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Summary 

Introduction: Spinal cord injury (SCI) is a severe condition that has an enormous impact on 

society. In Europe, approximately 250 people per million inhabitants suffer from SCI. No effective 

therapy is available for these patients and current treatment options merely focus on symptom 

relieve. One of the main hallmarks of SCI is the chronic neuroinflammation, contributing to 

immune-related neural damage and limiting spinal cord repair. The key players involved in this 

inflammatory event are macrophages, being extensively present within the lesion epicenter. These 

macrophages are mainly present in a pro-inflammatory state. This will consequently aggravate 

neuroinflammation and prevent initial repair processes. Multiple studies show that shifting these 

macrophages towards an anti-inflammatory state, ameliorates the condition. Moreover, interleukin-

13 (IL-13), an M2 macrophage-related cytokine, protects neurons and stimulates neural repair. 

Within this research, we combine the positive effects of both M2 macrophages and IL-13 by 

creating IL-13 secreting macrophages. Accordingly, we hypothesized that IL-13 secreting 

macrophages improve functional recovery after SCI by locally exerting M2 functions and secreting 

IL-13. 

Material and methods: Murine-obtained bone marrow-derived macrophages were transduced 

with a lentiviral vector containing murine IL-13 cDNA. Firstly, we investigated the phenotype of the 

IL-13 macrophages by means of qPCR, western blot and ELISA. Additionally, we assessed their 

phenotypic properties under pro-inflammatory conditions with qPCR and western blot. Furthermore, 

the therapeutic potential of the IL-13 macrophages was evaluated in a dorsal T-cut hemisection 

mouse model by using the Basso mouse scale (BMS). The significance of IL-13 signaling in 

functional recovery was investigated in an IL-4 receptor knockout mouse model. Moreover, the 

migratory ability of IL-13 macrophages was assessed by means of a Boyden chamber assay and in 

vivo tracking of these macrophages in SCI mice. The effect of IL-13 macrophages on the pro-

inflammatory environment of the injured spinal cord was investigated by using qPCR.  

Results: IL-13 macrophages showed expression of anti-inflammatory markers (e.g. Arginase-1, 

Fizz, CD206, and Ym1) and secretion of IL-13. Expression of these markers was also observed 

under pro-inflammatory conditions. Furthermore, the IL-13 macrophages induced anti-

inflammatory characteristics in M1 macrophages. Importantly, transplantation of IL-13 

macrophages significantly improved functional recovery after SCI. This improvement was due to 

the activation of IL-13 signaling pathways. Yet, migration of these cells was not observed at seven 

days post injury. Additionally, IL-13 macrophages had no effect on the pro-inflammatory 

environment of the injured spinal cord. 

Conclusion: IL-13 macrophages show an anti-inflammatory macrophage phenotype, even under 

pro-inflammatory conditions. Importantly, these cells improve functional recovery after SCI by the 

induction of IL-13 signaling pathways. Migration and anti-inflammatory effects were not observed 

within seven days after SCI. However migratory, neuro-protective and –regenerative properties 

have yet to be investigated.  
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Samenvatting 

Introductie: Ruggenmergletsel is een ernstige aandoening die een enorme impact heeft op de 

maatschappij. In Europa lijden ongeveer 250 personen per miljoen inwoners aan een dwarslaesie. 

Momenteel is er geen effectieve behandeling voor deze aandoening en ligt de focus voornamelijk 

op het aanpakken van symptomen. Één van de kenmerken van een dwarslaesie is het optreden 

van chronische neuro-inflammatie, die bijdraagt aan immuun-gerelateerde neurale schade en die 

herstel hindert. De hoofdrolspelers binnen dit inflammatoir proces zijn macrofagen. Deze cellen zijn 

namelijk sterk aanwezig binnen de laesie. De macrofagen hebben een pro-inflammatoir fenotype, 

waardoor neuro-inflammatie gestimuleerd wordt en herstel belemmerd wordt. Verschillende studies 

tonen aan dat het verschuiven van het macrofaag fenotype naar een anti-inflammatoire staat, de 

conditie verbetert. Bovendien is aangetoond dat interleukine-13 (IL-13), een M2 macrofaag-

gerelateerd cytokine, neuronen beschermd en neuraal herstel bevordert. Binnen dit onderzoek 

combineren we de positieve effecten van M2 macrofagen met deze van IL-13 door het creëren van 

macrofagen die IL-13 secreteren. Bij deze veronderstellen we dat IL-13 macrofagen functioneel 

herstel na een dwarslaesie verbeteren door lokaal M2 functies uit te oefenen en IL-13 te 

secreteren.  

Materiaal en methoden: Macrofagen werden getransduceerd met een lentivirale vector met IL-

13 cDNA. Het fenotype van de IL-13 macrofagen werd onderzocht via qPCR, western blot en ELISA. 

Bijkomend werden de fenotypische kenmerken van deze cellen, onder pro-inflammatoire condities, 

bestudeerd met behulp van qPCR en western blot. Verder werd het potentieel van de IL-13 

macrofagen onderzocht in een dwarslaesie muis model door gebruik van de Basso mouse scale. De 

invloed van IL-13 signalisatie in functioneel herstel werd bestudeerd in een IL-4 receptor knockout 

model. Bijkomend werd de migratie van de IL-13 macrofagen onderzocht met behulp van een 

Boyden chamber assay en het in vivo traceren van deze cellen in een SCI muis model. Het effect 

van de macrofagen op de pro-inflammatoire conditie van het beschadigd ruggenmerg werd 

onderzocht via qPCR.  

Resultaten: De IL-13 macrofagen vertoonden expressie van anti-inflammatoire merkers 

(Arginase-1, Fizz, CD206 en Ym1) en secretie van IL-13. Expressie van deze merkers was tevens 

nog steeds zichtbaar onder pro-inflammatoire omstandigheden. Bijkomend werd aangetoond dat 

IL-13 macrofagen anti-inflammatoire eigenschappen konden induceren in M1 macrofagen. 

Transplantatie van deze cellen induceerde een significante verbetering in het functioneel herstel na 

een dwarslaesie. Deze verbetering was te wijten aan IL-13 signalisatie. Echter, migratie van de 

cellen werd niet aangetoond op de zevende dag na de dwarslaesie. Tevens hadden de cellen geen 

effect op de pro-inflammatoire omgeving van het ruggenmerg.  

Conclusie: IL-13 macrofagen hebben een anti-inflammatoir fenotype, tevens onder pro-

inflammatoire condities. Belangrijk, deze cellen verbeteren functioneel herstel na een dwarslaesie 

door het induceren van IL-13 signalisatie. Migratie en anti-inflammatoire effecten van de cellen kon 

niet worden aangetoond op zeven dagen na dwarslaesie. Echter dienen de migratie, neuro-

protectieve, en -regeneratieve eigenschappen van deze cellen nog verder onderzocht te worden.    
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1 Introduction 

1.1 Spinal cord injury  

Spinal cord injury (SCI) is a devastating neurological disorder of the central nervous system (CNS). 

Worldwide, every year, SCI affects between 3.6 and 195.4 people per million inhabitants (1). The 

estimated mean European prevalence is currently 250 cases per million inhabitants, but is believed 

to increase in the near future. Reflected to the Belgian population, this indicates that approximately 

2,850 people suffer from a SCI (4). The etiology of this severe functional loss is either of traumatic 

or non-traumatic origin. The former is caused when an external force acutely injures the spinal 

cord (e.g. a motor vehicle accident, violence, or a fall) while the latter is caused by an internal 

source, acutely or chronically damaging the spinal cord’s neural networks (e.g. tumor compression, 

infection or blood supply loss) (2). Consequences of this condition include life-long sensorimotor 

deficits, autonomic dysfunction and patients require continuous physical support, all reducing 

quality of life of these patients (3-6). In addition, the estimated lifetime economic burden of SCI 

patients is estimated to range from 1.5 to 3.0 million dollars (7, 8). Therefore, SCI has a profound 

impact on both society and the healthcare system. 

Unfortunately, to date, no cure for SCI is available. Current therapeutic options include 1) spinal 

cord decompression, 2) administration of anti-inflammatory reagents (e.g. methylprednisolone) 

and 3) functional rehabilitation (9). These interventions have shown to be successful in symptom 

relief and stabilizing the condition. However, they have failed to show significant axonal repair (10, 

11). In contrast, several experimental approaches (e.g. the use of stem cells) show promising 

results, although the translation to the clinic is rather poor with only limited successful cases (12). 

Therefore, new innovative therapeutic approaches for SCI are yet to be established.     

1.2 Pathogenesis of spinal cord injury 

The pathogenesis of SCI consists of two distinct phases. The primer phase consists of the structural 

damage caused by the mechanical disruption of the spinal cord. This directly results in damaged 

neurons, myelin sheets, and the surrounding vasculature. This initial damage disrupts the 

structural and functional properties of the spinal cord. Consequently, the primary injury 

immediately results in sensorimotor deficits, immobility and pain (13). Furthermore, all the local 

events result in a chaotic micro-environment, dominated by extensive cell death and the 

accumulation of cytotoxic substances. Following these injurious effects, structural and cellular 

changes will take place. These events further damage the traumatic area and worsen the condition. 

In summary, damage to neurons and additional structures results in the release of cellular and 

cytotoxic substances, leading to neurotransmitter excitotoxicity, immune cell infiltration, and 

vascular injury (14, 15). Collectively, these extensive molecular alterations are part of a secondary 

injury cascade which aggravates the initial damage. The secondary phase begins within minutes 

after the injury and can persist for weeks or months (16). Several secondary injury mechanisms 

are present within the spinal cord. For instance, the accumulation of free radicals and 

neurotransmitters results in lipid peroxidation and excitotoxicity, respectively. These events lead to 

the damage of multiple CNS cell types. Furthermore, after SCI, an immune response is elicited and 
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leukocytes are activated and start infiltrating at the site of injury, including neutrophils, 

lymphocytes and macrophages (17-20). These immune cells secrete pro-inflammatory cytokines, 

creating an extensive hostile environment (21). This inflammatory event can damage healthy 

tissue, thereby exacerbating the initial injury (22). Due to a combination of primary and secondary 

injury mechanisms, demyelination is also distinct within the lesion site (23). This demyelination can 

be explained by the loss of oligodendrocytes, making neurons more susceptible to the cytotoxic 

effect of cytokines and free radicals. In addition, the loss of myelin results in conduction delays and 

even conduction deficits (24). Extensive activation of astrocytes, also defined as astrogliosis, 

occurs within the injured spinal cord (25, 26). This event aims at limiting tissue damage and 

restoring homeostasis (27). However, in case of severe injury, astrogliosis inhibits the neural 

plasticity which is crucial for CNS tissue regeneration, thereby limiting functional recovery (28, 29). 

As all these events gradually damage neural tissue, the lesion progresses to a chronic phase which 

is characterized by the formation of cystic cavities and glial scar formation. These formed cavities, 

together with the distinct glial scarring, serves as a structural barrier for neural repair and 

remyelination (30). This occurrence limits the regenerative potential of the spinal cord and restricts 

long-term functional improvement. These events, in combination with the poor regenerative ability 

of the CNS, makes SCI a permanently disabling disorder with enduring neural deficits (2, 31).  

The primary injury to the spinal cord can not be prevented. Nevertheless, the secondary injury 

mechanisms, which further damage the traumatic area and limit recovery, can be restricted. 

Therefore, it is utterly important to prevent the occurrence of these molecular and cellular events 

and diminish the extent of secondary injury caused to the spinal cord.  

1.3 Chronic inflammatory response 

After SCI, a chronic inflammatory response occurs within the spinal cord. This is defined as 

neuroinflammation and is one of the main hallmarks of SCI. This event is characterized by the 

activation of resident glia (i.e. microglia and astrocytes), the influx of blood-borne immune cells 

(e.g. monocytes), as well as the production of pro-inflammatory cytokines, chemokines and 

reactive oxygen species within the injured spinal cord (figure 1) (20, 32, 33). Moreover, the 

neuroinflammatory response is evident within minutes after injury and can persist up to months or 

even years after the initial insult (34). Leukocytes infiltrate the spinal cord after injury, including 

neutrophils, lymphocytes and macrophages. The latter is a key player in the response to SCI. 

Macrophages become activated upon injury and start migrating towards the lesion epicenter within 

a day after SCI. These cells migrate towards chemokines present within the lesion (35). For 

instance, a potent chemokine in case of SCI is stromal cell-derived factor-1 (SDF-1). This 

chemokine is expressed in the injured spinal cord and has a substantial role in the attraction of 

macrophages (36). Moreover, inhibition of cell migration significantly reduces the amount of 

macrophages within the lesion epicenter, thereby showing the importance of migration in cell 

response after SCI (37). All the involved cell types are responsible for the detrimental immune 

response following SCI (34). Both beneficial and detrimental effects can be ascribed to this 

inflammatory event (38, 39). More specific, the infiltration of immune cells within the lesion site is 

essential for cellular and myelin debris removal. This removal is crucial for the initiation of tissue 

repair (40). In contrast, the accumulation of leukocytes can cause damage to the spinal cord via 
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the production of cytotoxic molecules. This includes the secretion of reactive metabolites and pro-

inflammatory cytokines. This harmful effect results in an increased rate of apoptotic and necrotic 

cell death (41). In case of a persistent inflammatory response, the induced cell death significantly 

deteriorates the condition and limits endogenous repair of the CNS (41). Due to this chronic 

inflammatory event, functional recovery is limited and regeneration of the spinal cord is absent. 

Therefore, addressing neuroinflammation is an interesting concept in treating SCI, as it limits 

immune-related damage and alleviates the barrier of neuroregeneration. Accordingly, therapeutic 

approaches influencing this state of neuroinflammation are a promising intervention to improve 

functional recovery after SCI.  

 

Figure 1: Neuroinflammation following spinal cord injury. Within seconds after SCI, an immune response 

is evoked, characterized by the activation of resident (i.e. microglia) and peripheral immune cells (i.e. 

macrophages, neutrophils, and lymphocytes). The multiple cell types produce and secrete pro-inflammatory 

cytokines and free radicals. These molecules are essential for efficient debris removal and tissue regeneration. 

However, in the case of SCI, a persistent inflammatory response is evident and results in demyelination 

(oligodendrocyte cell loss), neuronal death, and astrogliosis.  

1.4 The role of macrophages in neuroinflammation 

One of the main cell types involved in the neuroinflammatory response are the monocyte-derived 

macrophages (42). Macrophages (Mφs) have various physiological roles that are essential for 

tissue homeostasis, host defense and wound healing. In case of SCI, Mφs are considered to be the 

main contributor of the secondary injury cascade (22). Indeed, Mφ cell numbers significantly 

exceed those of other immune cells during the entire neuroinflammatory response. Maximum Mφ 

infiltration is observed at the 7th day post injury (dpi) and remains highly persistent throughout the 

complete course of the disease (17). For example, Prüss et al. demonstrated this enduring Mφ 

persistence, since 50% of the maximum Mφ cell number was still present within the injured spinal 
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cord at 55dpi. This finding indicates the relevance of this cell type within SCI (43). Due to their 

high presence within the lesion site, Mφs are key players during neuroinflammation and can 

positively or negatively affect functional recovery (44-46). 

The role of Mφs in post-traumatic inflammation is controversial. Both beneficial and detrimental 

effects have been described in recent years (44, 47, 48). An explanation for these contradictory 

findings can be found in the various subsets of Mφs involved in inflammation. Based on the 

environment in which the Mφ is present, several cytokines determine the phenotype of this cell. 

These cytokines activate particular signaling cascades of the Mφ, resulting in the transcription of 

phenotype-related genes. The concerned cytokines can be pro-inflammatory, thereby activating 

signaling pathways which induce expression of pro-inflammatory genes. On the other hand, anti-

inflammatory cytokines can stimulate the expression of anti-inflammatory genes. For simplicity 

reasons, Mφs can therefore be ascribed to either a pro-inflammatory (M1 Mφs) or anti-

inflammatory profile (M2 Mφs) (49). M1 Mφs have been shown to contribute to immune-related 

injury to the CNS after SCI (50). Moreover, this injurious effect has been observed in various 

trauma-associated mouse models (48, 51). Due to the production of pro-inflammatory cytokines 

and cytotoxic by-products (e.g. free radicals), M1 Mφs exert detrimental effects on the surrounding 

neurons and oligodendrocytes. Importantly, various studies addressing this cytotoxic effect 

provided sufficient data to conclude that M1 Mφs hinder functional recovery and neural repair (50, 

52). For example, Popovich et al. and Gris et al. demonstrated that depletion of M1 Mφs or 

neutralization of their by-products resulted in neuroprotection and an improved functional outcome 

in rats (53, 54). In contrast, anti-inflammatory M2 Mφs have the potential to stimulate tissue 

repair after SCI. In fact, this regenerative capacity can be ascribed to the production of anti-

inflammatory cytokines, growth factors and neuroprotective molecules (18, 50). For example, 

various studies demonstrated that M2 Mφs are crucial for the restriction of immune-related damage 

and the improvement in recovery following SCI. Ma et al. showed that adoptive transfer of M2 Mφs 

stimulates functional recovery after SCI in rats. Furthermore, stimulation of M2 Mφ polarization 

and M2 Mφ-derived cytokine administration have all shown to be an effective approach to neural 

repair after trauma (55-57).  

The described dichotomy in Mφ activation (i.e. M1/M2 Mφ activation) can firmly influence tissue 

repair. Under usual wound-healing conditions, sequential M1 and M2 Mφ activation properly 

initiates regeneration and remodeling of the injured tissue (58). In contrast, persistent M1 Mφ 

activation results in chronic inflammation and, consequently, impaired wound healing (59). This 

phenomenon is observed after SCI. A clear transition from M1 to M2 Mφs is absent and an excess 

of M1 Mφs remains visible for months or even years after the initial trauma (18). Consequently, a 

chronic pro-inflammatory state persists within the lesion site, exacerbating neuropathology and 

limiting CNS repair (47). Based on these data, addressing the sustained M1 Mφ activation after SCI 

is therefore an interesting approach to stimulate tissue regeneration and improve functional 

recovery.   

As mentioned previously, current therapeutic interventions only address the symptoms after SCI 

(e.g. pain management) and barely focus on restoring function. Therefore, new approaches are 

necessary to effectively treat this condition. An interesting concept to ameliorate SCI pathology is 
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to modulate the detrimental neuroinflammation by influencing Mφ polarization. In fact, achieving 

M2 Mφ excess within the damaged spinal cord is a promising approach to diminish immune-related 

injury and stimulate tissue repair (58). Various techniques are already suitable which favor M2 Mφ 

polarization (e.g. direct cytokine administration, gene therapy,…) and, in this way, improve 

functional recovery after SCI (60). Despite the successes of these techniques, achieving long-

lasting M2 Mφ excess and thus enduring repair is not yet obtained. Accordingly, further research 

still remains necessary to effectively realize and maintain M2 Mφ polarization in case of SCI.    

1.5 Interleukin-13 

Interleukin- (IL-) 13 is an anti-inflammatory cytokine expressed by various leukocytes, including T 

helper 2 cells, mast cells and basophils (61-63). This cytokine has an effect on multiple immune 

cells, including dendritic cells, B-cells, T-cells and Mφs (63). By its distinct anti-inflammatory 

properties, IL-13 inhibits the expression of pro-inflammatory cytokines and chemokines while 

stimulating the expression of anti-inflammatory molecules (64). Besides IL-4, IL-13 represents the 

most important regulator of M2 Mφ polarization. This cytokine stimulates M2 Mφ activation via IL-

4/IL-13 mediated signaling pathways. IL-13 signaling is mediated via the interaction of the IL-4 

receptor (IL-4R) alpha subunit with the IL-13 receptor alpha 1 subunit. Upon this interaction, IL-13 

is able to activate the Janus kinase/signal transducer and activator of transcription (JAK/STAT) 

signaling and stimulates the transcription of diverse anti-inflammatory genes (e.g. Arginase-1, Ym-

1, Fizz). This is mainly mediated via the STAT6 transcription factor (65). Therefore, the therapeutic 

use of IL-13 is of increasing interest in the case of many inflammatory conditions. In context of 

SCI, the strong anti-inflammatory properties of IL-13 reduce the pool of pro-inflammatory cells 

and, as a consequence, create a general anti-inflammatory state. Besides its main anti-

inflammatory action, several studies demonstrated neuroprotective and neuroregenerative effects 

of IL-13 in various neurodegenerative conditions, including multiple sclerosis and Alzheimer’s 

disease (66, 67) .  

Due to the therapeutic potential of IL-13, delivery of this cytokine to the neuroinflammatory 

environment of the spinal cord would be a promising strategy for the treatment of SCI. Several 

techniques are suitable for the in vivo delivery of cytokines. Unfortunately, not all techniques 

provide sufficient benefit or are ethically appropriate. The most convenient approach would be the 

intravenous administration of the cytokine of interest. However, this approach can entail serious, 

sometimes life-threatening, systemic side effects. In case of IL-13, this includes a strong allergic 

response with respiratory problems and even death as a consequence (68). Another, although 

heavily criticized, technique to obtain cytokine delivery is gene-therapy. This therapeutic approach 

involves the use of genes to achieve a temporal or sustained expression of cytokines. Despite being 

significantly effective, some ethical concerns still withhold a wide dissemination of this technique in 

modern healthcare. Genetic manipulation in vivo is still considered unethical and it is a matter of 

debate if this technique will be applied in the near future. Therefore, a more alluring possibility to 

achieve a sustained and efficient in vivo delivery of cytokines is via cell-based delivery. This 

approach comprises the use of cellular material as a vehicle to obtain protein or drug delivery at a 

desired location within the body. Furthermore, the use of genetically modified cells creates the 

opportunity to achieve a sustained secretion of the peptide of interest. One of the main advantages 
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of cell-based delivery is the combination of cell-related characteristics with the delivery of a wide 

range of peptides (69). Referring to SCI, cell-based delivery of cytokines (e.g. IL-13) is a 

convenient method to have a sustained impact on the spinal cord’s micro-environment. As a result, 

this approach can modulate the persistent neuroinflammation and influence disease outcome.   

As mentioned earlier, IL-13 has both immunomodulatory and reparative properties and hence 

could improve the neuropathology after SCI. The use of genetically engineered Mφs that secrete 

IL-13 can be considered to be a promising therapeutic approach to treat SCI, as it combines the 

immunomodulating properties of IL-13 with the reparative effect of Mφs to inhibit 

neuroinflammation and improve neurological recovery.  

1.6 Project aims 

This research project investigates the use of IL-13 secreting Mφs as an approach to improve 

functional recovery after SCI. During this study, we first investigated whether IL-13 Mφs have anti-

inflammatory characteristics and thus can suppress neuroinflammation. These characteristics were 

evaluated on gene and protein level, both under physiological and inflammatory conditions. 

Secondly, we determined whether the transplantation of IL-13 Mφs improves functional recovery 

after SCI in a T-cut hemisection mouse model and whether the underlying mechanism was 

attributed to IL-13 signaling. For this aim, functional recovery was assessed using the Basso Mouse 

Scale (BMS) score. Lastly, we investigated the in vitro and in vivo migration capacity of IL-13 Mφs 

via a Boyden chamber assay and in a T-cut hemisection mouse model respectively. In this way, 

this study will shed new light on the potential of genetically engineered Mφs to treat SCI and 

whether these cells have all the necessary properties to ameliorate this devastating condition.  
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2 Material and methods 

2.1 Animals  

All experiments were conducted using 8-12 week old wild type (WT) C57BL/6 mice (Janvier labs, 

Le Genest-Saint-Isle, France) as well as IL-4R WT and KO BALB/c mice (strain 003514, Jackson 

Laboratory, Bar Harbor, U.S.). The animals were housed at a conventional animal facility of Hasselt 

University in a temperature-controlled environment (20°C-25°C) on a 12 hour light-dark schedule 

and provided with food and water ad libitum. Experiments were approved by the local ethical 

commission of Hasselt University and were conducted according to the guidelines described in the 

Directive 2010/63/EU on the protection of animals used for scientific purposes.  

2.2 T-cut hemisection spinal cord injury 

A spinal cord T-cut hemisection was performed as previously described (70). In brief, all mice were 

anesthetized with 2% isoflurane (Zoetis Belgium S.A., Zaventem, Belgium) and a partial 

laminectomy was done at thoracic level T8. A T-cut hemisection injury was performed by a 

complete transection of the left and right dorsal funiculus, the ventral funiculus and the dorsal 

horns. This model is used to obtain completely transected fibers. After the induced injury, muscles 

were sutured and the wound was closed using wound clips (BD Autoclip®, BD biosciences, 

Belgium). Postoperatively, mice received a subcutaneous injection of buprenorphine (0.1 mg/kg 

body weight, Val d’Hony-Verdifarm nv, Beringen, Belgium) and an intraperitoneal injection of 20% 

glucose. Eyes were hydrated using NaCl 0.9% (Baxter, Lessines, Belgium). Following these 

treatments, all mice were placed in a temperature-controlled environment (33°C), until 

consciousness returned. Bladders were emptied daily, until mice were able to urinate 

independently.    

2.3 Cell transplantation 

IL-13 Mφs (1x104 cells in 2.5 µl) or vehicle (RPMI 1640) were intraspinally injected, 2 mm rostral 

from the lesion epicenter by using a Hamilton syringe (Hamilton Company, Leuven, Belgium). 

Transplantation was performed as previously described (71). In brief, mice were placed in a 

stereotactic frame and cells or vehicle were intraspinally injected with a 32-gauge needle at a rate 

of 0.625 µl/min for 4 min. After infusion, a saturation time of 4 min was implemented. Finally, the 

needle was removed and mice were treated as described above.    

2.4 Locomotion test 

Following SCI, functional recovery was assessed using the BMS score for a period of 28 days. The 

BMS score is a 10-point rating scale used to assess locomotion based on hind limb movement. The 

scale ranges from 0 (complete paralysis of the hind limbs) to 9 (normal hind limb movement). 

Locomotion of all mice were scored in an open field during a 4 min interval. The scoring was done 

on a daily basis until 7dpi, followed by a scoring every third day until 28dpi. All mice were scored 

by an investigator blinded to the experimental groups. The mean score of the left and right hind 

limb was used for the analysis. Mice were excluded when the scores were higher than 1 at 1dpi, 
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when a sudden drop in score (2 points or more between two consecutive measurements) was 

observed, or when scores did not increase in 28 days’ time.  

2.5   Genotyping  

Genomic DNA of IL-4R WT and KO BALB/c mice was isolated from tail biopsies after overnight 

digestion with proteinase K (100µg/ml) in lysis buffer (100mM Tris-HCl, 200mM NaCl, 5mM EDTA, 

0.2% SDS) at 55°C. In brief, the digested biopsies were centrifuged at 13,000 rpm for 5 min. 

Supernatant was collected and ethanol (100%) was added. The samples were mixed, followed by a 

centrifugation at 13,000 rpm for 10 min. The supernatant was discarded and the pellet was left to 

dry. Afterwards, the obtained DNA was dissolved in MilliQ. PCR was done using primer pairs to 

distinguish the IL4R WT (5’-TGT GGG CTC AGA GTG ACC AT-3’) from the knockout (KO) phenotype 

(5’-CCA GAC TGC CTT GGG AAA AG-3’; Common: 5’-CAG GGA ACA GCC CAG AAA AG-3’). The 

KAPA2G Fast HotStart Mouse Genotyping Kit (Sigma-Aldrich, Overijse, Belgium) was used 

according to manufacturer’s instructions. PCR was conducted at 95°C for 2 min, followed by 38 

cycles of 95°C for 20 sec, 56.1°C for 15 sec and 72°C for 10 sec, and 72°C for 2 min. PCR products 

were separated with an 1.5% agarose gel at 120V. DNA fragments were analyzed using Quantity 

One 1-D Analysis Software (Bio-Rad Laboratories, Temse, Belgium). The size of the obtained DNA 

fragments are 247 bp for the IL-4R KO mice and 441 bp for the IL-4R WT mice.  

2.6 Cell culture 

2.6.1 L929 cell culture 

NCTC clone 929 (L929) cells were kindly provided by dr. Jeroen Bogie (BIOMED, Diepenbeek, 

Belgium). L929 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Bornem, 

Belgium), supplemented with 10% heat-inactivated fetal calf serum (hiFCS, Hyclone, 

Erembodegem, Belgium) and 1% Penicillin/Streptomycin (10.000 U/mL, P/S, Invitrogen, 

Merelbeke, Belgium). Conditioned medium (CM) of the L929 cells was collected after 10 days and 

filtered with a 0.2µm filter.  

2.6.2 Bone marrow-derived macrophage cell culture 

Bone marrow-derived macrophages (BMDMs) were obtained from 8-10 week old female C57BL/6 

and BALB/c mice (Janvier Labs). In brief, primary bone marrow cells were isolated from the femur 

and tibia of these mice by flushing the bone marrow with 1x phosphate buffered saline (PBS). 

Afterwards, the BMDMs were cultured in RPMI 1640 medium (Lonza) supplemented with 10% 

hiFCS, 1% P/S, and 15-30% L929 conditioned medium (LCM) for 7 days. Partial or complete 

medium change was done every 3 days. The BMDMs were seeded in 24-well plates at a density of 

150.000 cells/well for in vitro experiments. For in vivo experiments and transwell migration assays, 

BMDMs were seeded at the aforementioned density in Corning Costar TC-treated 24 well plates 

(Sigma-Aldrich). M1 or M2 polarization was obtained by 24h and 48h incubation with 100 ng/ml 

lipolysaccharide (LPS, PeproTech, Brussels, Belgium) or 33.3 ng/ml recombinant IL-13 (rIL-13, 

PeproTech), 33.3 ng/mL or recombinant IL-4 (PeproTech) respectively. After polarization, in case 

of in vivo experiments, cells were collected from Corning Costar TC-treated 24 well plates by 



 
 9 
 

rinsing the wells with 1xPBS, or, in case of in vitro experiment, lysed for transcript and protein 

expression analysis. All cells were cultured at 37°C and 5% CO2. 

2.7 Lentiviral transduction 

Lentiviral vectors (LV), containing murine IL-13 cDNA, were obtained from the Laboratory for Viral 

Vector Technology and Gene Therapy (KU Leuven, Leuven, Belgium). For transduction, 150.000 

macrophages/well were seeded and cultured in the standardized medium. After cell adhesion, 10µL 

lentiviral particles were added per well. After 17 hours, the remaining LV particles were removed 

by medium change. Puromycin selection (2µg/ml, Invitrogen) was performed for 72h. 

Approximately 50% of the recipient cells were successfully transduced with the IL-13 LV and are 

termed IL-13 Mφs.  

2.8 qPCR  

Mice were euthanized by an intraperitoneal injection of sodium pentobarbital (Dolethal, Vetoquinol, 

France, 200mg/kg), followed by a transcardial perfusion with ringer solution, supplemented with 

heparin (5.000 IU/mL, Leo Pharma, Lier, Belgium). Both tissue and cell samples were lysed using 

Qiazol lysis reagent (Qiagen, Hilden, Germany). Total RNA was extracted using the RNeasy mini kit 

(Qiagen) according to manufacturer’s instructions. The amount of isolated RNA was determined via 

spectrophotometry using a NanoDrop spectrophotometer (Isogen Life Sciences, Utrecht, The 

Netherlands). cDNA was synthesized using qScript cDNA SuperMix (Quantabio, Beverly, USA). All 

methods were performed according to manufacturer’s instructions. The quantitative polymerase 

chain reaction (qPCR) was conducted on a StepOnePlus™ detection system (Applied Biosystems, 

Merelbeke, Belgium) under universal cycling conditions (20 sec at 95°C, 40 cycles of 3 sec at 95°C 

and 30 sec at 60°C, 15 sec at 95°C, 60 sec at 60°C and 15 sec at 95°C). The mix contained:  

SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, Merelbeke, Belgium), both 0.3 µM forward 

and reverse primer of the genes of interest, and cDNA template. Primer details are shown in Table 

1, enclosed within the Appendix. Data was processed using StepOne software v2.3. Relative 

quantification of each transcript was determined using the comparative Ct method. All 

quantifications were normalized to the expression of the identified housekeeping genes. These 

genes were identified using the geNorm algorithm. In case of in vivo experiments, the identified 

reference genes were Cyclin A (CycA) and 14-3-3 protein zeta/delta (YWHAZ), while in in vitro 

experiments, CycA, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 

hydroxymethylbilane synthase (HMBS) were identified as the most stable reference genes.  

2.9 Western blot 

Cell extracts were collected in RIPA lysis buffer supplemented with EASYpack Protease Inhibitor 

Cocktail (Hoffmann-La Roche, Vilvoorde, Belgium). Protein quantification was done using a Pierce™ 

BCA Protein Assay Kit (Thermo Fisher Scientific). Samples (4-10 µg) were separated via SDS-PAGE 

at 200V for 45 min. The Precision Plus Protein™ Dual Color Standards (Bio-Rad Laboratories) was 

used as a standard. Fractionated proteins were transferred to a polyvinylidene difluoride (PVDF) 

membrane at 350mA for 1h30 to 2h. The PVDF membranes were blocked with 5% milk (Marvel, 

Premier foods, Saint Albans, UK) in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) for 1h, 
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followed by overnight incubation with antibodies against Arg-1 (1:1000, mouse monoclonal, Santa 

Cruz Biotechnology, Heidelberg, Germany), iNOS (1:500, mouse monoclonal, Sigma-Aldrich), 

STAT6 (1:1000, rabbit polyclonal, Cell Signaling Technology, Leiden, The Netherlands), p-STAT6 

(1:1000, rabbit polyclonal, Cell Signaling Technology) or β-actin (1:2000, mouse monoclonal, 

Santa Cruz Biotechnology) at 4°C. PVDF membranes were washed with TBS-T and incubated with 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies (1:2000, Dako, Leuven, 

Belgium) diluted in 5% milk TBS-T for 1h at RT. Afterwards, the membranes were washed with 

TBS-T and proteins were visualized with the Pierce™ ECL Western Blotting Substrate (Thermo 

Fisher Scientific). Protein expression was quantified using the ImageQuant™ LAS 400 software. All 

quantifications were normalized to the expression of β-actin, or STAT6 in the case of p-STAT6 

quantification.   

2.10 ELISA 

BMDMs were polarized towards M1 and M2 Mφs as described above. Following polarization, the 

conditioned medium was collected from the cultured cells. This conditioned medium was also 

collected from IL-13 Mφs, 72 hours after successful puromycin selection. IL-13 secretion was 

quantified using the Mouse IL-13 ELISA Ready-SET-Go! kit (Thermo Fisher Scientific), according to 

manufacturer’s instructions.  

2.11 Transwell migration assay 

Cell culture inserts with a pore size of 8µm (Greiner Bio-One, Vilvoorde, Belgium) were used. 

BMDMs were suspended in RPMI 1640 medium, supplemented with 1% hiFCS and 1% P/S, and 

seeded at a density of 200.000 cells per well in the upper compartment of the wells. Cells were 

incubated at 37°C and 5% CO2 for 1h in order for the cells to firmly attach to the cell culture 

inserts. Afterwards, the lower compartment of the wells were filled with RPMI 1640 medium, 

supplemented with 1% hiFCS, 1% P/S, and various concentrations of stromal cell-derived factor-1 

(SDF-1, 0 ng/mL 100 ng/mL, 200 ng/mL, Cell Signaling Technology). Cells were placed back in the 

incubator in order to migrate from the upper to the lower compartment of the wells. After 16h, the 

cell culture inserts were removed and cells attached to the upper side of the filter were wiped using 

cotton swaps. Cells attached to the lower side of the filter were fixed in 4% paraformaldehyde 

(PFA) for 20 min. After washing with 1xPBS, the cells were stained with 0.1% crystal violet for 45 

min. After washing away the abundant staining with 1xPBS, the migrated cells were visualized 

under a light microscope.   

2.12 Immunocytochemistry  

Macrophages were seeded on microscope slide coverslips in 24 well plates at a density of 200.000 

cells/well. Cells were rinsed in 1xPBS and fixed in 4% PFA for 20 min. After fixation, cells were 

washed with 1xPBS and permeabilized with 0.05% Triton X-100 in PBS for 30 min at 4°C. After 

washing three times with 1xPBS, the cells were incubated with 10% protein block (Agilent 

Technologies, Machelen, Belgium) for 20 min. Cells were rinsed in 1xPBS and incubated with 

primary antibodies against chitinase 3-like 3 (Ym1, 1:200, rabbit polyclonal, STEMCELL 

Technologies, Vancouver, Canada) in 10% protein block, overnight at 4°C. Cells were washed with 
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1xPBS and incubated with Alexa568 secondary antibodies (1:500, goat anti-rabbit, Invitrogen) for 

45 min. Negative controls were included by omitting primary antibody incubation and only 

incubating the selected cells with secondary antibodies. After washing with 1xPBS, cells were 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. Finally, all coverslips were 

mounted on microscope glass slides using fluorescent mounting medium (Agilent Technologies, 

Machelen, Belgium). Images were taken on a Nikon Eclipse 80i microscope (Nikon, Dilbeek, 

Belgium).  

2.13 Immunohistochemistry 

Mice were euthanized by an intraperitoneal injection of sodium pentobarbital (Dolethal, Vetoquinol, 

200mg/kg), followed by a transcardial perfusion with ringer solution supplemented with heparin 

(5.000 IU/mL, Leo Pharma) and 4% PFA in 1xPBS. Spinal cords were isolated and submerged in 

4% PFA containing 5% sucrose for an overnight post fixation at 4°C, followed by a cryoprotection 

incubation with 30% sucrose in 1xPBS for 3 days at 4°C. Tissues were embedded in Tissue-Tek 

O.C.T (Sakura, Alphen aan den Rijn, The Netherlands) and frozen by using liquid nitrogen cooled 

isopentane. Longitudinal sections of 10µm were obtained using a Leica CM1900 UV cryostat (Leica 

Biosystems, Diegem, Belgium)  

Spinal cord sections were incubated with 10% protein block (Agilent technologies) in 1xPBS for 30 

min. Afterwards, the sections were incubated with primary antibodies against myelin basic protein 

(MBP, 1:250, rat monoclonal, Merck, Darmstadt, Germany) and cluster of differentiation 4 (CD4, 

1:250, rat monoclonal, BD Biosciences, Erembodegem, Belgium) in 1% protein block with 0.05% 

Triton X-100 in 1xPBS, overnight at 4°C. Sections were washed with 1xPBS for 10 minutes and 

incubated with Alexa fluor 488 secondary antibodies (1:250, goat anti-rat, goat anti-rabbit, 

Invitrogen) in 1% protein block with 0.05% Triton X-100 in 1xPBS for 1h at RT. Negative controls 

were included by omitting primary antibody incubation and only incubating the selected sections 

with secondary antibodies. After washing with 1xPBS, the slides were counterstained with DAPI for 

10 min at RT. Afterwards, all sections were mounted with fluorescent mounting medium (Agilent 

Technologies). Immunohistochemistry pictures were obtained using the Nikon Eclipse 80i 

microscope (Nikon).  

Immunohistochemistry staining for Arg-1 and major histocompatibility complex class II (MHC-II) 

were performed according to an adapted methodology. Sections were permeabilized by a 30 

minute incubation with 0.1% Triton-X100 in TBS. Afterwards, the sections were blocked for 1h with 

10% protein block (Agilent Technologies) in TBS. Sections were then incubated with primary 

antibodies against Arg-1 (1:100, mouse monoclonal, Santa Cruz Biotechnology), and MHC-II 

(1:200, rat monoclonal, Santa Cruz Biotechnology) in 10% milk-TBS, overnight at 4°C. After 

rinsing for 5 min with TBS, the slides were incubated with complementary Alexa fluor 488- (1:400, 

goat anti-rat, Invitrogen) and Alexa fluor 568 (1:400, goat anti-mouse, Invitrogen) secondary 

antibodies in 10% milk-TBS for 90 min at RT. Negative controls were included by omitting primary 

antibody incubation and only incubating the selected sections with secondary antibodies. 

Afterwards, sections were rinsed for 5 min with TBS and then incubated with DAPI for 10 min. After 

rinsing the slides with TBS and demineralized water, all sections were mounted with fluorescent 
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mounting medium (Agilent Technologies). Immunohistochemistry pictures were obtained using the 

Nikon Eclipse 80i microscope (Nikon).  

2.14 Statistical analysis  

Statistical analysis was performed using Prism 8.01 software (GraphPad Software, San Diego, 

USA). All data are presented as the mean value ± standard error of the mean (SEM). Normality of 

the data was assessed using the D’Agostino & Pearson normality test. When data were normally 

distributed, significance was assessed using a one-way ANOVA with Bonferroni test. BMS scores 

and percentage of Arg-1+ cells were analyzed using a two-way ANOVA with a Bonferroni correction 

for multiple comparisons. If the data were not normally distributed, significance was assessed 

using a Kruskal-Wallis test with Dunn’s multiple comparisons test. Results were considered to be 

statistically significant when p<0.05.    
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3 Results 

3.1 IL-13 Mφs show anti-inflammatory properties and secrete IL-13 

The main goal of this research project is to assess whether IL-13 Mφs improve functional recovery 

after SCI. To do so, IL-13 Mφs should be able to switch the pro-inflammatory environment of the 

lesion epicenter towards an anti-inflammatory state. Therefore, we first investigated whether IL-13 

Mφs have anti-inflammatory properties and, importantly, whether these cells show more potent 

anti-inflammatory characteristics than ex vivo rIL-13 stimulated Mφs. For this aim, the gene, 

protein and secretion profiles were investigated.  

The gene expression of several anti- and pro-inflammatory markers were determined in M0, M1, 

M2 and IL-13 Mφs via qPCR (figure 2). The selected anti- and pro-inflammatory markers are linked 

to an M2 (Arg-1, Fizz, CD206 and Ym1) and M1 (iNOS, TNFα, CD38 and CD86) phenotype 

respectively. As expected, qPCR data showed a significantly increased expression of all anti-

inflammatory genes in M2 and IL-13 Mφs compared to M0 Mφs. However, results revealed no 

significant differences in anti-inflammatory gene expression for Arg-1, Fizz, and CD206 between 

M2 and IL-13 Mφs (figure 2A). Yet, a trend towards an increased Arg-1 and Fizz expression was 

present in IL-13 Mφs compared to M2 Mφs. Importantly, a significant difference in Ym1 expression 

was observed. In case of the pro-inflammatory genes, a significantly increased expression of all 

genes was observed in M1 Mφs compared to M0 Mφs. Furthermore, expression of all pro-

inflammatory genes was significantly decreased in IL-13 Mφs in comparison to M1 Mφs (figure 2B). 

Furthermore, Arg-1 and iNOS expression were validated on protein level (figure 3). In line with the 

gene expression data, an upregulation of Arg-1 in IL-13 Mφs was detected compared to M0 Mφs. 

and a trend towards an increased Arg-1 expression was observed compared to M2 Mφs (figure 3A, 

B). Furthermore, results showed that iNOS expression was significantly increased in M1 Mφs 

compared to M0 Mφs. Additionally, the expression of iNOS was significantly decreased in IL-13 Mφs 

in comparison to M1 Mφs (figure 3C, D). Finally, the secretion of IL-13 was investigated in the 

conditioned medium (CM) of M0, M1, M2, and IL-13 Mφs by means of an ELISA. Data showed a 

significantly increased concentration of IL-13 in the CM of IL-13 Mφs compared to M0 and M1 Mφs 

(figure 3E). No significant difference was observed between M2 and IL-13 Mφs. Additionally, Ym1 

expression was investigated in M0, M1, M2 and IL-13 Mφs by means of immunohistochemistry. 

Results indicated an equal expression between M2 and IL-13 Mφs (Appendix: figure A1). 
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Figure 2: IL-13 Mφs have an M2 phenotype by showing a gene expression profile similar to M2 Mφs. 

BMDMs were either left unstimulated or were stimulated with 100 ng/mL LPS or 33.3 ng/mL rIL-13 for 24h and 

48h respectively to obtain M0, M1 and M2 Mφs. IL-13 Mφs were obtained by transducing BMDMs with lentiviral 

vectors containing murine IL-13 cDNA. The gene expression of anti- and pro-inflammatory markers were 

assessed using qPCR. (A,B) Expression of commonly used M2 (A: Arg-1, Fizz, CD206, and Ym1) and M1 (B: 

iNOS, TNFα, CD38, and CD86) related Mφ markers in M0, M1, M2 and IL-13 Mφs. All data were normalized to 

the most stable reference genes: CycA, HMBS, and YWHAZ. Fold change was determined compared to M0 Mφs 

(dotted line). All data are presented as mean ± SEM. n=3-6, Kruskal-Wallis test with Dunn’s multiple 

comparison; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Arg-1, arginase-1; BMDMs, bone marrow-

derived macrophages; CD38, cluster of differentiation 38; CD86, cluster of differentiation 86; CD206, mannose 

receptor; CycA, Cyclin A; Fizz, resistin like alpha; HMBS, hydroxymethylbilane synthase; IL-13, interleukin-13; 

iNOS, inducible nitric oxide synthase; LPS, lipopolysacharide; Mφs, macrophages; TNFα, tumor necrosis factor 

alpha; Ym1, chitinase 3-like 3; YWHAZ, 14-3-3 protein zeta/delta.    
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Figure 3: IL-13 Mφs show Arg-1 protein expression and secrete IL-13. BMDMs were either left 

unstimulated or were stimulated with 100 ng/mL LPS or 33.3 ng/mL rIL-13 for 24h and 48h respectively to 

obtain M0, M1 and M2 Mφs. IL-13 Mφs were obtained by transducing BMDMs with lentiviral vectors containing 

murine IL-13 cDNA. (A-D) Protein expression of Arg-1 (A, B) and iNOS (C, D) was assessed using western blot. 

(A, C) Representative western blot images are shown. Data were normalized to β-actin expression. n=3, 

Kruskal-Wallis test with Dunn’s multiple comparison. (E) Conditioned medium of M0, M1 and M2 was collected 

after successful stimulation of the cells. Conditioned medium of IL-13 Mφs was collected after 72h of puromycin 

selection. The IL-13 concentration in this CM was determined via ELISA. All data are presented as mean ± SEM. 

n=4, Kruskal-Wallis test with Dunn’s multiple comparison, *p<0.05, **p<0.01, ***p<0.001. Arg-1, arginase-

1; BMDMs, bone marrow-derived macrophages; CM, conditioned medium; iNOS, inducible nitric oxide synthase; 

IL-13, interleukin-13; LPS, lipopolysaccharide; Mφs, macrophages.      

3.2 IL-13 Mφs maintain anti-inflammatory properties under pro-

inflammatory conditions 

The injured spinal cord is characterized by an excessive pro-inflammatory environment. As this 

environment drives Mφ polarization towards an M1 phenotype, it is challenging to introduce and 

maintain anti-inflammatory Mφs within the lesion epicenter. Therefore, we investigated whether IL-

13 Mφs are able to maintain their M2 phenotype in the presence of a pro-inflammatory stimulus. 

For this aim, IL-13 Mφs were either left unstimulated or were exposed to LPS for 24h. Afterwards, 

the expression of pro- and anti-inflammatory markers was determined by means of qPCR and 

western blot (figure 4 and 5). Phenotypic properties were compared to those of M2 macrophages to 

evaluate whether IL-13 Mφs maintain a more potent anti-inflammatory phenotype.  
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Gene expression of M2 (Arg-1, Fizz, CD206, and Ym1) and M1 (iNOS, TNFα, CD38, and CD86) 

markers, that were investigated previously, were evaluated (figure 4). qPCR results show 

significant differences in Arg-1 and Fizz gene expression between LPS-stimulated IL-13 Mφs and 

LPS-stimulated M0 Mφs (figure 4A). No significant differences were observed in case of CD206 and 

Ym1 gene expression. Remarkably, no significant differences in the expression of all M2 marker 

genes were observed between LPS-stimulated IL-13 and M2 Mφs. However, a trend towards an 

increased expression was present. In case of M1 markers, no significant differences were present 

between IL-13 and M2 Mφs following LPS stimulation (figure 4B). Nonetheless, there was a trend 

towards a reduced M1 marker gene expression in LPS-stimulated IL-13 Mφs relative to LPS-

stimulated M2 Mφs (figure 5B). Furthermore, Arg-1 and iNOS expression were assessed using 

western blot (figure 5). Data showed that Arg-1 expression maintained in IL-13 Mφs upon LPS 

stimulation (figure 5A). However, this phenomenon was also observed in M2 Mφs after LPS 

stimulation. Moreover, LPS induced iNOS expression in both IL-13 and M2 Mφs (figure 5B).  

 



 
 17 

 

 

Figure 4: IL-13 Mφs maintain anti-inflammatory gene expression under pro-inflammatory 

conditions, based on the expression of M2 and M1 Mφ markers. BMDMs were either left unstimulated or 

were stimulated with 33.3 ng/mL rIL-13 for 48h to obtain M0 and M2 Mφs respectively. IL-13 Mφs were 

obtained by transducing BMDMs with lentiviral vectors containing murine IL-13 cDNA. Upon macrophage 

polarization, cells were either left unstimulated or were exposed to 100 ng/mL LPS for 24h. The gene 

expression of anti- and pro-inflammatory markers was assessed using qPCR. (A,B) Expression of commonly 

used M2 (A: Arg-1, Fizz, and Ym1) and M1 (B: iNOS, TNFα, CD38, and CD86) related Mφ markers in the 

concerned cells. All data were normalized to the most stable reference genes: CycA, GAPDH, and HMBS. Fold 

change was determined compared to M0 Mφs. Data are presented as mean ± SEM. n=4 except for Ym1: n=1, 

Kruskal-Wallis test with Dunn’s multiple comparison, *p<0.05, **p<0.01. Arg-1, arginase-1; BMDMs, bone 

marrow-derived macrophages; CD38, cluster of differentiation 38; CD86, cluster of differentiation 86; CD206, 

mannose receptor; CycA, Cyclin A; Fizz, resistin like alpha; HMBS, hydroxymethylbilane synthase; IL-13, 

interleukin-13; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; Mφs, macrophages; TNFα, tumor 

necrosis factor alpha; Ym1, chitinase 3-like 3; YWHAZ, 14-3-3 protein zeta/delta.    
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Figure 5: IL-13 Mφs maintain Arg-1 protein expression under pro-inflammatory conditions. BMDMs 

were either left unstimulated or were stimulated with 33.33 ng/mL rIL-13 for 48h to obtain M0 and M2 Mφs 

respectively. IL-13 Mφs were obtained by transducing BMDMs with lentiviral vectors containing murine IL-13 

cDNA. Upon macrophage polarization, cells were either left unstimulated or were exposed to 100 ng/mL LPS for 

24h. (A-B) Protein expression of Arg-1 (A) and iNOS (B) was assessed in the concerned cells using western 

blot. Representative western blot images are shown. β-actin was used as a loading control. n=1. Arg-1, 

arginase-1; BMDMs, bone marrow-derived macrophages; iNOS, inducible nitric oxide synthase; LPS, 

lipopolysaccharide; IL-13, interleukin-13; Mφs, macrophages. 

3.3 The conditioned medium of IL-13 Mφs induces Arg-1 expression in 

both M0 and M1 Mφs  

Deleterious M1 Mφs are highly present within the injured spinal cord. This M1 excess causes 

additional damage and limits potential repair. Switching these cells towards an M2 phenotype 

creates an anti-inflammatory environment, suitable for tissue repair. In order to examine whether 

IL-13 Mφs are able to suppress neuroinflammation, LPS-stimulated Mφs were treated with the CM 

of IL-13 Mφs. Subsequently, Arg-1 expression was assessed using western blot (figure 6). Results 

demonstrated that the CM of IL-13 Mφs was able to induce Arg-1 expression in both M0 and M1 

Mφs (figure 6A). However, Arg-1 expression was less defined in M1 Mφs compared to M0 Mφs. 

Furthermore, data showed that the CM of M2 Mφs was also able to induce Arg-1 expression in M0 

Mφs. However, the CM of M2 Mφs did not induce Arg-1 expression in M1 Mφs (figure 6A). 

Treatment of the Mφs with the CM of M0 and M1 Mφs had no effect on Arg-1 expression.  
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Figure 6: The conditioned medium of IL-13 Mφs stimulates Arg-1 expression in both M0 and M1 

Mφs. BMDMs were either left unstimulated or were stimulated with 100 ng/mL LPS for 24h to obtain M0 and 

M1 Mφs respectively. Afterwards, cells were incubated with the CM of M0, M1, M2 and IL-13 Mφs for 48h. (A) 

Protein expression of Arg-1 was assessed using western blot. Representative western blot image is shown. β-

actin was used as a loading control. n=1. Arg-1, arginase-1; BMDMs, bone marrow-derived macrophages; CM, 

conditioned medium; LPS, lipopolysaccharide; Mφs, macrophages   

3.4 IL-13 Mφ transplantation improves functional recovery after spinal 

cord injury in C57BL/6 mice 

In vitro experiments revealed the anti-inflammatory properties of IL-13 Mφs. These characteristics 

are essential to suppress neuroinflammation and improve recovery after SCI. Therefore, IL-13 Mφs 

have the potential to ameliorate functional outcome in vivo. To determine the effect of IL-13 Mφs 

on functional recovery after SCI, a T-cut hemisection mouse model was used (figure 7A). A trend 

towards an increased BMS score after IL-13 Mφ transplantation was already observed at 1dpi 

(figure 7B). A significant difference in BMS score between the IL-13 Mφ- and vehicle-treated mice 

was observed, beginning at 6dpi and lasting until 28dpi. Furthermore, the differences in BMS score 

between the IL-13 Mφ- and M2 Mφ-treated mice were also significant, starting at 7dpi until 28dpi. 

After 28dpi, the difference in BMS score between IL-13 Mφ- and M2 Mφ-treated mice was 1.5 

points, while a difference of 2 points was observed between IL-13 Mφ- and vehicle-treated mice. 

Surprisingly, no difference in BMS score was defined between vehicle- and M2 Mφ-treated mice. 

Histological analysis showed a significantly increased presence of Arg-1+ cells at the lesion site of 

mice treated with IL-13 Mφs compared to M2 Mφ-treated mice (figure 7C). Although, no significant 

difference in Arg-1+ cells between M0 Mφ- and IL-13 Mφ-treated mice was observed, a trend 

towards an increased number in the IL-13 Mφ group was present.  
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Figure 7: Transplantation of IL-13 Mφs improves functional recovery in C57BL/6 mice after SCI and 

increases the number of Arg-1+ cells at the lesion site. (A) 10-week old C57BL/6 mice were subjected to 

SCI induction at the eighth thoracic vertebra via a dorsal T-cut hemisection. Immediately following SCI 

induction, mice received an intraspinal injection with vehicle, M2 or IL-13 Mφs. Functional recovery was 

evaluated for 28 days after SCI by measuring the BMS score. After this time period, all mice were sacrificed and 

tissue was histologically analyzed. (B) Functional recovery of mice, measured by means of the BMS scoring. 

nvehicle=11, nM2=9, nIL-13=12, Two-way ANOVA with Bonferroni multiple comparison. *, IL-13 Mφs compared to 

vehicle; #, IL-13 Mφs compared to M2 Mφs. (C) Mean number of Arg-1+ Mφs at the lesion site. nM0=6, nM2=4, 

nIL-13=7, Two-way ANOVA with Bonferroni multiple comparison. Mean number is presented as percentage and 

normalized to M0 Mφs. All data are presented as mean ± SEM. #p<0.05, **p<0.01, ***p<0.001. Arg-1, 

Arginase-1; BMS, Basso mouse scale; dpi, days post injury; IL-13, interleukin-13; Mφs, macrophages; SCI, 

spinal cord injury.  
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3.5 Transplantation of IL-13 Mφs improves functional recovery after SCI 

via IL-13 signaling   

After observing a positive effect of IL-13 Mφ transplantation on functional recovery after SCI, we 

investigated the underlying mechanism. The improvement in locomotor function due to IL-13 Mφ 

transplantation is either caused by IL-13 signaling or the introduction of anti-inflammatory Mφs 

within the neuroinflammatory environment of the lesion. To determine which event is responsible 

for the observed effect, transgenic mice with a disrupted IL-13 signaling were used. Therefore, IL-

4R wild type (WT) and knockout (KO) BALB/c mice were selected, as the IL-4R is essential in IL-13 

signaling. Genotyping of the mice confirmed KO of the IL-4R gene (Appendix: figure A2). SCI was 

induced in all mice, after which they were treated with either a vehicle or IL-13 Mφs. Prior to the 

described in vivo experiment, disrupted IL-4R signaling was evaluated. Mφs of both IL-4R WT and 

KO BALB/c mice were isolated. It was determined whether these cells were able to polarize towards 

M2 Mφs upon IL-4 and IL-13 stimulation (figure 8). Protein expression of Arg-1 was assessed in IL-

4R WT and KO BMDMs, either left unstimulated or stimulated with IL-4 or IL-13 (figure 8A-D). 

Results revealed that IL-4 and IL-13 stimulation of IL-4R WT Mφs induced Arg-1 expression. 

Furthermore, it was observed that neither upon IL-4 nor IL-13 stimulation induced Arg-1 

expression in IL-4R KO cells. Moreover, disrupted IL-4R signaling was further validated by 

assessing p-STAT6 and STAT6 protein expression in the concerned cells. As STAT6 becomes 

phosphorylated upon IL-4R stimulation, KO of the specified receptor prevents this phosphorylation 

and thus, downstream signaling of IL-4 and IL-13. Western blot analysis revealed a lack of p-

STAT6 expression in IL-4R KO Mφs upon IL-4 and IL-13 stimulation (figure 8E, F). p-STAT6 

expression was only present in IL-4R WT Mφs stimulated with either IL-4 or IL-13. Data showed 

that STAT6 expression was present in all cells. Following in vitro confirmation of the disrupted IL-

4R signaling, the underlying mechanism regarding functional improvement was investigated. It was 

assessed whether IL-13 Mφs exerted their positive effect via IL-13 signaling (figure 9). Functional 

recovery was assessed for 28 days after SCI in IL-4R WT and KO mice, subjected to an intraspinal 

vehicle injection or IL-13 Mφ transplantation (figure 9A). A significant difference in BMS score was 

observed between IL-13 Mφ-treated IL-4R WT mice and all other conditions at 9dpi and lasting 

until 28dpi (figure 10B). BMS scores of IL-13 Mφ-treated IL-4R KO mice were similar to vehicle-

treated mice. Immunohistochemical analysis revealed that there was no significant difference in 

demyelinated area nor in T-cell numbers within the lesion site between all conditions (figure 10C).   
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Figure 8: M2 Mφ polarization is absent in Mφs obtained from IL-4R KO BALB/c mice, confirming 

disrupted IL-4R signaling. BMDMs were obtained from IL-4R WT and KO BABLB/c mice and were either left 

unstimulated or were stimulated with 33 ng/mL IL-4 or IL-13 for 48h to achieve M0 and M2 Mφ polarization 

respectively. Protein expression of Arg-1 (A-D) and p-STAT6/STAT6 (E-F) was determined in IL-4R WT and KO 

Mφs, stimulated with IL-4 or IL-13 by using western blot. Data were normalized to β-actin (in case of Arg-1) or 

STAT6 (in case of p-STAT6) expression and further normalized to WT M0 Mφs. All data are presented as mean 

± SEM. nArg-1=4, np-STAT6/STAT6=3, Kruskal-Wallis test with Dunn’s multiple comparison, *p<0.05, **p<0.01. Arg-

1, Arginase-1; BMDMs, bone marrow-derived macrophages; IL-4, interleukin-4; IL-13, interleukin-13; IL-4R, 

interleukin-4 receptor; KO, knockout; Mφs, macrophages; p-STAT6, phosphorylated-signal transducer and 

activator of transcription 6; STAT6, signal transducer and activator of transcription 6; WT, wild type.  
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Figure 9: Transplantation of IL-13 Mφs improves functional recovery after SCI in WT but not in IL-

4R KO BALB/c mice. (A) 10- to 12-week old IL-4R WT and KO BALB/c mice were subjected to SCI induction 

at the eighth thoracic vertebra via a dorsal T-cut hemisection. Immediately following SCI induction, all mice 

received an intraspinal injection either with vehicle or IL-13 Mφs. Functional recovery was evaluated for 28 

days after SCI by measuring the BMS score. After this time period, all mice were sacrificed and spinal cord 

tissue was analyzed. (B) Functional recovery of IL-4R WT and KO mice, measured by means of the BMS 

scoring. nvehicle, WT=5, nIL-13, WT=3, nvehicle, KO=4, nIL-13, KO=4, Two-way ANOVA with Tukey’s multiple comparison. *, 

IL-4R WT vehicle compared to IL-4R WT IL-13 Mφs; #, IL-4R WT IL-13 Mφs compared to IL-4R KO vehicle; -, 

IL-4R WT IL-13 Mφs compared to IL-4R KO IL-13 Mφs. (C, D) The demyelinated area (C) and T-cell number 

(D) in spinal cord tissue of the concerned mice. nvehicle, WT=4, nIL-13, WT=3, nvehicle, KO=4, nIL-13, KO=3, Kruskal-Wallis 

test with Dunn’s multiple comparison. All data are presented as mean ± SEM. #/-p<0.05, **/-- p<0.01, ***/### 

p<0.001. BMDMs, bone marrow-derived macrophages; BMS, Basso mouse scale; dpi, days post injury; IL-4, 

interleukin-4; IL-13, interleukin-13; IL-4R, interleukin-4 receptor; KO, knockout; Mφs, macrophages; MBP, 

myelin basic protein; SCI, spinal cord injury; WT, wild type.   
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3.6 Optimization of Boyden chamber assay in order to investigate 

macrophage migration in vitro 

To determine whether IL-13 Mφs migrate towards sites of neuroinflammation, we investigated the 

migratory capacity of these cells in case of SCI. Various chemokines are involved in the attraction 

of Mφs towards the injured spinal cord. SDF-1 is one of those chemokines and is considered the 

most potent chemoattractant of Mφs in case of SCI. To analyze the ability of IL-13 Mφs to migrate 

towards various concentrations of SDF-1, a Boyden chamber assay was performed. The migration 

of M0, M1, M2 and IL-13 Mφs towards different concentrations of SDF-1 (0 ng/mL, 100 ng/mL, and 

200 ng/mL) was investigated. Visualization of the migrated cells showed no differences in cell 

migration between all cell types (figure 10). In addition, the various concentrations of SDF-1 had 

no effect on cell migration. This indicates that neither the concentration of SDF-1 nor the cell type 

showed was a crucial factor in the migration of Mφs.  

 

Figure 10: IL-13 Mφs do not migrate towards several concentrations of SDF-1. BMDMs were either left 

unstimulated or were stimulated with 100 ng/mL LPS or 33.3 ng/mL rIL-13 for 24h and 48h respectively to 

obtain M0, M1 and M2 Mφs. IL-13 Mφs were obtained by transducing BMDMs with lentiviral vectors containing 

murine IL-13 cDNA. All cells were exposed to 0 ng/mL, 100 ng/mL or 200 ng/mL SDF-1 and migration after 

16h, through a cell culture insert (pore size of 8µm), was evaluated. Migrated cells were stained with crystal 

violet and visualized. n=1. BMDMs, bone marrow-derived macrophages; IL-13, interleukin-13; LPS, 

lipopolysaccharide; Mφs, macrophages; SDF-1, stromal cell-derived factor-1.  
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3.7 IL-13 Mφs are not able to migrate towards the lesion epicenter and 

alter the inflammatory environment of the spinal cord at 7 days post 

injury  

Previous experiments showed that Arg-1+ cells were highly present at the lesion site of the injured 

spinal cord after IL-13 Mφ transplantation. As IL-13 Mφs are characterized by Arg-1 expression, 

this finding indicates the possibility of IL-13 Mφs to migrate towards the lesion epicenter and 

locally exert positive effects. Therefore, migration of IL-13 Mφs was evaluated in mice by assessing 

the gene expression of lentiviral-derived IL-13 (LV IL-13), as this gene is solely originating from 

the LV-transduced IL-13 Mφs. Migration was assessed at 0 and 7dpi by determining the presence of 

IL-13 Mφs at the site of injection and the lesion site (figure 11). Prior to qPCR analysis, primer 

efficiency of the LV IL-13 gene primers were evaluated. qPCR revealed that the selected primers 

were able to detect the expression of LV-13 in IL-13 Mφs, in contrast to M0, M1 and M2 Mφs which 

showed no expression (figure 11A). Furthermore, qPCR results showed that LV IL-13 expression 

was present at the injection site of IL-13 Mφ treated mice at 0dpi. Surprisingly, at 7dpi, neither at 

the injection nor at the lesion site, LV-IL-13 expression was observed in IL-13 Mφ treated mice 

(figure 10B). Additionally, to investigate the effect of IL-13 Mφs on the inflammatory state of the 

spinal cord, expression of M2 (Arg-1, Ym1) and M1 (iNOS, MHC-II) markers at the injection and 

lesion site was determined. Results showed that the expression of Arg-1 was reduced at the lesion 

site of IL-13 Mφ treated mice compared to vehicle treated mice at 7dpi (figure 10C, D). However, 

no significant differences were observed. Likewise, no differences in Ym1 expression was present 

between IL-13 Mφ- and vehicle-treated mice. The expression of iNOS and MHC-II were reduced at 

the lesion site of IL-13 Mφ treated mice compared to vehicle treated mice at 7dpi (figure 14B). 

Again, no significant differences were observed.  
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Figure 11: IL-13 Mφs do not migrate towards the lesion epicenter and do not alter the inflammatory 

environment of the spinal cord within 7dpi. (A) BMDMs were either left unstimulated or were stimulated 

with 100 ng/mL LPS or 33.3 ng/mL rIL-13 for 24h and 48h respectively to obtain M0, M1 and M2 Mφs. IL-13 

Mφs were obtained by transducing BMDMs with lentiviral vectors containing murine IL-13 cDNA. LV IL-13 gene 

expression was assessed in M0, M1, M2 and IL-13 Mφs by use of specific primers. Primer efficacy is presented 

as relative LV IL-13 mRNA expression. Data were normalized to the expression of the most stable reference 

genes: CycA, GAPDH, and HMBS, and further normalized to IL-13 Mφs. n=5, Kruskal-Wallis test with Dunn’s 

multiple comparison. (B) LV IL-13 gene expression was assessed at 0 and 7dpi, at the injection and lesion site 

of mice treated with either a vehicle or IL-13 Mφs. (C,D) M2 (Arg-1, Ym1) (C) and M1 (iNOS, MHC-II) (D) gene 

expression was assessed at 0 and 7dpi, at the injection and lesion site of mice treated with either a vehicle or 

IL-13 Mφs. All data were normalized to the most stable reference genes: CycA, and YWHAZ and further 

normalized to the expression at the injection site of vehicle-treated mice at 0dpi. All data are presented as 

mean ± SEM. nvehicle, 0dpi=3, nvehicle, 7dpi=6, nIL-13, 0dpi=4, nIL-13, 7dpi=6, Kruskal-Wallis with Dunn’s multiple 

comparison. Arg-1, arginase-1; CycA, Cyclin A; dpi, days post injury; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; HMBS, hydroxymethylbilane synthase; Inj., injection site; iNOS, inducible nitric oxide 

synthase; Les, lesion site; MHC-II, major histocompatibility complex class II; Mφs, macrophages; Ym1, 

chitinase 3-like 3.  
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4 Discussion 

Mφs are key players in the inflammatory response following spinal cord injury, either causing 

extensive damage or inducing tissue repair (50). Many studies observed that an M2 Mφ excess 

within the injured spinal cord resulted in an improved functional outcome and neural repair (55, 

72). Mφ polarization is therefore an important aspect of SCI outcome and can be influenced by 

various local cytokines and other factors. In this context, several studies demonstrated the 

neuroprotective and neuroregenerative properties of IL-13 (66, 73, 74). Therefore, we 

hypothesized that the use of genetically modified Mφs, which secrete IL-13, improve functional 

outcome after SCI by locally exerting M2 effects and secreting IL-13. 

Firstly, we investigated whether IL-13 Mφs indeed have anti-inflammatory characteristics and 

whether these are more potent than those observed in M2 Mφs. Therefore, the gene and protein 

expression of anti- and pro-inflammatory markers were assessed. Gene expression of anti-

inflammatory markers only showed significant difference between both cell types in Ym1 

expression (figure 2A). Nevertheless, a trend towards increased Arg-1 and Fizz expression in IL-13 

Mφs compared to M2 Mφs was present. Furthermore, Arg-1 protein levels showed a trend towards 

increased Arg-1 expression in IL-13 Mφs (figure 3A, B). These increased trends, both on gene and 

protein level, indicate that there might be an upregulation of anti-inflammatory markers in IL-13 

Mφs compared to M2 Mφs. However, due to the low sample size, significant differences were 

absent. The increased trends of anti-inflammatory marker expression in IL-13 Mφs was attributed 

to autocrine polarization of the cells. We demonstrated IL-13 secretion in the CM of IL-13 Mφs 

(figure 3E). IL-13 binds to the IL-13R, located on the Mφs and consequently stimulates M2 related 

transcription. In line with our results, several studies illustrate that IL-13 induces M2 polarization 

and stimulates the upregulation of anti-inflammatory mediators of which the most important one is 

Arg-1 (75, 76). Due to the sustained secretion of IL-13 by the IL-13 Mφs, a persistent activation of 

the IL-13R is present and thus, expression of anti-inflammatory markers is continuously 

stimulated. Importantly, differences in pro-inflammatory gene expression were not observed 

between IL-13 and M0 Mφs (figure 2B). These findings are beneficial, because a study of Boehler 

et al. showed an upregulation of TNFα in macrophages transduced with LV vectors (77). In fact, LV 

transduction can elicit a pro-inflammatory response in macrophages, thereby upregulating the 

expression of pro-inflammatory markers. However, secretion of IL-13 was able to counteract the 

pro-inflammatory response following LV transduction, further confirming the potent anti-

inflammatory effect of IL-13. Based on the obtained data, IL-13 Mφs show anti-inflammatory 

properties comparable to M2 Mφs. However, the use of IL-13 Mφs in case of SCI is more 

convenient than the use of M2 Mφs due to the secretion of IL-13. In this way, not only autocrine 

stimulation is obtained but also paracrine macrophage polarization is attainable. This makes sure 

that both IL-13 Mφs, as well as surrounding Mφs have an M2 phenotype. In contrast, M2 Mφs do 

not have the ability to secrete IL-13, thereby lacking a potent autocrine stimulation and making 

these Mφs more dependable of cytokines from their environment. In case of SCI, mainly pro-

inflammatory cytokines are present within the injured spinal cord, making M2 Mφs more prone to 

switch towards an M1 phenotype. Therefore, the use of IL-13 Mφs as an alternative to M2 Mφs is a 

more convenient and more effective approach in the treatment of SCI.      
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The lesion epicenter is characterized by a distinct pro-inflammatory environment. In order to 

stimulate functional repair, IL-13 Mφs must be able to survive the detrimental pro-inflammatory 

stimuli and maintain their anti-inflammatory properties. We investigated whether IL-13 Mφs 

maintained the expression of anti-inflammatory markers under pro-inflammatory conditions and if 

this was different from M2 Mφs. To assess the phenotypic characteristics of IL-13 Mφs in a pro-

inflammatory environment, the gene and protein expression of anti- and pro-inflammatory markers 

were assessed in IL-13 Mφs exposed to LPS and compared to those in M2 Mφs. Data showed that 

there was a trend towards increased expression of the anti-inflammatory markers Arg-1, Fizz, and 

Ym1 in LPS-stimulated IL-13 Mφs compared to LPS-stimulated M2 Mφs (figure 4A). However, due 

to the low sample size, a significant difference was not observed. The increased expression of anti-

inflammatory markers in LPS-stimulated IL-13 Mφs indicates that these cells show anti-

inflammatory properties, even under pro-inflammatory conditions. Likewise, a trend towards a 

decrease of pro-inflammatory gene expression was present in LPS-stimulated IL-13 Mφs compared 

to M2 Mφs (figure 4B). This finding indicates a difference between IL-13 and M2 Mφs in 

maintaining their phenotype under pro-inflammatory conditions. However, no significant difference 

was observed. The observed trend indicates that M2 Mφs are possibly more prone to an M1 switch 

compared to IL-13 Mφs. This phenomenon can be explained by the continuous stimulation of IL-13 

Mφs by the secretion of IL-13. This is in contrast to the selected M2 Mφs which only had a single 

stimulation of IL-13. The more potent effect of a continuous stimulation compared to a single 

stimulation has been shown before. Boehler et al. demonstrated that the continuous secretion of 

IL-10 by transduced Mφs enhanced the anti-inflammatory properties of these cells compared to a 

single stimulation of IL-10. Therefore, upon interferon-γ stimulation, a less distinct M1 switch was 

observed in the transduced Mφs (77). Due to the secretion of IL-13 and thus, the continuous 

stimulation of the IL-13 Mφs, these cells are less responsive to pro-inflammatory stimuli and less 

prone to an M1 switch. However, we observed that the expression of all pro-inflammatory markers 

increased in both M2 and IL-13 Mφs upon LPS stimulation. However, the increase in pro-

inflammatory gene expression in IL-13 Mφs was less distinct compared to M2 Mφs, validating the 

counteracting effect of IL-13 secretion. Contradictory, we also observed that the expression of Arg-

1, Fizz, and Ym1 increased upon LPS stimulation. These results are in line with the findings of Fenn 

et. al who showed that Arg-1 expression significantly increased after IL-4R activation upon LPS 

stimulation (78). They showed that LPS-activated microglia/macrophages are more prone to IL-4R 

stimulation compared to unstimulated microglia/macrophages. As mentioned before, IL-13 binds to 

a subunit of the IL-13R, followed by its dimerization with a subunit of the IL-4R. This results in 

activation of the latter and downstream signaling pathways. The activation of the IL-4R by IL-13 

explains the increase in anti-inflammatory gene expression in IL-13 Mφs upon LPS stimulation. The 

gene expression results were validated on protein level. Arg-1 and iNOS expression were assessed 

in IL-13 Mφs after LPS stimulation. However, no differences were observed in expression of both 

proteins between LPS-stimulated IL-13 and M2 Mφs (figure 5A, B). However, as this experiment 

was only conducted once, conclusions cannot be made yet. To summarize, gene expression 

analysis of the IL-13 Mφs shows that these cells have anti-inflammatory properties, even under 

pro-inflammatory conditions. However, differences between M2 Mφs have yet to be investigated.   
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Previously, we confirmed the anti-inflammatory characteristics of IL-13 Mφs under pro-

inflammatory conditions. However, to be able to improve functional recovery after SCI, IL-13 Mφs 

should not merely exert M2 functions. These cells should also switch the pro-inflammatory 

environment of the lesion epicenter towards an anti-inflammatory state, thereby suppressing 

neuroinflammation, stimulating neural repair and thus improve functional outcome. This important 

feature was investigated in vitro. We determined whether IL-13 Mφs, and more specifically the IL-

13 secretion of these cells, stimulates M1 Mφs to polarize towards an M2 phenotype. Therefore, 

Arg-1 protein expression of M1 Mφs, stimulated with the CM of IL-13 Mφs, was determined. 

Western blot analysis revealed that Arg-1 expression was observed in M1 Mφs stimulated with the 

CM of IL-13 Mφs (figure 6A). Additionally, stimulating M0 Mφs with the CM of IL-13 Mφs also 

induces Arg-1 expression in the concerned cells, but no difference was observed between M2 and 

IL-13 Mφs CM stimulation. Due to the low sample size (n=1) of this experiment, no definitive 

conclusions can be drawn. However, the observation of Arg-1 expression in M1 Mφs, stimulated 

with the CM of IL-13 Mφs, indicates that IL-13 Mφs are able to switch Mφs towards an M2 

phenotype. This is in line with multiple studies which observed that M1 Mφs show anti-

inflammatory properties following IL-13 stimulation (79, 80). For instance, Sinha et al. 

demonstrated that IL-13 stimulation of M1 Mφs resulted in a lower nitric oxide production 

compared to M1 Mφs. Within this study, an IL-13 concentration of 50 ng/mL was used. This 

concentration is equal to the one we observed in the CM of IL-13 Mφs. This finding suggests that 

the CM of IL-13 Mφs will be able to stimulate M1 Mφs to show anti-inflammatory properties. 

However, additional experiments are required to validate this theory.  

Previous results within this research showed that IL-13 Mφs have an anti-inflammatory phenotype, 

even in a pro-inflammatory environment, and that these cells possibly have the ability to induce an 

M2 phenotype switch in M1 Mφs. All these properties are favorable and essential in the recovery of 

SCI, as it suppresses neuroinflammation and induces neural repair. Therefore, we considered that 

the use of IL-13 Mφs would be an ideal approach to improve functional outcome after SCI. 

Accordingly, we investigated whether transplantation of IL-13 Mφs improves functional recovery in 

a T-cut hemisection mouse model. Data illustrated that IL-13 Mφ transplantation significantly 

improved functional recovery after SCI (figure 7B). A trend towards an increased BMS score was 

already observed in IL-13 Mφ treated mice compared to vehicle treated mice at 1 dpi. This could be 

explained by a potential neuroprotective effect of IL-13. Multiple studies already indicated the 

neuroprotective effects of IL-13 in neurological disorders, including SCI (66, 74, 81). As secondary 

injury occurs within minutes after SCI, neuroprotective agents exert their effect by protecting 

neurons and oligodendrocytes. In case of SCI, this neuroprotective effect can result in a reduced 

extent of neural damage and functional disability. However, this theory requires further 

investigation but opens up an interesting aspect of the IL-13 Mφs. After a period of 28 days, mice 

which received IL-13 Mφ transplantation showed an improvement in recovery of 2.0 points in BMS 

score compared to vehicle-treated mice. Mice which received a vehicle were not able to properly 

place their hind limbs during locomotion, while IL-13 Mφ transplantation resulted in proper paw 

placement and weight support on both limbs. These findings are consistent with earlier obtained 

results within our research group which showed that mesenchymal stem cell (MSC)-based delivery 

of IL-13 resulted in an improved functional and histopathological outcome after SCI (71). These 
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findings indicate the importance of IL-13 in functional recovery. However, differences between Mφs 

and MSCs have been observed as well. These differences could be explained by the effect of MSCs 

on macrophages after SCI. Several studies indicate that MSCs improve functional recovery after 

SCI by promoting M2 activation (82-84). This finding illustrates that MSCs have a paracrine effect 

on resident immune cells and by these means suppress neuroinflammation. However, IL-13 Mφs 

show both paracrine and autocrine effects. The enhanced effect of Mφs is evident on the level of 

functional outcome. The use of Mφs was able to further improve the beneficial effect of IL-13 

compared to MSCs. For instance, the use of genetically engineered macrophages resulted in an 

improvement of 2.1 points in BMS score compared to a vehicle, while the use of genetically 

engineered MSCs led to an improvement of 1.1 points in BMS score compared to a control (71). 

Therefore, the use of IL-13 Mφs is possibly a better therapeutic approach in treating SCI compared 

to MSCs. However, further experiments still remain necessary to investigate the difference between 

Mφs and MSCs on functional and histopathological recovery after SCI. Histological analysis 

indicated that the number of Arg-1+ Mφs in the lesion site of IL-13 Mφ treated mice significantly 

increased (figure 7C). The pool of Arg-1+ Mφs possibly consists of anti-inflammatory Mφs, 

stimulated by IL-13 derived from the IL-13 Mφs. This phenomenon was also observed by Dooley et 

al. who showed that IL-13 secreting MSCs increased the number of Arg-1+ Mφs in the lesion 

epicenter of the injured spinal cord (71). However, another possible explanation for the increase in 

Arg-1+ Mφs is the presence of IL-13 Mφs. As these cells are characterized by Arg-1 expression, IL-

13 Mφs possibly migrate towards the lesion epicenter and thus, locally exert their effects. This 

migratory ability is in contrast to the findings in MSCs, as these cells do not have the ability to 

migrate towards the lesion epicenter, further strengthening the benefits of IL-13 Mφs over MSCs 

(85).  

In order to assess whether the observed improvement in functional outcome was attributed to IL-

13 signaling, we investigated the effect of IL-13 signaling on functional recovery. Induction of IL-13 

signaling is mediated via the binding of IL-13 to a subunit of the IL-13R (i.e. the IL-13Rα1 

subunit). Next, this subunit forms a dimer with the IL-4Rα subunit of the IL-4R. This dimerization 

results in the activation of the formed receptor and subsequently, downstream transduction of the 

concerned signal. As IL-13 signaling is dependent on the IL-4R, we aimed to block this signaling 

cascade via KO of this receptor. Therefore, an IL-4R KO mouse model was used. BMS scores of 

both IL-4R WT and KO mice revealed that functional improvement was only observed in IL-4R WT 

mice (figure 9B). This finding indicates that benefits in functional outcome after IL-13 Mφ 

transplantation are contributed to IL-13 signaling. As IL-13 is one of the most potent M2 

macrophage polarization factors, it has the ability to suppress pro-inflammatory signaling, thereby 

creating an anti-inflammatory environment (86, 87). Furthermore, various studies revealed that IL-

13 stimulates neural growth and is involved in both protection and repair of CNS structures (66, 

74, 88). Therefore, functional improvement after IL-13 Mφ transplantation is due to the activated 

IL-13 signaling, which results in immunomodulation, neuroprotection and neural repair. 

Nonetheless, the neuro-protective and –regenerative properties of IL-13 Mφs still require further 

investigation. An important issue to mention is that the IL-4R KO model not only shows disrupted 

IL-13 signaling. IL-4 is another anti-inflammatory cytokine which exerts its effects by binding and 

activating the IL-4R. Therefore, disrupted IL-4 signaling can be partly responsible for the absence 
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of functional improvement in the IL-4R KO mice. This makes the IL-4R KO model not the ideal 

model to solely investigate the effect of IL-13 signaling on functional recovery. For this particular 

reason, it is recommended to repeat the indicated experiment in an IL-13R KO model. As IL-13 

signaling requires the binding of IL-13 to both an IL-4R and IL-13R subunit, the IL-13R KO model 

should only have an IL-13R subunit KO. However, within this research, the impeded IL-4 signaling 

had no impact on the functional recovery of IL-4R KO mice compared to wild type mice. To 

investigate whether IL-4 is an important cytokine in the response to SCI, its expression can be 

assessed both on gene and protein level within the injured spinal cord. If no change in IL-4 

expression is observed after IL-4R KO, the only differences in functional recovery can be attributed 

to the effect of IL-13.  

Within this research, a difference in functional recovery between C57BL/6 and BALB/c mice was 

observed. After IL-13 Mφ transplantation, BALB/c mice showed a more pronounced functional 

improvement compared to C57BL/6 mice (3.1 points in BALB/c mice vs. 2.1 points in C57BL/6 

mice). This has been observed before and can be ascribed to the phenomenon that BALB/c mice 

are more T helper 2 adjusted while C57BL/6 mice are more T helper 1 adjusted (89, 90). This more 

pronounced anti-inflammatory orientation in the BALB/c mice is beneficial in case of SCI outcome 

and can be a possible explanation for the observed difference in functional recovery between both 

mouse strains. Histological analysis revealed that IL-13 Mφ transplantation did not have an effect 

on T-cell numbers or demyelination within the spinal cord (figure 9C, D). This finding is in contrast 

to the results of other studies, which indicate that IL-13 prevents demyelination and thus has 

neuroprotective properties (74, 81). However, various other factors have to be investigated in 

order to draw a final conclusion, as astrogliosis, immune cell infiltration and neuroregeneration are 

all factors which could be responsible for the improvement in functional outcome.  

Previous in vivo results indicated that IL-13 Mφs could possibly migrate towards the lesion 

epicenter and thus locally exert anti-inflammatory effects (figure 7C). This migratory capacity is 

beneficial in suppressing neuroinflammation and stimulating tissue repair, as the Mφs are able to 

migrate towards the core of neuroinflammation and locally exert anti-inflammatory effects. 

Therefore, we investigated whether IL-13 Mφs were able to migrate in vitro and in vivo. To assess 

in vitro migration, we focused on the chemotaxis of these cells towards SDF-1 which is involved in 

the chemoattraction of blood-borne monocytes/macrophages (91). SDF-1 is an important 

chemokine involved in the recruitment of many leukocytes and is upregulated after SCI. (92, 93). 

Unfortunately, we were unable to observe in vitro migration of IL-13 Mφs towards the chemokine 

SDF-1 (figure 10). Optimization of the Boyden chamber assay was performed during this research. 

However, complete optimization of the concerned technique was not realized. Evaluation of IL-13 

Mφ migration did not show consistent results, as an increase in SDF-1 concentration did not alter 

migration. Therefore, further optimization and experiments focusing on Mφ migration remain 

necessary to assess the in vitro migratory capacity of IL-13 Mφs. In addition, in vivo migration of 

IL-13 Mφs was investigated in mice after SCI. Presence of IL-13 Mφs was determined via the 

expression of the transduced IL-13 gene and correlated to migration of these cells. Results 

indicated that IL-13 Mφs were not present at the lesion site at 7dpi (figure 11B). This finding 

indicates that the IL-13 Mφs were not able to reach the lesion epicenter within the specified time. 

However, the cells were also not observed within the injection site at 7dpi. This finding illustrates 
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the possibility of the cells to migrate within the injured spinal cord. Whether these cells are present 

between the injection and lesion site, or did not survive the experimental conditions, requires 

further investigation. These results, however, should be interpreted with caution, as further 

analysis revealed that LV IL-13 primer efficiency was surprisingly low. This is in contrast to the 

findings in in vitro experiments, which showed a high primer efficiency. Yet, in the indicated in vivo 

experiment, the primer efficiency revealed that the obtained results are not reliable. Therefore, a 

specific conclusion cannot be made and repetition of the concerned experiment with newly 

designed primers is required. A possible explanation for the deviating primer efficiency in the in 

vivo experiment is the binding of these primers to genes other than the LV IL-13 gene. These 

genes can be of viral origin, as the primers are complementary to the internal ribosome entry site, 

related to the viral transcript. This indicates a viral contamination of the spinal cord tissues, either 

caused in vivo or during analysis of the concerned tissues. In addition, we investigated whether the 

transplantation of IL-13 Mφs resulted in an altered inflammatory state, either within the injection 

or the lesion site. As previously described, migration of IL-13 Mφs was not observed at 7dpi. 

However, a bystander effect is still credible in which IL-13 Mφs are able to stimulate M2 

polarization of Mφs within the lesion epicenter. This phenomenon can explain the observation of 

Arg-1+ Mφs within the lesion site after IL-13 Mφ transplantation. Results showed that, surprisingly, 

a trend towards a decreased Arg-1 gene expression was observed in the lesion site at 7dpi after IL-

13 Mφ transplantation compared to the vehicle group (figure 11C, D). However, it should be 

mentioned that Arg-1+ Mφs were observed at 28dpi, while Arg-1 gene expression was assessed at 

7dpi. To exactly validate the finding of Arg-1+ Mφs on gene level, expression of Arg-1 should be 

further investigated at 28dpi. Further analysis showed no major differences in both anti- and pro-

inflammatory gene expression between vehicle- and IL-13 Mφ treated mice. Migration of IL-13 Mφs 

and the inflammatory state of the spinal cord were investigated at 7dpi. This time period was 

selected as several studies showed that Mφ infiltration and activation peaks at the 7th day following 

injury (26, 94). Therefore, we presumed that the migration and anti-inflammatory effects of IL-13 

Mφs would be the most prominent at this time period. However, no migration or anti-inflammatory 

effects were observed. Therefore, other time periods should be included. If IL-13 Mφs do not have 

the ability to migrate towards the lesion epicenter, further genetic engineering can be performed. 

Expression of chemokine receptors involved in Mφ migration can be enhanced in order to promote 

migration of the IL-13 Mφs towards the lesion epicenter. Accordingly, this approach could benefit 

SCI outcome as the IL-13 Mφs are able to locally exert anti-inflammatory effects at the center of 

the neuroinflammatory environment.   
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5 Conclusion 

Within this research project, we aimed to investigate the phenotypic properties of IL-13 Mφs and 

whether these cell improve functional recovery after SCI. Additionally, we evaluated if the IL-13 

Mφs have migratory abilities. It is clear that IL-13 induces anti-inflammatory characteristics in Mφs 

and has been correlated to neuro-protection and –regeneration. Therefore, we hypothesized that 

IL-13 Mφs improve functional recovery after SCI by locally exerting M2 functions and secreting IL-

13. 

First, the phenotypic properties of IL-13 Mφs were investigated in vitro. This was done both under 

non-stimulatory and pro-inflammatory conditions. Moreover, we evaluated whether the IL-13 Mφs 

induced an M2 switch in M1 Mφs. Results demonstrated that IL-13 Mφs had an anti-inflammatory 

expression profile, similar to M2 Mφs. In fact, a trend towards an increase in anti-inflammatory 

gene expression was observed in IL-13 Mφs compared to M2 Mφs. Additionally, the IL-13 Mφs 

were able to maintain this anti-inflammatory expression profile under pro-inflammatory conditions. 

Moreover, the IL-13 Mφs, and more specific the secretion of these cells, induced an M2 phenotype 

in both M0 and M1 Mφs, characterized by Arg-1 expression. These in vitro results are promising in 

case of SCI, as the anti-inflammatory characteristics of IL-13 Mφs suppress neuroinflammation, 

thereby limiting immune-related damage.  

Subsequently, the effect of IL-13 Mφs on functional recovery in a spinal cord T-cut hemisection 

injury mouse model was assessed. As expected, the IL-13 Mφs improved functional recovery after 

SCI in C57BL/6 mice. Validation of these findings in an IL-4R KO mouse model revealed that IL-13 

signaling is essential in the functional improvement regarding IL-13 Mφ transplantation.  

Finally, in vitro and in vivo migration capacity of IL-13 Mφs were evaluated and results indicated no 

clear migration.  

In conclusion, the obtained results do not confirm the stated hypothesis yet. Despite demonstrating 

anti-inflammatory effects, IL-13 secretion and functional improvement, migration and thus local 

actions of the IL-13 Mφs were not observed within this research. Therefore, further research is 

required to elucidate the migratory potential of these cells. Furthermore, future experiments should 

focus on other beneficial effects in case of SCI. Neuro-protective and –regenerative properties of 

IL-13 Mφs should be evaluated by performing neurotoxicity assays and neurite outgrowth assays 

respectively. Moreover, the results of this study contribute to future therapeutic options of SCI. The 

use of IL-13 Mφs is an interesting approach in the treatment of SCI and can shed light on the 

ability of genetically engineered cells to treat this devastating condition.    
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Appendix 

Table A1: Primers used within this research. 

 

Arg-1, arginase-1; CD38, cluster of differentiation 38; CD86, cluster of differentiation 86; CD206, mannose 

receptor; CycA, Cyclin A; Fizz, resistin like alpha; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMBS, 

hydroxymethylbilane synthase; iNOS, inducible nitric oxide synthase; LV IL-13, lentiviral interleukin-13; MHC-

II, major histocompatibility complex class II; TNFα, tumor necrosis factor alpha; Ym1, chitinase 3-like 3; 

YWHAZ, 14-3-3 protein zeta/delta.    
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Figure A1: Ym1 expression is increased in IL-13 Mφs. BMDMs were either left unstimulated or were 

stimulated with 100 ng/mL LPS or 33.3 ng/mL rIL-13 for 24h and 48h respectively to obtain M0, M1, and M2 

Mφs. IL-13 Mφs were obtained by transducing BMDMs with lentiviral vectors containing murine IL-13 cDNA. 

Ym1 expression was investigated by histological analysis. n=1. BMDMs, bone marrow-derived macrophages; 

LPS, lipopolysaccharide; IL-13, interleukin-13; Mφs, macrophages; Ym1, chitinase 3-like 3. 

 

 

Figure A2: Genotyping of IL-4R WT and KO mice. DNA fragments were assessed for KO of the IL-4R gene. 

Presence of DNA fragments of 247 bp indicated functional KO of the concerned gene. bp, base pairs; IL-4R, 

interleukin-4 receptor; KO, knockout; WT, wild type.  


