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Abstract 
Hypoxic ischemic encephalopathy (HIE) is one of the leading causes of infant mortality and 

development of long-term neurological disabilities. Current treatment options are limited, bringing a 

need for the development of new innovative treatment methods. Intranasal delivery of 

mesenchymal stem cells (MSCs) has shown promising results in reducing lesions size and improving 

motor outcomes in neonatal HIE animal models. However, there is still a room for improvement. 

MSC preconditioning has been shown as a promising strategy to improve MSC paracrine potency 

and therapeutic efficacy. This research aims to evaluate the potential of osteopontin (OPN) 

preconditioning of MSCs prior to intranasal administration as a strategy to increase the MSCs’ 

treatment efficacy. Additionally, this study aims to elucidate the effect of OPN on the secretome and 

intracellular pathways of MSCs.  

This study shows that the secretome of MSCs is changed after preconditioning for 24h with 

1000ng/ml OPN. Upregulation of growth supportive and angiogenic genes TGF-b and VEGF was 

shown using qPCR. Inflammatory genes also seemed to be affected, as indicated by a non-significant 

upregulation of IL-6 and downregulation of iNOS and COX2 mRNA levels. Finally, there appeared to 

be an autocrine positive feedback loop activated in MSCs, as OPN mRNA levels were non-

significantly upregulated after OPN incubation. Higher sample numbers are needed to confirm these 

non-significant results. Western blot analysis showed an activation in MSCs of the ERK and AKT 

pathway after 1 hour of OPN incubation. Additionally, there seemed to be an activation of the NF-κB 

pathway, most prominently at the early timepoints after incubation. The effect on neurogenesis of 

OPN preconditioned MSCs (OPN-MSCs) was evaluated in a non-contact MSC/NSC co-culture. OPN-

MSCs increased differentiation of neuronal stem cells (NSCs) towards astrocytes and induced NSCs 

into the formation of more complex neurons. A MSC/microglia non-contact co-culture showed that 

microglia were activated by LPS and that MSCs were able to reduce activation as measured by TNF-

α. OPN-MSC did not further reduce TNF-α secretion compared to naïve MSCs. The overall 

therapeutic efficacy needs to be elucidated in another in vivo mouse study. The changes in the 

secretome and the increased neurogenic capacity of the OPN-MSCs indicate that there is a potential 

for therapeutical benefits compared to naïve MSCs for neonatal HIE. 

 

 

 

 

 

 

 

 

 

 

 

 



Layman summary 
Neonatal hypoxic-ischemic encephalopathy (HIE) is caused by a hypoxic event leading to brain injury 

around birth, which can lead to abnormal motor functioning and decreased neuronal development. 

Currently treatment options are extremely limited, thus giving rise to the need for new and 

improved therapy options. 

The brain is able to induce its regenerative capacity after injury by activating neuronal stem cells 

(NSCs) and promoting regeneration. However, naturally available factors that are upregulated after 

neonatal brain injury are unable to accomplish full repair. Experimental evidence has shown that 

stem cell based therapies present a promising treatment strategy for brain regeneration after injury. 

Mesenchymal stem cells (MSCs) have gained attention as a potential therapy for HIE after intranasal 

delivery. The proposed mechanisms of action is that the MSCs migrate to the injury site after 

administration, here they secrete factors which activate NSCs. In turn, these NSCs migrate to the 

area of injury where they restore the injured tissue. Preconditioning, the incubation of the MSCs 

with certain factors before administration, has been proposed as a promising strategy to increase 

the efficacy MSC therapy and their regenerative mechanisms. MSC preconditioning with the protein 

osteopontin (OPN) was indicated as a promising option. In this research the potential of OPN 

preconditioning of MSCs prior to intranasal administration was evaluated as a strategy to increase 

the efficacy of intranasal MSC treatment. Furthermore, the effect of OPN incubation on MSCs was 

investigated through analysis of secreted factors and activation of intracellular pathways.   

It was shown that OPN incubation changes the manner how MSCs secrete certain factors, measured 

by the level of mRNA with qPCR. Particular genes which support growth and the formation of blood 

vessels, TGF-b and VEGF, mRNA levels were upregulated. Additionally, genes involved with the 

immune system and inflammation also seemed to be affected, as indicated by apparent 

upregulation of IL-6 and downregulation of iNOS and COX2 mRNA levels. Finally, OPN mRNA levels 

itself in MSCs seemed to be upregulated after OPN incubation. This indicates that MSCs could be 

stimulated to produce more OPN ,when OPN secreted from the same cells binds to the receptors on 

their own surface. Several intracellular pathways showed indications of activation in MSCs after 

incubation with OPN. The ERK and AKT pathway were activated after 1 hour of OPN incubation. 

Additionally, there seemed to be an activation of the NF-κB pathway, most prominently at the early 

timepoint after incubation. 

To better understand potential therapeutic effects of OPN preconditioned MSCs (OPN-MSCs), 

functional effects were examined. The ability of the OPN-MSCs to influence the NSC differentiation 

was analysed in a MSC/NSC co-culture. OPN-MSCs increased differentiation of NSCs towards 

astrocytes and induced NSCs into the formation of more complex neurons. A co-culture of OPN-

MSCs and microglia, the primary brain resident immune cells, was used to examine the functional 

effect of OPN-MSCs on inflammation. It was shown that MSC were able to reduce activity of 

activated microglia, however OPN-MSC did not further reduce pro-inflammatory cytokine secretion 

compared to naïve MSCs. The overall therapeutic efficacy needs to be elucidated in another in vivo 

mouse study. The changes in the secretome and the effect on NSC differentiation of the OPN-MSCs 

indicate that there is a potential for therapeutical benefits compared to naïve MSCs for neonatal HIE. 
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1. Introduction 

1.1 Introduction 
The dramatic change from a placental dependant foetus to an independent self-breathing infant 

during birth represent an extraordinary switch in life. While for most child births this switch of life 

elapses completely normal, complications might occur impacting glucose exchange and oxygen 

maintenance in the brain. Consequently, neonatal encephalopathy, a neurological dysfunction 

caused by brain injury around birth, might develop in the infant1–4. Encephalopathy is associated 

with perinatal mortality and development of various neurological and movement disabilities. The 

most common form of encephalopathy is hypoxic-ischemic encephalopathy (HIE), which is one of 

the major causes of neonatal death and accounts for one of the highest numbers of disability 

adjusted life years for a single condition.1,5–8. In high income countries HIE occurs in approximately 1-

2 per 1000 live births1,4.  

 
Figure 1 – Schematic overview of HIE pathophysiology. HIE pathophysiological progression including the acute injury phase 
with primary energy failure, latent phase characterized by reperfusion, secondary injury phase and tertiary phase of long-
term complications. Figure adapted from Douglas-Escobar M, Weiss MD. Hypoxic-Ischemic Encephalopathy A Review for 
the Clinician. 2015;169(4):397-403. doi:10.1001/JAMAPEDIATRICS.2014.3269 & Worden LT, Massey SL. Therapeutic 
Hypothermia Effects on Brain Development. Pract Neurol. 2020;(March/April):31-46. 
https://practicalneurology.com/articles/2020-mar-apr/therapeutic-hypothermia-effects-on-brain-development9,10. 

HIE pathophysiology progresses over minutes to hours to days and can be described by several 

phases (Fig 1). A perinatal asphyxia event, such as deficient blood flow, insufficient inspired oxygen 

or inadequate blood oxygen carrying capacity, is the primary cause of encephalopathy in case of 

HIE11. This primary phase of reduced oxygen and glucose supply to neurons and glia causes a 

disruption in normal homeostasis. Intracellular energy dependent mechanisms start to fail due to an 

insufficient supply of high-energy metabolites12,13. Na+ / K+ pump failure, reduced ATP production, 

influx of intracellular calcium and neurotransmitters and increased lactic acid lead to ATP depletion, 

anoxic depolarization, cell swelling, oxidative stress, excitotoxicity and cell death. The next phase, 

called the latent phase, occurs 1 to 6 hours after injury and is characterized by reperfusion and 

partial recovery. Re-oxygenation restores the oxidative metabolism and mitochondrial activity11. The 

duration and severity of the asphyxia event is detrimental for the level of recovery of oxidative 

metabolism14. Even though many neurons initially recover from the injury in this phase, there is an 

ongoing induction of inflammation and intracellular apoptotic cascades. Following the latent phase, 

a secondary injury occurs 6 hours to 3 days after the initial damage. Delayed energy failure due to 

recurrent malfunctioning of mitochondrial metabolism, persistent inflammation, cytotoxic edema, 

oxidative stress and excitotoxicity lead to cell death and delayed deterioration of the brain tissue11,12. 



Despite the fact that the secondary injury phase is resolved approximately 3 days after injury, 

ongoing effects on the brain persist for days, months or even years15. This describes the so called 

“tertiary phase”, which encompasses all the long-term effects, including persistent inflammation and 

gliosis, impaired oligodendrocyte maturation and myelination and sensitization to injury.  

Existing treatment options are mainly limited to supportive care. Therapeutic hypothermia is the 

only available option to alleviate neurological consequences16,17. During hypothermia, the baby’s 

brain is cooled down to a temperature of 33-34°C, thereby slowing cascades that cause widespread 

damage. However, the treatment has a short therapeutic window, only in the latent phase (6 hours 

after HIE) does cooling down slow the induction of detrimental cascades. Additionally, the treatment 

is only partially effective. Thus, there is a dire need for new and more effective treatment options 

that have a longer therapeutic window.  

Animal models of neonatal HIE have shown that the brain is able to activate its endogenous 

regenerative capacity after injury by activating neuronal stem cells (NSCs) and increasing 

neurogenesis18,19. However, endogenous upregulated factors are unable to induce and maintain 

long-term neurogenesis, thus fail to accomplish adequate repair. Experimental evidence has shown 

that stem cell based therapies present a promising treatment strategy for brain regeneration after 

injury20. The intrinsic capacity for self-renewal and the ability to differentiate in various cell types are 

characteristics which make stem cells suitable for regenerative therapy. Different types of stem cells 

from different tissue sources exist, each with their own advantageous and disadvantageous 

properties. Mesenchymal stem cells (MSCs) have gained attention as a potential therapy for HIE due 

to their potent neuro-regenerative properties, immunosuppressive and anti-inflammatory effects, 

low immunogenicity, ability to migrate to inflamed sites of injury and relative easy accessible and 

available sources20–25. Furthermore, their low expression of major histocompatibility complex class-II 

antigens allows for both autologous and allogenic transplantation. Transplantation of MSCs has been 

shown to enhance the endogenous regenerative capacity of neonatal brains after HIE in several 

animal models by stimulating NSCs and thereby inducing neurogenesis24,26–28 29. Systemic and local 

delivery routes have been explored for MSC delivery to the sites of injury in the neonatal brain. Even 

though the systemic delivery route has shown improvements in functional outcomes, the effective 

cell numbers in targeted organs is lower compared to local delivery due to loss of MSCs in the 

vasculature 24,28,3031,32. Furthermore, it is hypothesized that there is further loss of MSCs due to 

migration to other inflamed organs besides the brain, due to systemic inflammation in infants 

suffering from HIE25,33. Hence, local delivery is thought to be more effective. Local administration of 

MSCs through intracranial delivery is regularly used in animal models, however direct administration 

into the brain is a highly invasive procedure and not favourable for translation towards clinical 

applications 26,34. Intranasal administration has been emerging as an effective and non-invasive 

delivery route for MSC transplantation35. Various animal models and a first-in-human study showed 

efficacy and feasibility of intranasal bone marrow derived MSC administration in neonates after 

HIE27,35–37. Lesion sizes in HIE mouse models could be reduced from 30% loss of ipsilateral area to 10-

15%, and the MSC induced improvements in lesion size were associated with improvements of 

sensorimotor and cognitive functioning27,36. The hypothesized mechanisms of action is that after 

transplantation the cells migrate to the site of injury.26,29. There, the hypoxic ischemic environment 

triggers the MSCs to activate their regenerative mechanisms38. These mechanisms are not based on 

MSCs differentiating and integrating into to the damaged neuronal tissue, but rather the induction 

of a repair promoting milieu to support neurogenesis by release of a pro-regenerative secretome27. 

The paracrine effects of MSCs are thought to drive the stimulation of neurogenesis as well as other 

effects such as reduced apoptosis, reduced neuroinflammation, increased angiogenesis and 

diminished scar formation20,21,23,26,27. The MSC secretome consists of a wide variety of growth factors 



and anti-inflammatory cytokines, such as brain-derived neurotrophic factor (BDNF), vascular 

endothelial growth factor (VEGF) and nerve growth factor (NGF), which effectuate these processes 

(Fig 2). 

 

 

Figure 2 - Various growth factors, such as BDNF, VEGF, NGF, insulin-like growth factor (IGF-1), Fibroblast growth factor 2 
(bFGF), Hypoxia inducible factor 1 (HIF-1), Erythropoietin (EPO), and anti-inflammatory cytokines are included in the MSC 
secretome. The paracrine signalling induce angiogenesis and neurogenesis, as well as inhibit apoptosis and neuro-
inflammation and gliosis. Figure from Wagenaar N, Nijboer CH, van Bel F. Repair of neonatal brain injury: bringing stem 
cell-based therapy into clinical practice. Dev Med Child Neurol. 2017;59(10):997-1003. 
doi:10.1111/DMCN.13528/ABSTRACT33. 

Despite the efficacy MSC therapy has shown over the years in animals models of neonatal HIE, a 

window for improvement is still left. Various approaches have been investigated to increase the 

efficacy of MSCs used for therapy and their regenerative mechanisms. The manipulation of MSCs 

before transplantation, thereby effecting their secretome, has gained attention as a promising 

option. Recent findings suggest that in vitro preconditioning of MSCs can successfully increase 

paracrine potency and therapeutic potential39. A plethora of external cues can be utilized to 

influence the secretome of MSCs. Not only substances or molecules, such as inflammatory agents, 

hormones, growth factors, chemical agents or pharmacological agents, can be applied to MSCs, but 

also variations in external environmental factors, like exposure to hypoxia, can be used for MSC 

preconditioning40–47. 

Hypoxic preconditioning of MSC has shown to increase the therapeutic efficacy of MSCs in a 

neonatal HIE animal model (unpublished data). Additionally, the hypoxic preconditioned MSCs 

showed in vitro an enhanced migratory capacity and an increased neurogenic effect. Furthermore, 

they enhanced secretion of various trophic factors associated with neuronal growth and 

development. From this study also emerged that osteopontin (OPN) was significantly upregulated in 



hypoxic preconditioned MSCs.  OPN is a systemically expressed multifunctional protein which is 

upregulated in various organs in response to inflammation and injury 48–50. A plethora of cellular 

signalling pathways, including cytoskeletal organization, membrane ruffling, proliferation and 

apoptosis, are triggered when OPN is binding to CD44 or its various partial integrin receptors. This 

involvement in a number of cellular cascades results in the participation of OPN in cell adhesion, 

chemotaxis, angiogenesis, bone remodelling, wound healing, immunological responses and cell 

survival.  

OPN itself has been shown to enhance the NSC differentiation towards more complex neurons, as 

well as increase migratory capacity of MSCs (unpublished data)51. These findings suggested that OPN 

can be an important factor in the increased efficacy of hypoxic preconditioned MSCs. Further, 

different studies have implicated in vitro a positive influence of OPN on the neurogenic process of 

the developing brain through enhanced induction of neuronal differentiation, migration and 

proliferation of NSCs52–54. Moreover, in vivo studies have shown exacerbation of HIE in  OPN-/- mice 

and demonstrated that neuroblast migration to the ischemic brain areas depends on OPN 54,55. The 

upregulation of OPN in the early stages of spinal cord injury in rats suggests a role in cell 

proliferation and tissue remodelling 56. Additional roles of OPN in angiogenesis and various immune 

or inflammatory functions suggests a diverse impact on various cellular functions57–59. 

Supplementation of OPN to human umbilical vein endothelial cells resulted in improved angiogenic 

properties59.  Another study showed that intracerebral haemorrhage induced brain inflammation in 

hyperglycaemic rats could be attenuated by OPN administration58.     

Taken together this leads to the hypothesis that OPN preconditioning of MSCs prior to intranasal 

application, will lead to enhanced MSC migration and improved anti-inflammatory capacity, and 

thereby a better therapeutic efficacy of MSC therapy after neonatal brain injury. 

1.2 Research project 
The research will consist of two parts, an in vitro part and an in vivo part. MSCs will be 

preconditioned with OPN for 24 hours (OPN-MSCs). The effects of OPN preconditioning on MSCs will 

be assessed in MSC cultures using qPCR and Western Blot to investigate the affected secretome and  

intracellular pathways. The effect of OPN-MSC on neuro-regeneration and neuroinflammation will 

be assessed by co-cultures of OPN-MSCs with NSCs and microglia respectively followed by 

immunocytochemistry and ELISA. In vivo, the effect of OPN preconditioning on the therapeutic 

efficacy of intranasal MSC therapy will be assessed in a mouse model of neonatal HI by 

immunohistochemistry of brain tissue to measure the lesion size. 

 

 

 

 

 

 

 



2. Materials and method 

2.1 in vitro 

2.1.1 MSC 
Bone marrow derived MSCs from GIBCO® Mice (C57BL/6) were purchased (MSCs, #S1502-100, 

Invitrogen, Thermo Scientific, Waltham Massachusetts, USA) and cultured according to the 

manufacturer’s instructions in normal MSC medium (DMEM:F12, #31331093, GibcoTM, Thermo 

Fisher Scientific) supplemented by 1% Penicillin-streptomycin (P/S, #15240-62, GibcoTM), 0.05% 

Gentamicin (#15710064, GibcoTM)  and 10% Fetal Calf Serum (FCS, #A4766801, GibcoTM). Passaging 

was performed with Dulbecco’s Phosphate-Buffered Saline (D-PBS, #14190-144, GibcoTM ) for 

rinsing the cells, TrypLETM Express Dissociation Reagent (TrypLE, #12604-021, Invitrogen) for cell 

detachment and 10% FCS MSC medium for TrypLETM neutralization. The cell were passaged once or 

twice. For preconditioning with OPN (#O2260, Sigma), the MSC’s growth medium was removed and 

replaced with medium containing OPN (1000ng/mL OPN) or control medium (0ng/mL OPN) 24 hours 

prior to experiments. The control medium contained 100 ug/ml BSA, the same concentration 

present in the OPN condition. For MSC-NSC co-culture experiments, MSC medium was changed to 

DMEM:F12 containing 5% platelet lysate (PL, Lonza, Walkersville, Maryland, USA) and 2U/ml Heparin 

Sodium Injection (#H3149-10KU, Sigma-Aldrich) at the moment of preconditioning. 

2.1.2 NSC 
Mouse cortical stem cells (NSCs, # SCR029, Merck) were purchased and cultured in a 6-wells plate 

(#3516, Corning) as neurospheres according to the manufacturer’s instructions in proliferation 

medium (DMEM:F12 (GibcoTM) supplemented by 2% B27 without Vitamin A  (#12587001, Thermo 

Fisher Sc. ) and 1% P/S (GibcoTM)). 20ng/mL of Recombinant Human Fibroblast Growth Factor-basic 

(bFGF, #100-47, Peprotech, Rocky Hill, New Jersey, USA) and Recombinant Human Heparin Binding 

EGF-like Growth Factor (EGF, #100-18B, Peprotech) were added daily to stimulate proliferation and 

retain stemness. NSC were passaged once (P1 to P2) before experiments in the following manner: 

neurorosphere were collected, centrifuged for 5 minutes at 300g, resuspended and disrupted by 

pipetting. Single cells were counted on NC-200 (ChemoMetec) and reseeded at a density of 2×105 

cells per well on a 6-wells plate.  

2.1.3 Non-contact MSC-NSC co-culture 
NSCs cultured as described above, passaged and cultured for another 3 days. Next, NSCs were 

collected and plated in 24-wells plates coated with 10µg/mL of PLO (Sigma-Aldrich) and 5µg/mL of 

Laminin (#L2020, Sigma-Aldrich) at a density of 30.000 cells per well in differentiation medium 

(DMEM:F12 (GibcoTM) supplemented by 2% B27 custom (#0080085SA, Life Techn. (Invitrogen)) and 

1% P/S) in the presence of 20ng/mL of bFGF and of EGF to retain stemness. The next day the bFGF 

and EGF were removed and the differentiation was started. Meanwhile, preconditioned MSCs were 

harvested and embedded in Truegel (#True1, Sigma) at a density of 8×104 cells per transwell insert 

(Millicell Hanging Cell Culture PET 0.40µm, #MCHT24H48, Millipore) according to the manufacturer’s 

protocol. After 5h, inserts containing OPN- or naïve-MSC were transferred on plated NSC and co-

culture was started (figure 3). 



 

Figure 3 – Schematic overview of MSC-NSC co-culture. NSCs are plated in a 24-wells plate, then after 1 day inserts 
containing naïve MSCs or OPN-MSCs are added and refreshed daily. The OPN-MSC inserts contain MSCs which have been 
preconditioned with OPN for 24 hours. After three days of co-culture the NSCs were fixated for analysis. 

On day 2 and 3 the inserts were refreshed with similarly as the first day. Inserts without MSCs were 

used as a negative control condition, these were not refreshed daily. At day 4 the inserts were 

removed and differentiated NSCs were fixated with 4% PFA (#4078-9020, VWR) in D-PBS.  

2.1.4 MSCs co-cultures with microglia and astrocytes 
Cortical microglia primary cultures were prepared from C57BL/6 mice from postnatal day 1 or 2. 

After dissection of the mice pups, meninges were removed and cortices collected. Subsequently, the 

cortices were minced and incubated with 0.25% trypsin (#T4799, Sigma-Aldrich) in Gey's balanced 

salt solution (GBSS, #G9779-500mL, Sigma-Aldrich) (containing 1% P/S (GibcoTM), and 30 mM D-(+)-

glucose (#G7021, Sigma-Aldrich)) for 10min. After Trypsin removal by centrifugation, cell were 

resuspended in glia culture medium (DMEM/HamF10 (1:1) (#41965-039 and #31550-023, GibcoTM) 

supplemented with 10% FCS, 2mM glutamine (#25030024, Invitrogen) and 1% P/S (GibcoTM)) and 

cultured in poly-L-ornithine-coated flasks (PLO, #P3655, Sigma-Aldrich) (cell suspension of 1 

animal/flask). The next day the glia culture medium was refreshed. After 10-12 days in culture, the 

flasks were shaken at 130-135 rpm for 14-16 hours at 37°C in order to detach microglia. The glia 

medium containing microglia was collected  and centrifuged for 10 minutes at 1200 rpm at RT. 

Meanwhile, fresh glia medium was added to the flask for a second microglia shake and harvest after 

another 10 days. Centrifuged microglia were collected, counted, and seeded at a density of 2×105 

cells per well in a PLO-coated 24-well plate. 24 hours later, preconditioned MSCs were embedded 

TrueGel in transwell inserts as described in 2.1.3. Embedded MSCs were allow to equilibrate for 3h, 

after that microglia were stimulated with 50ng/mL lipopolysaccharide (LPS, #L4515, Sigma-Aldrich), 

immediately followed by the placement of transwell inserts containing MSCs too each well (Fig 4). 

After 24 hours of co-culture the inserts were removed. Microglia supernantant was collected and 

stored at -80°C. The plated microglia were fixated with 4% PFA in D-PBS. 

 



 

Figure 4 – Schemetic overview of MSC microglia co-culture. Primary microglia harvested from mouse pups were cultured 
and plated in a 24-wells plate. After 1 day the microglia were activated with LPS and insets containing naïve MSCs or OPN-
MSCs were added. The OPN-MSC inserts contain MSCs which have been preconditioned with OPN for 24 hours. After one 
day of co-culture supernatant was collected for ELISA and the microglia were fixated for analysis. 

2.1.5 Immunocytochemistry 
Non-specific binding on fixated NSC cultures was blocked by incubation in blocking buffer consisting 

of 2% Bovine Serum Albumin (BSA, #A3059-100G, Sigma-Aldrich) and 0.1% Saponin (#S7900-25G, 

Sigma-Aldrich) in PBS for at least 25 minutes at RT. Next, the plates were incubated with primary 

antibodies rabbit anti-βeta-III-tubulin (βIII-tubulin, 1:1000, #Ab18207, Abcam, Cambridge, UK) and 

mouse anti-GFAP (GFAP, 1:50, BM2287, Origene) for 1 hour at RT, washed with PBS and incubated 

with conjugated secondary antibodies Alexafluor-594 (1:250, A11012, Invitrogen) and Alexafluor-488 

(1:250, A11001, Invitrogen) for 45 minutes at RT. Subsequently the cell nuclei were counterstained 

with DAPI (1:5000, Merck KGaA) and mounted with FluorSave (VWR). Fluorescent images (n=5 per 

well) were acquired using an Axio Observer Microscope with Zen software equipped with AxioCam 

MRm (Carl Zeiss) at 10x/0.3NA magnification. Fiji v.1.53 was used to quantify βIII-tubulin and GFAP 

area, as well as perform a DAPI count. For each well, values of all acquired pictures were first 

normalized by DAPI count and then averaged. For each separate co-culture, values were normalized 

to the naïve MSCs group. To measure neuronal complexity, βIII-tubulin+ positive neurons (minimum 

n=5 per well) were analysed using the autopath filament tracer algorithm of Imaris v9.2. βIII-tubulin+ 

neurons were manually traced and neuronal complexity was assessed by total dendrite length, 

number of branch points, segments, terminal points and Sholl intersections. Neurons were excluded 

if branches were obscured by nearby cells or background staining and if dendrites were incomplete. 

2.1.6 ELISA 
TNFα concentrations in microglia supernatant were determined using an ELISA kit for murine TNFα 

(Ucytech, Utrecht, The Netherlands) according to the protocol form the manufacturer. 

2.1.7 qPCR 
MSCs were thawed, cultured in T75 flasks at a density of 1×106 cells per flaks, passaged once and 

seeded in a 6-well plate with a density of 2×105 cells per well in normal MSC medium. The next day 



the MSCs were OPN preconditioned for 24 hours, after which the medium was completely removed 

and the wells were washed with ice-cold PBS. Cell lysates were collected in RLT buffer (#74104, 

Qiagen) with b-mercaptoethanol (1:100). From the lysates,  RNA was isolated using the RNeasy mini 

kit (#74104, Qiagen) combined with RNase-Free DNase Set (#79254, Qiagen) for DNase digestion 

according to the manufacturer's instructions. The RNA quantity of the samples was determined with 

the Nanodrop 2000 (Thermo Scientific) and quality on OD 260/280 ratio was between 1.97 and 2.3. 

0.5µg of RNA was synthesized to cDNA using RT2 First Strand Kit (#330404, Qiagen) according to the 

manufacturer's instructions.  

The expression of different genes was measured by quantitative reverse transcription (qRT)-PCR 

(QuantStudio 3, Thermo Scientific) with the use of SYBR green supermix (Biorad, 1708887, Hercules, 

CA). The primer sequences can be found in Table 1. 

GENE FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE 

OPN TGGACTGAGGTCAAAGTCTAGGA CCGCTCTTCATGTGAGAGGTGA 

IL-4 AGATGGATGTGCCAAACGTCCTCA AATATGCGAAGCACCTTGGAAGCC 

IL-6 TCTAATTCATATCTTCAACCAAGAGG TGGTCCTTAGCCACTCCTTC 

IL-10 GCACCCACTTCCCAGTCG GCATTAAGGAGTCGGTTAGCAG 

IL-13 GCCAAGATCTGTGTCTCTCCC ACTCCATACCATGCTGCCG 

IL-1A CCTTGTGTCCTGTTTAGC AGGTCTTCTGGTTAGTATCC 

INOS GCACCACCCTCCTCGTTCAG CCACAACTCGCTCCAAGATTCC 

COX2 GGTCTGGTGCCTGGTCTG CTCTCCTATGAGTATGAGTCTGC 

MMP-9 CGCTCATGTACCCGCTGTAT CCGTGGGAGGTATAGTGGGA 

LIF CTTCTCCCTCTGGTCTCCAA GGGTCAGGATGTTTCAGCAC 

TGF-Β GTGACAGCAAAGATAACAAAC CTGAAGCAATAGTTGGTATCC 

FGF-2 GCGAGAAGAGCGACCCACAC GAAGCCAGCAGCCGTCCATC 

BDNF CACATTACCTTCCAGCATCTGTTG ACCATAGTAAGGAAAAGGATGGTCAT 

VEGF GATCCTCTGCCCGCCTTG CCCGTGGAGTCTGGAAAGC 

NGF ACGGGCAGCATGGTGGAG TGTAGAACAACATGGACATTACGC 

Table 1 – Primer sequences used for qPCR.  

2.1.8 Western blot 
MSCs were cultured as described above, passaged once and seeded in a 6-well plate at a density of 

4×105 cells per well in normal MSC medium. The next day the MSCs were preconditioned with OPN 

for 30 minutes, 1 hour, 2 hours, 3 hours or 24 hours, and after each timepoint the medium was 

completely removed and the wells were washed with ice-cold PBS. The cells were treated with 500µl 

lysis buffer containing RIPA buffer (#R0278, Sigma) , Protease inhibitor tablets Complete tablets Mini 

EDTA free and the phosphate inhibitor NaF (5mM, 1.064.490.250, VWR), and Na3VO4 (1mM, VWR). 

Cell scrapers were used for cell detachment, after which cell lysates were collected, sonicated on ice 

for 5 seconds and centrifuged at 13000 rpm for 15 minutes at 4⁰C. Supernatant was collected and 

stored (as whole fraction) in -20⁰C until use. Protein levels per sample were quantified using the 

Bradford protein assay, using Protein assay dye reagent concentrate (500-0006, Biorad) according to 

the manufacturer’s protocol. SKanIt (Thermo Fisher Scientific) software was used to measure 



absorbance at 595nm at 20⁰C including a 0.05 second shake. A linear regression line was used with a 

regression coefficient (R2) above 0.98. 

4-20% CriterionTM TGXTM precast gels (12+2 well, 45μL, 5671093, Bio-Rad)( 18 well, 30μL, 5671094, 

Bio-Rad) were prepared with running buffer containing 1.44% glycine (4808831, MP biomedicals, 

California, USA), 0.3% Tris (10708976001, Roche) and 1% SDS (161-0418, Biorad) in demiwater, after 

which 15 µg of protein was loaded onto each slot. Protein separation ran at 180 V and 400 mA for 1 

hour. Separated proteins were transferred onto Nitrocellulose membranes, 0.2μm (#1620112, Bio-

rad) at 100 V for 1 hour while submerged in transfer buffer containing 1.44% glycine and 0.3% Tris in 

demiwater. Then the membranes were washed in washing buffer and stained with Ponceau red, 

containing 1% Ponceau (P3504-100G, Sigma-Aldrich) and 1% acetic acid (510.000.632.500, Boom), 

for confirmation of protein separation. After confirmation, the membranes were washed again and 

incubated with blocking buffer (5% BSA in washing buffer) for 1 hour. Subsequently the membranes 

were incubated overnight at 4⁰C with primary antibodies as indicated in  Table 2. The next day the 

membrane was washed with washing buffer and incubated for 1 hour at RT with secondary 

antibodies as indicated in Table 2 . β-actin incubation and imaging was not directly possible due to 

overlapping molecular weights, thus gels were stripped of HRP after imaging. The gels were 

incubated in Sodium-azide (1:1000, #S2002-100G, Sigma) for 20 minutes, washed and stripping 

effectiveness was confirmed. Then incubation steps of primary and secondary antibodies was 

repeated for β-actin as described above. Imaging was performed with an ECL kit (RPN2106, Fisher 

Scientific) according to manufacturer’s instructions, and ProXima 2750 imaging system. Values of 

each sample were normalized against β-actin values.  

PROTEIN PRIMARY ANTIBODY SECONDARY ANTIBODY 

P-AKT 
(60-62 KDA) 

P-Akt (S473) (D9E) XP (R) Rabbit MAb  
(1:1000, 4060S, Cell signaling technology) 
 

Anti-Rabbit IgG HRP - linked AB 
(1:2000, 7074, Abcam) 
 

AKT 
(57KDA) 

Akt (pan) (C67E7) Rabbit mAb  
(1:2000, 4691S, Cell signaling technology) 
 

P-ERK1/2 
(43 KDA) 

P-p44/42 MAPK (T202/ Y204) XP(R ) Rabbit mAb 
(1:1000, 4370S, Cell signaling technology) 
 

ERK1/2 
(43 KDA) 

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb 
(1:2000, 4695S, Cell signaling technology) 
 

IΚΒ-Α 
(37 KDA) 

IκB-α (C-21) SC-371 Rabbit polyclonal 
(1:1000,  L1409, Santa Cruz) 
 

Β-ACTIN  
(40-50 KDA) 

Anti-β-Actin antibody mouse Monoclonal  
(1:5000, A5316, Sigma) 

IgG, Horseradish Peroxidase linked 
whole antibody (1:5000, A931V, GE 
Healthcare 

Table 2 – Antibodies used for western blot. 

2.2 in vivo 

2.2.1 Animals 
The animal experiments were performed in accordance with Dutch and European international 

guidelines (Directive 86/609, ETS 123, Annex II) and approved by the Experimental Animal 

Committee Utrecht (University Utrecht, Utrecht, Netherlands) and the Central Authority for 



Scientific Procedures on Animals (The Hague, The Netherlands). All efforts were made to minimize 

suffering.  

C57Bl/6  mice (OlaHsa, ENVIGO, Horst, The Netherlands) were kept in standard housing conditions 

with woodchip bedding, cardboard shelters and tissues provided, on a 12hr day/night cycle (lights on 

at 7:00), in a temperature-controlled room at 20-24°C and 45-65% humidity with ad libitum food and 

water access. Mice were bred in-house by placing wild type males and females together in a ratio of 

1:1 or 1:2 for two weeks. Afterwards, dams were housed solitarily to give birth. Breeding resulted in 

21 litters. Hypoxic-ischemic (HI)-injury was induced in 9-days-old pups by unilateral carotid artery 

ligation under isoflurane anesthesia ((5–10 min; 5% induction, 3–4% maintenance with flow O2: air 

1:1), followed by recovery with their mother for at least 75min and subsequently systemic hypoxia 

at 10% O2 for 45min in a temperature-controlled hypoxic incubator. A lesion involving the 

hippocampus, neocortex and striatum was induced by the procedure.  Xylocaine (#N01BB02, 

AstraZeneca, Cambridge, UK)  and Bupivacaine (#N01BB01, Actavis, Allergan Inc, Dublin, Ireland) 

were applied to the wound for pre- and post-operative analgesia. Control SHAM animals were 

subjected to anesthesia and surgical incision only. Two days after injury, litters received cage 

enrichment: a turning wheel on a red plastic shelter. MSCs were administered intranasally at 10 days 

after induction of HI. 30min before intranasal MSC administration, hyaluronidase (100U, #H4272, 

Sigma-Aldrich, Merck KGaA, Darmstadt Germany) was administrated intranasally to increase 

permeability of the connective tissue in the nasal cavity. HI-injured mouse pups were treated 

intranasally with MSC or OPN-MSCs (5x105 per animal) in D-PBS, or D-PBS only as vehicle treatment, 

by administration of 2 droplets of 3μL per nostril. The male and female offspring was randomly 

assigned to four experimental groups: SHAM operated animals (n=18), HI vehicle-treated animals 

(n=18), HI MSC-treated animals (n=18) and HI OPN preconditioned (OPN)-MSC-treated animals 

(n=18). 

2.2.2 Immunohistochemistry 
Animals were sacrificed at day 28 post HI by overdose of pentobarbital (Alfasan, Woerden, The 

Netherlands), transcardially perfused with Phosphate Buffered Saline (PBS, #524650-1, VWR, 

Radnor, Pennsylvania, USA) followed by 4% paraformaldehyde, (PFA, #VWRK4078-9020, VWR) and 

brains were collected. Brains were post-fixed for 24hr and dehydrated followed by embedment in 

paraffin. Coronal sections (8 µm) were cut at the CA1 hippocampal level (Bregma -1.85). Afterwards, 

all sections were deparaffinized and hydrated. To assess lesion size, sections were stained with 

hematoxylin and eosin (H&E). Images were taken at 2.5x magnification. Area measurements of the 

ipsilateral and contralateral hemispheres were performed by a blinded observer using Adobe 

Photoshop CS6 and ipsilateral tissue loss was calculated as [1 - (ipsi / contra) x 100%]. 

2.3 statistical analysis 
Statistics were performed using GraphPad Prism 9.3.0 (Graphpad Software). Outliers were identified 

using the ROUT method (Q = 1%). qPCR data was statistically analysed by unpaired T test. The 

MSC/NSC co-culture, ELISA and mouse study data were statistically analysed by one-way ANOVA. 

Differences of p < 0.05 were deemed as statistically significant. 

 

 



3. Results 

3.1 OPN changes the gene expression of MSCs 
qPCR was used to characterize the changes in gene expression after OPN preconditioning of MSCs. 

After 24 hours of OPN preconditioning, RNA of the MSCs was collected and used to determine 

expression level of several genes. Various inflammatory genes were measured to gain insight in the 

immunomodulatory potential of OPN-MSCs59. mRNA levels of IL-6 seemed to be slightly upregulated, 

whereas pro-inflammatory associated genes iNOS and COX2 seem to be slightly downregulated (Fig 

5c, e, f) in OPN-MSC versus naïve MSC, but no significant differences were observed, potentially due 

to a low number of samples. Additionally, genes involved in tissue repair and angiogenesis were 

measured. VEGF and TGF-b mRNA levels were significantly upregulated in OPN-MSC compared to 

naïve MSC (P=0.0231 and P=0.0144 respectively)(Fig 5a, b). No difference was observed after OPN 

preconditioning of MSCs  in the expression levels of FGF, MMP9, BDNF and NGF (Appendix A). 

Finally, OPN fold change resulted in modest non-significant upregulation after OPN incubation, 

indicating a potential autocrine positive feedback loop (Fig 5 d). 
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Figure 5 – Gene expression of naïve MSCs compared to MSCs preconditioned with 1000 ng/ml OPN for 24 hours 
determined by qPCR. (a-g) Fold regulation of VEGF, TGF-b, IL-6, OPN, iNOS and COX2 mRNA normalized to naïve MSC. Data 
represents mean ± SEM. Statistical analysis (a-g): unpaired t-test. *(p<0.05). (a-g): n=3  

3.2 OPN activates various intracellular pathways in MSCs 
Western blot was performed to determine which cellular pathways were activated by OPN 

preconditioning of MSCs. Individual expression levels of phosphorylated ERK (pERK), ERK, 

phosphorylated AKT (pAKT) and AKT were measured at 30 minutes, 1 hour, 2 hours and 24 hours 

after stimulation with OPN (Fig 6c, d) (Appendix B). The activation state of ERK and AKT were 

measured as the ratio between their phosphorylated and non-phosphorylated state (Fig 6a, b) 61,62. 



Both ERK and AKT follow a similar trend in their activation state. 30 minutes of OPN incubation 

results in no difference between naïve MSCs and OPN-MSCs in ERK or AKT activation state. Both 

pathways are highly upregulated at the 1 hour time point of OPN incubation compared to naïve 

MSCs. At the 2 hour timepoint there seems to be a small decrease in activation compared to naïve 

MSCs. Finally at the 24 hour timepoint of incubation with OPN there is no difference between naïve 

MSCs and OPN-MSCs for the ERK or AKT activation state.   

In order to look at the inflammatory response that OPN might induce, the NF-kB pathway is of 

interest 63. IκB expression was analysed as an indirect measure for NF-kB activation (Fig 6e, f). There 

seems to be a slight reduction in the presence of IκB protein after MSCs are preconditioned for 30 

minutes with OPN compared to naïve MSCs. At the 6 hours timepoint and 24 hours timepoint of 

incubation with OPN the reduction of IκB protein compared to naïve MSCs is still existing, but in 

lesser proportions. This could indicate that there is an activation of the NF-kB pathway.  

 

Figure 6 - Western blot analysis of (p)ERK, (p)AKT and IκB expression of MSCs after OPN incubation at different time 
points. (a) Activation state of ERK in MSCs measured by the ratio of pERK and ERK after 30 minutes, 1 hour, 2hours and 24 
hours of incubation with OPN compared to naïve MSCs. (b) Activation state of AKT in MSCs measured by the ratio of pAKT 
and AKT after 30 minutes, 1 hour, 2hours and 24 hours of incubation with OPN compared to naïve MSCs. (c) Western blot 
image of pAKT and pERK expression in MSCs after 30 minutes, 1 hour and 2hours of incubation with OPN compared to naïve 
MSCs. (d) Western blot image of AKT and ERK expression in MSCs after 30 minutes, 1 hour and 2hours of incubation with 
OPN compared to naïve MSCS. (e) Expression of IκB in MSCs after 30 minutes, 6 hours and 24 hours of incubation with OPN 
compared to naïve MSCs. (f) Western blot image of IκB expression in MSCs after 30 minutes, 6 hours and 24 hours of 
incubation with OPN compared to naïve MSCs. Data represents mean (a-f): MSC n=1, OPN-MSC n=1.  



3.3 Functional effect on neurogenesis 
In order to determine the functional effect of OPN-MSCs on neurogenesis, a non-contact MSC/ NSC 

co-culture was performed. At the start of spontaneous NSC differentiation, NSCs were co-cultured 

with naïve MSC inserts, OPN-MSC inserts or empty inserts. At 72 hours after the onset of 

differentiation, the NSCs were fixated and stained for GFAP and βIII tubulin (Fig 7a-d). NSC 

differentiated in the presence of OPN-MSCs showed a significant increase in the GFAP+ area per DAPI 

stained nucleus (P=0.007)(Fig 7d) compared to naïve MSC, but no significant increase in the βIII-

tubulin+ area per DAPI stained nucleus (Fig 7e, f).  

 

Figure 7 – Area analysis of Non-contact MSC/NSC co-culture. (a, b) 72 hours after the onset of differentiation in the 
presence of OPN-MSCs (1000ng/ml) and naïve MSCs (0 ng/ml), the NSC were fixated and stained for βIII tubulin (red). (c, d)  
72 hours after the onset of differentiation in the presence of OPN-MSCs (1000 ng/ml) and naïve MSCs (0 ng/ml), the NSC 
were fixated and stained for GFAP (green). (e) βIII-tubulin+ area per DAPI stained nucleus normalized to naïve MSCs (0 
ng/ml). (f) GFAP+ area per DAPI stained nucleus normalized to naïve MSCs (0 ng/ml). Data represents mean ± SEM. 
Statistical analysis (e, f): one-way ANOVA. **(p<0.01), ***(p<0.00.1), ****(p<0.0001). (e, f): 0 ng/ml: n=12, 1000 ng/ml : 
n=10, inserts only: n=5.  



Additionally, morphological analysis was performed on the formed βIII-tubulin+ neurons. The 

individual dendrites of βIII-tubulin+ neurons were manually traced and neuronal complexity was 

assessed (Fig 8a, b). Even though OPN-MSCs did not increase the filament dendrite length (Appendix 

C), NSCs differentiated in the presence of OPN-MSCs did show a significantly higher number of 

branch points (P=0.0002), branch segments (P=0.0002) and terminal points (P=0.004) compared to 

naïve MSCs (Fig 8c-e). Furthermore, there was a significantly higher number of sholl intersections of 

neurons formed under the influence of OPN-MSCs compared to naïve MSCs (P=0.0064) (Fig 8f, g). 

These results together suggest an enhanced capability of OPN-MSCs to influence NSC differentiation 

towards more complex neurons compared to naïve MSCs.     

 

 

Figure 8 – Morphological analysis of non-contact MSC/NSC co-culture. (a) Overview of the definition of branchpoint, 
dendrite segment and terminal point during morphological analysis. (b) Descriptive overview of the sholl analysis on 
neurons. (c) Number of branch points per neuron normalized to naïve MSCs (0 ng/ml). (d) Number of dendrite segments per 
βIIIT+ neuron normalized to naïve MSCs (0 ng/ml). (e) Number of dendrite terminal points per βIIIT+ neuron normalized to 
naïve MSCs (0 ng/ml). (f) Number of intersections of βIIIT+ neurons with circles of increasing radius by Sholl analysis. (g) 
Quantification of Sholl analysis by area under the curve (A.U.C.). Data represents mean ± SEM. Statistical analysis (c-e, g): 
one-way ANOVA. **(p<0.01), ***(p<0.001), ****(p<0.0001). (c-d, g): 0 ng/ml: n=12, 1000 ng/ml : n=10, inserts only: n=5. 



3.4 Functional effect on inflammation 
To determine the functional effect of OPN-MSCs on inflammation, a MSC/microglia co-culture was 

performed. Primary microglia were stimulated with 50 ng/ml LPS to induce an inflammatory state,  

directly after which they were co-cultured with naïve MSC inserts, OPN-MSC inserts or empty 

inserts. 24 hours after initiation of the inflammatory state, the supernatant of microglia was 

collected and TNF-α secretion was measured by ELISA. Addition of LPS activated the microglia, 

measured by an upregulation of TNF-α secretion for LPS activated microglia with empty inserts (+LPS 

inserts only) compared to inactivated microglia with inserts containing OPN-MSCs (-LPS OPN-MSC) 

or naïve MSCs (-LPS MSC) (Fig 9). MSCs significantly lowered the secretion of TNF-α by microglia (for 

both P<0,0001) compared to inserts without MSCs (Fig 9). However, no difference was observed 

between the OPN-MSC’s and the naïve MSC’s ability to lower excretion of TNF-α from LPS stimulated 

microglia.     
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Figure 9 – ELISA performed on the MSC/microglia co-culture. ELISA performed on microglia supernatant measuring TNF-α 
secretion normalized to +LPS inserts only. Data represents mean ± SEM. Statistical analysis (f): one-way ANOVA. 
***(p<0.001). (f): -LPS MSC: n=2, -LPS OPN-MSC: n=2, +LPS inserts only: n=18, +LPS MSC: n=18, +LPS OPN-MSC: n=14. 

3.5 Treatment efficacy in a neonatal HIE mouse model 
The treatment efficacy of OPN-MSCs compared to naïve MSCs was evaluated in a neonatal HIE 

mouse model. OPN-MSCS or naïve MSCs were intranasally administered to C57BI/6 mice at D10 

after induction of neonatal HIE (Fig 10a). The lesion size was assessed 28 days after induction of 

neonatal HIE by H&E staining of the brain sections(fig 10b). Animals with HI induced injury showed 

volume loss in the ipsilateral hemisphere compared to SHAM surgery treated animals (P<0.0001)(Fig 

10c). However, both naïve MSCs and OPN-MSCs did not reduce the volume loss after HIE compared 

to vehicle treatment.  



 

Figure 10 - Intranasal administration of opnMSCs in a neonatal HIE mouse model. (a) Schematic overview of study design. 
(b) Images of H&E stained brain sections from SHAM-operated mice, vehicle treated mice, MSC treated mice and OPN-MSC 
treated mice. (c) Quantification of lesion size by percentage of ipsilateral tissue loss. Data represents mean ±SEM. Statistical 
analysis (c): one-way ANOVA. **** (P<0.0001). SHAM: n=19, Veh: n=19, MSC: n=18, OPN-MSC: n=19. 

 

 

 

 

 

 

 



4. Discussion  
Neonatal HIE underlies the development of serious neurological and movement disabilities and is 

one of the leading causes of infant mortality1,3,6. Limited treatment options necessitate the 

development of new innovative treatment methods. Intranasal delivery of MSCs has shown 

promising results in reducing lesions size and improving motor outcomes in neonatal HIE animal 

models 26,27,29,36. The recent translation of this technique into the first clinical application 

demonstrates its’ potential as a future treatment option37. Nevertheless, there is room for 

improvement of treatment efficacy. Optimization strategies for MSC therapy could be detrimental to 

achieve therapeutic efficacy and applicability for widespread clinical use. It was found that in vitro 

preconditioning of MSCs can improve paracrine potency and therapeutic effects 39. Extending on 

this, this research aims to evaluate the potential of OPN preconditioning of MSCs prior to intranasal 

administration as a strategy to increase the efficacy of intranasal MSC treatment. Additionally, this 

study aims to elucidate the effect of OPN on the secretome and intracellular pathways of MSCs and 

thereby gaining insight in the mechanisms responsible for the functional response of OPN 

preconditioned MSCs.  

In this study we showed the secretome of MSCs is changed after preconditioning for 24h with 

1000ng/ml OPN. The upregulation of TGF-b mRNA levels in MSCs upon preconditioning is in 

accordance with another study64. While the upregulation of VEGF due to OPN has been shown in 

other cell types, in this study for the first time it was shown that VEGF mRNA levels are upregulated 

for MSCs59. These genes are involved in many processes concerning the beneficial effects of MSCs. 

TGF-b secretion by MSCs is associated with anti-apoptotic effects, immunomodulation and tissue 

repair and VEGF secretion of MSCs associated with anti-apoptotic and angiogenic effects65–68. Taken 

together, the upregulation of these genes suggests an increase in the tissue repair phenotype of 

OPN-MSCs. The anti-apoptotic, angiogenic and supportive character of the functional effects of 

VEGF and TGF-b hint at an improved regenerative environment that OPN-MSCs can induce, which 

can in turn stimulate neuronal precursor cells and enhance differentiation.  

The immunomodulatory potential of MSCs is another aspect which seems to be influenced by OPN 

preconditioning.  TGF-b has been shown to be an important factor influencing immune cell 

activation and functioning, including maturation and activation of microglia 60,69. TGF-b signalling is 

important for the prevention of excessive microglia activation. Additionally, silencing TGF-b 

signalling in mouse models of central nervous system diseases caused uncontrolled microglia 

reactivity and exacerbation of injury. Other inflammatory genes (iNOS and Cox2) seem to be 

downregulated and IL-6 seems to be upregulated after OPN preconditioning. These results need to 

be seen only as hint at downregulation or upregulation, as the results were not significant. However, 

the sample size for this experiment was rather low (N=3), therefore this experiment should be 

repeated with a higher sample size. In central nervous system trauma, iNOS and COX2 are both 

associated with cell death and the pro-inflammatory phase of injury 70,71. Therefore downregulation 

of these genes would have to be expected to have beneficial effect regarding modulation of 

neuroinflammation. However, there seems to be a dual function of these genes. Downregulation of 

iNOS and COX2 in MSCs have both been reported to have immunostimulatory effects as well as 

immunosuppressive effects in different settings70,72–74. For now it is uncertain whether these genes 

facilitate a clear pro- or anti-inflammatory downstream effect. Nonetheless, the seemingly down 

regulation of iNOS and COX2 suggest alterations in the immunomodulatory potential of MSCs due to 

OPN preconditioning. The apparent upregulation of IL-6 adds to this direction. IL-6 has been 

indicated as a factor which plays a role in the initiation of inflammation71. However, IL-6 is also an 

important factor of the supportive and anti-inflammatory function of the MSC secretome 60,75. IL-6, 



especially in synergy with TGF-b, has been shown to supress secretion of pro-inflammatory 

cytokines, induce the synthesis of anti-inflammatory cytokines and induction of regulatory immune 

cells 76–79.  Finally, there seems to be an upregulation of OPN mRNA levels after OPN preconditioning 

of MSCs. The modest upregulated OPN mRNA levels indicate that an autocrine positive feedback 

loop could be activated through OPN binding to its receptors on MSCs. This positive feedback loop 

mechanism has been suggested in non-small lung cancer cells when OPN interacts with the cell 80. 

This indicates that secreted OPN could induce upregulation of OPN secretion from MSCs in that 

same environment. It was shown that OPN is upregulated in hypoxic preconditioned MSCs 

(unpublished data). Indicating that a hypoxic area could induce the autocrine positive feedback loop 

in MSCs, thereby further enhancing OPN production and effect. One limitation of the gene 

expression experiment in this research is that species have a variation in the mechanisms of MSC 

mediated immunosuppression81. Some anti-inflammatory genes which play an important role in 

human MSC immunomodulation, are not expressed or very limited expressed in mouse MSCs. For 

the genes IL-10, IL-13, Il-4, LIF and IL-1a no signal could be detected in this research, while these 

genes do play a role in human MSC mediated immunosuppression60. In future research human MSCs 

could be used for gene expression analysis for a more clinically relevant characterization of the 

immunomodulatory potential of OPN-MSCs. Another limitation of the gene expression data is the 

non-significant data that potentially derive from the low sample size. Therefore, these results need 

to be looked at with caution and it is advised to repeat these experiments with higher sample sizes. 

 

Several intracellular pathways have been shown to be activated when OPN binds to the cell. The 

activation of the ERK pathway in general has been implicated as a regulatory factor in many 

fundamental cellular activities, including migration and proliferation of the cell 82. The ability of OPN 

to increase ERK activation through phosphorylation in MSCs has been identified before and similar 

results were seen in this study 51. The activation of ERK was suggested to play an important role in 

the migratory capacity of MSCs. Additionally, another study showed MSCs preconditioned with OPN 

had a significant increase in their capacity to migrate across a transwell membrane compared to 

naïve MSCs (unpublished data). Taken together, this indicates the importance of ERK activation for 

the enhanced migratory capacity of OPN-MSCs. OPNs ability to activate the AKT pathway in MSCs 

has been shown before and this research showed similar results, however the downstream effects 

and function are unknown 83. The AKT pathway is generally involved in the promotion of cell survival 

and growth 84. Furthermore, in endothelial cell it was shown that OPN can induce angiogenesis 

through activation of AKT and ERK, as well as the enhanced expression of VEGF 85. Taken together, 

the upregulation of VEGF in MSCs after OPN preconditioning and the activation of both ERK and AKT 

suggest that a similar function might be operational in OPN-MSCs. 

It was shown that the activation of NF-κB is an important factor for the increased 

immunosuppressive effects of MSCs after TNF-α preconditioning 63,86. In the current study the 

activation of NF-κB was indirectly measured by IκB expression. Indeed, IκB is an inhibitor of NF-kB, 

where IκB sequesters NF-kB in the cytosol87. If IκB is reduced or more degraded NF-kB is available to 

translocate to the nucleus and induce transcription of inflammatory genes. The seemingly small 

downregulation of IκB, indicating a higher level of available NF- κB in MSCs at the early time point 

after OPN incubation, poses a promising starting point for further research. However, the small 

sample size (N=1) requires extreme caution with the interpretation of the results. Thus, the 

reduction of IκB first needs to be validated with additional experimental samples, before the 

induction of immunomodulatory response by OPN can be confirmed.  



The effect of OPN-MSCs on neurogenesis was analysed in a NSC/MSC co-culture. OPN-MSCs were 

able to induce differentiation of NSCs into more complex neurons. OPN seems to activate a 

mechanisms in the MSCs which enhances the secretion of factors which induce the formation of 

more complex neurons. At this point it is uncertain what these factors are. The aforementioned 

upregulated genes in OPN-MSCs could be involved, as VEGF and TGF-b have both been associated 

with neurogenic effects88,89. Furthermore it was seen that OPN could induce the differentiation of 

NSCs into more complex neurons (unpublished data).  However many more factors with more 

prominent effects could be involved, therefore additional research is needed to determine which 

factors facilitate the increased neurogenic complexity caused by the OPN-MSC secretome.     

Additionally, the amount of NSC differentiation towards GFAP+ astrocytes was measured in this 

study.  An increase in the amount GFAP+ area per DAPI stained nucleus was shown, therefore 

indicating OPN-MSCs seem to enhance the ability of NSCs to differentiate towards astrocytes. 

Astrocytes play an important role in the central nervous system and are an important factor for 

recovery after brain injury 90,91. There are two distinct activation states into which astrocytes can be 

divided, a neurotoxic state and a neuroprotective state 92,93. When astrocytes are activated towards 

a neurotoxic state, they can secrete a variety of pro-inflammatory cytokines. If this state persists for 

a longer period there is formation of glial scars in the injured areas, which reduces regeneration of 

the injured tissue 94. However astrocytes can also be activated towards a neuroprotective 

phenotype, consisting of more immunosuppressive and supportive characteristics. It has been 

shown in an adult HIE mouse model that activated astrocytes after MSC treatment were associated 

with angiogenic properties and functional recovery 90. In this study an increase in GFAP+ cells was 

seen in early stages after treatment, without formation of glial scarring in later stages. Therefore, 

further research is needed to determine whether OPN-MSCs can induce a similar neuroprotective 

state in astrocytes derived from NSCs. Gene expression, morphology or staining for specific markers 

could further elucidate what type of reactive state is induced. 

Microglia are the most important immune cells in the brain and are the first responders to injury in 

the central nervous system 95. The environmental cues determine the activation state of microglia. 

There are two distinctive states, a toxic pro-inflammatory state that exacerbates neuronal injury and 

a neuroprotective anti-inflammatory state that promotes recovery and remodelling 96. The pro-

inflammatory state can be activated through LPS incubation, which enhances or maintains the 

inflammatory state of microglia through secretion of pro-inflammatory cytokines such as TNF-α 97. In 

this study, a MSC/microglia co-culture was performed to analyse the immunomodulatory potential 

of OPN-MSCs. This research showed that microglia were activated by LPS and that MSCs were able 

to reduce activation as measured by TNF-α, however OPN-MSCs did not further reduce TNF-α 

secretion compared to naïve MSCs. The ability of MSCs to suppress neuroinflammation is a 

multifaceted process. Even though the TNF-α secretion of microglia was not lowered further by 

OPN-MSCs in the co-culture, there could be other mechanisms activated through OPN-MSCs which 

influence the functional suppression of neuroinflammation. Our results of the gene expression 

profile indicate that immunomodulatory genes are upregulated in OPN-MSC compared to naïve 

MSCs. Reduction in other pro-inflammatory cytokines (iNOS, IL-1β, IFN-γ or reactive oxygen species) 

or an increase in anti-inflammatory factors (IL-10, TGF-b, IGF, or VEGF) secreted by microglia have 

been linked to a neuroprotective microglia phenotype, these factors could be influenced and need 

to be assessed in future research98,99. Due to the fact that angiogenic and supportive genes are 

upregulated in OPN-MSCs, there is a higher likelihood that immunomodulatory factors associated 

with support, repair or immunoregulation, such as CD206 and Arg1, are influenced in microglia 100. 

Staining for these particular markers could further elucidate the activation state of microglia upon 

exposure to the OPN-MSCs secretome.  



A limitation of the current microglia/MSC co-culture is that the co-culture set-up is not ideal to 

mimic the in vivo situation during HIE. In the current set-up there is a simultaneous induction of 

inflammation and addition of the MSCs. This mimics direct inflammation of microglia and the 

interference of MSCs administered during the initial phase of inflammation. In an in vivo setting the 

MSCs are administered at a later stage. Where, even though there is still an inflammatory 

environment, the initial stimulus and activator of inflammation has been resolved. Ideally the 

immunomodulatory potential of OPN-MSCs would be assessed in a in vivo model, where brain 

sections could be stained for markers of microglia activation states. For in vitro experiments, the co-

culture set-up could be modified. A set-up similar as described by Mukai et al. might be more 

representative of the in vivo situation101. Here, microglia are stimulated with LPS for a duration of 

time, the LPS containing media is removed,  microglia are cultured in normal media for a period and 

only then are the MSCs administered. This allows for the initial stimulus to be removed from the 

environment, whilst the microglia are still in an inflammatory activated state when the MSCs are 

administered. Additionally, a more HIE representative manner of microglia activation could be 

applied to the set-up. Yu et al. describes a cell model where microglia are activated through oxygen–

glucose deprivation and reoxygenation to mimic ischemic injury98.  

The overall increased therapeutic efficacy of OPN-MSCs could not be shown after intranasal 

administration in a neonatal HIE mouse model. There was no difference seen between the vehicle 

group, MSC group and OPN-MSC group. Multiple previous studies have shown the ability of MSCs to 

reduce lesion size in a similar neonatal HIE mouse model with the same experimental set-up 27,28,35,37. 

A previous study using the same H&E staining as used in the current study showed roughly 30% loss 

of ipsilateral tissue in the vehicle group and roughly 20% loss of ipsilateral tissue after intranasal 

MSC administration, respectively (unpublished data). Various other studies showed a reduction in 

ipsilateral tissue loss from the vehicle group (30-35% loss) to the MSC treated group (15-20% loss) 

using a MAP2 and MBP staining to quantify the lesion size27,35,37. Striking is the considerable lower 

lesion size of the vehicle group in those studies (30-35% loss) compared the current study (roughly 

60 % loss). It is hypothesised that in this study the induction of the HI injury resulted in a too large 

lesions size for MSCs and OPN-MSCs to activate the endogenous repair mechanisms in this study. 

The proposed mechanisms of action of intranasally administered MSCs is that they migrate to the 

lesion area after administration where they secrete factors which activate NSCs in the SVZ and SGZ 
19,29,37. In turn, these NSCs migrate to the lesion where they differentiate into the various neuronal 

cells and integrate into the tissue. When the lesions size extents through the SVZ and SGZ, there are 

no NSCs left to facilitate the functional repair MSCs usually induce. It seems that in the performed in 

vivo mouse study a lesion size was induced which destroyed the SVZ and SGZ, thereby eliminating 

any effect of the MSCs. This hypothesis could be confirmed in further research by staining the brain 

sections for markers of neuronal precursor cells such as DCX. In order to acquire accurate 

information about the efficacy of OPN-MSC compared to naïve MSCs the mouse study should be 

repeated with a similar experimental set-up, where ideally the induced lesion size would be reduced. 

 

The overall increased therapeutic efficacy of OPN-MSCs could not be shown after intranasal 

administration in a neonatal HIE mouse model. There was no difference seen between the vehicle 

group, MSC group and OPN-MSC group. Multiple previous studies have shown the ability of MSCs to 

reduce lesion size in a similar neonatal HIE mouse model with the same experimental set-up 27,28,36,38. 

A previous study using the same H&E staining used in this research showed a lesion size reduction 

from the vehicle group with roughly 30% loss of ipsilateral tissue to a loss of roughly 20% of 

ipsilateral tissue after intranasal MSC administration (unpublished data). Various other studies 



showed a reduction in ipsilateral tissue loss from the vehicle group (30-35% loss) to the MSC treated 

group (15-20% loss) using a MAP2 and MBP staining to quantify the lesion size27,36,38. What is striking 

is the considerable lower lesion size of the vehicle group in those studies (30-35% loss) compared to 

the lesion size of the vehicle group of the mouse study performed in this research (roughly 60 % 

loss). It is hypothesised that in this study the induction of the HI injury resulted in a too large lesions 

size for MSCs and OPN-MSCs to activate the endogenous repair mechanisms in this study. The 

proposed mechanisms of action of intranasally administered MSCs is that they migrate to the lesion 

area after administration where they secrete factors which activate NSCs in the SVZ and SGZ 19,29,38. 

In turn, these NSCs migrate to the lesion where they differentiate into the various neuronal cell lines 

and integrate into the tissue. When the lesions size extents through the SVZ and SGZ, there are no 

NSCs left which can facilitate the functional repair MSCs usually induce. It seems that in the 

performed in vivo mouse study a lesion size was induced which destroyed the SVZ and SGZ, thereby 

eliminating any effect of the MSCs. This hypothesis could be confirmed in further research by 

staining the brain sections for markers of neuronal precursor cells such as DCX. In order to acquire 

accurate information about the efficacy of OPN-MSC compared to naïve MSCs the mouse study 

should be repeated with a similar experimental set-up, where ideally the induced lesion size would 

be reduced. 

Together, the findings of this study suggest that OPN preconditioning of MSCs activates various 

intracellular pathways and modulates the paracrine potency of the cells. The angiogenic and growth 

supportive capacities of OPN-MSCs compared to naïve MSCs seem to be upregulated. Additionally, 

although the OPN-MSC secretome did not alter microglial responses to LPS, intracellular pathways 

and gene expression associated with inflammation in MSCs seem to be affected after OPN 

preconditioning. Consequently, the secretome of OPN-MSCs may be altered in terms of 

immunomodulatory potential. How the seemingly altered immunomodulatory capacity of OPN-

MSCs translates into functional effects is still unclear, further research is needed to better 

understand the effects on neuroinflammation and immunomodulation. The secretome of OPN-MSCs 

also increased differentiation of NSCs towards astrocytes and induced NSCs into the formation of 

more complex neurons. The overall therapeutic efficacy needs to be elucidated in another in vivo 

mouse study. The changes in the secretome and the increased neurogenic capacity of the OPN-MSCs 

indicate that there is a potential for therapeutical benefits compared to naïve MSCs for neonatal HIE 

injury. 
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Appendix 

A. qPCR  

 

Figure 11 - Gene expression of naïve MSCs compared to MSCs preconditioned with 1000 ng/ml OPN for 24 hours 
determined by qPCR. (a-d) Fold regulation of MMP9, FGF-2, BDNF and NGF mRNA normalized to naïve MSC. Data 
represents mean ± SEM. Statistical analysis (a-g): unpaired t-test. *(p<0.05). (a-d): n=3 



B. Western blot 

 

Figure 12 - Western blot analysis of (p)ERK, (p)AKT expression of MSCs after OPN incubation at different time points. (a) 
Expression of pAKT in MSCs measured after 30 minutes, 1 hour, 2hours and 24 hours of incubation with OPN compared to 
naïve MSCs. (b) Expression of AKT in MSCs measured after 30 minutes, 1 hour, 2hours and 24 hours of incubation with OPN 
compared to naïve MSCs. (c) Expression of pERK in MSCs measured after 30 minutes, 1 hour, 2hours and 24 hours of 
incubation with OPN compared to naïve MSCs. (d) Expression of ERK in MSCs measured after 30 minutes, 1 hour, 2hours 
and 24 hours of incubation with OPN compared to naïve MSCs. (e) Western blot image of (p)AKT and (p)ERK expression in 
MSCs after 24 hours of incubation with OPN compared to naïve MSCs. Data represents mean (a-e): MSC n=1, OPN-MSC n=1. 



C. MSC/NSC co-culture 
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Figure 13 - Morphological analysis of non-contact MSC/NSC co-culture. Average filament dendrite length normalized to 
naïve MSCs (0 ng/ml). Data represents mean ± SD. Statistical analysis (c-e, g): one-way ANOVA. ***(p<0.001), 
***(p<0.0001). (c-d, g): 0 ng/ml: n=12, 1000 ng/ml : n=10, inserts only: n=5. 

 

 

 


