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Editorial on the Research Topic
 New strategies for spinal cord injury and immunotherapy targeting novel programmed death pathways





Introduction

The complex pathophysiology of spinal cord injury (SCI) has long posed significant therapeutic challenges, with limited clinical options available for functional recovery. This Research Topic brings together cutting-edge research exploring novel programmed cell death pathways—particularly ferroptosis and cuproptosis—and their therapeutic targeting through immunotherapy, stem cell therapy, and natural compounds. The seven studies herein collectively advance our understanding of secondary injury mechanisms and unveil promising translational strategies.



Reimagining programmed cell death in SCI pathogenesis

Traditionally, SCI research focused on apoptosis and necrosis as primary drivers of neuronal loss (Aita et al., 2024). This Research Topic expands the paradigm by highlighting iron-dependent ferroptosis and copper-mediated cuproptosis as critical amplifiers of secondary injury. Ferroptosis, characterized by lipid peroxidation and glutathione peroxidase 4 inactivation, exacerbates neural damage through reactive oxygen species accumulation and mitochondrial dysfunction (Guo et al., 2025). She et al. comprehensively reviews 15 natural compounds that inhibit ferroptosis by activating Nrf2/HO-1 signaling or modulating GPX4/SOD2 expression. Similarly, Xu et al. establishes cuproptosis—driven by copper overload and FDX1-mediated proteotoxic stress—as a key contributor to SCI pathology, with therapeutic potential in copper chelation and chaperone regulation.

It is important to note that these emerging forms of programmed cell death do not occur in isolation but exhibit intricate crosstalk with classical apoptotic and necrotic pathways (Atkin-Smith, 2021). For instance, mitochondrial dysfunction—a hallmark of apoptosis—can also trigger ferroptotic and cuproptotic cascades, while inflammatory necrosis (necroptosis) may synergistically amplify lipid peroxidation in ferroptosis (Guo et al., 2025; Xiong et al., 2025). Such interplay suggests a complex network of cell death modalities that collectively contribute to neuronal loss and glial damage in SCI. Therapeutic strategies targeting one form of cell death may inadvertently affect others, underscoring the need for a holistic understanding of their convergence in spinal cord pathology (Song et al., 2024).



Immunomodulation: beyond checkpoint inhibition

While PD-1/PD-L1 checkpoint blockade revolutionized cancer immunotherapy, its role in neuroinflammation remains nuanced (Lin et al., 2024). Wu et al. reveals a dual neuroprotective/neurotoxic role for PD-L1/PD-1 signaling in SCI, where inhibition may reduce neuronal apoptosis but exacerbate inflammation. Bibliometric analysis underscores the need for stage-specific modulation, as PD-1 expression dynamically shifts during injury progression.

This duality presents substantial challenges for clinical translation. The narrow therapeutic window of PD-1 inhibition—potentially beneficial in early phases but harmful in later inflammatory stages—complicates timing and dosing in clinical trials. Moreover, efficacy appears limited when intervention is delayed, as chronic SCI may exhibit entrenched inflammatory networks less responsive to checkpoint modulation. Variability in patient immune status and injury heterogeneity further necessitate biomarker-guided patient stratification to identify those most likely to benefit from PD-1/PD-L1-targeted therapies.

Guan et al. further links METTL3-mediated m6A RNA modification to NLRP3 inflammasome activation, suggesting epitranscriptomic regulation as a novel immunotherapeutic target for pyroptosis control in SCI.



Stem cells: multimodal regulators of cell death

Shen et al. highlights stem cells as “multimodal therapeutics” against ferroptosis. Mesenchymal stem cells and their exosomes restore redox balance by transferring functional mitochondria, delivering non-coding RNAs (e.g., miR-26a-5p), and upregulating GPX4/xCT. When combined with biomaterials, stem cells synergistically scavenge ROS and modulate synaptic stability. Arzhanov et al. reinforces this by demonstrating miR-20a inhibition in neural stem cells enhances STAT3/PI3K survival pathways under oxidative stress.

Despite these promising mechanisms, significant challenges impede the clinical translation of stem cell therapy. A major issue is cell heterogeneity—different sources yield MSCs with varying secretory profiles and therapeutic potentials (Liu et al., 2025). Poor survival and engraftment of transplanted cells in the hostile inflammatory microenvironment of SCI remain critical obstacles. Immune rejection, though reduced with allogeneic MSCs due to their immunomodulatory properties, still necessitates careful matching or immunosuppressive regimens. Timing of intervention is also crucial; while subacute phases may offer a more conducive environment for cell engraftment, chronic stages might require combinatorial approaches to modulate scar formation and inflammation.

Opportunities lie in bioengineering and combination strategies. Biomaterial scaffolds can enhance stem cell retention, survival, and directed differentiation at the lesion site. Genetically modifying stem cells to overexpress anti-ferroptotic factors or immunomodulatory cytokines could boost efficacy. Moreover, exosome-based therapies—derived from stem cells—offer a cell-free alternative with reduced risks of tumorigenicity and immunogenicity, alongside better storage and handling properties.



Clinical translation: challenges and horizons

Despite promising preclinical data, clinical efficacy remains variable. Wu et al. notes inconsistent outcomes in PD-1 inhibitor trials for SCI, while Shen et al. cites phase I/III studies where MSC-exosomes improved ASIA scores in subacute—but not chronic—SCI. Key barriers include stem cell heterogeneity, timing of intervention, and immune rejection. Future work must prioritize: 1. Pathway crosstalk: how ferroptosis, cuproptosis, and apoptosis intersect in SCI. 2. Combination therapies: biomaterial-enhanced stem cell delivery with immunomodulators. 3. Patient stratification: biomarker-guided therapy. Regarding patient stratification, specific biomarkers are emerging to tailor therapies. For immunomodulatory approaches such as PD-1/PD-L1 inhibition, CSF levels of soluble PD-1 or peripheral CD4+/CD8+ T cell ratios may help identify patients with active immune engagement who are more likely to respond. In stem cell therapy, MRI-based lesion characteristics and serum levels of inflammatory markers can predict engraftment and functional recovery. Genetic profiling, such as polymorphisms in Nrf2 or GPX4, might also indicate susceptibility to ferroptosis and response to antioxidant therapies (Luan et al., 2023). Integrating multimodal data—imaging, molecular biomarkers, and clinical scores—into algorithms could enable precision medicine for SCI, ensuring the right therapy is delivered to the right patient at the right time.



Concluding remarks

This Research Topic illuminates programmed cell death not as an endpoint, but as a dynamic network amenable to therapeutic reprogramming. As we unravel the “dialogue” between immune cells, neurons, and glia in the injured spinal cord, the horizon of neuroimmunotherapy broadens with transformative potential.



Author contributions

SZ: Writing – original draft, Writing – review & editing.



Acknowledgments

We thank all authors, reviewers, and editorial staff for their contributions to this Research Topic. Their collective work pushes the boundaries of SCI research toward clinically viable solutions.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Aita, R., Unnithan, G., Klaylat, T., Petruccelli, J., St-Jean, G., Radhakrishna, M., et al. (2024). A novel mouse model of polytrauma with spinal cord injury–associated heterotopic ossification. Eur. Cell. Mater. 47, 73–90. doi: 10.22203/eCM.v047a06

 Atkin-Smith, G. K. (2021). Phagocytic clearance of apoptotic, necrotic, necroptotic and pyroptotic cells. Biochem. Soc. Trans. 49, 793–804. doi: 10.1042/BST20200696

 Guo, Z., Liu, Y., Chen, D., Sun, Y., Li, D., Meng, Y., et al. (2025). Targeting regulated cell death: apoptosis, necroptosis, pyroptosis, ferroptosis, and cuproptosis in anticancer immunity. J. Transl. Int. Med. 13, 10–32. doi: 10.1515/jtim-2025-0004

 Lin, X., Kang, K., Chen, P., Zeng, Z., Li, G., Xiong, W., et al. (2024). Regulatory mechanisms of PD-1/PD-L1 in cancers. Mol. Cancer 23:108. doi: 10.1186/s12943-024-02023-w

 Liu, S., Liu, Y., Zheng, Z., Li, B., Shao, J., Liu, X., et al. (2025). Stem cell homing as a promising strategy for bone regeneration: focus on biomaterials. Eur. Cell. Mater. 51, 83–102. doi: 10.22203/eCM.v051a05

 Luan, Y., Huang, E., Huang, J., Yang, Z., Zhou, Z., Liu, Y., et al. (2023). Serum myoglobin modulates kidney injury via inducing ferroptosis after exertional heatstroke. J. Transl. Int. Med. 11, 178–188. doi: 10.2478/jtim-2023-0092

 Song, Q., Cui, Q., Sun, S., Wang, Y., Yuan, Y., Zhang, L., et al. (2024). Crosstalk between cell death and spinal cord injury: neurology and therapy. Mol. Neurobiol. 61, 10271–10287. doi: 10.1007/s12035-024-04188-3

 Xiong, X., Zhou, C., Yu, Y., Xie, Q., Xia, L., Li, Q., et al. (2025). Mitochondrial transplantation/transfer: promising therapeutic strategies for spinal cord injury. J. Orthop. Translat. 52, 441–450. doi: 10.1016/j.jot.2025.04.017

Copyright
 © 2025 Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Editorial: New strategies for spinal cord injury and immunotherapy targeting novel programmed death pathways



		Introduction



		Reimagining programmed cell death in SCI pathogenesis



		Immunomodulation: beyond checkpoint inhibition



		Stem cells: multimodal regulators of cell death



		Clinical translation: challenges and horizons



		Concluding remarks



		Author contributions



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Editorial: New strategies for
spinal cord injury and
immunotherapy targeting novel
programmed death pathways











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Neuroscience







