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ABSTRACT 
There is still no available cure for human spinal cord injury (SCI). After a SCI, neural cell 

loss, excitotoxicity, neuroinflammation, astrocytic and oligodendrocytic derived inhibiting 

factors contribute to a non-permissive spinal cord environment hindering neuroregeneration 

with little, if any, endogeneous functional improvement. Experimental studies based on non-

human cells and tissues as well as in vivo models have significantly increased our 

understanding of the pathophysiological processes and repair mechanisms after SCI. 

However, this gained knowledge may not always be applicable in the human setting, due to 

species specific differences. Therefore, having access to relevant human models to 

supplement existing animal models would be beneficial. In vitro cellular and ex vivo tissue 

cultures may allow us to mimic, at least to some degree, in vivo conditions, and to further 

understand human-specific spinal cord development, pathological conditions as well as repair 

mechanisms.  

Therefore, in this thesis, human spinal cord models have been further developed to offer 

additional tools in the translation of treatment strategies from the experimental to clinical 

setting.  

In Paper I, we developed an ex vivo human spinal cord model referred to as human 

organotypic cultures (hOCs). Cellular, molecular and functional characteristics of the hOCs 

as well as human spinal cord-derived neural stem/progenitor cell (hNPC) allogeneic cell 

therapy were studied. The hOCs presented a relatively intact cytoarchitecture and functional 

viability and could to a certain level replicate the in situ human spinal cord 

microenvironment. We conclude that the hOC model has potential for future structural and 

functional studies of human spinal cord development or injury, and can be used as a platform 

for the study and further development of human SCI treatment strategies.  

To counteract the non-permissive spinal cord milieu after SCI, support host neural 

regeneration, modify the microenvironment, or offer drug or cell delivery, the application of 

biomaterials as part of a composite treatment strategy for SCI has been proposed. In the 

present thesis two different types of biomaterials with potential to serve as scaffolds for 

hNPC therapy was applied – hyaluronic acid (HA) hydrogels (bulk and granular HA 

hydrogels in Paper II and III) and recombinant spidroins (NT2RepCT and VN-NT2RepCT 

in Paper II). 

In Paper II, an in vitro model to, relatively resource effectively, evaluate the immuno-

compatibility of the above-mentioned biomaterials with human peripheral blood mononuclear 



cells (host) and/or allogenic hNPCs. The VN-NT2RepCT recombinant spidroin activated 

human B cells, CD4+ T cells and NK cells. We therefore suggest efforts to develop 

recombinant spidroin with reduced endotoxin contamination. The HA hydrogels with/without 

hNPCs did on the other hand not stimulate lymphocyte activation or proliferation, indicating 

that HA hydrogels may be a suitable scaffold for hNPC therapy in SCI. We suggest that this 

model can be used to evaluate human compatibility of novel biomaterials resource effectively 

early in the production process and when necessary, make alterations to minimize the risk of 

rejection. 

In Paper III, a 3D culture system was applied aiming to mimic the extracelular matrix 

(ECM) and support hNPC survival and differentiation utilizing HA hydrogels combined with 

laminin and brain-derived neurotrophic factor (BDNF). The granular HA hydrogel together 

with laminin and BDNF presented in preliminary studies beneficial features compared to bulk 

HA hydrogel in the context of physical property and the capability to support hNPC survival 

and differentiation. Human neuronal differentiation was observed to be supported up to 14 

days in vitro in the granular HA hydrogel, which is promising for future clinical applications 

after SCI.  

In conclusion, the human spinal cord-derived in vitro model systems presented here have 
potential to supplement existing animal models for the study of human SCI, human 
biocompatibility, and for the translation of promising experimental SCI treatments to the 
clinic. 



 

 

摘要 
脊髓损伤至今缺乏有效的治疗方法。脊髓损伤将导致大量神经细胞缺失、引起神经系

统炎性反应、兴奋性毒性等，从而造成了脊髓损伤后恶劣的脊髓微环境，影响了神经

的再生和功能修复。动物模型的应用极大地提高了我们对脊髓损伤的病理改变和修复

机制的理解。但是由于人与动物之间的物种差异，基于动物模型（体内及体外实验）

的研究成果很难直接应用于临床。因此，探讨人类的脊髓模型有着促进动物实验结果

向临床应用转化，弥补动物模型的不足等重要意义。体外的组织和细胞实验可以在一

定程度上模拟体内环境，用以了解人类脊髓的发育、病变及修复机制。 

因此，在这份论文中，我致力于进一步发展或创建和人类脊髓相关的体外模型，以期

这些模型为脊髓损伤治疗方法的临床转化提供新的工具。  

在第一篇文章中，我们首先从胚龄 5至 10.5周的流产术后怀孕组织中分离出脊髓并

制成切片，体外培养这些切片以建立一种体外的人类脊髓模型，并研究了该模型在细

胞、分子和功能层面上的特点。我们还尝试了同种异体的体外细胞移植实验，将从人

胚胎的脊髓中分离出来的神经干细胞/祖细胞移植至这些脊髓切片上。我们发现人脊

髓切片保留了相对完整的细胞结构和功能活性，并能够在一定程度上复制人类脊髓的

微环境。未来，该模型有望用于探讨人类脊髓发育、损伤时的结构和功能改变，并在

探索脊髓损伤的治疗上有一定的应用潜力。 

除了合适的研究模型，新型生物材料作为脊髓损伤后复合治疗策略中的一个环节也被

大量研究。在脊髓再生修复中，生物材料可为自体神经再生提供支持，并起到调节微

环境、成为递送药物或细胞的载体。我在此研究了两种不同类型的生物材料—透明质

酸水凝胶(见第二和第三篇文章)和合成蜘蛛丝蛋白(见第二篇文章)—作为人神经干细

胞移植载体的可能性。 

在第二篇文章中，我们建立了一种体外模型用于评估以上两种生物材料在单独与人外

周血单核细胞共培养，或在同时有人神经干细胞混合培养的情况下的生物相容性。我

们发现结合了玻连蛋白序列的合成蜘蛛丝蛋白可激活 B细胞、CD4+ T细胞和 NK细

胞，但更多努力还需要致力于继续开发并产出不含内毒素的蜘蛛丝蛋白。不论是包裹

或未包裹 hNPC的透明质酸水凝胶都未引起淋巴细胞的激活或增生，提示透明质酸水

凝胶可能是一种合适的用于治疗脊髓损伤的生物材料，可能适合作为 hNPC移植的载



体。我们认为该模型可用于评估新型生物材料与人血液细胞的生物相容性，可以用于

在药物研究早期发现可能的排异风险，并提示研究人员尽早采取措施减少排异。 

在第三篇文章中，我们使用透明质酸水凝胶混合层粘连蛋白（laminin）和脑源性神经

营养因子（BDNF）作为 hNPC的支架建立了一个 3D细胞培养环境来模拟适合 hNPC

存活及分化的细胞外基质。包含 laminin和 BDNF的颗粒化的透明质酸水凝胶

（granular HA hydrogel），相较于同样包含两种物质的块状的的透明质酸水凝胶

（bulk HA hydrogel），在物理特性和促进 hNPC存活和分化的能力方面方面更具优

势。此外，我们初步发现，培养在颗粒化的透明质酸水凝胶结构中 hNPC在 7至 14

天的体外培养时间中，相较于胶质细胞而言分化成了更多的神经细胞，这提示针颗粒

化透明质酸水凝胶或许在脊髓损伤的细胞治疗领域可能有良好的应用前景。 

总之，本文中研究和讨论的人脊髓相关的体外模型具有良好的应用前景，可以弥补脊

髓损伤动物模型的不足，可以用于研究生物材料和细胞与人外周血细胞的生物相容

性，也有助于促进脊髓损伤治疗方法的临床转化。 
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1 INTRODUCTION 
There is still no available cure for spinal cord injury (SCI). The human adult spinal cord is a 

so called non-neurogenic region with very limited endogenous regenerative potential. After a 

traumatic injury to the adult spinal cord, all the neural and vascular cells in the area may be 

affected. The SCI will result in both cellular necrosis and apoptosis, as part of the primary 

and secondary injury process with limited spontaneous endogenous neuroregeneration and 

functional improvement. In contrast, the developing human spinal cord has a stronger 

neurogenic potential, which we can further investigate and utilize to develop regenerative 

medicine. Application of animal and, in particular, rodent models has significantly increased 

our understanding of the pathophysiological processes and repair mechanisms after SCI. 

However, gained knowledge from animal in vitro and in vivo models may not always be 

applicable in the human setting. There is a challenge to translate the knowledge, due to 

differences between the species. Therefore, having access to relevant human models in 

addition to existing animal models would be beneficial. Ex vivo cellular and tissue cultures 

may allow us to mimic, at least to some degree, in vivo conditions to further understand the 

human-specific spinal cord development, pathological conditions as well as repair 

mechanisms. Therefore, in the present thesis the focus is on further developing relevant 

human spinal cord models to offer additional tools in the translation of treatment strategies 

from the experimental to clinical setting.  

In Paper I, an ex vivo human spinal cord model was developed, and cellular and molecular 

characteristics were explored. The novel human spinal cord model was also tested by 

performing experimental “human SCI” as well as allogeneic human neural cell therapy. 

After an SCI there is often substantial neural cell loss with neuroinflammation resulting in a 

hostile spinal environment with an evolving cyst in the epicenter surrounded by a glial scar. 

This is a true obstacle for neuroregeneration and postinjury functional improvement. As 

mentioned above, the adult human spinal cord has little endogenous reparative potential. To 

support spinal cord repair composite treatment strategies include biomaterials as support for 

the host injured spinal cord and for donor neural stem/progenitor cells (NPCs). In order to 

contribute to the development of an appropriate combination therapy for SCI, we investigated 

two different types of biomaterials that have the potential to serve as scaffolds for human 

spinal cord-derived neural stem/progenitor cell transplantation – hyaluronic acid (HA) 

hydrogels (Paper II and III) and recombinant spidroins (Paper II). 
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In Paper II, the aim was to gain knowledge concerning how immunogenic two different but 

promising categories of biomaterials were to human peripheral blood cells utilizing in vitro 

co-cultures and flowcytometry. A model including human peripheral blood mononuclear 

cells was set up with co-cultures including the respective biomaterial, with and without 

human spinal cord-derived neural cells to mimic a host-donor interaction in allogeneic human 

cell therapy. 

In Paper III, a novel structured hydrogel, granular HA hydrogel was tested as an in vitro 

scaffold for human spinal cord-derived neural progenitor cells and compared to the more 

commonly applied bulk hydrogel. We aimed to model how human spinal cord-derived neural 

cells as potential donor cells behave when encapsulated into this novel scaffold after 

characterizing some physical properties of the granular and bulk HA hydrogels. 

In the next literature review section, I will introduce the background of the major topics of 

my PhD projects, including SCI, ex vivo slice culture models, biomaterial application in SCI 

with a focus on HA hydrogel and recombinant spidroins, as well as biocompatibility of 

biomaterials. 
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2 LITERATURE REVIEW 
2.1 SPINAL CORD INJURY 

The etiology of SCI can broadly be classified into either traumatic or non-traumatic. The 

causes and injury mechanisms are quite different between the two types of injuries where 

traumatic injury involves an external force while non-traumatic injuries can include an 

infection, tumor or a congenital medical condition. Our studies as part of the present thesis 

focus on traumatic SCI (TSCI). 

TSCI globally has been reported to have an incidence from 2 to 195 SCIs per million persons 

in the population [1-5] often leading to life-long and severe disability. In Sweden, a study 

performed in the Stockholm area in 2017 reported an incidence of 19 TSCI per million 

persons [2] with 60% of the patients being men and the mean age 55 years. The cause of the 

TSCI was falls in 58% and transportation related injuries in 40% of the cases. According to 

the International Perspective of Spinal Cord Injury in 2011, there were around 250, 000 to 

500, 000 people reported suffering from SCI every year, with a men-women ratio of roughly 

2:1 [4, 6]. The reported mean global incidence of TSCI was 23 cases per 1,000,000 persons in 

2007, with a mean age of 33 years at the time of injury [2, 7, 8] reported as the most common 

cause of TSCI globally while in Stockholm, Sweden the etiology has lately changed to most 

cases being caused by falls [2].  

The spinal cord transmits motor (including autonomic) and sensory signals. SCI leads to a 

transient or permanent, partial or complete, loss of sensory, autonomic and voluntary motor 

function in the body parts served by the spinal cord below the level of injury. The injured 

adult spinal cord, like many other injured central nervous system (CNS) areas, has limited 

ability to regenerate. Spontaneous functional recovery is quite common after the subacute 

phase in non-complete TSCI. This recovery is probably due to resolution of the initial spinal 

shock and edema and termination of the secondary injury process including reduction of 

inflammation [9, 10]. In later chronic stages many patients with SCI in addition to their initial 

functional losses also suffer from chronic pain, spasticity, autonomic dysreflexia and/or 

neurological deterioration, emphasizing the need for improved intervention. This calls for 

further studies to gain knowledge considering human spinal cord conditions so we can 

develop more effective treatment strategies. 
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The pathophysiological events after TSCI can be divided into primary and secondary injuries 

(Figure 1) [11].  

 

The primary injury to the spinal cord includes the initial traumatic event, which often through 

its impact on the vertebral column leads to contusion, compression and or transection of the 

Figure 1 Pathophysiology of traumatic 
SCI.  

“(a) The initial mechanical trauma to 
the spinal cord initiates a secondary 
injury cascade that is characterized in 
the acute phase (that is, 0–48 hours 
after injury) by oedema, haemorrhage, 
ischaemia, inflammatory cell 
infiltration, the release of cytotoxic 
products and cell death. This secondary 
injury leads to necrosis and/or 
apoptosis of neurons and glial cells, 
such as oligodendrocytes, which can 
lead to demyelination and the loss of 
neural circuits. (b) In the subacute 
phase (2–4 days after injury), further 
ischaemia occurs owing to ongoing 
oedema, vessel thrombosis and 
vasospasm. Persistent inflammatory 
cell infiltration causes further cell 
death, and cystic microcavities form, as 
cells and the extracellular architecture 
of the cord are damaged. In addition, 
astrocytes proliferate and deposit 
extracellular matrix molecules into the 
perilesional area. (c) In the intermediate 
and chronic phases (2 weeks to 6 
months), axons continue to degenerate 
and the astroglial scar matures to 
become a potent inhibitor of 
regeneration. Cystic cavities coalesce 
to further restrict axonal regrowth and 
cell migration.”  

This figure is reprinted from “Figure 3” 
in “Traumatic spinal cord injury.", 
Ahuja, C. S., J. R. Wilson, S. Nori, M. 
R. N. Kotter, C. Druschel, A. Curt and 
M. G. Fehlings (2017). Nature Reviews 
Disease Primers 3  
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spinal cord. During the primary injury, cell death of neurons and glial cells, disruption of the 

blood vessels and a compromised blood–spinal cord barrier can be observed.  

The secondary injury is a pathophysiological cascade immediately after the primary injury 

that continues to structurally damage the spinal cord, often also causing further neurological 

dysfunction. This pathophysiological cascade during the acute stage (<48 hours) includes 

further bleeding, ischemia, edema, ionic dysregulation, lipid peroxidation, immune cell 

infiltration, release of cytotoxic products and cellular apoptosis, etc. During the subacute 

stage (48 hours to 14 days), further ischemia, edema, cell death and demyelination take place 

with macrophage infiltration, microglial and astrocytes proliferation [12]. In the intermediate 

and chronic stages (2 weeks to 6 months and onwards), axons of neurons continue to 

degenerate. An astroglial scar is formed, which is believed to be beneficial for delineating the 

lesion epicenter from viable tissues but also detrimental by inhibiting regeneration and axonal 

regrowth [13]. Cystic cavities are often formed in the area of cell loss that further restrict 

axonal regrowth, cell migration and endogenous attempts at repair. [11, 14] 

The severity and level of the SCI is neurologically graded and scored by using the 

International Standards for Neurological Classification of SCI, ISNCSCI [15] which is an 

updated version of the original ASIA (American Spinal Injury Association) Impairment Scale 

[16]. The neurological function is graded from A to E, with grade A as the most severe injury 

and a complete loss of sensorimotor function, and E as the mildest injury where there is no 

detectable neurological deficit. This grading system is also recommended to use throughout 

all stages of SCI, from acute injury to the rehabilitation stage, in order to follow the 

functional outcome with time and after intervention.  

2.1.1 Clinical Treatment Strategies for SCI 

An important acute pre-hospital care measure when suspecting a TSCI is to maintain 

complete immobilization (applying rigid spine board and a cervical collar) of the craniospinal 

axis, along with, when necessary, acute trauma life support. Following immediate 

transportation to hospital (when available, centralized highly specialized SCI hospital care is 

beneficial) offering emergency and, if needed, intensive care, a correct prompt diagnosis by 

neurological examination and medical imaging is crucial.  

Administration of high-dose intravenous methylprednisolone sodium succinate (MPSS) 

initiated within the first 8h of injury is suggested, despite previous contradictory evidence 

[17-19]. In addition, maintenance of mean arterial blood pressure at 85-90 mm Hg [20] with 

at least 90% oxygen saturation and decompression surgery is recommended to be carried out 
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to relieve possible compression on the spinal cord caused by displaced vertebrae, bone 

fragments or ligaments and to realign and re-stabilize the spinal column.  

In addition to treatment strategies to mitigate tissue destruction, methods to support 

regeneration, counteracting negative glial responses, rehabilitative physiotherapy [21] and 

direct electric pulse stimulation of the denervated spinal cord [22] have been tested in clinical 

trials. However, there is limited successful translation from experimental animal models to 

clinical practice despite numerous proofs of therapeutic attainability of such methods in 

animal models [23]. 

There are a large number of ongoing and past clinical trials after SCI [24] registered in 

ClinicalTrials.gov. The database summarizes trials regarding the feasibility and effects of 

pharmacological treatments (like Minocycline, Riluzole, Granulocyte colony-stimulating 

factor, Cethrin, anti-Nogo-A antibody), cell-based strategies, physiotherapy, 

neuromodulation, robotics and other neurotechnology-intensive solutions for SCI [11, 22, 

24]. 

2.1.2 Limits and Potential of Regeneration after SCI 

The injured human adult spinal cord does not spontaneously fully repair itself [13]. In this 

subsection, I will describe some limits and potential for regeneration in injured spinal cord.  

Many mechanisms in the secondary phase of SCI limit spinal cord regeneration, including 

inflammation, focal microenvironment changes, and limited regenerative capacity of 

endogenous neural progenitor cells. Inflammation plays a pivotal role and could directly or 

indirectly dictate the sequelae of SCI [12]. The inflammatory responses involve: neutrophil 

infiltration, resident microglia activation, recruitment of blood-born monocytes and anti-

inflammatory macrophages [25-27]. The release of inflammatory cytokines and chemokines 

also contribute to the inflammatory responses [28-31]. The inflammatory responses in the 

early phase of SCI were considered detrimental to spinal cord function and resulted in a 

hostile microenvironment for various SCI treatments like cell-based therapies. However, it 

was also shown to benefit neuronal regeneration and functional recovery, for example that 

activated microglia/macrophages could aid in clearance of damaged and degenerating tissues 

[32, 33]. Therefore, when designing biomaterial for SCI, it is important to consider if the 

biomaterial could interact with and modulate the cellular and molecular components of the 

inflammatory response, so as to improve healing and regeneration [34]. 
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After acute inflammatory response, the lesion core of the SCI ultimately resolves into a cavity 

surrounded by astrocytic/fibrotic scarring. Although the astrocytic scar seals the lesion and 

stabilizes the spread of damage, it also acts as a barrier which impedes the axonal 

regeneration, which makes the astrocytic scar viewed as a negative factor that prevents 

spontaneous regeneration [13, 35]. However, Michael Sofroniew and colleagues proved that 

restricting the astrocytic scar formation failed to result in spontaneous axonal regrowth [36]. 

Indeed, only in the presence of astrocytic scar prolonged delivery of neurotrophin-3 (NT3) 

and brain-derived neurotrophic factor (BDNF) via synthetic hydrogel could stimulate robust 

growth of ascending sensory tract axons post SCI [36]. The fibrotic scar, which originated 

from cells like fibroblasts and pericytes, also contributes to the contraction and closure of the 

lesion of SCI [13]. Genetic depletion of pericytes resulted in the enlargement of the SCI 

lesion and failure of the lesion to sequester [37]. 

Following SCI, the reactive astrocytes also significantly increase the deposition of 

chondroitin sulfate proteoglycans (CSPGs) in the extracellular matrix (ECM), which was 

believed to be the predominant mechanism that accounts for the astrocytic scar inhibition of 

axonal regrowth at the level of the growth cone [13]. Such CSPG inhibition of neurite growth 

could be counteracted by enough permissive substrates like laminin [38], as well as other 

measures to digest, genetically delete or block receptors of CSPG [39].  

Myelin debris generated in injured spinal cords could affect the phenotypic transition of 

monocytes/macrophages from anti-inflammatory to pro-inflammatory [40]. Molecules 

associated with myelin debris have long been suggested to inhibit axon growth, for example 

Nogo and Nogo-receptors [41].  

Absence of essential growth facilitators could lead to low intrinsic regenerative ability of 

neurons, which also contribute to the failure of spontaneous repair post SCI [42]. For 

example, Zhigang He and colleagues have demonstrated that genetic deletion of 

phosphatase and tensin homologue (PTEN) and suppressor of cytokine signaling 3, which 

are negative regulators of mammalian target rapamycin (mTOR) and Janus kinase/signal 

transducers and activators of transcription (JAK/STAT) pathway, can stimulate long-

distance axon growth through adult neural tissue [43]. 

Based on the increasing knowledge of why regeneration failure occurs after SCI, more 

potential therapies have been developed to enhance axon regeneration and functional 

recovery following SCI, as discussed below with a focus on cell-therapy. 
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2.1.3 Experimental Treatment Strategies for SCI 

There has been numerous preclinical studies and vast efforts to find potent treatment 

strategies for SCI, including studies on neural protective drugs, suppression of endogenous 

inhibitory factors, substitution of lost cells through cell therapy, implantation of various 

biomaterials, physiotherapy, electrical stimulation and so on.  

Among those strategies, cell therapy has shown promising potential [44]. Numerous cell 

types have been assessed concerning their capacity to repair SCI, including Schwann cells, 

NPCs, mesenchymal stem cells (MSCs), olfactory ensheathing cells, as well as 

oligodendrocyte precursor cells [44]. The mechanism behind improvement after cell-based 

therapy in SCI is still under investigation. Some mechanisms suggested so far include direct 

replacement of injured or lost neuronal cells, neuronal relay formation, axon regeneration, 

remyelination, secretion of nutrient factors and leading to neuroprotective effect, 

immunomodulation, modification of glial scars, and improving angiogenesis [44-47]. 

The fact that SCI results in cellular loss and often formation of a cavity in the lesion epicentre 

has led to investigations of various replacement options with heterotopic or homotopic 

transplantation to over-bridge the lesion. Studies have reported that transplantation of NPCs 

derived from homotopic origin to the injured animal spinal cord may lead to a beneficial 

effect on functional recovery in SCI experimental models [48, 49]. NPC transplantation may 

provide a neuroprotective effect, replace loss of cells in the lesion, and offer an environment 

promoting axonal and neural regeneration bypassing the injury site [50].  

NPC transplantation after SCI and other CNS disorders also raise questions. Ethical concerns, 

the risk of tumorigenesis when utilizing pluripotent derived donor NPCs, side effects of 

immunosuppression, immunoreactivity towards foreign cellular transplants have been 

discussed. Simply the compression or other types of injuries which occur during or as a result 

of the transplantation procedure per se can may cause some issue damage, and the injected 

cell suspension will exert some local pressure that can be a problem. There can also be 

unintended migration of donor cells to CNS areas that were unaffected by the initial lesion. 

Other issues include maladaptive plasticity such as pain, hyper-sensibility and other 

unexpected dysfunctions or deficits caused by donor cells and traces of substances (trophic 

factors) applied during cell culture that may be implanted [46]. When considering utilization 

of NPCs derived from the neural tube, some of these risks are reduced [51, 52]  

To be able to develop improved neural cell therapy for SCI, the issues above need to be 

addressed to some extent. In this thesis, I studied human allogeneic neural cell therapy and 
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developed models to mimic human specific conditions in vitro, which includes three-

dimensional (3D) matrix for human spinal cord derived NPCs and slice culture.  

2.1.4 Human Neural Stem/Progenitor Cells (hNPCs) 

hNPCs are multipotent cells that can self-renew, are committed to neural lineages, and can 

differentiate into cells of the nervous system. NPCs can be made from pluripotent cells at the 

blastocyst stage by neural induction. They can also be isolated from the embryonic/fetal and 

adult brain and spinal cord [53-57]. hNPCs can also be obtained from human induced 

pluripotent stem cells (iPSC), or after direct neural induction from highly differentiated cells 

[58, 59].  

Fetal spinal cord derived hNPCs are patterned cells with regional spinal cord identity that can 

generate multiple neuronal and glial descendants. Therefore, hNPCs can provide tissue-

specific developmental microenvironments, and have great potential to reconstitute damaged 

spinal neural circuitry and enable axonal regeneration [48, 50, 60, 61] Fetal spinal cord 

derived NPCs have been shown to present molecular markers of radial glia and are inclined 

to differentiate more towards the glial fate, while the neurogenic tendency is more towards 

GABAergic neurons [62]. 

In SCI rodent models, our group has previously reported that homotopic hNPC therapy could 

support functional outcome, better than forebrain derived hNPC [48]. Hindbrain or 

telencephalon-derived NPCs, or rostrally fated human neural grafts support corticospinal 

regeneration into the graft and through the injury site to the same degree [63]. This 

regenerative process requires both injury signaling and direct contact of the corticospinal tract 

with the neuronal grafts of caudalized NPCs, but not rostralized NPCs. The caudalized NPC 

grafts could amplify intrinsic neuronal signaling and enable extensive regeneration of 

corticospinal axons growing into the lesion site of severe SCI [63].  

In addition, a study on human neuroepithelial stem cells (NES) supports the importance of 

cellular regional identity in the integration of human NES cells into an injured spinal cord 

[60]. Altogether, a homotopic regional origin of a neural graft with recipient tissue is 

beneficial for development of the spinal cord neural circuit relay after TSCI.  

2.1.5 In vivo Animal Models of SCI 

In vivo animal models have provided substantial knowledge to further understand the 

pathophysiology of SCI and to test potential new SCI therapies. Rodent models are currently 

the most widely used model to mimic SCI [64]. After the spinal cord is injured in the rat, we 
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observe all the injury processes described above including changes in the ECM. In addition to 

the animal species applied, the injury segmental level (cervical, thoracic or lumbar) and type 

of injury (compression, contusion, transection and chemical-induced injury) will affect the 

outcome and should be chosen depending on the question asked [64].  

Despite the advances that have been achieved by animal SCI models, it is still challenging to 

translate knowledge from rodents to humans. Indeed, an ideal animal model should be able to 

replicate clinically relevant pathophysiological processes, be reliable, available, and easy to 

evaluate with respect to the functional outcomes. However, in reality, shortcomings of SCI 

animal models still cannot be neglected such as differences between animals and human 

beings with regard to size, functional neuroanatomy, immune systems, molecular signaling 

pathways, and other inherent biological differences. Moreover, difficulties in clinical 

translation may also be due to small effect sizes, poor safety and tolerability, and lack of 

scalability to humans from methods developed in rodents [65]. All these limitations may 

hinder the translation from animal to human. Consequently, numerous and often promising 

pre-clinical studies have not been proven successful in clinical trials [23, 24]. 

To overcome at least some of these obstacles, we should combine in vitro and in vivo animal 

models, as well as studies of human conditions as far as possible to prepare for and develop 

clinical protocols. Therefore, we set out to develop a human ex vivo spinal cord slice culture 

model. We hope that our efforts, in combination with other model systems, can gain 

knowledge of value for human SCI repair. 

 

2.2 EX VIVO SLICE CULTURE MODELS 

Ex vivo slice cultures can be cataloged as a type of tissue culture technique. Tissue culture 

techniques were first developed to study poliovirus in cultured human embryonic skin and 

muscles cells in 1949 [66]. The techniques for nerve culture have evolved from ‘hanging 

drop’ technique [67], the double coverslip assembly technique [68, 69], the roller tube 

technique [70, 71], to the most used technique these days, the membrane technique. Such 

membrane technique consists of porous and transparent membranes to support the tissue and 

maintain exposure to both air and culture medium at the interface. One advantage of the 

membrane technique over roller tube technique is that the 3D multicellular organization is 

better preserved [72]. 
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Interphase-based slice culture of nervous tissue retain relatively intact anatomical structure, 

local circuitry, glial-neurons interactions and viability of different cell types. Thus, the slices 

are relatively reminiscent of their in-situ counterparts, hence the term organotypicity. The 

term explant simply implies any tissue fragment that has not been dissociated to single-cell 

state prior to initiation of the culture [73]. Rodent spinal cord slice cultures have been quite 

extensively applied and studied during development in mouse [74-77] and rat [78-85], as well 

as adult mouse conditions [86-89]. 

Organotypic cultures can be used as a complement and link between in vitro and in vivo 

experiments, between the cellular experiments and animal experiments, and could be used as 

an important approach to study SCI and repair mechanisms [72]. 

Some major advantages of organotypic slice culture in SCI research field are:  

1) Relatively maintained 3D multicellular structure in comparison to 2D culture.  

2) Direct and real-time opportunity to monitor specific populations of cells over days to 

weeks (i.e. to observe the cell trajectories, proliferation, migration, differentiation and 

cellular interaction). 

3) Cost and time efficient experiments in comparison to in vivo animal models with 

more efficient throughput. 

4) Reproducibility between lesions, and providing a tightly controlled artificial 

environment that can be reliably compared between studies.  

5) Opportunity to manipulate experimental conditions and follow them in vitro. 

 

Examples of CNS organotypic culture applications: 

1) To study the CNS development in a cellular and molecular level [90]. 

2) To study adult neurogenesis in vitro [91]. 

3) To study effects of CSF on neurogenesis or effects of serum factors on mental 

diseases and their pharmacological treatment [92] . 

4) To study the specific CNS lesion mechanism and test different experimental 

treatments such as stem cell therapy [93] 

5) To use it as a new and more economic drug screening platform, to study the 

mechanisms of neurotoxicity and neuroprotection [88]. 

6) To monitor, in real time, the electrophysiological properties of specific tissue being 

cultured with patch clamp [94], field recording or multielectrode array (MEA) [95]. 
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Examples of CNS organotypic culture limitation:  

1) The procedure of slice culture is a CNS lesion in itself, which we must be aware of 

and apply relevant controls for.  

2) Like other in vitro models, a functioning blood and lymph system is missing in 

organotypic slice culture. 

3) Lack of a fully functioning immune system preventing study of inflammatory and 

immune system responses. 

4) Due to the tissue slice thickness, there may be perfusion problems. 

So far, most of the reported CNS slice cultures are animal-derived. There are a few reports on 

human CNS slice culture [92, 96-106]. To our knowledge, there have been only sparse 

attempts to culture human spinal cord ex vivo. Lyser, in 1975, co-cultured a human spinal 

cord schwannoma ex vivo in mosaic culture with a chick embryo to study cellular 

characteristics of cancer pathology by electron microscopy [107]. Lyman et al., in 1992, 

succeeded and performed human second trimester slice cultures of brain and spinal cord 

dorsal columns reporting glial fibrillary acidic protein (GFAP), neurofilaments (NF), CD68 

(CD stands for cluster of differentiation), myelin basic protein, human natural killer-1 (HNK-

1) and galactocerebroside immunoreactive cells in long term cultures. Both myelin 

degradation and de novo myelin synthesis were observed by electron microscopy in slices 

derived from as late as 21-23 w postconceptional tissue and the culture model offered 

opportunity to study both neurodevelopment and pathologic conditions [108]. Furthermore, 

post-mortem adult human cervical spinal cord cultures from autopsies have been used by 

Jeong et al., [106] to study the differentiation patterns of transplanted allogeneic human bone 

marrow–derived mesenchymal precursor cells. However, the viability of the human adult 

post-mortem slice cultures, initially 1mm thick, was very low with only 10% cell survival at 

21 days of in vitro culture.  

Having access to well characterized and functioning human ex vivo spinal cord slice culture 

we believe will be helpful when performing drug screening or testing other treatment options 

and may thereby speed up development of new methods and personalized medicine, while 

reducing usage of animals and saving money. Here we have applied the interface culture 

technique with semi-permeable membranes for human ex vivo spinal cord slice culture. 

2.3 APPLICATION OF BIOMATERIALS IN SCI 

The purpose of implanting a biomaterial scaffold after SCI is to provide suitable physical 

support, either to grafted cells in order to connect the host circuits on either side of the 
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lesions, or to host endogenous neurons in order to achieve axonal regrowth across lesions and 

connect with spared circuits on the other side.  

In our lab, hNPCs derived from human first trimester tissues are cultured as previously 

described [52, 55, 109], and have been applied as SCI treatment in animal model [48, 110]. 

An NPC transplant is vulnerable when implanted into a lesioned spinal cord with ongoing 

inflammation, spinal cord structural disintegration including cyst formation and changed 

cerebrospinal fluid dynamics due to arachnoiditis. To offer support for donor cell survival, 

adherence and migration over the lesioned host spinal cord parenchyma, a scaffold that can 

carry NPCs and guide regenerating axons past the injured area may be beneficial. 

To better understand how to optimize the biomaterial application for hNPCs transplantation, 

we need further knowledge in material science to develop biological substitute that could 

restore, maintain, or improve damaged tissues or organs [111]. Tissue engineering is a 

relatively new interdisciplinary field emerged from the field of biomaterial. Often scaffolds 

include a mix of biomaterial or decellularized tissue, bioactive molecules, cells, and physical 

and chemical forces that could influence the tissue repair positively. 

2.3.1 Important Features of Biomaterials Applied in SCI 

As discussed before, the spinal cord has limited capacity to spontaneously regenerate after 

injury. Biomaterials, which are materials applied in biomedical or clinical settings, among 

other innovative strategies, have been studied for SCI to promote neural tissue regeneration 

and functional repair. The biomaterials should comply with several pivotal parameters, such 

as biocompatibility, porosity, stiffness, architecture, degradation rate, and permeability that 

would allow cell infiltration, as well as guidance molecules for cell adhesion and neurite 

outgrowth, as summarized by Šárka Kubinová and Eva Syková [112] (Table 1).  



 

14 

Table 1. The desired scaffold properties in relation to aspects of spinal cord injury 
repair.  
Design elements  Specific requirements  
Biocompatibility  Nontoxicity, nonimmunogenicity  
Optimal mechanical 
strength  Minimal invasive delivery, integration into the tissue  

Sterilizability  Prevention of infections  
Nondegradability vs 
degradability  Physicochemical stability vs optimal degradation properties  

Porosity  Permissiveness, axonal ingrowth and vascularization  
Oriented channel 
architecture  Controlled guidance of axonal growth  

Surface topography and 
biomodification  Controlled and guided cell adhesion and neurite outgrowth  

Cell delivery  Providing for the survival of transplanted cells  

Biomolecule delivery  

Induction of a growth-promoting environment	
(e.g., neutralization of inhibitory elements, reduction of 
inflammation, neuroprotection and endogenous stem cell 
recruitment, among others)  

Electrical conductivity  Stimulation of neural activity  
Scalable manufacturing  Product commercialization  
Reprinted from “Table 1” in "Biomaterials combined with cell therapy for treatment of spinal cord injury." as in Kubinova, 
S. and E. Sykova (2012). Regen Med 7(2): 207-224. 

Therefore, I will first discuss the biocompatibility of biomaterials in section 2.3.2 and then 

how the following features of biomaterials affect hNPCs in section 2.3.3: biodegradable 

property with relative physiochemical stability also, suitable mechanical strength equivalent 

to those of neural tissue, porosity, and biochemically active substrates or a biomolecule 

delivery system that supports cell attachment, growth and differentiation. Thereafter, I will 

discuss more specifically the HA hydrogels (section 2.3.4) and recombinant spidroins 

(section 2.3.5)  

2.3.2 Biocompatibility of Biomaterials 

Biomaterials are materials that are applied in biomedical or clinical settings. Therefore, 

biocompatibility, is an essential aspect of the materials. The more widely accepted definition 

of biocompatibility is Williams’ definition: “The ability of a material to perform with an 

appropriate host response in a specific application.” [113]. For any biomaterial to perform 

desired functions, the biomaterials need to be non-toxic, and to trigger appropriate host 

response, especially the immune one, namely foreign body response (FBR). Maryam 

Rahmati, et al. have illustrated the foreign body response of biomaterials well as in Figure 2 

[114]. 
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Figure 2 Illustration of the traditional concepts of FBR to the biomaterial surface.  

The FBRs include sequentially the initial protein absorption (top row), acute inflammation (middle 
row) and chronic inflammation (bottom row). It all starts with protein adsorption and desorption 
(Vroman binding) onto the surface of the biomaterial after its implantation. Then thrombin form 
through activating platelets. Thereafter, monocytes differentiate into macrophages type 1 (M1) 
which are responsible for the acute inflammation. After some days, M1 differentiate into 
macrophages type 2 (M2) which are responsible for chronic inflammation. Cytokines secreated by 
T cells and mast cells increase foreign body giant cell (FBGC) creation. In addition, collagen 
deposit after fibroblasts recruited by FBGCs. Then there forms a capsule around the biomaterial.  

Reprinted from “Biological responses to physicochemical properties of biomaterial surface “, 
Rahmati, M., E. A. Silva, J. E. Reseland, C. A. Heyward and H. J. Haugen:. Chemical Society 
Reviews 2020, 49, 5178-5224.  
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Biocompatibility relies mainly on surface phenomena, such as chemical and physical 

interactions between cells and biomaterial surface [115], which is mainly the degradation 

products and subsequent chemical surface. 

Following biomaterial implantation, a material–blood interface is immediately created with 

host plasma constituents rapidly being adsorbed onto the material’s surface [116]. For 

example, the Paper II in this thesis is focusing on the blood biocompatibility of the 

biomaterials we studied. The next step in FBR to biomaterial surface is the plasma 

components, platelets, as a part of the blood exudate, aggregation, and that platelets activated 

to form thrombus. Thereupon, the adhesion and activation of additional immune cells 

followed during the acute inflammation, which include neutrophils, monocytes/macrophages, 

T cells, and mast cells. Among them, neutrophils are first recruited to the implantation site 

and secrete quantities of cytokines, like interleukin-8 (IL-8), which subsequently attract and 

stimulate monocyte/macrophage. A large number of monocytes differentiate into a pro-

inflammatory subtype (“M1” macrophages), which secrete cytokines like tumor necrosis 

factor α (TNF-α), IL-1, IL-6, IL-8 and chemokines like chemokine ligand 13 (CXCL13), 

which attract B cells [117, 118]. Both neutrophils and macrophages release reactive oxygen 

species (ROS) that can kill pathogens, and macrophages would attempt to phagocytose the 

grafted biomaterial while activated neutrophils would die off via apoptosis after 24 to 48 

hours [119]. Neutrophils could promote the M1 macrophage transit into a more anti-

inflammatory phenotype (“M2” macrophage), through suppression of NF-κB (nuclear factor 

kappa-light-chain-enhancer of activated B cells) pathway, which is independent of 

neutrophils apoptosis [120]. M2 macrophages possess immune-regulatory properties by 

producing more IL-10 and promotes a Th2 response [121]. 

Later, about 4-7 days post implantation, cytokines expressed by T cells and mast cells also 

stimulate the foreign body giant cell formation [119], followed by recruitment of fibroblasts, 

which seclude the implant from the neighboring host tissue together with collagen deposition 

[122]. For T cell activation, the degradation products or the chemical substrate of the 

implanted biomaterial must be processed and presented by antigen presenting cells (APC, 

e.g., macrophages, dendritic cells and B cells) to the lymphocytes with histocompatibility 

complex (MHC) molecules. Surface molecule MHC class II (MHC-II) is for activating helper 

T cells, which are CD4+, while MHC-I is for cytotoxic T cells, which are CD8+ [115]. Helper 

T cells can be further classified as Th1 and Th2. Sustained T cell proliferation, after the 

activation, require cytokine IL-2 as growth factor [123, 124].  
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Other than the degradation products and chemical properties of substrate, the 

physicochemical properties such as charge characteristics, stiffness, surface topography 

functional groups, and chemical moieties affect the biological responses to biomaterials [125, 

126].  

Macrophages when adhered to smoother surfaces, tend to produce more pro-inflammatory 

cytokines, whereas rougher surfaces facilitate the transition towards M2 phenotype [127]. 

As for stiffness, Pouria Moshayedi and colleagues demonstrated that stiffer substrate 

significantly enhanced FBR in the rat brain, while glial cells – microglia and astrocytes – 

were more activated, with upregulation of inflammation genes and proteins [128], indicating 

that the match between stiffness of biomaterial substrate and host tissue could attenuate 

adverse host responses.  

2.3.3 How Physical and Biochemical Properties of Biomaterials Affect NPCs 

In order to achieve better regeneration, biomaterial scaffolds that support NPCs grafted to 

SCI should, as much as possible, mimic the natural matrix.  

For example, when it comes to the physical properties, the substrate should emulate the 

stiffness of spinal cord tissue and constitute a three-dimensional structure with pore size 

that allows the exchange of nutrients and oxygen, as well as permit axonal growth and cell 

migration.  

When it comes to physical properties of spinal cords, current data on human spinal cord 

mechanical properties vary quite a lot, for the following reasons: limited access to human 

spinal cord tissue, different evaluation methods are applied to measure properties, different 

segmental regions of spinal cord (cervical, thoracic and lumbar) being measured, grey or 

white matter, with or without pia matter present, different age of tissues, ex vivo or post-

mortem tissue, etc. [129]. Karimi et al. [130], have reported an elastic modulus and maximum 

stress of the human adult spinal cord tissue under the compressive loading as 40.12 ± 6.90 

kPa and 62.26 ± 5.02 kPa, respectively. When engineering the stiffness of biomaterial 

scaffolds, it is important to match it with the host tissue, namely injured spinal cord in this 

case.  

It’s been shown that polymeric scaffold with high porosity providing larger surface potentiate 

the cell adhesion and proliferation [131]. For example, the porosity of porous scaffold of 8 

MPa (compression modulus) was 77.9 ± 2.0% and it was than better the solid one of 80 MPa 

in cell attachment and proliferation of MC3T3 pre-osteoblast cells [132, 133]. For neural 
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regeneration, scaffolds with high interconnected porosity could potentially refine the flow of 

different nutrition, the spread of cells, and channels for cell migration guidance, as well as for 

neurite growth and elongation [134, 135]. 

Furthermore, the degradation property of the biomaterial has been shown to play an 

important role in the neuronal tissue regeneration process. The degradation of hydrogel 

with the stiffness range of 0.5 to 50 kPa was reported to be both correlated with, and 

necessary for, maintenance of NPC stemness [136].  

Christopher Madl and colleagues showed in 2017 that the degradability but not the stiffness 

of hydrogels was correlated with and necessary for the maintenance of stemness in adult 

murine NPCs, via modulation of β-catenin signaling by cadherin contacts [136]. The same 

group showed in 2019 that not only the stemness but also the metabolic activity of the NPCs 

was correlated with hydrogel degradability [137]. Furthermore, the highly degradable 

hydrogel (or remodelable matrix) also facilitated the differentiation of NPCs into both 

neurons and astrocytes when cultured in the respective differentiation media, while the NPCs 

could eventually mature into neurotransmitter-responsive neurons, which is possibly via the 

regulation of Yes-associated protein (YAP) signaling [137].  

 

Other than those physical properties, a desired scaffold supporting NPC transplantation to 

SCI should also possess appropriate biochemical properties to potentiate cell survival, cell 

binding or attachment, migration guidance with aligned channels/fibers [138-140], as well as 

NPC differentiation and axonal regeneration or apoptosis, which eventually enable 

reorganization of spinal circuits, remodeling of synapses, or formation of new functional 

circuits across the lesions [141-143]. 

Extensive evidence has shown that neurotrophins are potent signals to support survival, 

differentiation, and maintenance of neurons, as well as to support synaptic formation and 

modulation [144], which include nerve growth factor (NGF), BDNF, NT3, NT4, ciliary 

neurotrophic factor (CNTF), glial cell-derived neurotrophic factor (GDNF).  

BDNF has been extensively studied in combination with stem cell and biomaterial to treat 

SCI. For oxidative stressed adult spinal cord-derived neural stem/progenitor cells cultured in 

vitro, BDNF treatment enhanced cell survival but not differentiation or proliferation [145]. 

However, during development in vivo, BDNF bonded to the TrKB receptor and stimulated 

neuronal differentiation of adult NPCs residing in the hippocampus [146]. For hippocampal 
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neurons cultured in vitro, BDNF withdrawal led to changes in genes involved in synaptic 

function [147] and exposure of BDNF promoted axon initiation during neuronal polarization 

via TrKB-dependent upregulation of cyclic AMP (cAMP) and protein kinase A (PKA), and 

subsequently activated liver kinase B1 (LKB1) / STRAD [148]. BDNF was also shown to 

promote the maturation of GABAergic synapses [144]. 

ECM molecules like laminins and heparin sulfate proteoglycans also contributes to the 

signaling of axon elongation, though they do not seem to be sufficient for inducing axon or 

dendrite extension alone, but require signaling by single peptide trophic factors [149, 150]. 

Laminins have been applied in much research to promote NPCs expansion, migration, and 

differentiation in vitro [151-157] Laminins could promote neurite elongation with 

mediation of integrin, as well as axonal guidance [158]. Therefore, when we design the cell 

transplant scaffold, we load laminin and BDNF together into the hydrogel structure.  

2.3.4 Hyaluronic Acid (HA) Hydrogel 

Hydrogels are cross-linked hydrophilic polymers with high water content and 

biocompatibility [159, 160].  

Because of the properties of high biocompatibility, flexibility, and possibility to be 

engineered, hydrogel could mimic the ECM well physically and therefore has been intensely 

studied for tissue engineering purposes in recent decades. Hydrogels could be used as space 

filling agents, as delivery vehicles for bioactive molecules or as three-dimensional scaffold 

that support the cells and provide signaling stimuli to ensure the development of a required 

tissue [161].  

HA or hyaluronan, is one of the important components of the ECM in many tissues, including 

connective, epithelial tissues and especially in the CNS [162]. HA has a large average 

molecular weight of numerous million Daltons, is highly viscous in solution form, and is 

biocompatible [163]. In previous studies, HA scaffolds have been applied in SCI injury. High 

molecular weight HA decreases the cell proliferation of the cultured neonatal and adult 

astrocytes and can reduce chondroitin sulfate proteoglycan production in vitro [164]. 

Stiffness-matched HA hydrogel transplanted into SCI animal has decreased astrocytic 

response significantly [164]. HA hydrogel with shear modulus of roughly 1200 Pascals has 

also been shown to improve neuronal, especially motor neuron, survival in organotypic spinal 

cord slice cultures and limit microglial activation [77]. HA hydrogel implanted to a rat 

contusion SCI model resulted in a neuroprotective effect on the spinal cord through reduction 
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of fibrous scarring and infiltration of inflammatory cells, and increasing retention of 

organized intact axonal tissue [165].  

Full length high molecular weight HA (>1000 kDa) displays anti-inflammatory and 

immunosuppressive properties and is even associated with resolution of inflammation, 

whereas low molecular weight HA (<20 kDa) is a potent proinflammatory molecule [166]. 

CD44 is the main receptor of HA, and it is expressed in all immune cells [167]. Under 

homeostatic conditions immune cells rarely bind to HA. When immune cells become 

activated, there will be more HA binding [167]. HA is shown to be non-immunogenic in vivo 

in rodents [168]. However, there is still a lack of knowledge concerning human cellular 

responses to HA. 

Taken together, these results indicate that HA hydrogel is a potent base substrate in SCI 

repair [169] and of interest to further study under human conditions. 

Granular hydrogels are injectable, microporous scaffolds made from bulk hydrogels and 

possess self-assembling, shear-thinning, and self-healing properties [170]. Such form of 

hydrogel can promote cellular infiltration and better replicate the complex 3D structure of 

CNS tissues [171]. Furthermore, granular hydrogels can also fine-tune mechanical and 

biochemical properties, and facilitate nutrient exchanges and cell-cell interactions in the 

hydrogel [170].  

Therefore, in Paper III, we collaborated with Prof. Zhanfeng Cui and Hua Ye’s group in 

Oxford to fabricate HA hydrogel of both bulk form and granular form, and cultured hNPCs in 

the hydrogels after comparing the differences of the two forms.  

2.3.5 Artificial Spider Silk 

Dating back to 1911, Harrison already brought up the concept of physical guidance and 

applied spider web fibers to direct frog embryo growth [172].  

Natural spider silk is a high-performance fiber with strong and extensible physical properties 

[173, 174]. It appears to be a suitable biomaterial for regenerative purpose since it is both 

biocompatible [175] and relatively well tolerated when implanted in vivo in rodent models 

[176]. It has already shown potential in enhancing nerve regeneration [177-179]. However, 

large-scale collection of natural spider silk is practically difficult. Our collaborators, Assoc 

Prof Rising and Prof Jan Johansson in NVS, KI, has endeavored to produce recombinant 

spider silk protein in large scale from Escherichia coli, and developed recombinant miniature 

spidroins (the main protein in a spider's dragline silk), with a non-repetitive N and C terminal 
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domains and short repetitive modules in between [173], which will be called NT2RepCT, and 

4RepCT in the research plan. They also have genetically fused them with a cell binding 

peptide, PQVTRGDVFTM (herein referred to as VN) from vitronectin as customized 

functional variants, VN-NT2RepCT and VN-4RepCT[180]. 

4RepCT has been used to make different kinds of matrices for cell culture such as foam, 

mesh, film, and fiber [181]. Human primary fibroblasts, rat neural stem cells derived from 

neocortex and human pluripotent stem cells (hPSCs) have been cultured on these different 

matrices [180-182]. The foam and fiber-based matrices offered support in growth, attachment 

for human primary fibroblast and enhance the production of collagen type I [181]. NPCs 

cultured with 4RepCT foam resulted in increased cell attachment, survival, and 

differentiation into astrocytes [182].  

VN- 4RepCT film supported long-term self-renewal of pluripotent human embryonic stem 

cells and human iPSCs, and support the differentiation towards lineages of the three germ 

layers under xeno-free conditions [180]. Cell adhesion to VN-4RepCT film can be blocked 

by a cyclic Arg-Gly-Asp (RGD) peptide, a specific inhibitor of binding to integrins avß3 

and/or avß5 [180]. These results indicate that a proper matrix made of recombinant spider silk 

protein, VN-4RepCT, can be biomimetic and have a significant regenerative potential. 

4RepCT spider silk protein has been implanted subcutaneously in the form of fiber in rats for 

seven days, to study the immunogenicity in vivo. No significantly increased infiltration, of 

macrophages and multinucleated cells, was observed with 4RepCT fiber compared to control 

fiber, while there was more ingrowth of fibroblasts and presence of newly formed capillaries 

[183]. How the human spinal cord, human NPCs and human lymphocytes respond to 

recombinant spider silk proteins is not known. We have designed experiments to study how 

human derived peripheral blood mononuclear cells (PBMC) including T lymphocytes 

respond to hNPCs and/or two different variants of recombinant spider silk protein, 

NT2RepCT and VN-NT2RepCT 
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3 RESEARCH AIMS 
This thesis aimed to gain insight into how to model human spinal cord, SCI and allogeneic 

treatment strategies in the dish. We studied cellular and molecular characteristics of the 

applied human spinal cord-derived models as well as biomaterial scaffolds to gain knowledge 

for the further development of SCI treatment strategies. 

•       PAPER I aimed to develop a model of human spinal cord and human SCI in the in vitro 

setting, utilizing developmental spinal cord tissue cultured ex vivo. Furthermore, the aim 

was to investigate cellular and molecular characteristics of the ex vivo slice culture model, 

and explore the potential of this model as a platform to study a SCI treatment strategy – 

human spinal cord-derived neural cell therapy. 

•       PAPER II aimed to to gain knowledge concerning the immunogenicity of two different 

but promising categories of biomaterials when exposed to human peripheral blood cells in 

vitro, with/without human spinal cord derived neural progenitor cells, utilizing 

flowcytometry. A model including human peripheral blood mononuclear cells (“host”) was 

set up with co-cultures including the respective biomaterial with and without human spinal 

cord-derived neural cells (“donor cells”) to mimic a host-donor interaction in allogeneic 

human cell therapy. 

•       PAPER III aimed to gain knowledge concerning different physical properties of two 

different structural forms of HA hydrogels, bulk and granular form, and to model and 

observe human spinal cord derived neural progenitor cells (“donor cells”) after hydrogel 

encapsulation  
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4 MATERIALS AND METHODS 
This thesis comprehends a range of approaches. This section describes and explains the 

techniques  this thesis focuses on. For a more detailed specification of the respective methods 

applied in the present thesis, I refer to the respective constituent studies as described in Paper 

I-III.  

4.1 ETHICAL CONSIDERATIONS 

To allow studies of human spinal cord and allogeneic conditions, human tissues and cells 

were applied. Human spinal cord slices and hNPCs were derived from human first trimester 

embryonic/fetal brain stem and spinal cord tissues (5–10.5 weeks postconception (w.)), 

which were otherwise discarded.The human material was collected only after elective 

abortions with maternal oral and written informed consent according to the ethical 

permissions from the Regional Human Ethics Committee, Stockholm (lately referred to as 

The Swedish Ethical Review Authority) (Dnr 2007/1477-31, 2011/1101-32, 2013/654-32 

and 2018/2497-32), and the National Board of Health and Welfare, Sweden (Dnr 8.1-

544/2018), as well as in accordance with the Declaration of Helsinki. 

Human peripheral blood mononuclear cells (PBMCs) were derived from buffy coat from 

healthy donors that were collected in Karolinska University Hospital in Stockholm after 

informed oral and written consent. 

4.2 CELL/TISSUE CULTURE 

4.2.1 Human Spinal Cord ex vivo Slice Culture 

The human spinal cord ex vivo slice culture equates to human spinal cord organotypic slice 

culture, which will be referred to as hOC in the following text. This hOC method is modified 

from an interface method, using a semiporous membrane, first described by Stoppini et al., 

[184].  

As illustrated in Figure 3, the human tissues were first dissected in physiological sodium 

chloride solution under sterile conditions. Directly thereafter, spinal cord tissue was cut with 

a McIlwain chopper with a thickness of 250-300 µm and transferred culture dishes with 

DMEM medium. Subsequently, the slices were placed on poly-D-Lysine pre-coated semi-

porous membranes (pore size 0.4 µm) situated in 6-well plates with 1mL hOC culture 

medium* in the well, outside the membrane, and 80-150 µL of medium on to the membrane 

with the aim to neither cover nor dehydrate the slice. Lastly, hOCs were maintained at 37 °C, 

5% CO2, and 95% humidity and the medium was changed two to three times per week.  
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* hOC culture medium: DMEM/F12 (1:1) supplemented with glutamax, 25% inactivated 

horse serum, 0.65% glucose, 15mM N- 2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 

(HEPES), 1% penicilin/streptomycin.  

  

4.2.2 Human Neural Stem/Progenitor Cell  

hNPCs have been used in all three constituent studies of this doctoral thesis (as described in 

Paper I, II and II). 

Briefly, the human spinal cord tissue was first dissected as described above and then 

mechanically homogenized with a Teflon–glass homogenizer. The obtained cell suspension 

was seeded in non-tissue culture treated flasks as free-floating neurospheres at a density of 

1 × 105–1.5 × 105 cells/mL in the hNPC culture medium**. The cells were maintained in 

humidified 5% CO2 at 37 °C. Fresh medium was added twice per week. The neurospheres 

were passaged every 14–25 d (depending on the growth of the individual culture) with 

TrypLE Express Enzyme treatment and thereafter resuspended and cultured in fresh 

medium.  

** hNPC culture medium: DMEM:F12; 1:1 supplemented with 0.6% glucose, 5 mM HEPES, 

2 µg/mL heparin, 1% N-2 supplement, 20 ng/mL recombinant epidermal growth factor 

(EGF), 20 ng/mL basic fibroblast growth factor (bFGF) and 10 ng/mL CNTF. 

Spinal cord 
cross sections

D

V

R

C

Organotypic slice culture

 Figure 3 Diagram of hOC 
preparation process. 

Human first trimester tissue were 
dissected (left panel) and spinal 
cord tissue was cut with a 
McIlwain chopper before 
transferred onto a semi-porous 
membrane that was situated 
within the 6-well plate. The 
membrane ensured the medium-
air interface for hOC. 

On the right panel displayed a 
light microscope image of cross-
sectional hOC (upper right) and 
an image of brain stem-spinal 
cord longitudinal hOC in one well 
of 6-well plate (lower right). 

This figure was generated by 
Cinzia Calzarossa and Elisabet 
Åkesson, and then updated and 
modified by Chenhong Lin. 
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4.3 HYDROGEL FABRICATION 

HA hydrogels have been studied in both Paper II and Paper III. 

4.3.1 Bulk and Granular HA Hydrogel 

Hydrogels were fabricated based on a previously published protocol [59] using HyStem® kits 

(Sigma-Aldrich) [185]. Briefly, 500 µL degassed water was used to reconstitute the HyStem 

component (recombinant derived thiolated hyaluronan precursors, Mw 158 kDa), making a 

solution of 2 w/v % HyStem. The Extralink-1 (polyethylene glycol diacrylate, Mw 3.4 kDa) 

crosslinker supplied in the kit was reconstituted using 250 µL degassed water into 2 w/v % 

concentration. For bulk hydrogels, 500 µL 0.01 M PBS with 10 v/v % final concentration of 

Latex fluorescent yellow-green beads and 10 v/v % final concentration of Latex fluorescent 

red beads, 500 µL 2 w/v % HyStem®, and 155 µL Extralink-1 crosslinker were mixed and 

gelled in a 1 mL syringe at 37 °C for 30 min to form a 1 w/v % bulk hydrogel. ®, and 155 µL 

Extralink-1 crosslinker were mixed and gelled in a 1 mL syringe at 37 °C for 30 min to form 

a 1 w/v % bulk hydrogel.  

For granular hydrogels, 125 µL of the 2 w/v % Extralink-1 was mixed with 500 µL 2 w/v % 

HyStem and the same amount of Latex fluorescent yellow-green beads used for bulk 

hydrogels and pre-gelled in a 1 mL syringe at 37 °C for 2.5 h. Once gelled, gel fragments 

were formed by extrusion using a 3D printed toolset installed with an 8 mm nylon mesh disc 

and 500 µL PBS with the same amount of Latex fluorescent red beads used for bulk 

hydrogels and 30 µL of 2 w/v % Extralink-1 crosslinker were added to 500 µL of gel 

fragments and mixed. The mix was gelled at 37 °C for 30 min to form a 1 w/v % granular 

hydrogel. 

4.3.2 Encapsulation of hNPCs in Bulk and Granular HA Hydrogel 

hNPCs encapsulation in bulk and granular HA hydrogel was prepared as previously 

described [186], which is briefly illustrated in Figure 4 [59]. 

Briefly, for granular HA hydrogel, 2 w/v % HA hydrogel was first reconstituted from Hystem 

with 500 µL degassed water, followed by adding 125 µL 2 w/v % crosslinker Extralink-1 and 

pre-gelation in a 1 mL syringe at 37 °C for 2.5 h.  

For granularization, a customized three-way combined device was used. The 2 w/v % HA 

hydrogel was extruded from the syringe through the device, where a nylon mesh disc (8 mm 

ø, pore size 40 µm) was loaded inside.  
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For secondary crosslinking, the hNPC medium substituted the original three growth factors 

with 200 µg/mL laminin and 50 ng/mL BDNF, and the secondary crosslinker Extralink-1 

(20% (v/v) of the primary crosslinker), with or without cells, was added to the gel fragments 

and mixed. The concentration of hyaluronan in the granular HA hydrogel was roughly 0.8 

g/mL. 

For bulk HA hydrogel, 500 µL of 2 w/v % uncross-linked HyStem solution was mixed with 

350 µL of the hNPC suspension, together with 150 µL of total Extralink-1 added into the 

granular HA hydrogel composites, using a 1 mL syringe, followed by gelation at 37 °C for 30 

min after the mixture. 

hNPCs were seeded as single cells into the hydrogels in a density of 2–10 × 106 cells per mL 

hydrogel. The HA hydrogels with hNPCs encapsulated were further cultured in a 35 mm 

Petri dish and immersed in a differentiation medium, where the original hNPC medium is 

supplemented with 10 ng/mL BDNF to replace the original three mitogenic factors. The HA 

hydrogel-encapsulated hNPCs were maintained by an exchange of half of the culture media 

every third day of culture. 

 

 

4.4 LIGHT SHEET MICROSCOPY AND IMAGE ANALYSIS 

In Paper III, the whole granular HA hydrogel pieces were imaged with a light-sheet 

microscope which later was reconstructed into 3D images. The immunohistochemically 

Gel casting

Swelling + 2ndary cross-linking

µGel

1 2

3 

4 

1:1 Mixing of [hNPCs/ XL/ Laminin/ BDNF]
with fluidized µGel 

XL hNPCs

Laminin/ BDNF 

5 

Figure 4 Diagram of granular HA 
hydrogel fabrication process. 

“Schematic of multiphase hydrogel 
fabrication, including hydrogel 
fragmentation, cell mixing process, 
secondary crosslinking, and gel 
disc casting (XL: crosslinker; 
ECM: extracellular matrix; SF: 
soluble factor; NPCs: neural 
progenitor cells; µgel: microgel).”  

Adapted from “Figure 2” in  
"Increased connectivity of hiPSC-
derived neural networks in 
multiphase granular hydrogel 
scaffolds.", Hsu, C.-C., J. H. 
George, S. Waller, C. Besnard, D. 
A. Nagel, E. J. Hill, M. D. 
Coleman, A. M. Korsunsky, Z. Cui 
and H. Ye (2021). Bioactive 
Materials., with permission from 
the author. 
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processed HA hydrogels with encapsulated hNPCs were transferred onto a bed of low 

melting point agarose on a coverslip and covered with a thin layer of 2% low melting point 

agarose in PBS to prevent the samples from moving during imaging. The embedded samples 

were then cleared with fructose-glycerol solution (refractive index as 1.4688 at room 

temperature) according to a protocol by Dekkers et al., [187] at room temperature overnight. 

The solution used for clearing was also used for image acquisition. A light sheet microscope 

(M Squared Lasers, Glasgow, UK) using an Airy laser beam, with a multi-immersion 

objective of 16.9X (NA = 0.4) at the refraction index mentioned above, was used to visualize 

the staining. Images were acquired with the step size of 10 µm in the Z axis using three 

channels (blue, ex 405 nm, em 445/58 nm; green, ex 488 nm, em 525/50 nm; and red,ex 

551nm, em 605/52 nm). The camera used to acquire images was a Hamamatsu ORCA-

Flash4.0 V3 digital CMOS camera, with pixels of 6.45 µ m fulfilling the Nyquist sampling 

criterion for the objective used. 

The stacks of the granular hydrogel (3D) images were processed without deconvolution to 

perform cell-counting. Images were assembled with the BigStitcher plugin in FIJI [188]. 

Images were processed and analyzed using Fiji software (NIH, Bethesda, MD, US) [189]. To 

count the cell number, firstly MorphoLibJ plugin was used to apply a morphological filter 

(White-top-Hat filter) to enhance the contrast between the objects of interest and the 

background. Secondly, the objects of interest were segmented via Otsu thresholding 

operation [190] The result of this operation is a binary mask in which the white pixels 

correspond to the objects of interest and the black pixels to the background. Thirdly, the 

binary-mask image was post processed to filter out the objects smaller than 10 µm2, and 

bigger than 3000 µm2. Lastly, the 3D ImageJ Suite [191] plugin was applied to count the 3D 

objects. 
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5 RESULTS AND DISCUSSION 
In the present thesis, human spinal cord models have been developed and studied for the 

benefit of development of SCI repair strategies. Despite various successful proof of concept 

treatment strategies in animal models of SCI [64, 192], the translation into the clinic for 

humans has still been difficult [193]. This we believe is (at least in part) because of the 

differences between animal and human spinal cord anatomy, pathology, function, and 

molecular constitute. For instance, for primates and humans, the corticospinal tracts are 

situated in the posterolateral and anterior funiculus, whereas for rodents, they are located in 

dorsal and anterior funiculus of the spinal cord [194]. Today, we need relevant in vitro 

models to study human SCI mechanisms and to test promising treatment options to support 

translation from other species prior to application in the clinic. 

In Paper I we set out to develop an ex vivo spinal cord model, hOC, and applied 

experimental SCI as well as human allogeneic cell therapy to challenge the 

validity/significance of the model.  

After a SCI in the adult human being, there is substantial neural cell loss often resulting in a 

cystic formation with a glial scar surrounding it. Spontaneous endogenous repair is very 

sparse in the human spinal cord after injury. Endogenous spinal cord stem cells are few and 

could spontaneously give rise to mostly non-neuronal cells if they at all divide. In addition, 

inhibiting extracellular factors such as CSPGs, Nogo-A, and proinflammatory cytokines (e.g., 

TNFα and IL-1β) are all together hindering neuro-regeneration. Most promising treatment 

strategies have beneficial effects in the early subacute phase after SCI, when the spinal cord 

milieu is in a proinflammatory state and hostile for potential donor cells in neural cell 

therapy. Therefore, the addition of a biomaterial scaffold to stabilize the injured and often 

cystic spinal cord and to support the vulnerable donor neural cells at the time of implantation 

has been suggested and proven beneficial [46, 47, 135, 195].  

However, when considering implantation of biomaterials as scaffold for human allogeneic 

neural cell therapy, one must consider the risk of initiating a host immunogenic response, 

even when the cellular origin was from either the developing but already established CNS, 

human iPSCs or human embryonic stem cells. It is suggested that immunosuppression, at 

least to some degree, should be applied in human neural cell therapy [52, 196, 197]. 

Knowledge concerning the immune response elicited by human immune cells towards 

biomaterials per se or biomaterials in conjunction with human neural cells is limited [198]. 

Therefore, in Paper II, we further developed an in vitro method to evaluate the 
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immunogenicity of novel biomaterial candidates in a co-culture model with human peripheral 

blood mononuclear cells (hPBMCs). 

Finally, in Paper III we compared two forms of hydrogels, granular and bulk HA hydrogels. 

We studied the morphology, degradation and protein release profile, of the two different 

forms of hydrogel. Furthermore, we questioned whether human spinal cord-derived neural 

cells as potential donor cells would survive and differentiate as expected in the two 

structurally different forms of HA hydrogels, either bulk or granular HA hydrogels, with the 

aim to understand more about the hydrogels' potential as biomaterial scaffold.  

 

The first step after establishing the hOC model was to evaluate the viability of the tissue. 

Based on the hOC Score we developed, the scores remained stable and highly replicable over 

21 DIV despite varying original postconceptional stages (5–10.5 w.), of the originating tissue. 

This might be due to the high plasticity capacity of the human first trimester CNS tissue [73, 

199]. The number of Ki67+ (proliferating) and Caspase 3+ (apoptotic) cells remained in a 

relatively low level over the course of 21 days, albeit the increase in cross sections at 21DIV 

compared to the in-situ tissue (human spinal cord sections that were not cultured at all) and 

increase in brain stem-spinal cord sections at other timepoints. Such increase of Caspase 3+ 

cells in animal spinal cord slice culture has also been reported by others [200], which might 

partially be explained by denervation occurred during hOC preparation. The increase and 

spreading of Ki67 has also been confirmed by the immunofluorescent staining, which might 

be due to the high proliferative capacity of the developing spinal cord tissue. Similar findings 

of proliferative cells after their migration from the neuroepithelial cell layers to the 

surrounding parenchyma in spinal cord cross section was also reported by Fernandez-Zafra et 

al. in adult rodent spinal cord slice cultures [87].  

Combined with the immunostaining of neural cells, the hOCs derived from human fetal tissue 

survived rather well with basic tissue cytoarchitecture maintained; whereas distortion still 

occurred to some degree in cross-sectioned hOC, which was reflected in the results where the 

GFAP+ astrocytes at 21DIV appeared to present more abundant and longer processes while 

the Iba-1+ microglia at 21DIV presented seemly enlarged areas of cytoplasm, when compared 

to in situ tissue. 

Importantly, the calcium signaling and electrophysiological experiments revealed that the 

hOCs remained functional, as ATP stimulation successfully elicited cellular Ca+ response up 

till at least 21DIV and stimulus-evoked potentials were recorded up to at least 15DIV.  
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Lastly, the inflicted SCI with subsequent allogeneic cell therapy suggested that the hNPC 

therapy was beneficial in reducing inflammatory, glial activation and host cell apoptosis, as 

also reported by us and others in animal SCI models [48, 60, 139, 201-205]. 

 

As mentioned above, the host SCI environment is hostile to donor cells, which leads to the 

idea that a biomaterial scaffold can serve as support for transplanted cells to benefit outcome. 

However, novel biomaterials showing in vitro as well as animal model potential should be 

tested in human conditions as far as ethically and practically possible. Therefore, a next step 

was to investigate whether two different but promising types of biomaterials; recombinant 

spidroins (NT2RepCT and VN-NT2RepCT) and granular HA hydrogel would be suitable in 

their present form or whether they could elicit a human immune response, as in Paper II. 

The human CNS has often been referred to as an immune-privileged site. However, the SCI 

per se with its acute hemorrhage and acute and subacute influx of immune cells with 

sustained inflammation as well as the biomaterial implantation and cell therapeutic procedure 

will significantly affect and open up the blood brain barrier, BBB. Therefore, it is a fact that 

both foreign implanted biomaterials as well as donor neural cells will be exposed, at least to 

some degree, to the host immune system. Therefore, to mimic the host human peripheral 

immune cell in vivo contact with implanted biomaterial and donor hNPCs at the SCI injury 

site, hPBMCs were co-cultured together with biomaterials with and without the presence of 

hNPCs. The quantification of activated phenotypes of lymphocytes revealed that the 

recombinant spider silk, VN-NT2RepCT, activated B cells, CD4+ T cells and NK cells, which 

most probably can be explained by residual endotoxins from the protein production and 

purification process. Further efforts need to be made when producing the recombinant 

spidroins with endotoxins fully depleted. The model system of co-cultures applied in the 

present thesis, is a modification of the human mixed lymphocyte cultures developed already 

by Ringdén and Berg in the 1970s [206]. Intracellular fluorescent dye CFSE was in the 

present thesis used to monitor the lymphocyte proliferation, instead of as previously applying 
3H thymidine, and the results indicated that soluble NT2RepCT and VN-NT2RepCT both 

significantly promoted CD3- cell (non-T cells, mainly NK cells, B cells, and monocytes) 

proliferation.  

Though more CFSElow cells were detected when culturing only hPBMCs and hNPCs 

together, cautions need to be taken when interpreting the immunogenicity of hNPCs, because 

hNPCs were also CFSE- and CD3- and could not be differentiated from the other CFSElow 
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CD3- cells. However, based on the activation assay results, hNPCs did not activate the 

lymphocytes, except when co-cultured with PBMCs in exposure of VN-NT2RepCT. Overall, 

the results suggested that hNPCs in accordance with previous results were not triggering a 

strong hPBMC response. Other studies have shown that human neural stem or progenitor 

cells had immunomodulatory properties [52, 109, 196, 207-212]. However, our current 

results and methods did not show immunomodulatory effects by the hNPCs.This might be 

partially due to a unfavourable culture environment for the hNPCs in the co-cultures since the 

applied culture medium was chosen for the benefit of the hPBMCs together with possible 

soluble factors secreted by PBMCs acting autocrine and or paracrine.We observed high 

viability or the hNPCs in the present co-cultures but the hNPCs´ immunomodulatory 

potential may still have been affected, which should be further studied.  

To summarize, the model tested in Paper II, offering in vitro exposure of biomaterials, with 

and without human donor cells, to human immune cells, allow testing of novel biomaterials 

so that changes in the production steps can be made as early as possible in the product 

development.  

As a next step, we investigated how granular HA hydrogel played a role in the viability, 

morphology, phenotype and migration pattern of the hNPCs post encapsulation, after 

characterizing the physical properties of granular HA hydrogel by comparing with bulk HA 

hydrogel. 

In Paper III, we first reported that the granular HA hydrogel contained microgel granules 

and macropores as well as presented a slower degradation process compared to the bulk HA 

hydrogel over at least 4 weeks of culture. Such porous structure could promote neurite 

extension and synaptic connections [59]. We used fluorescent beads to mimic the spreading 

of cells when being encapsulated into the two different hydrogels, where the red fluorescent 

beads distributed evenly throughout the bulk HA hydrogel and presented to spread in cluster 

in the granular HA hydrogel. Additionally, the protein release assay showed that the marker 

protein BSA was released mainly during the first two days of in vitro culture in both types of 

hydrogels, which can be considered as a fast release. Thus, HA hydrogels can be used as 

protein delivery system to facilitate regeneration. Since we want to encapsulate hNPCs into 

the HA hydrogels, we incorporated BDNF [79, 154, 213-215] and laminin [155, 216], which 

have shown to be beneficial for axon regeneration. Next, we showed that the granular HA 

hydrogel with laminin and BDNF supported the survival of spinal cord-derived hNPCs better 

than the bulk HA hydrogel, and that in granular HA hydrogel, hNPCs presented a more 

differentiated phenotype at 14DIV compared to that of the bulk HA hydrogel. Altogether, 
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granular HA hydrogel appeared to be better than bulk HA hydrogel in supporting hNPCs. 

This substantiated that not only the type of biomaterial, but also physical properties are 

important in regenerative medicine, as the two types of hydrogels were composed of same 

molecular constituent but had different physical properties, like porosity and degradability. 

Furthermore, light sheet imaging of the whole granular HA hydrogel and the quantification of 

on GFAP+ and Tuj1+ cells at 7 and 14 DIV showed that the neuronal differentiation was 

enhanced over time. We failed to image cells encapsulated in the bulk HA hydrogel by light 

sheet imaging, where only the surface (about 200 µm)	could	be	illuminated	(data not 

shown). One possible explanation is that the structure of bulk HA hydrogel was more dense 

than that of the granular gel so the antibodies might have difficulties penetrating throughout 

the hydrogels that were roughly 1 mm thick. It is worth further investigation to seek for 

solutions in order to successfully immunolabel and image intact whole bulk hydrogels. 

Therefore, we instead cryosectioned both types of hydrogels as a complementary analysis. 

Future studies should investigate and compare the hNPCs neuronal and glial differentiation 

potential, including neural cellular subtypes, neurite lengths of the neurons as well as 

functional properties when encapsulated in either bulk or granular HA hydrogels. 

Taken together, we emphasize the importance to study human specific SCI models. We  

suggest the application of models, as developed and studied in Paper I, II, III, where both 

novel biomaterials and allogeneic human homotopic neural cell therapy can be tested in vitro 

to support further development of treatment strategies. 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 
Overall, this thesis has increased the knowledge concerning  modeling of the human spinal 

cord in vitro, and human neural stem cell based therapy with exposure to human peripheral 

blood cells and novel biomaterials.  

In Paper I, we developed an ex vivo human spinal cord model, hOC, and studied cellular, 
molecular and functional characteristics of the human model and utilized hNPCs to test 
allogeneic cell therapy. We showed that the hOCs presented relatively intact cytoarchitecture 
and functional viability, could to a certain level replicate the in situ human spinal cord 
microenvironment, had potential for future structural and functional studies of human spinal 
cord development or injury, and could be used as a platform for the study and further 
development of SCI treatment strategies. A next step is the application of a composite 
approach including both human allogeneic neural cell therapy, where hNPCs are 
encapsulated in the granular form of HA hydrogel containing laminin and BDNF, and co-
cultured with the hOCs with or without a SCI. The hOC model allows us to test and validate 
both singular and composite treatment strategies in the human setting, which have proven to 
be effective in animal models (both in vitro and or in vivo). 

In Paper II, we developed an in vitro model to evaluate biomaterials and hPBMC 

immunogenic compatibility in conjunction with other allogenic neural cells. We suggest that 

this model can be used to evaluate human compatibility of novel biomaterials, which is 

resource effective to do early in the development of the production process and when 

necessary, make alterations to minimize the risk of rejection. We showed that VN-

NT2RepCT activated the B cells, CD4+ T cells and NK cells, and more efforts is required to 

develop recombinant spidroin with no endotoxin. The HA hydrogels with/without hNPCs did 

not stimulate lymphocyte activation or proliferation, indicating that HA hydrogels may be a 

suitable candidate scaffold for hNPC in vitro expansion and composite therapy in SCI. 

However, despite monocyte derived cells are part of the hPBMCs applied we in the present 

thesis did not specifically evaluate the macrophage/monocyte reaction in this model, while 

macrophages play an important role in immune response towards biomaterials. Therefore, in 

the future it is worth investigating the effect of granular HA hydrogel on also 

macrophages/monocytes. HA-mixed collagen hydrogel has been reported to trigger 

spontaneous M2-like polarity of monocyte/macrophage [217] and high molecular weight HA 

presented anti-inflammatory properties [218], which is of interest to study further. 

In Paper III, we modelled a 3D culture system to mimic the ECM suitable for hNPC survival 

and differentiation utilizing HA hydrogels combined with laminin and BDNF. The granular 

HA hydrogel together with laminin and BDNF presented beneficial features compared to 
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bulk HA hydrogel in the context of physical property and the capability to support hNPC 

survival and differentiation. Neuronal differentiation was observed to be supported up to 

14DIV in the granular HA hydrogel structure in our preliminary results, which can be 

promising for future clinical applications of neural cell therapy suitable for SCI.  
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Zhujie, even though you had to stepped down from the role as my co-supervisor in the 
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most kind, forgiving and selfless person I ever met! I feel very honored to have been one of 
the students you taught and supported. You have showed me that to be a successful female 
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knowledge. I don't know how to thank you enough, so I hope I can pass such kindness you 
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To the current and previous members of the Sundström group: 

Hullan, you have helped me so much in the lab especially in the hOC project! I appreciate a 
lot our lunch time together and all your very kind Christmas gifts! I am still wearing that pair 
of wool gloves:) I wish you a very happy and simple retired life! 

Ning, thank you for being so kind to me as I first joined the group and provided me with all 
the useful information to make my life so much easier as a newcomer in Sweden. I wish you 
a prosper life with your families, healthy and happy.  

PH, thank you for being so nice as we shared office together and openly shared your 
experience with me and encouraged me! 

Cinzia, it’s been a pleasure to participate and publish the hOC project together! It’s a pity 
that we did not have overlap time in the lab. I wish you all the best in Italy! 
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Jia, I have always heard stories about you in the lab but never known you until the time you 
last visited Stockholm. I thank you a lot for your valuable advice on PhD study and 
manuscript publication. I wish you a very happy life and success as a researcher and 
physician! 

Kalle, even though you were only with us for a bit more than half a year, you were an 
important part of my PhD journey as it was the first time I was responsible to mentor any 
student. Thank you for being so understanding all the time and eager to learn! I have honestly 
learnt a lot from you meanwhile. 

I also thank Åke, Tingting, Eva-Britt, Eva and Zjanna for your knowledge and kind 
support in the lab! I had fun working with you all! 

To all the great collaborators I had worked with during the PhD time: 

Erika and Mia, it has been such a pleasure to work closely with you on the 
electrophysiological part in the hOC project. I leant so much from both of you! Thank you! 

Anna and Janne, collaboration with you and your team has been a great learning experience 
for me. Also thank Kerstin and Marlene for providing the recombinant spider silk protein 
samples. 

Åsa and Cecilia, you have played an indispensable role in Paper II! Thank you so much for 
letting me be part of your group as I worked on Paper II and provided me with such good 
working environment!  
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experiments!  

Cathy and Jane, thank you so much for providing the skills and tools for the HA hydrogels 
fabrication technique! I have learnt so much about biomaterials from both of you. I hope our 
manuscript will eventually be published in a way that we are all satisfied with. 

I am really happy that Jane you came to Stockholm, and the time we spent together both in 
the lab and privately has made us good friends! I truly appreciate not only your timely, 
valuable scientific support in Paper III, but also your sincerity and kindness. I strongly 
believe that you will shine in whichever career path you choose. I hope our friendship will 
last!:) 

To my close friends in KI, my Stockholm families who have always backed me up: 

Giacomo, you are the first person I will turn to when I run into any issues at work or after 
work, because I know I can always trust you and count on you for support! It’s been such a 
spectacular journey along which we have been witnessed each other’s growth. There is a 
saying in Chinese :” 彩虹总在风雨后。” ––– Rainbow always after rain 🌈 . We will see the 
rainbow soon!:) Let’s have another celebration in Lilla Kina!  

Lea, thank you for being such a reliable and trustworthy friend, partner at work and running 
buddy! Our friendship started from being officemates as you were just doing internship; then 
in NVS doctoral council and DSA; I am still proud of us two imitating and organizing the 
Neuroscience Seminar together for PhD students in the neuroscience program, which I hope 
could continue and more students could benefit from it!  

Daniel, you have been like a big brother to me and you probably don’t remember that we 
almost become roommate even before you settle in Stockholm. I will always remember the 
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one pastel de nata you kept just for me and all the pep talks as I was writing the kappa. Big 
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Leatitia, you are not just my swimming buddy, close friend but also someone I admire. You 
have achieved so much and you deserve all the titles you have and more. Thank you for 
always hearing me out, providing a different perspective and caring for me! I sincerely wish 
you all the luck and a happy life! 

Bernie, were it not for you and Leatitia, I would not have managed moving home in the 
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at midsummer celebration and many other events. Thank you for trusting me and I hope to 
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time as plan:) You reminded me of the saying, ‘A friend in need is a friend indeed!’ How 
lucky I am to have you around! 

To Huan, I will always remember our time together in Flemingsberg and traveling in 
Barcelona! Those few years was so much fun! Wish you a great time back in Changchun and 
many good papers on the way!  

To Hui, it was such a pleasure to have you living next door during this last year of my phd 
journey! I thank you a lot for your help in running R for my statistics problems as well as all 
the support and experience sharing in thesis writing. My best wishes to your career as well as 
personal life! 
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To Huiying, thank you very much for your support on the Chinese abstract part in this thesis! 
It’s really inspiring to see how you pursuit your dream and made it so far in career! Hope to 
see you soon in Beijing! 

To Lin & Nanne, thank you for always making me feel the warmth of home and gave me so 
much unconditional love! 謝謝！希望你們健康，順利，開心！  

I thank Trent for the inspirational statistics discussion, and thank Kayla for being so kind 
and offer to do the proofreading! Soon we can go climbing and have more fun again! :D 

To Richard. Thank you so much for always being there for me and take my side! I really 
appreciated that you believed in me even at the times I did not believe in myself. You have 
been the light shined into my dim everyday life. I feel lucky and grateful for the every 
moment we spend together and I look forwards to our journeys ahead! 

我会走上博士这条路，我想应该感谢自己的执着，而这一路能坚持下来，我也感谢自
己没有放弃。 

我能成为今天这样的我不可谓不幸运，也得益于我的成长和求学路上遇到过的每一位
老师和长辈，以及和影响过我的朋友们。 

爸妈，估计你们也没有想到有一天自己的女儿会去读博士，会独自去到离你们那么遥
远的地方开展生活，非常感谢你们的开明和理解，自始自终都放手让我自己去闯荡。
也许你们会觉得并没有在学术上给我太多帮助，但其实你们一直影响着我的为人处
事。你们的正直，善良和坚韧其实很早就默默刻录进了我的性格里。谢谢你们无论环
境多艰难都在尽你们最大的努力支持我，谢谢你们选择了相信教育，谢谢你们相信
我！我爱你们，希望你们都平安喜乐！ 

亲爱的金老师，我一直觉得是有一种奇妙的缘分将那个年轻懵懂但充满科研激情的我
领了到您身边，让我幸成地成为了您的学生。您的温柔平和中蕴藏了强大的力量，也
感染着我。我一直很惭愧没有任何能让您为我骄傲的成就，或许未来我也未必达成多
大功业，遑论企及您的高度，但我期许自己能像您一样善待患者和同事，更精进专
业，积极地面对生活，若有机会也会尽力帮助后辈。希望自己能无愧于心，不让您失
望。 

高盼，咱俩的关系确实地做到了“在黑暗中并肩通行，走在各自的朝圣路上”，追寻着
各种心中的光，也互相鼓励，幸得君心似我心，唤一声知己你绝对担得起。偶然看到
你微信的签名“我与我周旋久”，也颇有同感，我续了下半句送给你也送给我：“我与
我周旋久，依然相爱。”J 

小白，你是那个不论什么时间我都可以毫无顾忌给你打电活过去的人，这几年在瑞典
你也在微信那头听我絮絮叨叨说着所有，我们这期间见面次数屈指可数却仿佛一直参
与着彼此的生活。我衷心希望你更健康，也更多照顾自己内在的需要。要记得，你很
棒，也被很多人爱着！ 

最后，我必须为铭宇师兄写下一些话。你在我追求学术的路上留下了浓墨重彩的一
笔，不但手把手教会我那么多实验技术，还鼓励和帮助了我去创新课题！你不知道那
给了我多少信心，也让我在当时下定决心要继续往科研的路上前进，去申请博士。当
我在很久之后才得知你的离开时，我特别震惊、伤心和惋惜，无以言表…博士期间好
多次感觉要坚持不下去的时候我都想到了你，好想和你说说话，仿佛那时自己能多理
解你一点… 我会永远感激从你身上学会的知识以及治学态度，希望今后的我也能帮
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助到一些其他人，给他们带去哪怕一丝微光。希望你已远离一切苦难，唯余平静祥
和。我会努力活着，待最终相遇那日再和你讲述我的故事。 

 

 

I would like to thank the China Scholarship Council (No. 201506170026) for funding me to 
come to Sweden and pursue PhD education in Karolinska Institutet.  

All the work in the thesis, with its three constituent papers, was only possible with the 
following research funding in addition to support from the China Scholarship Council: EU 
Marie Curie IEF postdoctoral fellowship, Becas Talentia, ALF funding, Stockholm County 
Council, Neuroförbundet, Vetenskapsrådet, Hjärnfonden, Karolinska Institutet Funds, Center 
for Innovative Medicine, China Regenerative Medicine International (CRMI), Jiangsu 
Industrial Technology Research Institute (JITRI), CIMED supporting the KI Stem Cell and 
Tissue Bank,. China Regenerative Medicine International Ltd., Swedish Research council, 
Karolinska Institutet StratRegen and The Center for Innovative Medicine. These studies were 
in part performed at the Live Cell imaging Core facility/Nikon Center of Excellence, at the 
Karolinska Institutet, supported by grants from the Swedish Research Council, KI 
infrastructure, and Centre for Innovative Medicine. BioImage Informatics Facility assisted in 
imaging analysis support, which is a unit of the National Bioinformatics Infrastructure 
Sweden (NBIS), with funding from SciLifeLab, National Microscopy Infrastructure NMI 
(VR-RFI 2019-00217), and the Chan-Zuckerberg Initiative.In addition, Open access funding 
was provided by Karolinska Institutet for Study II. 

Special thank you to all my supervisors and Giacomo and Richard for  proofreading this 
thesis. 

 





 

 47 

8 REFERENCES 
1. Jazayeri, S.B., et al., Incidence of traumatic spinal cord injury worldwide: a 

systematic review. Eur Spine J, 2015. 24(5): p. 905-18. 

2. Joseph, C., et al., Incidence, aetiology and injury characteristics of traumatic spinal 
cord injury in Stockholm, Sweden: A prospective, population-based update. J Rehabil 
Med, 2017. 49(5): p. 431-436. 

3. Jain, N.B., et al., Traumatic spinal cord injury in the United States, 1993-2012. 
JAMA, 2015. 313(22): p. 2236-43. 

4. Lee, B.B., et al., The global map for traumatic spinal cord injury epidemiology: 
update 2011, global incidence rate. Spinal Cord, 2014. 52(2): p. 110-6. 

5. Rahimi-Movaghar, V., et al., Epidemiology of traumatic spinal cord injury in 
developing countries: a systematic review. Neuroepidemiology, 2013. 41(2): p. 65-85. 

6. Biering-Sorensen, F., et al., ISCoS-WHO collaboration. International Perspectives of 
Spinal Cord Injury (IPSCI) report. Spinal Cord, 2011. 49(6): p. 679-83. 

7. Fitzharris, M., R.A. Cripps, and B.B. Lee, Estimating the global incidence of 
traumatic spinal cord injury. Spinal Cord, 2014. 52(2): p. 117-22. 

8. Divanoglou, A. and R. Levi, Incidence of traumatic spinal cord injury in 
Thessaloniki, Greece and Stockholm, Sweden: a prospective population-based study. 
Spinal Cord, 2009. 47(11): p. 796-801. 

9. Vale, F.L., et al., Combined medical and surgical treatment after acute spinal cord 
injury: results of a prospective pilot study to assess the merits of aggressive medical 
resuscitation and blood pressure management. 1997. 87(2): p. 239. 

10. Lee, S.M., et al., Minocycline Reduces Cell Death and Improves Functional Recovery 
after Traumatic Spinal Cord Injury in the Rat. Journal of Neurotrauma, 2003. 20(10): 
p. 1017-1027. 

11. Ahuja, C.S., et al., Traumatic spinal cord injury. Nature Reviews Disease Primers, 
2017. 3. 

12. Burda, J.E. and M.V. Sofroniew, Reactive gliosis and the multicellular response to 
CNS damage and disease. Neuron, 2014. 81(2): p. 229-48. 

13. Tran, A.P., P.M. Warren, and J. Silver, THE BIOLOGY OF REGENERATION 
FAILURE AND SUCCESS AFTER SPINAL CORD INJURY. Physiological Reviews, 
2018. 98(2): p. 881-917. 

14. Badhiwala, J.H., C.S. Ahuja, and M.G. Fehlings, Time is spine: a review of 
translational advances in spinal cord injury. Journal of Neurosurgery-Spine, 2019. 
30(1): p. 1-18. 

15. Kirshblum, S.C., et al., International standards for neurological classification of 
spinal cord injury (revised 2011). J Spinal Cord Med, 2011. 34(6): p. 535-46. 

16. Tator, C.H., Review of treatment trials in human spinal cord injury: issues, 
difficulties, and recommendations. Neurosurgery, 2006. 59(5): p. 957-82; discussion 
982-7. 



 

48 

17. Grassner, L., et al., Early Decompression (< 8 h) after Traumatic Cervical Spinal 
Cord Injury Improves Functional Outcome as Assessed by Spinal Cord Independence 
Measure after One Year. J Neurotrauma, 2016. 33(18): p. 1658-66. 

18. Fehlings, M.G., et al., A Clinical Practice Guideline for the Management of Patients 
With Acute Spinal Cord Injury: Recommendations on the Use of Methylprednisolone 
Sodium Succinate. Global Spine J, 2017. 7(3 Suppl): p. 203S-211S. 

19. Breslin, K. and D. Agrawal, The use of methylprednisolone in acute spinal cord 
injury: a review of the evidence, controversies, and recommendations. Pediatr Emerg 
Care, 2012. 28(11): p. 1238-45; quiz 1246-8. 

20. Saadeh, Y.S., et al., The impact of blood pressure management after spinal cord 
injury: a systematic review of the literature. Neurosurg Focus, 2017. 43(5): p. E20. 

21. Aravind, N., L.A. Harvey, and J.V. Glinsky, Physiotherapy interventions for 
increasing muscle strength in people with spinal cord injuries: a systematic review. 
Spinal Cord, 2019. 

22. Wagner, F.B., et al., Targeted neurotechnology restores walking in humans with 
spinal cord injury. Nature, 2018. 563(7729): p. 65-71. 

23. Filli, L. and M.E. Schwab, The rocky road to translation in spinal cord repair. Ann 
Neurol, 2012. 72(4): p. 491-501. 

24. Kim, Y.-H., K.-Y. Ha, and S.-I. Kim, Spinal Cord Injury and Related Clinical Trials. 
Clinics in orthopedic surgery, 2017. 9(1): p. 1-9. 

25. Fleming, J.C., et al., The cellular inflammatory response in human spinal cords after 
injury. Brain, 2006. 129(Pt 12): p. 3249-69. 

26. Kigerl, K.A., et al., Identification of Two Distinct Macrophage Subsets with 
Divergent Effects Causing either Neurotoxicity or Regeneration in the Injured Mouse 
Spinal Cord. The Journal of Neuroscience, 2009. 29(43): p. 13435-13444. 

27. Jiang, M.H., et al., Substance P reduces apoptotic cell death possibly by modulating 
the immune response at the early stage after spinal cord injury. Neuroreport, 2013. 
24(15): p. 846-51. 

28. Carlson, S.L., et al., Acute Inflammatory Response in Spinal Cord Following Impact 
Injury. Experimental Neurology, 1998. 151(1): p. 77-88. 

29. Beck, K.D., et al., Quantitative analysis of cellular inflammation after traumatic 
spinal cord injury: evidence for a multiphasic inflammatory response in the acute to 
chronic environment. Brain, 2010. 133(Pt 2): p. 433-47. 

30. Corps, K.N., T.L. Roth, and D.B. McGavern, Inflammation and neuroprotection in 
traumatic brain injury. JAMA Neurol, 2015. 72(3): p. 355-62. 

31. Sinescu, C., et al., Molecular basis of vascular events following spinal cord injury. 
Journal of medicine and life, 2010. 3(3): p. 254-261. 

32. Zhou, X., X. He, and Y. Ren, Function of microglia and macrophages in secondary 
damage after spinal cord injury. Neural Regen Res, 2014. 9(20): p. 1787-95. 

33. Greenhalgh, A.D. and S. David, Differences in the phagocytic response of microglia 
and peripheral macrophages after spinal cord injury and its effects on cell death. J 
Neurosci, 2014. 34(18): p. 6316-22. 



 

 49 

34. Vasconcelos, D.P., et al., The inflammasome in host response to biomaterials: 
Bridging inflammation and tissue regeneration. Acta Biomater, 2019. 83: p. 1-12. 

35. Hines, D.J., et al., Microglia processes block the spread of damage in the brain and 
require functional chloride channels. Glia, 2009. 57(15): p. 1610-8. 

36. Anderson, M.A., et al., Astrocyte scar formation aids central nervous system axon 
regeneration. Nature, 2016. 532(7598): p. 195-200. 

37. Goritz, C., et al., A Pericyte Origin of Spinal Cord Scar Tissue. Science, 2011. 
333(6039): p. 238-242. 

38. Tom, V.J., et al., Studies on the development and behavior of the dystrophic growth 
cone, the hallmark of regeneration failure, in an in vitro model of the glial scar and 
after spinal cord injury. J Neurosci, 2004. 24(29): p. 6531-9. 

39. Dyck, S.M. and S. Karimi-Abdolrezaee, Chondroitin sulfate proteoglycans: Key 
modulators in the developing and pathologic central nervous system. Exp Neurol, 
2015. 269: p. 169-87. 

40. Wang, X., et al., Macrophages in spinal cord injury: phenotypic and functional 
change from exposure to myelin debris. Glia, 2015. 63(4): p. 635-51. 

41. Schwab, M.E. and S.M. Strittmatter, Nogo limits neural plasticity and recovery from 
injury. Curr Opin Neurobiol, 2014. 27: p. 53-60. 

42. Mahar, M. and V. Cavalli, Intrinsic mechanisms of neuronal axon regeneration. Nat 
Rev Neurosci, 2018. 19(6): p. 323-337. 

43. Sun, F., et al., Sustained axon regeneration induced by co-deletion of PTEN and 
SOCS3. Nature, 2011. 480(7377): p. 372-375. 

44. Assinck, P., et al., Cell transplantation therapy for spinal cord injury. Nature 
Neuroscience, 2017. 20(5): p. 637-647. 

45. Veneruso, V., et al., Stem cell paracrine effect and delivery strategies for spinal cord 
injury regeneration. Journal of Controlled Release, 2019. 300: p. 141-153. 

46. Liu, S., et al., Biomaterial-Supported Cell Transplantation Treatments for Spinal 
Cord Injury: Challenges and Perspectives. Frontiers in Cellular Neuroscience, 2018. 
11(430). 

47. Katoh, H., K. Yokota, and M.G. Fehlings, Regeneration of Spinal Cord Connectivity 
Through Stem Cell Transplantation and Biomaterial Scaffolds. Frontiers in Cellular 
Neuroscience, 2019. 13. 

48. Emgard, M., et al., Neuroprotective effects of human spinal cord-derived neural 
precursor cells after transplantation to the injured spinal cord. Exp Neurol, 2014. 
253: p. 138-45. 

49. Rosenzweig, E.S., et al., Restorative effects of human neural stem cell grafts on the 
primate spinal cord. Nature Medicine, 2018. 

50. Bonner, J.F. and O. Steward, Repair of spinal cord injury with neuronal relays: From 
fetal grafts to neural stem cells. Brain Res, 2015. 1619: p. 115-23. 

51. Yang, H., et al., Region-specific differentiation of neural tube-derived neuronal 
restricted progenitor cells after heterotopic transplantation. Proceedings of the 
National Academy of Sciences, 2000. 97(24): p. 13366-13371. 



 

50 

52. Liu, J., et al., Human neural stem/progenitor cells derived from embryonic stem cells 
and fetal nervous system present differences in immunogenicity and 
immunomodulatory potentials in vitro. Stem Cell Res, 2013. 10(3): p. 325-37. 

53. Carpenter, M.K., et al., In Vitro Expansion of a Multipotent Population of Human 
Neural Progenitor Cells. Experimental Neurology, 1999. 158(2): p. 265-278. 

54. Kumamaru, H., et al., Generation and post-injury integration of human spinal cord 
neural stem cells. Nature Methods, 2018. 

55. Piao, J.H., et al., Cellular composition of long-term human spinal cord- and 
forebrain-derived neurosphere cultures. J Neurosci Res, 2006. 84(3): p. 471-82. 

56. Behnan, J., et al., Identification and characterization of a new source of adult human 
neural progenitors. Cell Death & Disease, 2017. 8(8): p. e2991-e2991. 

57. Akesson, E., et al., Long-term culture and neuronal survival after intraspinal 
transplantation of human spinal cord-derived neurospheres. Physiol Behav, 2007. 
92(1-2): p. 60-6. 

58. Nutt, S.E., et al., Caudalized human iPSC-derived neural progenitor cells produce 
neurons and glia but fail to restore function in an early chronic spinal cord injury 
model. Experimental Neurology, 2013. 248: p. 491-503. 

59. Hsu, C.-C., et al., Increased connectivity of hiPSC-derived neural networks in 
multiphase granular hydrogel scaffolds. Bioactive Materials, 2021. 

60. Dell'Anno, M.T., et al., Human neuroepithelial stem cell regional specificity enables 
spinal cord repair through a relay circuit. Nat Commun, 2018. 9(1): p. 3419. 

61. Kadoya, K., et al., Spinal cord reconstitution with homologous neural grafts enables 
robust corticospinal regeneration. Nat Med, 2016. 22(5): p. 479-87. 

62. Yan, J., et al., Extensive neuronal differentiation of human neural stem cell grafts in 
adult rat spinal cord. PLoS Med, 2007. 4(2): p. e39. 

63. Kadoya, K., et al., Spinal cord reconstitution with homologous neural grafts enables 
robust corticospinal regeneration. Nature Medicine, 2016. 22: p. 479. 

64. Nardone, R., et al., Rodent, large animal and non-human primate models of spinal 
cord injury. Zoology (Jena), 2017. 123: p. 101-114. 

65. Le Corre, M., et al., A Novel Translational Model of Spinal Cord Injury in Nonhuman 
Primate. Neurotherapeutics, 2018. 15(3): p. 751-769. 

66. Weller, T.H., F.C. Robbins, and J.F. Enders, Cultivation of poliomyelitis virus in 
cultures of human foreskin and embryonic tissues. Proc Soc Exp Biol Med, 1949. 
72(1): p. 153-5. 

67. Harrison, R.G., et al., Observations of the living developing nerve fiber. The 
Anatomical Record, 1907. 1(5): p. 116-128. 

68. Lawrence, J.H., et al., Advances in biological and medical physics. Volume 16 
Volume 16. 1977. 

69. Murray, M.R. and A.P. Stout, Characteristics of human Schwann cells in vitro. The 
Anatomical Record, 1942. 84(3): p. 275-293. 

70. Hogue, M.J., Intercellular granules in tissue cultures of the brain. Anat Rec, 1946. 
94: p. 470. 



 

 51 

71. Hogue, M.J., Human fetal brain cells in tissue cultures; their identification and 
motility. J Exp Zool, 1947. 106(1): p. 85-107. 

72. Pandamooz, S., et al., Organotypic Spinal Cord Culture: a Proper Platform for the 
Functional Screening. Mol Neurobiol, 2016. 53(7): p. 4659-74. 

73. Walsh, K., J. Megyesi, and R. Hammond, Human central nervous system tissue 
culture: a historical review and examination of recent advances. Neurobiol Dis, 2005. 
18(1): p. 2-18. 

74. Labombarda, F., et al., Neuroprotection by steroids after neurotrauma in organotypic 
spinal cord cultures: a key role for progesterone receptors and steroidal modulators 
of GABA(A) receptors. Neuropharmacology, 2013. 71: p. 46-55. 

75. Weightman, A.P., et al., An in vitro spinal cord injury model to screen 
neuroregenerative materials. Biomaterials, 2014. 35(12): p. 3756-65. 

76. Schizas, N., et al., Neural crest stem cells protect spinal cord neurons from 
excitotoxic damage and inhibit glial activation by secretion of brain-derived 
neurotrophic factor. Cell Tissue Res, 2018. 372(3): p. 493-505. 

77. Schizas, N., et al., Hyaluronic acid-based hydrogel enhances neuronal survival in 
spinal cord slice cultures from postnatal mice. J Biomater Appl, 2014. 28(6): p. 825-
36. 

78. Gahwiler, B.H., Slice cultures of cerebellar, hippocampal and hypothalamic tissue. 
Experientia, 1984. 40(3): p. 235-43. 

79. Kamei, N., et al., BDNF, NT-3, and NGF released from transplanted neural 
progenitor cells promote corticospinal axon growth in organotypic cocultures. Spine 
(Phila Pa 1976), 2007. 32(12): p. 1272-8. 

80. Kim, H.M., et al., Organotypic spinal cord slice culture to study neural 
stem/progenitor cell microenvironment in the injured spinal cord. Exp Neurobiol, 
2010. 19(2): p. 106-13. 

81. Nakamae, T., et al., The effects of combining chondroitinase ABC and NEP1-40 on 
the corticospinal axon growth in organotypic co-cultures. Neuroscience Letters, 
2010. 476(1): p. 14-17. 

82. Mladinic, M. and A. Nistri, Microelectrode arrays in combination with in vitro 
models of spinal cord injury as tools to investigate pathological changes in network 
activity: facts and promises. Front Neuroeng, 2013. 6: p. 2. 

83. Kuzhandaivel, A., et al., Molecular Mechanisms Underlying Cell Death in Spinal 
Networks in Relation to Locomotor Activity After Acute Injury in vitro. Front Cell 
Neurosci, 2011. 5: p. 9. 

84. Mazzone, G.L., M. Mladinic, and A. Nistri, Excitotoxic cell death induces delayed 
proliferation of endogenous neuroprogenitor cells in organotypic slice cultures of the 
rat spinal cord. Cell Death Dis, 2013. 4: p. e902. 

85. Sypecka, J., et al., The organotypic longitudinal spinal cord slice culture for stem cell 
study. Stem Cells Int, 2015. 2015: p. 471216. 

86. Krassioukov, A.V., et al., An in vitro model of neurotrauma in organotypic spinal 
cord cultures from adult mice. Brain Res Brain Res Protoc, 2002. 10(2): p. 60-8. 



 

52 

87. Fernandez-Zafra, T., S. Codeluppi, and P. Uhlen, An ex vivo spinal cord injury model 
to study ependymal cells in adult mouse tissue. Exp Cell Res, 2017. 357(2): p. 236-
242. 

88. Pandamooz, S., et al., Valproic acid preserves motoneurons following contusion in 
organotypic spinal cord slice culture. J Spinal Cord Med, 2017. 40(1): p. 100-106. 

89. Pandamooz, S., et al., Modeling traumatic injury in organotypic spinal cord slice 
culture obtained from adult rat. Tissue Cell, 2019. 56: p. 90-97. 

90. Avossa, D., et al., Spinal circuits formation: a study of developmentally regulated 
markers in organotypic cultures of embryonic mouse spinal cord. Neuroscience, 
2003. 122(2): p. 391-405. 

91. Cavaliere, F., M. Benito-Munoz, and C. Matute, Organotypic Cultures as a Model to 
Study Adult Neurogenesis in CNS Disorders. Stem Cells Int, 2016. 2016: p. 3540568. 

92. Schwarz, N., et al., Human Cerebrospinal fluid promotes long-term neuronal viability 
and network function in human neocortical organotypic brain slice cultures. Sci Rep, 
2017. 7(1): p. 12249. 

93. Forsberg, D., et al., Functional Stem Cell Integration into Neural Networks Assessed 
by Organotypic Slice Cultures. Curr Protoc Stem Cell Biol, 2017. 42: p. 2d.13.1-
2d.13.30. 

94. Ballerini, L. and M. Galante, Network bursting by organotypic spinal slice cultures in 
the presence of bicuculline and/or strychnine is developmentally regulated. European 
Journal of Neuroscience, 1998. 10(9): p. 2871-2879. 

95. Heidemann, M., J. Streit, and A. Tscherter, Investigating Functional Regeneration in 
Organotypic Spinal Cord Co-cultures Grown on Multi-electrode Arrays. Journal of 
visualized experiments : JoVE, 2015(103): p. 53121. 

96. Andersson, M., et al., Optogenetic control of human neurons in organotypic brain 
cultures. Scientific Reports, 2016. 6: p. 24818. 

97. Wickham, J., et al., Prolonged life of human acute hippocampal slices from temporal 
lobe epilepsy surgery. Sci Rep, 2018. 8(1): p. 4158. 

98. Eugene, E., et al., An organotypic brain slice preparation from adult patients with 
temporal lobe epilepsy. J Neurosci Methods, 2014. 235: p. 234-44. 

99. H., V.R.W., et al., Altered Loyalties of Neuronal Markers in Cultured Slices of 
Resected Human Brain Tissue. Brain Pathology, 2016. 26(4): p. 523-532. 

100. Kang, C., et al., Human Organotypic Cultured Cardiac Slices: New Platform For 
High Throughput Preclinical Human Trials. Sci Rep, 2016. 6: p. 28798. 

101. Daviaud, N., et al., Organotypic cultures as tools for optimizing central nervous 
system cell therapies. Exp Neurol, 2013. 248: p. 429-40. 

102. Ducray, A.D., et al., Creatine promotes the GABAergic phenotype in human fetal 
spinal cord cultures. Brain Research, 2007. 1137: p. 50-57. 

103. Josephson, A., et al., GDNF and NGF family members and receptors in human fetal 
and adult spinal cord and dorsal root ganglia. J Comp Neurol, 2001. 440(2): p. 204-
17. 



 

 53 

104. Widenfalk, J., H.R. Widmer, and C. Spenger, GDNF, RET and GFRalpha-1-3 mRNA 
expression in the developing human spinal cord and ganglia. Neuroreport, 1999. 
10(7): p. 1433-9. 

105. Vostrikov, V.M., et al., Organotypic cultures of free-floating slices of human embryo 
medulla oblongata. Neurosci Behav Physiol, 2005. 35(1): p. 9-15. 

106. Jeong, D.K., et al., Organotypic human spinal cord slice culture as an alternative to 
direct transplantation of human bone marrow precursor cells for treating spinal cord 
injury. World Neurosurg, 2011. 75(3-4): p. 533-9. 

107. Lyser, K.M., Electron-Microscopic Observations of a Human Schwannoma in 
Organotypic Culture. Oncology, 1975. 31(3-4): p. 244-253. 

108. Lyman, W.D., et al., Human fetal myelinated organotypic cultures. Brain Res, 1992. 
599(1): p. 34-44. 

109. Akesson, E., et al., Human neural stem cells and astrocytes, but not neurons, suppress 
an allogeneic lymphocyte response. Stem Cell Res, 2009. 2(1): p. 56-67. 

110. Xu, N., et al., Transplantation of Human Neural Precursor Cells Reverses Syrinx 
Growth in a Rat Model of Post-Traumatic Syringomyelia. Neurotherapeutics, 2021. 
18(2): p. 1257-1272. 

111. Tam, R.Y., et al., Regenerative Therapies for Central Nervous System Diseases: a 
Biomaterials Approach. Neuropsychopharmacology, 2014. 39(1): p. 169-188. 

112. Kubinova, S. and E. Sykova, Biomaterials combined with cell therapy for treatment 
of spinal cord injury. Regen Med, 2012. 7(2): p. 207-24. 

113. Williams, D.F., The Williams Dictionary of Biomaterials. 2012: Liverpool University 
Press. 

114. Rahmati, M., et al., Biological responses to physicochemical properties of 
biomaterial surface. Chemical Society Reviews, 2020. 49(15): p. 5178-5224. 

115. Fournier, E., et al., Biocompatibility of implantable synthetic polymeric drug carriers: 
focus on brain biocompatibility. Biomaterials, 2003. 24(19): p. 3311-31. 

116. Wilson, C.J., et al., Mediation of biomaterial-cell interactions by adsorbed proteins: a 
review. Tissue Eng, 2005. 11(1-2): p. 1-18. 

117. Mosser, D.M. and J.P. Edwards, Exploring the full spectrum of macrophage 
activation. Nature Reviews Immunology, 2008. 8(12): p. 958-969. 

118. Murray, P.J. and T.A. Wynn, Protective and pathogenic functions of macrophage 
subsets. Nature Reviews Immunology, 2011. 11(11): p. 723-737. 

119. Zhang, D., et al., Dealing with the Foreign-Body Response to Implanted 
Biomaterials: Strategies and Applications of New Materials. Advanced Functional 
Materials, 2021. 31(6): p. 2007226. 

120. Marwick, J.A., et al., Neutrophils induce macrophage anti-inflammatory 
reprogramming by suppressing NF-κB activation. Cell Death & Disease, 2018. 9(6): 
p. 665. 

121. Huyer, L.D., et al., Advanced Strategies for Modulation of the Material-Macrophage 
Interface. Advanced Functional Materials, 2020. 30(44). 



 

54 

122. Mariani, E., et al., Biomaterials: Foreign Bodies or Tuners for the Immune Response? 
International Journal of Molecular Sciences, 2019. 20(3): p. 42. 

123. Kennell, A.S.M., K.G. Gould, and M.R. Salaman, Proliferation assay amplification 
by IL-2 in model primary and recall antigen systems. BMC Research Notes, 2014. 
7(1): p. 662. 

124. Heinzel, S., et al., The regulation of lymphocyte activation and proliferation. Curr 
Opin Immunol, 2018. 51: p. 32-38. 

125. Rahmati, M. and M. Mozafari, Selective Contribution of Bioactive Glasses to 
Molecular and Cellular Pathways. ACS Biomaterials Science & Engineering, 2020. 
6(1): p. 4-20. 

126. Rahmati, M. and M. Mozafari, Protein adsorption on polymers. Materials Today 
Communications, 2018. 17: p. 527-540. 

127. Barr, S., E.W. Hill, and A. Bayat, Functional biocompatibility testing of silicone 
breast implants and a novel classification system based on surface roughness. Journal 
of the Mechanical Behavior of Biomedical Materials, 2017. 75: p. 75-81. 

128. Moshayedi, P., et al., The relationship between glial cell mechanosensitivity and 
foreign body reactions in the central nervous system. Biomaterials, 2014. 35(13): p. 
3919-3925. 

129. Bartlett, R.D., D. Choi, and J.B. Phillips, Biomechanical properties of the spinal cord: 
implications for tissue engineering and clinical translation. Regen Med, 2016. 11(7): 
p. 659-73. 

130. Karimi, A., A. Shojaei, and P. Tehrani, Mechanical properties of the human spinal 
cord under the compressive loading. Journal of Chemical Neuroanatomy, 2017. 86: p. 
15-18. 

131. Korde, J.M. and B. Kandasubramanian, Biocompatible alkyl cyanoacrylates and their 
derivatives as bio-adhesives. Biomater Sci, 2018. 6(7): p. 1691-1711. 

132. Ambekar, R.S. and B. Kandasubramanian, Progress in the Advancement of Porous 
Biopolymer Scaffold: Tissue Engineering Application. Industrial & Engineering 
Chemistry Research, 2019. 58(16): p. 6163-6194. 

133. Liu, X., et al., Tunable tissue scaffolds fabricated by in situ crosslink in phase 
separation system. RSC Advances, 2015. 5(122): p. 100824-100833. 

134. Deguchi, K., et al., Implantation of a new porous gelatin-siloxane hybrid into a brain 
lesion as a potential scaffold for tissue regeneration. J Cereb Blood Flow Metab, 
2006. 26(10): p. 1263-73. 

135. Shrestha, B., et al., Repair of injured spinal cord using biomaterial scaffolds and stem 
cells. Stem Cell Res Ther, 2014. 5(4): p. 91. 

136. Madl, C.M., et al., Maintenance of neural progenitor cell stemness in 3D hydrogels 
requires matrix remodelling. Nature Materials, 2017. 16: p. 1233. 

137. Madl, C.M., et al., Matrix Remodeling Enhances the Differentiation Capacity of 
Neural Progenitor Cells in 3D Hydrogels. Advanced Science, 2019. 6(4): p. 1801716. 

138. Lim, S.H., et al., The effect of nanofiber-guided cell alignment on the preferential 
differentiation of neural stem cells. Biomaterials, 2010. 31(34): p. 9031-9. 



 

 55 

139. Zou, Y., et al., Aligned collagen scaffold combination with human spinal cord-derived 
neural stem cells to improve spinal cord injury repair. Biomaterials Science, 2020. 
8(18): p. 5145-5156. 

140. Dumont, C.M., et al., Aligned hydrogel tubes guide regeneration following spinal 
cord injury. Acta Biomater, 2019. 86: p. 312-322. 

141. Carballo-Molina, O.A. and I. Velasco, Hydrogels as scaffolds and delivery systems to 
enhance axonal regeneration after injuries. Front Cell Neurosci, 2015. 9: p. 13. 

142. Sofroniew, M.V., Dissecting spinal cord regeneration. Nature, 2018. 557(7705): p. 
343-350. 

143. Tuszynski, M.H. and O. Steward, Concepts and methods for the study of axonal 
regeneration in the CNS. Neuron, 2012. 74(5): p. 777-91. 

144. Park, H. and M.M. Poo, Neurotrophin regulation of neural circuit development and 
function. NATURE REVIEWS NEUROSCIENCE, 2013. 14(1): p. 7-23. 

145. Hachem, L.D., A.J. Mothe, and C.H. Tator, Effect of BDNF and Other Potential 
Survival Factors in Models of In Vitro Oxidative Stress on Adult Spinal Cord-Derived 
Neural Stem/Progenitor Cells. Biores Open Access, 2015. 4(1): p. 146-59. 

146. Bergami, M., et al., Deletion of TrkB in adult progenitors alters newborn neuron 
integration into hippocampal circuits and increases anxiety-like behavior. 
Proceedings of the National Academy of Sciences, 2008. 105(40): p. 15570-15575. 

147. Mariga, A., et al., Withdrawal of BDNF from hippocampal cultures leads to changes 
in genes involved in synaptic function. Dev Neurobiol, 2015. 75(2): p. 173-92. 

148. Shelly, M., et al., LKB1/STRAD Promotes Axon Initiation During Neuronal 
Polarization. Cell, 2007. 129(3): p. 565-577. 

149. Goldberg, J.L., et al., Retinal Ganglion Cells Do Not Extend Axons by Default: 
Promotion by Neurotrophic Signaling and Electrical Activity. Neuron, 2002. 33(5): p. 
689-702. 

150. Goldberg, J.L., How does an axon grow? Genes Dev, 2003. 17(8): p. 941-58. 

151. Li, G., et al., Laminin-Coated Electrospun Regenerated Silk Fibroin Mats Promote 
Neural Progenitor Cell Proliferation, Differentiation, and Survival in vitro. Frontiers 
in Bioengineering and Biotechnology, 2019. 7(190). 

152. Jeon, K., K. Park, and A.M. Jetten, Efficient Neural Differentiation using Single-Cell 
Culture of Human Embryonic Stem Cells. Journal of visualized experiments : JoVE, 
2020(155): p. 10.3791/60571. 

153. Pierret, C., et al., Developmental cues and persistent neurogenic potential within an in 
vitro neural niche. BMC Dev Biol, 2010. 10: p. 5. 

154. Silva, A., et al., BDNF and extracellular matrix regulate differentiation of mice 
neurosphere-derived cells into a GABAergic neuronal phenotype. J Neurosci Res, 
2009. 87(9): p. 1986-96. 

155. Ma, W., et al., Cell-extracellular matrix interactions regulate neural differentiation of 
human embryonic stem cells. BMC Dev Biol, 2008. 8: p. 90. 



 

56 

156. Arulmoli, J., et al., Combination scaffolds of salmon fibrin, hyaluronic acid, and 
laminin for human neural stem cell and vascular tissue engineering. Acta 
Biomaterialia, 2016. 43: p. 122-138. 

157. Madigan, N.N., et al., Current tissue engineering and novel therapeutic approaches 
to axonal regeneration following spinal cord injury using polymer scaffolds. Respir 
Physiol Neurobiol, 2009. 169(2): p. 183-99. 

158. Barros, C.S., S.J. Franco, and U. Muller, Extracellular matrix: functions in the 
nervous system. Cold Spring Harb Perspect Biol, 2011. 3(1): p. a005108. 

159. Ahmed, E.M., Hydrogel: Preparation, characterization, and applications: A review. 
Journal of Advanced Research, 2015. 6(2): p. 105-121. 

160. Peppas, N.A., et al., Hydrogels in pharmaceutical formulations. European Journal of 
Pharmaceutics and Biopharmaceutics, 2000. 50(1): p. 27-46. 

161. Caló, E. and V.V. Khutoryanskiy, Biomedical applications of hydrogels: A review of 
patents and commercial products. European Polymer Journal, 2015. 65: p. 252-267. 

162. Vecino, E. and J.C.F. Kwok, The Extracellular Matrix in the Nervous System: The 
Good and the Bad Aspects, in Composition and Function of the Extracellular Matrix 
in the Human Body. 2016. 

163. Mori, M., et al., Hyaluronan-based Biomaterials in Tissue Engineering. ACTA 
HISTOCHEMICA ET CYTOCHEMICA, 2004. 37(1): p. 1-5. 

164. Khaing, Z.Z., et al., High molecular weight hyaluronic acid limits astrocyte activation 
and scar formation after spinal cord injury. J Neural Eng, 2011. 8(4): p. 046033. 

165. Kushchayev, S.V., et al., Hyaluronic acid scaffold has a neuroprotective effect in 
hemisection spinal cord injury. J Neurosurg Spine, 2016. 25(1): p. 114-24. 

166. Litwiniuk, M., et al., Hyaluronic Acid in Inflammation and Tissue Regeneration. 
Wounds, 2016. 28(3): p. 78-88. 

167. Lee-Sayer, S.S., et al., The where, when, how, and why of hyaluronan binding by 
immune cells. Front Immunol, 2015. 6: p. 150. 

168. Bergman, K., et al., Injectable cell-free template for bone-tissue formation. Journal of 
Biomedical Materials Research Part A, 2009. 91A(4): p. 1111-1118. 

169. Wang, X., et al., Hyaluronic acid-based scaffold for central neural tissue engineering. 
Interface Focus, 2012. 2(3): p. 278-91. 

170. Riley, L., L. Schirmer, and T. Segura, Granular hydrogels: emergent properties of 
jammed hydrogel microparticles and their applications in tissue repair and 
regeneration. Curr Opin Biotechnol, 2018. 60: p. 1-8. 

171. George, J., et al., Neural tissue engineering with structured hydrogels in CNS models 
and therapies. Biotechnol Adv, 2019. 

172. Harrison, R.G., ON THE STEREOTROPISM OF EMBRYONIC CELLS. Science, 
1911. 34(870): p. 279-81. 

173. Rising, A. and J. Johansson, Toward spinning artificial spider silk. Nat Chem Biol, 
2015. 11(5): p. 309-315. 

174. Hu, X., et al., Molecular mechanisms of spider silk. Cellular and Molecular Life 
Sciences CMLS, 2006. 63(17): p. 1986-1999. 



 

 57 

175. Gosline, J.M., et al., The mechanical design of spider silks: from fibroin sequence to 
mechanical function. J Exp Biol, 1999. 202(Pt 23): p. 3295-303. 

176. Vollrath, F., et al., Local tolerance to spider silks and protein polymers in vivo. In 
Vivo, 2002. 16(4): p. 229-34. 

177. Allmeling, C., et al., Spider silk fibres in artificial nerve constructs promote 
peripheral nerve regeneration. Cell Prolif, 2008. 41(3): p. 408-20. 

178. Allmeling, C., et al., Use of spider silk fibres as an innovative material in a 
biocompatible artificial nerve conduit. J Cell Mol Med, 2006. 10(3): p. 770-7. 

179. Radtke, C., et al., Spider silk constructs enhance axonal regeneration and 
remyelination in long nerve defects in sheep. PLoS One, 2011. 6(2): p. e16990. 

180. Wu, S., et al., Spider silk for xeno-free long-term self-renewal and differentiation of 
human pluripotent stem cells. Biomaterials, 2014. 35(30): p. 8496-502. 

181. Widhe, M., et al., Recombinant spider silk as matrices for cell culture. Biomaterials, 
2010. 31(36): p. 9575-85. 

182. Lewicka, M., O. Hermanson, and A.U. Rising, Recombinant spider silk matrices for 
neural stem cell cultures. Biomaterials, 2012. 33(31): p. 7712-7717. 

183. Fredriksson, C., et al., Tissue Response to Subcutaneously Implanted Recombinant 
Spider Silk: An in Vivo Study. Materials, 2009. 2(4): p. 1908. 

184. Stoppini, L., P.A. Buchs, and D. Muller, A simple method for organotypic cultures of 
nervous tissue. J Neurosci Methods, 1991. 37(2): p. 173-82. 

185. Zarembinski, T.I., et al., HyStem®, a customisable hyaluronan-based hydrogel matrix 
for 3D cell culture, in Technology Platforms for 3D Cell Culture. 2017. p. 173-196. 

186. Lin, C., et al., In Vitro Study of Human Immune Responses to Hyaluronic Acid 
Hydrogels, Recombinant Spidroins and Human Neural Progenitor Cells of Relevance 
to Spinal Cord Injury Repair. Cells, 2021. 10(7): p. 1713. 

187. Dekkers, J.F., et al., High-resolution 3D imaging of fixed and cleared organoids. 
Nature Protocols, 2019. 14(6): p. 1756-1771. 

188. Hörl, D., et al., BigStitcher: reconstructing high-resolution image datasets of cleared 
and expanded samples. Nature Methods, 2019. 16(9): p. 870-874. 

189. Schindelin, J., et al., Fiji: an open-source platform for biological-image analysis. 
Nature Methods, 2012. 9(7): p. 676-682. 

190. Otsu, N., A Threshold Selection Method from Gray-Level Histograms. IEEE 
Transactions on Systems, Man, and Cybernetics, 1979. 9(1): p. 62-66. 

191. Ollion, J., et al., TANGO: a generic tool for high-throughput 3D image analysis for 
studying nuclear organization. Bioinformatics, 2013. 29(14): p. 1840-1841. 

192. Zhang, N., et al., Evaluation of spinal cord injury animal models. Neural regeneration 
research, 2014. 9(22): p. 2008-2012. 

193. Filipp, M.E., et al., Differences in neuroplasticity after spinal cord injury in varying 
animal models and humans. Neural Regen Res, 2019. 14(1): p. 7-19. 



 

58 

194. Courtine, G., et al., Can experiments in nonhuman primates expedite the translation 
of treatments for spinal cord injury in humans? Nature Medicine, 2007. 13(5): p. 561-
566. 

195. Liu, S., Y.Y. Xie, and B. Wang, Role and prospects of regenerative biomaterials in 
the repair of spinal cord injury. Neural Regen Res, 2019. 14(8): p. 1352-1363. 

196. Pluchino, S., et al., Immune regulatory neural stem/precursor cells protect from 
central nervous system autoimmunity by restraining dendritic cell function. PLoS 
One, 2009. 4(6): p. e5959. 

197. Odeberg, J., et al., Low immunogenicity of in vitro-expanded human neural cells 
despite high MHC expression. J Neuroimmunol, 2005. 161(1-2): p. 1-11. 

198. Parmar, M., S. Grealish, and C. Henchcliffe, The future of stem cell therapies for 
Parkinson disease. Nature Reviews Neuroscience, 2020. 21(2): p. 103-115. 

199. Turrigiano, G.G. and S.B. Nelson, Homeostatic plasticity in the developing nervous 
system. Nature Reviews Neuroscience, 2004. 5(2): p. 97-107. 

200. Lossi, L., et al., Cell death and proliferation in acute slices and organotypic cultures 
of mammalian CNS. Progress in Neurobiology, 2009. 88(4): p. 221-245. 

201. Zarei-Kheirabadi, M., et al., Human embryonic stem cell-derived neural stem cells 
encapsulated in hyaluronic acid promotes regeneration in a contusion spinal cord 
injured rat. International Journal of Biological Macromolecules, 2020. 148: p. 1118-
1129. 

202. Marchini, A., et al., Multifunctionalized hydrogels foster hNSC maturation in 3D 
cultures and neural regeneration in spinal cord injuries. Proc Natl Acad Sci U S A, 
2019. 116(15): p. 7483-7492. 

203. Curtis, E., et al., A First-in-Human, Phase I Study of Neural Stem Cell 
Transplantation for Chronic Spinal Cord Injury. Cell Stem Cell, 2018. 22(6): p. 941-
950.e6. 

204. Yousefifard, M., et al., Neural stem/progenitor cell transplantation for spinal cord 
injury treatment; A systematic review and meta-analysis. Neuroscience, 2016. 322: p. 
377-97. 

205. Rosenzweig, E.S., et al., Restorative effects of human neural stem cell grafts on the 
primate spinal cord. Nature Medicine, 2018. 24(4): p. 484-490. 

206. Ringdén, O. and B. Berg, Correlation between Magnitude of MLC and Kidney Graft 
Survival in Intrafamilial Transplantation. Tissue Antigens, 1977. 10(5): p. 364-372. 

207. Ozaki, M., et al., Evaluation of the immunogenicity of human iPS cell-derived neural 
stem/progenitor cells in vitro. Stem Cell Res, 2017. 19: p. 128-138. 

208. Zhao, T., et al., Immunogenicity of induced pluripotent stem cells. Nature, 2011. 
474(7350): p. 212-5. 

209. Preynat-Seauve, O., et al., Neural progenitors derived from human embryonic stem 
cells are targeted by allogeneic T and natural killer cells. J Cell Mol Med, 2009. 
13(9b): p. 3556-69. 

210. Kim, S.Y., et al., Soluble mediators from human neural stem cells play a critical role 
in suppression of T-cell activation and proliferation. J Neurosci Res, 2009. 87(10): p. 
2264-72. 



 

 59 

211. Johansson, S., J. Price, and M. Modo, Effect of inflammatory cytokines on major 
histocompatibility complex expression and differentiation of human neural 
stem/progenitor cells. Stem Cells, 2008. 26(9): p. 2444-54. 

212. Ziv, Y., et al., Synergy between immune cells and adult neural stem/progenitor cells 
promotes functional recovery from spinal cord injury. Proc Natl Acad Sci U S A, 
2006. 103(35): p. 13174-9. 

213. Xu, X.M., et al., A combination of BDNF and NT-3 promotes supraspinal axonal 
regeneration into Schwann cell grafts in adult rat thoracic spinal cord. Exp Neurol, 
1995. 134(2): p. 261-72. 

214. Han, S., et al., The collagen scaffold with collagen binding BDNF enhances 
functional recovery by facilitating peripheral nerve infiltrating and ingrowth in 
canine complete spinal cord transection. Spinal Cord, 2014. 52(12): p. 867-73. 

215. Liu, S., et al., Regulated viral BDNF delivery in combination with Schwann cells 
promotes axonal regeneration through capillary alginate hydrogels after spinal cord 
injury. Acta Biomater, 2017. 60: p. 167-180. 

216. Geissler, S.A., et al., Biomimetic hydrogels direct spinal progenitor cell 
differentiation and promote functional recovery after spinal cord injury. Journal of 
Neural Engineering, 2018. 15(2): p. 16. 

217. Kim, H., et al., Hyaluronic acid-based extracellular matrix triggers spontaneous M2-
like polarity of monocyte/macrophage. Biomater Sci, 2019. 7(6): p. 2264-2271. 

218. Cyphert, J.M., C.S. Trempus, and S. Garantziotis, Size Matters: Molecular Weight 
Specificity of Hyaluronan Effects in Cell Biology. International Journal of Cell 
Biology, 2015. 2015: p. 563818. 

 


