicillin (10 U/ml), streptomycin (10 μg/ml), MEM NEAA (0.1 mM), 

heparin (2 μg/ml; Sigma-Aldrich), N2 supplement (1%, Thermo Fisher Scientific), ROCK inhibitor (20 μM), ascorbic acid (AA, 0.4 μg/ 

ml, Sigma-Aldrich), retinoic acid (RA, 1 μM; Sigma-Aldrich), brain-derived neurotrophic factor (BDNF, 10 ng/ml; Peprotech). 

SB431542 and LDN193189 were added until day 7 when cultures were supplemented with 1 μM smoothened agonist (SAG; Merck) 

and 0.5 μM purmorphamine (Pur; Sigma-Aldrich). For 10 days the medium was changed every alternate day. On day 17, EBs were 

dissociated with 0.05% trypsin (Sigma-Aldrich) and plated on poly-lysine (Sigma-Aldrich)/laminin (Thermo Fisher Scientific)-coated 

coverslips on 24-well plates at a concentration of 15 x 10 3 cells/well. Cells were cultured in neural differentiation medium (Neurobasal, 

Thermo Fisher Scientific), L-glutamine (2mM), penicillin (10U/ml), streptomycin (10μg/ml), MEM NEAA (0.1mM), N2 supplement (1%), 

B27 (2%; Thermo Fisher Scientific), laminin (Lam; 1 μg/ml), glutamate (Glu; 25 μM; Sigma-Aldrich), ascorbic acid (0.4 μg/ml), glial-

derived neurotrophic factor (GDNF, 10 ng/ml) and ciliary neurotrophic factor (CNTF, 10 ng/ml) (both from Peprotech). MNs were al-

lowed to differentiate for 10 days and finally co-cultured with macrophages.

Isolation of single cell neurons from mouse dorsal root ganglia (DRG)

All procedures on mice were approved by the National Institute of Health (protocol N.750/2019-PR) and by the Animal Ethics Com-

mittee of the University of Verona (CIRSAL, Centro Interdipartimentale di Servizio alla Ricerca Sperimentale). DRG were dissected 

from 8–12-week-old male C57BL/6 mice, and placed on a Petri dish containing fresh HBSS, centrifuged at 1300 rcf, and cultured 

at 37 ◦ C, 5% CO 2 , for 5 days into a 12-well plate in DRG medium composed of Neurobasal Medium-L-Glutamine (Gibco), supple-

mented with heat-inactivated FBS (10%, Lonza), B27 (2%, Gibco), penicillin-streptomycin-fungizone (1%; Lonza), and Glutamine 

100x (0.5 mM; Gibco). DRG were then mechanically dissociated with collagenase (1%; Roche) and trypsin (0.25%; Sigma-

Aldrich), filtered, and cultured into a poly-lysine-coated 12-well plate in DRG Medium supplemented with NGF (50 μg/ml, DBA). Sin-

gle-cell neurons derived from DRG were seeded at a concentration of 4 × 10 4 cells/well in a 24-well plate for 72 h, and they were 

allowed to differentiate for 5 days.

Mouse neural stem cells (mNSCs) isolation

All procedures on mice were approved by the National Institute of Health (protocol N.750/2019-PR) and by the Animal Ethics Com-

mittee of the University of Verona (CIRSAL, Centro Interdipartimentale di Servizio alla Ricerca Sperimentale). Neural stem cells 

(mNSCs) were extracted from E 14.5 C57BL6/J male and female mouse brain and maintained in culture as previously described. 47 

Briefly, neurospheres were dissociated with StemPro™ Accutase™ Cell Dissociation Reagent (Gibco) and plated on poly-lysine 

(Sigma-Aldrich)-coated coverslips on 24-well plates at a concentration of 4 x 10 4 cells/well and cultured at 37 ◦ C, 5% CO 2 , with 

DMEM/F-12 GlutaMAX (Gibco) supplemented with B27 (2%; Gibco), N2 (1%; Gibco), penicillin/streptomycin (1%; Gibco) enriched 

with 20 ng/ml EGF and 20 ng/ml bFGF.

Organoid generation and processing

Brain organoids were generated as previously described. 47 Briefly, E14.5 murine brain neural stem cells (NSCs) were extracted and 

maintained for 14 days in agitation using the ORBi-SHAKER CO 2 (Benchmark Scientific) within a humidified 5% CO 2 in air atmo-

sphere at 37 ◦ C. To generate control organoids (Org-CTRL) and organoids co-cultured with TAM (Org+TAM) or M2 macrophages 

(Org+M2), on day 0, 4 x 10 4 NSCs/well or 4 x 10 4 NSCs/well added to 1 x 10 4 TAM/M2 macrophages were seeded into each well 

of 24-well plates (Thermo Fisher Scientific) in 500 μl of DMEM/F-12 GlutaMAX medium supplemented with B27 (2%; GIBCO), N2 

(1%; GIBCO), penicillin/streptomycin (1%; GIBCO) enriched with 20 ng/ml EGF and 20 ng/ml bFGF.

Differentiation of the SH-SY5Y Human Neuroblastoma cell line

SH-SY5Y cells (ATCC, CRL-2266) were differentiated and cultured using a combination of previously reported protocols. 113,114 

Briefly, undifferentiated cells were maintained in basic growth medium, comprised of Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Gibco Life Technologies), supplemented with 10% heat-inactivated fetal bovine serum (hiFBS) (Gibco Life Technologies), 

GlutaMAX Supplement (Gibco Life Technologies), and 1X penicillin/streptomycin (Gibco Life Technologies). To induce differentia-

tion, cells were grown in T25 flasks at a density of 5 x 10 5 /flask with Neurobasal-A media (Gibco Life Technologies) supplemented 

with 1X B27 (Gibco Life Technologies), GlutaMAX Supplement (Gibco Life Technologies), and 1X penicillin/streptomycin and Reti-

noic Acid all trans (RA) (10 μM; Med Chem) for an additional 20 days. On day 21 (DIV 21), induced cells were enzymatically detached 

and seeded onto poly-D-lysine (0.5 mg/ml; Merck) and Laminin-coated (1:200 dilution; Merck) glass coverslips (12 mm 2 ) at a density 

of 50,000/coverslip. The following day, the medium was changed to Neurobasal-A media (Gibco Life Technologies) supplemented 

with BDNF (50 ng/mL; Peprotech), potassium chloride (20 mM; Sigma), 1X B27 (Gibco Life Technologies), GlutaMAX Supplement 

(Gibco Life Technologies), and 1X penicillin/streptomycin and RA for an additional 4 days. Cultivated cells were maintained at pas-

sage below 12 at 37 ◦ C and 5% CO 2 .
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Human monocyte isolation

All human studies were approved by the Ethical Committee (Comitato Etico Indipendente, IRCCS Istituto Clinico Humanitas, protocol 

N.6b2b3.n.1ch). Ethical clearance for the use of human subjects were obtained from the designated health facility (Comitato Etico 

Indipendente, IRCCS Istituto Clinico Humanitas). Written informed consent was obtained from each person after receiving informa-

tion about use of their tissue samples. Mononuclear cells were freshly isolated from a leukocyte concentrate (buffy coat) collected 

from healthy donor volunteers enrolled at the Hematology Unit of the Humanitas Research Hospital, Rozzano, Milan, Italy. The bio-

logical material was anonymized.

METHOD DETAILS

Single-cell RNA bioinformatic analysis

On the 32.882 single-cell transcriptomes obtained from human glioblastoma (GBM), astrocytoma IDH+/+ or mutated IDH-/- tumor 

regions, and the adjacent healthy area, the Seurat 5.0.1 scRNA-Seq standard pipeline 115 was used to produce uniform approx-

imation and projection (UMAP) plots. Raw data from human pancreatic, breast, and colorectal cancers, and data from mouse sar-

coma were analyzed using the standard pipeline from Seurat 5.0.1. Gene marker expression across the different scRNA datasets 

was analyzed using the FeaturePlot function. Differential gene expression analysis for the extraction of the TAM’s DEGs was per-

formed via the FindMarkers function. The AUCell package 116 and pipeline were used to analyze the enriched genes included in the 

neural growth list. For microglia analysis, starting from the same dataset, we isolated TGFBI - /TMEM119 + microglia and TGFBI + / 

TMEM119 - TAM.

Neural growth gene list definition

Differentially expressed genes (DEGs) of TAMs were identified using Seurat’s FindMarkers function 115 from the comparison between 

the TAM cluster (CD163 + /TGFBI + ) and the CD14 - /TMEM119 - clusters included in the GBM, astrocytoma, and adjacent healthy tissue 

dataset. Enrichment analysis was then performed on these genes via the go_enrich function of the GOfuncR package. 117 To describe 

this finding, in accordance with previous studies, 19,26,118,119 we first include all the DEGs of the TAM cluster in the GBM datasets 

composing the selected GOs. 117 From the selected GOs and the DEGs, we obtain a list of 152 genes. We then refined this list by 

including only genes related to the cell secretome and itemized in the SEcreted Protein DataBase (SEPDB), 22 which resulted in a 

reduction of the list to 107 genes. We further manually refined this list to include only genes with well-established roles in neural 

growth-related functions, resulting in a list of 23 neural growth genes.

Cell sorting from mouse spinal cord tissue

Briefly, 0.5 cm scSCI mouse spinal cords centered on the lesion site were dissected and collected in tubes. The dissected spinal cord 

tissues were washed in ice-cold PBS 1X, resuspended in PBS 1X containing enzyme A, enzyme R, and enzyme D (Multi Tissue Disso-

ciation Kits, Miltenyi Biotec), and dissociated using the gentleMACS™ Dissociator (Miltenyi Biotec) for 45 min (37C_Multi_F program). 

After dissociation, samples were centrifuged and TAM were enriched using the Percoll-density gradient method. Then, TAM were 

isolated using a FACS cell sorter (BD Fusion, Becton, Dickinson) with the fluorescent dye Zombie Yellow (BioLegend) as a viability 

marker. Throughout all phases of the protocol, the samples were kept on ice.

Mouse macrophage RNA sequencing and analysis

The total RNA from M2 and TAM mouse samples was isolated using the DirectZOL RNA Miniprep kit (ZymoResearch) according to 

the manufacturer’s instructions. Quantification and quality check (RNA integrity number RIN>7) were assessed by using the Qubit4 

(Invitrogen) instrument. Library preparation and processing were performed using the SMARTer total stranded RNA-Seq kit. All sam-

ples were sequenced in paired-end mode with the Illumina NextSeq 550 (sequencing kit: NextSeq 500/550 High Output v2.5 Kit, 150 

cycles). The bcl2fastq v2.20.0.422 tool was used to demultiplex samples and generate FASTQ files from base call (BCL) files. The 

quality of the fastq files was checked with fastQC version 0.11.8. Mapping and sorting were done with the STAR v.2.7.3a tool. 

The reference genome used was GRCm38 v.M23. BAM files were checked with the RSeQC v.3.0.1 quality control package. The 

count matrix was generated with feature Counts. 120 Other RNA-Seq data were collected from the SRA database described in 

Chen et al. 34 and Bowman et al., 32 which were selected since they consist of monocytes and TAM samples free from any therapy 

or drug, induced gene expression, or gene knockdown. Both datasets were then aligned to the same reference mouse genome. 

The count data were then subjected to DEGs analysis using the DESeq2 package. 121 Reads with low expression values were dis-

carded. The considered DEGs are the ones with a significant p-value (<0.05). The gene set variation analysis was performed using 

the GSVA package, 122 and boxplots were generated with the ggpubr package. The statistical analysis comparing the different sam-

ples was conducted using a Student’s t-test. Gene ontology analysis was performed with the go_enrich analysis of the GOfuncR 

package. 117

Bioinformatic analysis of proteomic mouse gene datasets

Principal Component Analysis (PCA) was performed using the DESeq2 R library with Variance-Stabilizing Transformation data. Genes 

were filtered by expression with the filterByExpr function. Finally, the count matrix was normalized, resulting in a cpm (counts per 

million) matrix. Gene ontology analyses were performed via the go_enrich function of the GOfuncR package. The glmQLFit model
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was adopted, and p-values were adjusted with the Benjamini-Hochberg correction. Differentially expressed genes (FDR ≤ 0.05, | 

log2FC| ≥ 1) were subsequently filtered based on both Gene Ontology and IPA annotation (Qiagen Ingenuity Pathway Analysis, 

v01–13) to define the receptorome and secretome gene lists. In particular, genes were selected if at least they were classified in 

one of the following categories: GO:0005576: extracellular region; GO:0005615: extracellular space; GO:0009986: cell surface; 

GO:0031012: extracellular matrix; GO:0005886: plasma membrane; GO:0016020: membrane; GO:0005125: cytokine activity; 

GO:0008083: growth factor activity; IPA: extracellular space; IPA: plasma membrane. Gene Ontology annotations were performed 

in R with AnnotationDbi v.1.44.0 and org.Mm.eg.dbv.3.7.0 packages. Up (and down) ‘‘exclusive’’ genes were listed considering 

the intersections of only up (or down) regulated genes in the TAM pre vs. M2 pre and TAM pre vs. TAM post differential analyses 

(genes). Furthermore, ‘‘exclusive’’ up (and down) regulated gene lists in TAM samples were functionally analyzed (gProfiler2 v.0.1.9 

and msigdbr v.7.1.1 packages), and results were shown in bar plots.

Human macrophage RNA sequencing and analysis

For the in vitro M2-like macrophage and TAM human samples, total RNA was isolated using DirectZOL RNA Miniprep kit 

(ZymoResearch) according to the manufacturer’s instructions. Quantification and quality check (RNA integrity number RIN>7) 

were assessed by using the Qubit4 (Invitrogen) instrument. Library preparation and processing were performed using the 

SMARTer total stranded RNA-Seq kit. All samples were sequenced in paired-end mode with the Illumina NextSeq 550 (sequencing 

kit: NextSeq 500/550 High Output v2.5 Kit, 150 cycles). The FASTQ files were then aligned with the reference genome GRCh38.p13. 

The count matrix was generated with feature Counts. 120 Data on monocytes and TAM from breast and endometrial cancer described 

in Cassetta et al. 33 were already available as gene counts. Principal Component Analysis (PCA) was performed using the DESeq2 R 

library 121 with Variance-Stabilizing Transformation data. Genes were filtered by expression with the filterByExpr function. The count 

data were then subjected to DEG analysis using the DESeq2 package. Reads with low expression values were discarded. The 

considered DEGs are the ones with a significant p-value (<0.05). The gene set variation analysis was performed using the GSVA pack-

age, 122 and boxplots were generated with the ggpubr package. The statistical analysis comparing the different samples was con-

ducted using a Student’s t-test. Gene ontology analysis was performed with the go_enrich analysis of the GOfuncR package. 117

Murine bone marrow-derived macrophage (BMDM) generation and polarization

BMDMs were generated from 8–12-week-old male B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J or C57BL/6 mice. Briefly, after flush-

ing femurs, cells were differentiated in Iscove’s Modified Dulbecco’s Medium (IMDM Euroclone) supplemented with heat-inactivated 

FBS (10%, Euroclone), penicillin/streptomycin (100 U/mL, Gibco), L-glutamine (2 mM, Gibco) and M-CSF (100 ng/ml, Miltenyi Biotec) 

for 7 days. To differentiate them in TAMs, BMDM were cultivated in tumor conditioned medium (TCM) and IMDM (1:1) and placed in 

hypoxia (1% O 2 ) for 16–18 h at 37 ◦ C, 5%CO 2 . M1 macrophages were generated by conditioning BMDM with 100 ng/mL of LPS and 

20 ng/mL of IFN-γ for 16–18 h at 37 ◦ C, 5%CO 2 . M2-like macrophages were generated by conditioning BMDM with IL-4 (20 ng/ml; 

Miltenyi Biotec) for 16–18 h at 37 ◦ C, 5% CO 2 .

Tumor conditioned medium (TCM) for TAM polarization

10-week-old C57BL/6 mice were injected intramuscularly in the left limb with 1 x 10 5 MN-MCA1 cells. On day 21, the animals were 

sacrificed, and the tumors were harvested and digested in 0.125% endotoxin-free trypsin at 37 ◦ C for 40min. Tumor-derived cells 

were filtered and plated in RPMI 1640 (Lonza) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin-streptomycin, 

and 2 mM L-glutamine. The cell-free supernatant was collected after 16h and used for the polarization of murine TAM.

For human TAM polarization, TCM was obtained from the supernatant of GBM cell line U87 (ATCC), cultured with DMEM GlutaMAX 

(Gibco), supplemented with 10% heat-inactivated FBS (10%), 100 U/ml penicillin-streptomycin, collected after 18 h of culture at 

37 ◦ C, 5% CO 2 , and 80% cell confluence.

TAM conditioned medium (TAM-CM) generation for iPSCs-derived MN and SH-SY5Y polarization

Conditioned medium from human TAMs (hTAMs) or mouse TAMs (mTAMs) was added as 50% of the final medium of differentiation 

for 48 h to iPSC-derived MNs or SH-SY5Y differentiated neuronal culture. On TAM polarization’s day 7, media was removed and fresh 

Neurobasal-A media (Gibco Life Technologies) supplemented with 1X B27 (Gibco Life Technologies), GlutaMAX Supplement (Gibco 

Life Technologies), and 1X penicillin/streptomycin was added on both hTAMs or mTAMs for an additional 24 h (TAM-CM) at 37 ◦ C, 5% 

CO 2 . After 24 h, the medium was aspirated and filtered through a 0.22 μm filter, and then stored until use.

Co-culture of mouse neural stem cells (mNSCs) and mouse TAMs

After 2 days in culture media, 15 × 10 3 mouse TAMs (+TAM) cells were added to each well of culture for 48 h. Cells were then fixed in 

4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

Co-culture of mouse single cell neurons isolated from murine DRG and mouse M2 and TAM

Mouse single-cell neurons isolated from DRG were co-cultured, with 15 × 10 3 mouse M2-like macrophages (+M2) or TAMs (+TAM) 

added in each well. After 5 days of co-culture (37 ◦ C, 5% CO 2 ), the cells were fixed in 4% PFA (Mondial) and 4% sucrose, and then left 

in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.
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TAM LVScramble and TAM LV SPP1-KD generation and co-cultures with mNSCs

BMDM were differentiated in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with heat-inactivated FBS (10%, 

Lonza), penicillin/streptomycin (100 U/mL; Lonza), L-glutamine (2 mM; Lonza), and M-CSF (100 ng/ml; Miltenyi Biotec) for

7 days. Cells were then transduced with a multiplicity of infection (MOI) of 10 with pLV[shRNA]-EGFP:T2A:Puro-U6>mSPP1-shRNA 

(VectorBuilder) or pLV[shRNA]-EGFP:T2A:Puro-U6>scramble-shRNA (VectorBuilder). The transduction efficiency was ∼65%, with 

a cell vitality ∼98%. Increasing the MOI beyond 10, resulted in reduced cell viability. The virus-containing medium from infected 

cells was removed 12 h post-infection, TCM was added, and the cultures were placed in hypoxia (1% O2) for 16–18 h at 37 ◦ C, 

5% CO 2 , to obtain TAM LV Spp1-KD or TAM LVScramble . Co-cultures were performed by adding 15 × 10 3 of mouse TAM LV Spp1-KD or 

TAM LVScramble to 4 × 10 4 mNSCs on poly-lysine (Sigma-Aldrich)-coated coverslips on 24-well plates. After 2 days, cells were fixed 

in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

SPP1 inhibition in mNSCs and mouse TAM co-culture (Parecoxib)

We used SPP1 inhibitor Parecoxib (TargetMol) at 163 μM, 123 a concentration that did not affect the TAM secretion of other neuro-

trophins (no changes in NGF and GDNF gene expression between TAM and TAM+Parecoxib; p=ns). Spp1 was added to 4 × 10 4 

mNSC co-cultured with 15 × 10 3 mouse TAMs (+TAM+Parecoxib). The solvent of Parecoxib, DMSO, was added to 4 × 10 4 control 

mNSCs (CTRL) and mNSCs co-cultured with 15 × 10 3 mouse TAMs (+TAM). After 2 days, cells were fixed in 4% PFA (Mondial) and 

4% sucrose, and then left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

COX2 inhibition in mNSC and mouse TAM co-culture (Celecoxib)

COX-2 inhibitor Celecoxib (25 μl/ml, LKT Laboratories) was added to 4 × 10 4 control mNSCs (CTRL) and to mNSCs co-cultured with 

15 × 10 3 mouse TAMs (+TAM+Celecoxib). After 2 days, cells were fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C 

for subsequent immunostaining analysis.

Recombinant SPP1 in mNSCs

Recombinant SPP1 (0.06 ng/ml or 3 ng/ml or 0.1ug/ml, Thermo Fisher Scientific) was added to 4 x 10 4 control mNSCs (+rSPP1). After

2 days, cells were fixed in 4% PFA (Mondial) and 4% sucrose, and then left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis. 

The concentration applied to the monocultures was determined according to the results of the ELISA assay (approximately 3 ng/ml 

by 5 × 10 4 TAM).

Recombinant SPP1 in iPSCs-MNs and SH-SY5Y-N

Recombinant SPP1 was added to 10 × 10 4 control in vitro iPSCs-MN (+rSPP1, 0.6 ng/ml, Thermo Fisher Scientific) or to 5 × 10 4 SH-

SY5Y-N (+rSPP1, 0.3 ng/ml, Thermo Fisher Scientific). After 2 days, cells were fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 

1X at 4 ◦ C for subsequent immunostaining analysis. The concentration applied to the mono cultures was determined according to the 

results of the ELISA assay (approximately 3ng/ml by 5 × 10 4 TAM).

Metalloproteinase inhibition in mNSC and mouse TAM co-culture (Batimastat)

Metalloproteinase inhibitor Batimastat (5 μM, Sellek Chemicals) was added to 4 × 10 4 to mNSC co-cultured with 1 × 10 4 mouse 

TAMs (+TAM+Batimastat). After 2 days, cells were fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for subsequent 

immunostaining analysis.

Metalloproteinase inhibition in iPSCs TAM co-culture (Batimastat)

Metalloproteinase inhibitor Batimastat (5 μM, SellekChemicals) was added to 10 × 10 4 control in vitro iPSCs-MN or to 5 × 10 4 SH-

SY5Y-N. After 2 days, cells were fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for subsequent immunostaining 

analysis. Respectively, iPSCs-MN and SH-SY5Y-N cells cultured with 5 μM of Batimastat were used as an internal normalizing 

control.

NSC LV Scramble and NSC LV Rictor-KD generation and TAM co-culture

mNSCs were transduced with a (MOI) of 2.5 with pLV[shRNA]-EGFP:T2A:Puro- U6>mRictor (VectorBuilder) or pLV[shRNA]-EGFP: 

T2A:Puro- U6>mScram ble (VectorBuilder). The virus-containing medium from infected cells was removed 12 h post-infection. Co-

culture was performed by adding to 4 x 10 4 NSC LVScramble or NSC LV Rictor-KD , 15 x 10 3 of mouse TAMs on poly-lysine (Sigma-Aldrich)- 

coated coverslips on 24-well plates. After 2 days, cells were fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for 

subsequent immunostaining analysis.

ELLA Mouse Immunoassay

TAMs were generated and polarized in vitro for 7 days as described above. Culturing supernatant was replaced with test media 24h 

prior to the experiment to avoid any confusion from exogenous proteins. The supernatant was then collected and processed for ELLA 

microfluidic immunoassay. 50 μl of supernatant was diluted 1:1 with sample diluent; the resulting solution was then added to the sam-

ple inlet of the ELLA cartridge, in accordance with the manufacturer’s instructions. Wash buffer was added to the appropriate wells on
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the ELLA cartridge. Sample results were reported using Simple Plex Runner v.3.7.2.0 (ProteinSimple) and were available approxi-

mately 90 min after initiation of the run. The experiment was conducted on 3 different supernatant collections.

Human monocyte-derived macrophage polarizations

The monocyte population was enriched by positive selection of CD14-labeled target cells using a human magnetic antibody cell sort-

ing (MACS) system (Miltenyi Biotec), according to the manufacturer’s procedure. Collected monocytes were centrifuged at 1250 

RPM for 5min, supernatant discarded, and cells plated in a Petri dish in different conditions according to the polarization. M1-like 

macrophage polarization were incubated at 37 ◦ C, 5% CO 2 for 1 week in RPMI + FBS (10%) + M-CSF (100 ng/ml) and 100ng/ml 

of LPS (Sigma Aldrich) for 16 h. M2-like macrophages were incubated at 37 ◦ C, 5% CO 2 for 1 week in RPMI + FBS (10%) + 

M-CSF (100 ng/ml) and IL-4 (20 ng/ml, added on day 6) (Figures S7 and S7P). TAMs were incubated at 37 ◦ C, 5% CO 2 for 6 days 

in a medium composed of TCM (30%) and RPMI (70%) + FBS (10%) + M-CSF (100 ng/ml). Subsequently, TAMs were incubated 

in hypoxic conditions (1% O 2 ) for 16–18 h. All the polarized macrophages were detached using StemProAcutase 1X (Gibco) for 

10 min at 37 ◦ C.

Cytokine array human

hTAMs were lysed by using Lysis Buffer 17 (R&D Systems) supplemented with 10 μg/mL protease inhibitor cocktail. Samples were 

incubated on ice for 30 min and then centrifuged at 14,000 x g for 5 min at 4 ◦ C. The supernatant was then transferred into a clean tube, 

and protein quantification was performed by using the BCA Protein Assay Kit (Thermo Fisher Scientific). Samples were then stored at 

-80 ◦ C upon subsequent analysis. The antibody array assay was performed using the Proteome Profiler Array Human XL Cytokine 

Array kit (R&D Systems), which is able to simultaneously detect 105 different analytes, according to the manufacturer’s instructions. 

Briefly, a pool of 3 different hTAM samples was prepared by mixing 67μg of total protein/sample to a final concentration of 200 μg total 

protein. The pool was incubated with membranes containing immobilized capture antibodies. Following incubation and washing, a 

cocktail of biotinylated detection antibodies was added, followed by streptavidin-HRP. Chemiluminescent signals were detected us-

ing UVITEC and analyzed with ImageJ. The intensity of each spot on the array corresponding to a specific protein was quantified and 

normalized to internal positive controls on the membrane.

Co-cultures of iPSC-derived MNs and mouse or human M2-like macrophages and TAMs

iPSC-derived MNs were co-cultured adding 15 x 10 3 mouse/human in vitro-generated M2-like macrophages (+M2/+hM2), or mouse/ 

human TAMs (+TAM/+hTAM) in each well. After 48 h of co-culture (at 37 ◦ C, 5% CO 2 ), cells were fixed in 4% PFA (Mondial), 4% su-

crose, and left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

Co-cultures of SH-SY5Y and human TAMs

SH-SY5Y neurons were co-cultured 1:1, adding 5 × 10 4 TAMs (+TAM) in each well. After 48 h of culture (37 ◦ C, 5% CO 2 ), cells were 

fixed in 4% PFA (Mondial), 4% sucrose, and left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

SPP1 inhibition (Parecoxib) in SH-SY5Y and TAM co-culture

SPP1 inhibitor Parecoxib (163 μM; TargetMol) 123 was added to SH-SY5Y co-cultured with 5 x 10 4 TAM at the beginning of the co-

culture (+TAM+Parecoxib). The solvent of Parecoxib, DMSO, was added to control SH-SY5Y (CTRL) and SH-SY5Y co-cultured with

5 x 10 4 TAMs (+TAM). After 2 days, cells were fixed in 4% PFA (Mondial) and 4% sucrose, and then left in PBS 1X at 4 ◦ C for subse-

quent immunostaining analysis.

COX2 inhibition (Celecoxib) in SH-SY5Y and TAM co-culture

COX-2 inhibitor Celecoxib (50 μM, LKT Laboratories) was added to control SH-SY5Y (CTRL) and SH-SY5Y co-cultured at a 1:1 ratio 

with 5 × 10 4 TAM at the beginning of the co-culture. After 2 days, cells were fixed in 4% PFA (Mondial) and 4% sucrose, and then left 

in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.

SPP1 inhibition (siRNA) in human TAMs and co-culture with SH-SY5Y or iPSC-derived MNs

On polarization day 5, in vitro hTAMs were incubated for 6 h at 37 ◦ C with predesigned siRNA against human SPP1 (Qiagen) or 

Scramble (Qiagen) and HiPerFect Transfection Reagent. Transfection reagents were washed away with culturing media, and cultures 

were allowed to recover for 24 h. On polarization day, 7.5 × 10 4 or 15 × 10 3 transduced hTAMs were added to SH-SY5Y or iPSC-

derived MNs, respectively, prepared as described above. After 2 days, cells were fixed in 4% PFA (Mondial) and left in PBS 1X at 4 ◦ C 

for subsequent immunostaining analysis.

mTORC2 selective inhibition in iPSC-derived MNs or SH-SY5Y co-cultures

To analyze the involvement of the mTORC2 pathway, mTORC2 selective inhibitor JRAB2011 (10 μM; MedCheExpress) 124 was added 

to the culture medium of iPSC-derived MNs with DMSO (CTRL) culture, of SH-SY5Y with DMSO (CTRL) culture, of iPSC-derived MNs 

with DMSO co-cultured with 15 x 10 3 mouse TAMs (+TAM), and of SH-SY5Y with DMSO co-cultured with 5 x 10 4 human TAMs 

(+TAM), respectively at the beginning of the co-culture. After 2 days, cells were fixed in 4% PFA (Mondial) and 4% sucrose, and 

then left in PBS 1X at 4 ◦ C for subsequent immunostaining analysis.
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Oxygen deprivation Caspase 3 activation by immunofluorescence

SH-SY5Y differentiated neurons culturing medium was replaced with DMEM Low glucose medium supplemented with penicillin/ 

streptomycin (1%, Gibco), GlutaMAX Supplement (Gibco Life Technologies), and 1% BSA. 5 x 10 4 human TAMs or M2-like macro-

phages were seeded, and both monoculture and co-culture were left for 2 h in normoxic condition (baseline control) or transferred to 

hypoxic condition. After 2 h, the cultures were quickly fixed in 4% PFA, and immunocytochemistry using anti-human β3-tubulin and 

Caspase3 was performed, followed by DAPI staining. At least 10 of the 20x zoom fluorescence images were taken for each condition, 

and the numbers of β3-Tubulin-positive cells and Caspase3- and β3-Tubulin-double-positive cells were calculated.

Immunophenotyping

hTAMs (2 x 10 5 cells) were stained with the following antibodies: Anti-human CD14, VioBlue REAfinity (Miltenyi Biotec); Anti-human 

CD68, APC REAfinity (Miltenyi Biotec); Anti-human CD163, APC-Vio770 REAfinity (Miltenyi Biotec); Anti-human CXCR4, VioBright 

FITC REAfinity (Miltenyi Biotec); Anti-human HIF-1A, Alexa Fluor 647 (BD Biosciences); Anti-human VEGFA, PE (Abcam); Anti-

hOsteopontin, APC (R&D). Mouse TAM (2 x 10 5 cells) were stained with the following antibodies: Anti-mouse CD14, APC (eBio-

science); Anti-mouse CD206, Alexa Fluor 647 (BD Biosciences); Anti-HLA-DR, APC-Cy7 (BD Biosciences); Anti-mouse iNOS, 

FITC (Miltenyi Biotec) according to the manufacturer’s instructions. Data were acquired using a MACSQuant10 (Miltenyi Biotec) 

and analyzed with FlowJo10 software. Mean Fluorescence Intensity (MFI) fold changes to negative controls were calculated for 

each marker.

Transwell migration assay

Transwell migration assays were performed in 24-well plates using Transwell inserts, as described by Wheeler et al. 125 Briefly, M2 

and hTAM cells were seeded in RPMI-1640 medium with 25 ng/mL or 100 ng/mL CXCL12 and incubated at 37 ◦ C in 5% CO 2 for 

16 h. Cells were fixed with 2% PFA and stained with DAPI (Thermo Fisher Scientific). Migrated cells were viewed with a fluorescence 

microscope (Nikon Eclipse Ni), imaged with a Nikon DS-2MBWc camera, and the number of DAPI nuclei counted using ImageJ 

software.

qPCR on human TAMs and monocytes

The probe signal was normalized to an internal reference, and a cycle threshold (Ct) was taken significantly above the background 

fluorescence (p≤0.01, Poisson distribution). The Ct value used for subsequent calculation was the average of 2 replicates. The rela-

tive expression was calculated using the amount of Ptprc transcript as an endogenous reference. Data analysis was performed using 

the comparative method, as outlined in User Bulletin No. 2 (Applied Biosystems).

In vitro immunofluorescence staining and quantification analysis

Immunofluorescent stainings on mNSCs, iPSC-derived MNs, and single neurons obtained from DRGs were performed as previously 

described. 47,126 For the immunostaining of hTAMs, 100,000 human monocytes were seeded on glass coverslips and polarized to 

obtain hTAMs. On day 7 after hypoxia, hTAMs were washed twice in cold PBS and fixed in 4% PFA at room temperature for 

10min. Briefly, slides were first incubated in blocking solution and then with primary antibodies. After they were incubated with 

the appropriate secondary antibodies, washed with PBS 1X, and incubated with the nuclear dye. Slides were then mounted using 

DABCO. The quantitative analysis was done with the ImageJ software (National Institutes of Health, USA). The following primary an-

tibodies were used for immunofluorescence analysis: anti-β3Tubulin (mouse, 1:400; Promega), anti-Caspase3 (rabbit, Cell Signaling, 

#9661), anti-CD14 (rabbit, Epigentek), anti-CD68 (rat, 1:200; Invitrogen), and SPP1/OPN APC-conjugated (mouse, R&D Systems). 

Appropriate secondary antibodies were used: goat anti-mouse AlexaFluor 488 (1:500; Thermo Fisher Scientific), donkey anti-rabbit 

AlexaFluor 568 (1:500; Thermo Fisher Scientific), donkey anti-rat Alexa-Cy3 (1:1000; Jackson). Immunofluorescent images were ac-

quired with a fluorescence microscope (Nikon Eclipse Ni or Nikon Eclipse Ti), a FluoView FV4000 confocal microscope, or a LEICA 

SP confocal microscope equipped with 20x and 40x objectives. For each sample, at least 3 fields were analyzed for each glass 

coverslip, using at least 3 different glass coverslips. In each field, a threshold was selected, and the results were normalized to 

the number of nuclei in the field considered.

Neurite length analysis

The neurite length per cell was measured using a specific plugin in ImageJ on immunofluorescent images from mNSC, mNSC+TAM, 

and mNSC+M2 co-cultures stained with b3Tub and acquired with a fluorescence microscope (Nikon Eclipse Ti) equipped with 20x.

Zymography analysis

Briefly, supernatants were collected before and after macrophage conditioning, then centrifuged at 300g and ultracentrifuged at 

13000g. The supernatants were stored at -20 ◦ C until analysis. The protein content was quantified using the Pierce BCA Protein Assay 

kit (Thermo Fisher Scientific) and diluted with 5X non-reducing sample buffer to a concentration of 40 μg of protein per sample. Gels 

were then prepared as follows: 7.5% acrylamide separating gel containing gelatin (4 mg/mL) and a stacking gel. After electropho-

resis, the gels were stained with Coomassie Brilliant Blue R250 (Sigma Aldrich) and imaged using a Chemidoc MP Imaging System 

(Bio-Rad). The images were then quantified using Image Lab software (version 6.0.1; Bio-Rad).
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Calcium imaging analysis

To test spontaneous calcium activity, 14-day organoids were assessed with the Fluo-4 Direct Calcium Assay Kit (Invitrogen), as pre-

viously described. 46 Briefly, after dye loading, time-lapse live imaging was performed at 1 frame/100 ms for 3 min using epifluores-

cence microscopy optics (Eclipse Ti, Nikon). The calcium indicator intensity in 15 cells/org/condition was measured using the ‘‘Plot 

Z-axis profile’’ plugin of ImageJ software (USA National Institutes of Health, USA)

Extracellular flux analysis

Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) were measured in M2 and TAM using a Seahorse 

XF324 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, USA). On the day of the assay, cells were seeded at a density 

of 7 × 10 4 cells/well in a V7 XFe24-well cell culture microplate coated with poly-D-lysine and then centrifuged at 400g for 2 min to 

ensure attachment to the bottom of the plate. To measure mitochondrial OXPHOS, cells were incubated in Seahorse XF DMEM me-

dium (Seahorse Bioscience) supplemented with 10 mM glucose, 1 mM sodium pyruvate, and 4 mM L-glutamine, pH 7.4, at 37 ◦ C in a 

non-CO 2 incubator for 1 h. OCR was measured at the baseline and after sequentially adding 1 μM oligomycin A, 1 μM carbonyl cy-

anide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 μM each of rotenone and antimycin A. To measure glycolysis, cells were 

incubated in Seahorse XF DMEM medium (Seahorse Bioscience) supplemented with 4 mM L-glutamine, pH 7.4, at 37 ◦ C in a non-CO 2 
incubator for 1 h. ECAR was measured at the baseline and after sequentially adding 10 mM glucose, 1 μM oligomycin A, and 50 mM 

2-deoxy-D-glucose. Data were normalized to the DNA content per well, which was quantified using the CyQUANT cell proliferation 

assay kit (Thermo Fisher Scientific), according to the manufacturer’s instructions, and analyzed as previously described. 126

Immune modulatory effect of TAM on M1-like polarized macrophage, and FACS analysis

To investigate the immune modulatory effect of TAMs on M1-like polarized macrophage, primary murine M1-like macrophages from 

WT animals and td-tomato TAMs from B6.Cg-Gt(ROSA) 26Sortm14(CAG-tdTomato)Hze /J mice were co-cultured. M1-like macrophages 

were plated alone or in co-culture with TAMs (1:10 TAM/M1 ratio) in RPMI, 10% FBS, 200 mM L-Glutamine, and P/S for 24 h. There-

after, macrophages were detached with Accutase for 15 min at 37 ◦ C and analyzed by FACS analysis. Briefly, 2 x 10 5 cells were per-

meabilized for intracellular cell staining according to the Transcription Factor Staining kit (Miltenyi Biotec). Permeabilized cells were 

stained with 1:100 anti-mouse iNOS FITC (Miltenyi Biotec) for 1 h at RT. tdTomato negative M1-like macrophages were gated, and 

FITC Median Fluorescence Intensity (MFI) was quantified by MACSQuant10 (Miltenyi Biotec). Data from n=7 independent experi-

ments were collected, and the MFI of M1 with or without TAM co-culture was compared.

Lung tumor metastasis evaluation

For the analysis of spontaneous lung metastasis, the tumor murine model was autopsied 23 days after tumor cells and TAM injection. 

Lungs were collected in cold PBS and formalin fixed for 24 h, dehydrated, and paraffin-embedded for histologic analysis. Tissue 

blocks were deparaffinized in xylene and rehydrated through a graded alcohol series. The tissue sections were stained with hema-

toxylin (Histo-Line) for 10 min and with eosin (Histo-Line) for 7min. Stained slides were dehydrated through a graded alcohol series 

before mounting with Eukitt (Sigma-Aldrich). Whole–slide digital scans were acquired using a ZEISS Axio Scan Z1 Slide Scanner 

at ×20 magnification. Histology was performed on longitudinal serial sections (100 μm apart, with a width of 4 μm) from each 

lung. The area of lung lesions was obtained by manually tracing the perimeter of the lesions using Qu-Path software, which enables 

the analysis of digitized H&E images.

Cell transplantation

Injured mice were anesthetized, and the injured spinal cord parenchyma was exposed. In vitro generated TAMs, M2-like macro-

phages, and TAM LVScramble - or TAM LV Spp1-KD were transplanted in scSCI mice. Each animal received 4 injections (1 μl/injection) 

of cell suspension (TAM-, M2-, TAM LVScramble - or TAM LV Spp1-KD , 0.5 x 10 6 cells/μl), saline solution, or recombinant SPP1 (rSPP1) 

(3 ng/μl) in 4 points separated each other by 2 mm (0.5 mm depth) close to the lesion hematoma. Experimental animals treated 

with TAM+Batimastat received, with the same procedure, 4 injections (2 μl/injection) of a cell suspension composed of 0.5 × 10 6 

cells/μl added to Batimastat (5 μM). For the preclinical long-term assessment healthy mice underwent a laminectomy at T11 vertebra 

level and received 4 injections (1 μl/injection) of cell suspension (TAM-, M2-, 0.5 x 10 6 cells/μl), or saline solution in 4 points separated 

each other by 2 mm (0.5 mm depth) centred on the spinal segment under the removed T11 vertebra. All the animals received single 

(4 days post injury, dpi) or multiple (3, 10, and 17 dpi, or 3, 10, 17, and 24 dpi, or 10, 17, and 24 dpi) transplantations of TAM, M2, 

TAM LVScramble , or TAM LV Spp1-KD , rSPP1, TAM+Batimastat, or vehicle. Subcutaneous injections of Baytril (10 mg/Kg) and Altadol 

(2 mg/Kg) were provided on the day of the surgery and for the first 2 days post-transplantation (dpt).

Locomotor evaluation and ankle joint flexibility analysis

The locomotor function of vehicle-, TAM-, M2-, Rictor KD +TAM-, Rictor Scr +TAM-, TAM LVScramble -, TAM LV Spp1-KD , rSPP1- and 

TAM+Batimastat-treated mice was evaluated by using the Basso Bettie and Bresnahan (BBB) score adapted to mice Basso Mause 

Scale (BMS) 71 using a modified open-field BBB scale (scoring from 0 to 21). The locomotor functionality of vehicle-, TAM-, M2-, 

Rictor KD +TAM-, Rictor Scr +TAM-, TAM LVScramble -, TAM LV Spp1-KD -, rSPP1- and TAM+Batimastat- treated mice was also evaluated 

with BMS, a 9-point scale. 70 All behavioral assessments, histological quantifications, and data analyses were performed by inves-

tigators blinded to the treatment groups. For functional analyses, the day after the scSCI (1 day post injury, 1 dpi), each animal
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was assessed with BMS, BBB score by at least 2 observers. The criteria for enrolment were based on the BMS, BBB score measured 

at 1 dpi. Specifically, individuals with a BMS/BBB score of 0.5 (BMS) or 1 (BBB) or less at 1 dpi were included in the study. On the day 

of transplantation, before the surgery, animals eligible for the study were randomly allocated into experimental groups, ensuring a 

comparable distribution of BMS, BBB mean values between the groups. The locomotor performance was monitored from 4 min 

in an open field at 1, 3, 4, 5, 7, 10, 11, 14, 17, 18, 21, 23, 24, 25, 28, 31, 32, 35, 36, and 37 dpi. Animals included in VEH- and 

TAM- long-term groups were evaluated at 1, 3, 4, 5, 7, 10, 14, 17, 21, 24, 28, 31, 45, 49, and 56 dpi.

To evaluate the spasticity of the muscles involved in ankle dorsiflexion and plantar flexion, ankle joint flexibility analysis was per-

formed from 14 dpi, as previously described. 64 The following scores were assigned: ‘‘0’’ to the lack of passive flexure (spastic con-

dition) corresponding to an angle of 180 ◦ between the tibia and the foot, ‘‘0.25’’ to an angle of 135 ◦ , ‘‘0.5’’ to an angle of 90 ◦ , ‘‘0.75’’ to 

an angle of 45 ◦ , and ‘‘1’’ (complete passive flexure) corresponding to an angle of 0 ◦ . For statistical analysis of the BBB, the BMS, and 

the AJF score, the mean of the left and right hindlimb scores was taken to yield a single BBB, BMS, and AJF score per mouse at each 

time point.

In vivo electromyographic recording

In vivo electromyographic (EMG) recording of spontaneous muscle activity was performed in the Tibialis Anterior (TA) and Lateral 

Gastrocnemius (LG) muscles. The foot extensor and flexor muscles are antagonists to each other and are innervated by motor neu-

rons whose cell bodies are caudal to the level of scSCI. 127 Severe injury to animals displayed a distinctive EMG pattern, characterized 

by a lower amplitude and longer periods of activity compared to healthy mice. In each muscle of anesthetized animals, we inserted 

thin stainless-steel wires with bare tips and connected them to the amplifier (CyberAmp 320, Axon Instruments). As a reference elec-

trode, a cut-short 20G stainless steel needle was inserted under the skin in the back of the animals and connected to ground. The 

recording began 10 min after full recovery from anesthesia, and lasted 3 min for each muscle, during which time the animal was gently 

stimulated to move every 10–15s. We estimated the amount of muscle paralysis by averaging the root mean square (RMS) values of 

the 10 largest EMG signals. Spasticity was estimated by calculating the duration of muscle activity relative to the total recording dura-

tion. In total, we recorded 31 TA muscles from 17 mice and 29 LG muscles from 16 mice.

Corticospinal Tract Tracing in scSCI mouse model

3 days before the scSCI surgery, vehicle- and TAM-treated mice received tracer injections into the motor cortex areas. Mice were 

anesthetized and positioned in a digital stereotaxic apparatus (RWD Life Science) with the head held in place by ear bars. The scalp 

was retracted, and a hole was drilled above the motor cortex. After the brain parenchyma exposure, using the digital stereotactic 

apparatus 1 μl of 2 mg/ml biotinylated dextran amine (BDA; MW 10,000; Molecular Probes) in PBS was injected at 6 specific coor-

dinates (3 sites/side) using a 10 μl Hamilton microsyringe. Mediolateral (ML) coordinates: ±1 mm lateral to Bregma; anteroposterior 

(AP) coordinates from Bregma: 0, ±0.5 mm; dorsoventral (DV) coordinates from the cortical surface: 0.7 mm. The microsyringe was 

left in place for 1 min after the injection to allow tracer diffusion. The scalp was then sutured, and mice were allowed to recover. Sub-

cutaneous injections of Baytril (10 mg/Kg) and Altadol (2 mg/Kg) were provided on the day of the surgery and for the first 3 days post-

injection.

mTORC2 selective inhibition in scSCI mouse model

The day of TAM transplantation (3, 10, and 17 dpi), with a 10 μl Hamilton microsyringe connected to a digital stereotaxic apparatus 

(RWB Life Science), 4.8 x 10 10 genome copies of custom-made recombinant AAV9-GFP-U6-mRICTOR-shRNA (Rictor KD mice) (Bio-

labs, Malvern) or AAV9-GFP-U6-scramble-shRNA (Rictor Scr mice) (Biolabs, Malvern) were injected (0.5 μl/injection) in 6 points of the 

exposed spinal cord parenchyma of injured mice. Injections were separated from each other by 0.5 mm (0.5 mm depth), interspersed 

with the points of TAM transplantation.

Tissue fixation and processing

Animals were intracardially perfused with 4% paraformaldehyde (PFA) and 4% sucrose. Spinal cords were extracted, incubated 

overnight in 4% PFA, 4% sucrose, and stored in 30% sucrose at 4 ◦ C. For histochemical analysis, 1.5 cm of dissected spinal cords 

(0.75 cm rostral and 0.75 cm caudal from the site of the lesion) were cryosectioned (25 μm-thick sections, for BDA imaging 80 μm-

thick longitudinal sections) and stored at − 20 ◦ C before analysis.

Ex vivo immunofluorescence, histochemical staining, and quantification analysis

The staining for BDA was performed using the Alexa Fluor™ 488 Tyramide SuperBoost™ Kit (Invitrogen). Immunofluorescent and 

histochemical staining of TAM-, M2-, and vehicle- spinal cord transversal and longitudinal sections were performed as previously 

described. 64 The same protocol was used to perform immunofluorescent stainings on MN/MCA1, MN/MCA1+TAM, MN/ 

MCA1+TAM LVScramble, and MN/MCA1+TAM LVSpp1-KD tumor samples. Briefly, for immunofluorescent stainings, slides were first incu-

bated in blocking solution and then with primary antibodies. After they were incubated with the appropriate secondary antibodies, 

washed with PBS 1X, and incubated with the nuclear dye. Slides were then mounted using DABCO for fluorescent/confocal micro-

scopy. The following primary antibodies were used for immunofluorescence analysis: anti-CD31 (platelet endothelial cell adhesion 

molecule, PECAM-1, rat, 1:200; BD Biosciences), anti-CD68 (rat, 1:200; Thermo Fisher Scientific), anti-CD163 (mouse; 1:100; Gen-

etex), anti-CD206 (goat, 1:400; R&D Systems), anti-Choline acetyltransferase (ChAT, goat, 1:200; Millipore), anti-Collagen-I (Coll1,
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rabbit, 1.200; Abcam), anti-Collagen-III (Coll3, mouse, 1.200), anti-Fibronectin (rabbit, 1:200; Dako), anti-GFP (rabbit, 1:400; Thermo 

Fisher Scientific), anti-Glial fibrillary acidic protein (GFAP, goat, 1:200; Abcam), anti-Ionized-calcium binding adapter molecule-1 

(Iba1, rabbit, 1:200; WAKO), anti-NEUN (mouse, 1:200; Millipore), anti-Neurofilament-200 (rabbit, 1:200; Sigma), anti-Peripherin (rab-

bit, 1:200; Millipore), anti-RFP biotinylated antibody (rabbit, 1:200; Rockland), anti-VGLUT1 (rabbit, 1:400, Synaptic system), anti 

iNOS (1:200, FITC REAfinity Myltenyi Biotec). Appropriate secondary antibodies were used: donkey anti-goat AlexaFluor 488 

(1:500; Jackson), donkey anti-goat AlexaFluor 647 (1:500; Thermo Fisher Scientific), donkey anti-mouse AlexaFluor 488 (1:500; 

Thermo Fisher Scientific), donkey anti-mouse AlexaFluor 647 (1:500; Thermo Fisher Scientific), donkey anti-rabbit AlexaFluor 488 

(1:500; Thermo Fisher Scientific), donkey anti-rabbit AlexaFluor 647 (1:500; Thermo Fisher Scientific), donkey anti-rat AlexaFluor 

488 (1:500; Thermo Fisher Scientific), TO-PRO-3 (1:3000; Thermo Fisher Scientific) or DAPI (1:2000; Thermo Fisher Scientific). For 

histochemical RFP and NF200 staining, sections were briefly incubated in blocking solution after endogenous peroxidase neutrali-

zation, followed by incubation with the anti-RFP or anti-NF200 antibody. After washing steps, slices were incubated with the appro-

priate secondary biotinylated antibody. Tissue sections were visualized using VectaStain ABC kit (Vector Laboratories, Rome, Italy) 

and developed in DAB (3,3-diaminobenzidine) peroxidase substrate (Sigma-Aldrich, Milan, Italy). Sections were then washed with 

H 2 O and stained with hematoxilin, dehydrated and mounted with Entellan (Merck Millipore) for light microscopy. For LFB staining, 

sections were briefly hydrated in EtOH solutions, incubated with 0.1% LFB solution (Sigma Aldrich), differentiated in Li2CO3 solution 

(Sigma Aldrich), and then dehydrated in EtOH solutions, cleared in xylene (Carlo Erba), and mounted with Entellan (Merck Millipore) 

for light microscopy.

Luxol Fast Blue (LFB) staining

Myelin content was assessed via LFB staining as previously described by Dolci and colleagues. 128 Briefly, 25 μm-thick spinal cord 

transverse sections from VEH-, TAM-, M2-, TAM LVScramble -, and TAM LV Spp1 KD -treated scSCI animals were rinsed in PBS 1X. 0.1% 

LFB solution was prepared by solubilizing LFB (Sigma–Aldrich) in 95% ethanol (EtOH, Carlo Erba) and 1.22% glacial acetic acid 

(Carlo Erba). Sections were hydrated in EtOH solutions (100%, 95%, 70%, and 50%) and then stained with a 0.1% LFB solution 

at 40 ◦ C for 40 min. Sections were then rinsed with tap water and differentiated in 0.05% Li2CO3 solution (Sigma–Aldrich). Sections 

were then dehydrated in EtOH solutions (50%, 70%, 95%, and 100%), cleared in xylene (Carlo Erba), and mounted with Entellan 

(Merck-Millipore) for light microscopy analysis of myelin content (Zeiss Axioscop 2).

Image analysis and quantification

The quantitative analysis was done with the ImageJ software (National Institutes of Health, USA). Immunofluorescent images were 

acquired with a fluorescence microscope (Nikon Eclipse Ni, Nikon Eclipse Ti), a FluoView FV4000 confocal microscope, or a LEICA 

SP confocal microscope equipped with 20x and 40x objectives. Image quantification: n is defined as number of biological indepen-

dent samples, and is indicated in the figure legend for each experiment; for each biological replicate at least 2 technical replicates we 

analysed, yielding the following number of samples: Tumor samples: i) the absolute number of nerves was counted manually across 

entire tumor sections, in at least 8 section per sample, ii) NF200 content was assessed in at least 5 fields (2658.10 μm x 2292.43 μm) 

across a minimum of 8 sections (large image) for each tumor sample. In each field, a threshold was applied, and results were normal-

ized to the field area. Spinal cords: i) The content of NEUN, IBA1, CD68, CD163, CD206, VGLUT1, CHAT and CD31 was evaluated in 

at least 8 transverse spinal cord sections per biological replicate; ii) NF200 content was assessed in at least 8 longitudinal spinal cord 

sections per biological replicate, within an area defined by 4500 μm-wide rectangle centered on the cyst; the occurance of tdTomato 

TAMs close to NF200 + fibers was assessed in at least 20 images per biological replicate, within an area defined by 300 μm-wide 

square randomly cropped from longitudinal spinal cord slices stained with NF200, iv) Coll1, Coll3 and fibronectin content were eval-

uated in at least 3 spinal cord sections per biological replicate; v) Luxol Fast Blue (LFB) staining was quantified in at least 14 spinal 

cord per biological replicate, vi) BDA analysis was performed on at least 6 longitudinal spinal cord sections per biological replicate, 

within a 2200 μm-wide rectangle centered on the cyst. The number of positive pixels in the selected region containing BDA-labeled 

axons caudal to the injury was quantified to assess axonal regeneration. Specifically, axonal density (BDA + pixels) was calculated 

based on pixel intensity measurements taken at a fixed distance (2.5 mm) caudal to the lesion epicenter. This value was then normal-

ized to the pixel intensity measured at the same distance rostral to the lesion epicenter (2.5 mm). The total number of positive cells, 

tdTomato TAM close to NF200 + fibers, or puncta was quantified either in silico (NEUN, IBA1, CD68, CD206, VGLUT1) or manually 

(CD68 + CD163 + , CHAT, tdTomato TAM close to NF200 + fibers), or by applying a threshold (CD31, NF200, Coll1, Coll3, Fibronectin, 

Luxol, and BDA). Results were normalized according to: - the total number of nuclei in the spinal cord slice (approximately 5414 ± 44 

nuclei/slice) for NEUN, IBA1, CD68, CD206, CHAT, the total number of CD68 + cells in the spinal cord slice (CD68 + CD163 + ), - the total 

number of tdTomato TAM in the spinal cord area within a 300 μm-wide squares for tdTomato TAM close to NF200 + fibers, - the total 

area of the spinal cord slice for VGLUT1, CD31, Coll1, Coll3 and Fibronectin, - the spinal cord area within a 4500 μm-wide rectangle 

centered at the cyst for NF200, - the dorsal columns region of the spinal cord slice for LFB staining, - 2200 μm-wide rectangle 

centered at the cyst, encompassing both rostral and caudal regions of the spinal cord slice for BDA. Cyst area was quantified on 

735 transverse images obtained by X-ray tomography, spanning approximately +0.35 cm rostral to − 0.35 cm caudal relative to 

the lesion epicenter. Cyst volume was estimated for each animal by analyzing all spinal cord sections containing a cyst, calculating 

the ratio of the cyst area to the total slice area, and multiplying by the section thickness. Quantitative analysis was performed: Tumor 

samples: i) on serial transverse histological sections spanning approximately +0.2 cm rostral to − 0.2 cm caudal relative to tumor 

epicenter. Spinal cords: i) on serial transversal histological sections spanning approximately +0.35 cm rostral to − 0.35 cm caudal
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to the lesion epicenter for the analysis of NEUN, IBA1, CD68, CD163, CD206, VGLUT1, CHAT, CD31, NF200, Coll1, Coll3, Fibronectin 

and Luxol; ii) on serial longitudinal histological sections spanning the entire spinal cord for the analysis of NF200, tdTomato TAM close 

to NF200 + fibers and BDA. Morphometric blood vessels analysis was performed using NIH ImageJ software on vehicle- and TAM-

treated spinal cord fields (4 fields/animals) from transversal sections stained with the CD31 marker. 3 to 6 mice were considered for 

the analysis; the exact number of mice is reported in each graph.

Analysis of tissue oxygenation

Tissue oxygenation analysis was performed, evaluating the oxidized thiols accordingly to Lange and colleagues. 129 Briefly, mice were 

transcardially perfused with 1.85% Iodoacetamide (IAA) and 1.25% N-ethyl maleimide (NEM) and then fixed with a 4% PFA (Mondial, 

cat. #FM0622), additionally with 1.85% IAA and 1.25% NEM. Spinal cords were dissected, and, after transversal cryosectioning, 

disulfides were reduced with 4 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP; Sigma Aldrich) in PBS for 1 h. Those 

reduced thiols were then labeled with 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM; Sigma Aldrich) for 30 min. 

Samples were then washed and mounted with DABCO. The slice area was delineated with a region of interest (ROI), and the hypoxic 

areas were quantified using ImageJ software (National Institutes of Health, USA) as a percentage of positive pixels within the ROI, 

normalized to the total pixels of the ROI. For each independent biological sample, at least 11 entire spinal cord sections were 

analyzed.

tdTomato M2-like macrophage, TAM distribution analysis

The tdTomato M2/TAM distribution analysis was performed on M2-, TAM-treated mice, which received multiple transplantations at 3, 

10, and 17 days post injury (dpi). Slices were stained with the nuclear marker DAPI (1:2000; Thermo Fisher Scientific), and the number 

of tdTomato M2 + /DAPI + cells or TAM + /DAPI + cells in the lesion section was manually counted with the CellCounter plugin in NIH Im-

ageJ software (National Institutes of Health, USA). At least 5 transversal injured spinal cord sections of M2- or TAM-treated mice were 

analyzed in technical replicates (glass slides) on at least 4 animals.

Ex vivo optical imaging

Fluorescent images were acquired using an IVIS Spectrum optical imager (PerkinElmer), equipped with a cooled (-90�C) back-thinned 

and a back-illuminated CCD camera. Images calibrated in radiance units (p/s/cm2/sr) were corrected for dark measurements and 

cosmic rays. The total flux (p/s) was measured by drawing a region of interest (ROI) over the images. Image acquisition, processing, 

and analysis were performed with Living Image 4.5 (Perkin Elmer). Extracted organs (heart, lungs, pancreas, spleen, stomach, kidney, 

testes, bladder, skin, lymph nodes, brain, liver, gut, spinal cord) were imaged with the following image parameters: excitation filter = 

535 nm, emission filter = 680 nm, automatic exposure time, aperture stop f = 2, binning B = 8 with a Field of View (FoV)=6.6 cm-

13.0 cm. The line intensity profile (3-pixel width) of the fluorescent emission along the spinal cord was measured on the fluorescent 

images.

X-ray phase-contrast micro computed tomography

X-ray phase-contrast imaging was performed at the I13-2 beamline of the Diamond Light Source synchrotron radiation facility. 

3D representations of unstained spinal cord samples were obtained through in-line phase-contrast projection imaging and by 

using a single defocused-image phase retrieval algorithm. 130 The volumetric reconstructions were performed using the dedicated 

micro computed tomography processing pipeline available at the beamline. 80–83 The cyst areas were manually segmented 

from the main volumes for subsequent analysis using a custom-designed plugin of ImageJ software (National Institutes of 

Health, USA).

Immunoblot analysis

Immunoblot analysis was performed as previously described. 64 Briefly, spinal cord samples were homogenized in radioimmunopre-

cipitation assay (RIPA) buffer containing protease and phosphatase inhibitors. After blocking, membranes were probed with the 

appropriate primary antibodies overnight and then incubated with the corresponding horseradish peroxidase-conjugated secondary 

antibodies. ECL-based signals (Clarity Western ECL Substrate; Bio-Rad Laboratories) were acquired with the Chemidoc MP imaging 

system (Bio-Rad Laboratories), normalized on total protein staining, and analyzed with the Image Lab Software (version 6.0.1; 

Bio-Rad).

Quantitative Real-Time PCR

Total RNA was extracted from a fresh cell pellet using the Genejet RNA purification kit (Thermo Fisher Scientific). cDNA was syn-

thesized from 1 μg of total RNA using SuperScript reverse transcriptase (Thermo Fisher Scientific). Quantitative real-time PCR (RT-

PCR) was carried out using TaqMan Universal PCR Master Mix on QuantStudio 5 RealTime instrument, and the relative amount of 

mRNA for PTPRC, CD14, CD206, CXCR4, GLUT1, MT2A, MT1X, ANGPTL4 and SPP1 genes (Hs04189704_m1, Hs02621496_s1, 

Hs07288635_g1, Hs00607978_s1, Hs00892681_m1, Hs02379661_g1, HS00745167_s1, HS01101123_g1; Hs04189704_m1, Hs00 

959010_m1, Applied Biosystem) was calculated as fold increase on PTPRC expression (internal control). Data were obtained using 

the ΔΔ − Ct method.
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Proteomic analysis

Protein from spinal cord samples of 6 vehicle-, 7 TAM-, and 7 M2-treated mice were extracted in lysis buffer (150 mM NaCl, 1% Triton 

X-100, 50 mM Tris HCl pH 7.4, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate in ddH2O supplemented with complete 

Roche protease inhibitor) 131 and their concentrations in the obtained supernatants, were determined using the DC Protein Assay 

(Bio-Rad Laboratories) according to the manufacturer’s instructions. Briefly, a paramagnetic bead approach was applied, 132,133 dur-

ing which proteins were reduced with TCEP and alkylated with IAA, followed by a protein clean-up. Afterward, proteins were enzy-

matically cleaved using trypsin (1:50), and a peptide clean-up was performed using ACN. Finally, the peptides were eluted in two 

steps: first with 87% ACN in 10 mM ammonium formate (pH 10) and then with 2% DMSO (dimethyl sulfoxide) in water. Thus, two 

fractions of peptides were obtained, which were subsequently analyzed using a Q Exactive HF mass spectrometer (MS; Thermo 

Fisher Scientific), which was coupled to a liquid chromatography (LC, UltiMate 3000 RSLC nano system; Dionex) via a chip-based 

electrospray ionization source (TriVersa NanoMate; Advion) as described before. 134

Preclinical safety assessment (histopathology)

Twenty-two mice, 12 VEH-treated and 10 TAM-treated, subjected only to laminectomy, were examined 1 year after treatment. A 

complete necropsy was performed, and the following organs were collected for histopathological examination: spinal cord, brain, 

heart, lungs, liver with gallbladder, kidneys, spleen, pancreas, intestine, and bone marrow (including the vertebral bodies). Or-

gans/tissues with grossly detectable lesions were also sampled. Samples were fixed in 10% neutral buffered formalin and routinely 

processed for paraffin embedding. 4μm-thick sections were stained with hematoxylin-eosin and evaluated under a light microscope. 

A pathologist blinded to treatment groups performed the assessments.

QUANTIFICATION AND STATISTICAL ANALYSIS

To calculate the number of animals needed for each experiment, we based our approach on the F-test of a repeated measures 

ANOVA with 1 between-subject factor (treatment, with 3 groups) and 1 within-subject factor (time, with 17 measurements). The pri-

mary objective of this experiment is to study the interaction between these two factors. The effect size was set at f = 0.25, the type I 

error rate at 5%, the power at 80%, and the correlation between measurements at 0.5. Under these conditions, the minimum required 

sample size is 5 animals per group.

The effect of TAM multiple transplantation on locomotor functionality (BBB, BMS) was estimated using a mixed-effects regression 

model. Fixed effects included time (dpi) and treatment, while mouse ID was treated as a random effect. The nonlinear relationship 

between BBB, BMS and time was modelled using a linear spline with one knot within each treatment group. A time-by-treatment 

interaction term was also included in the model. AJF was modelled by a linear mixed-effect model without splines. Fixed effects 

were time (dpi) and treatment; mice ID was the random effect. A time x treatment interaction term was also considered. In the 

two models, the significance of the interaction term was tested by comparing the models with and without the interaction term using 

a (one-tailed) F-test, with the F-statistic calculated based on the Kenward-Roger method. The only covariates considered in the anal-

ysis are treatment and time.

Each measurement was taken from at least 3 distinct biological samples; technical replicates for each distinct biological sample 

are indicated in the relevant STAR Methods section. The number of distinct biological samples used in each experiment is indicated in 

the figure or figure legends. Statistical tests were performed using GraphPad Prism software (GraphPad) or R software. These tests 

included the unpaired 2-sided Student’s t-test and the F-test for both 1-way ANOVA and 2-way ANOVA with repeated measures, 

followed by the (two-tailed) Tukey’s post-hoc test. We quantified the differences between the mean BBB values in the 3 groups 

by using the ratio of means as a measure of effect size. 135 Data are presented as mean ± SEM. Statistical p values are indicated 

as exact values whenever suitable, or it is indicated by asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 in the figures.

ADDITIONAL RESOURCES

Reviewer access to Glioblastoma scRNA is available at https://www.ebi.ac.uk/biostudies/studies/S-BSST1498?key=fd621f15-

1d80-4525-b401-2832ec34e8b6; Reviewer access to bulk RNA-Seq of mouse in vitro-generated M2 and TAM is available at 

https://www.ebi.ac.uk/biostudies/studies/S-BSST1497?key=48d73fa1-5d86-49a7-b4e5-f52e2df5c8d3; Reviewer access to bulk 

RNA-Seq of human in vitro-generated M2 and TAM is available at https://www.ebi.ac.uk/biostudies/studies/S-BSST1502. The pro-

teomics raw data have been deposited to the ProteomeXchange Consortium via the PRIDE 107 partner repository https://www.ebi.ac. 

uk/pride/login with the dataset identifier ID: PXD038064, Username: reviewer_pxd038064@ebi.ac.uk, password: 8LrstclV.
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