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Abstract

:

Perinatal brain injury is a major contributor to long-term adverse neurodevelopment. There is mounting preclinical evidence for use of umbilical cord blood (UCB)-derived cell therapy as potential treatment. To systematically review and analyse effects of UCB-derived cell therapy on brain outcomes in preclinical models of perinatal brain injury. MEDLINE and Embase databases were searched for relevant studies. Brain injury outcomes were extracted for meta-analysis to calculate standard mean difference (SMD) with 95% confidence interval (CI), using an inverse variance, random effects model. Outcomes were separated based on grey matter (GM) and white matter (WM) regions where applicable. Risk of bias was assessed using SYRCLE, and GRADE was used to summarise certainty of evidence. Fifty-five eligible studies were included (7 large, 48 small animal models). UCB-derived cell therapy significantly improved outcomes across multiple domains, including decreased infarct size (SMD 0.53; 95% CI (0.32, 0.74), p < 0.00001), apoptosis (WM, SMD 1.59; 95%CI (0.86, 2.32), p < 0.0001), astrogliosis (GM, SMD 0.56; 95% CI (0.12, 1.01), p = 0.01), microglial activation (WM, SMD 1.03; 95% CI (0.40, 1.66), p = 0.001), neuroinflammation (TNF-α, SMD 0.84; 95%CI (0.44, 1.25), p < 0.0001); as well as improved neuron number (SMD 0.86; 95% CI (0.39, 1.33), p = 0.0003), oligodendrocyte number (GM, SMD 3.35; 95 %CI (1.00, 5.69), p = 0.005) and motor function (cylinder test, SMD 0.49; 95 %CI (0.23, 0.76), p = 0.0003). Risk of bias was determined as serious, and overall certainty of evidence was low. UCB-derived cell therapy is an efficacious treatment in pre-clinical models of perinatal brain injury, however findings are limited by low certainty of evidence.
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SIGNIFICANCE STATEMENT


Perinatal brain injury can lead to significant long-term neurodevelopmental deficits. There are limited treatment options available, and new interventions are urgently required. Through assessment of preclinical studies, this systematic review and meta-analysis shows that umbilical cord blood-derived cell therapy is an efficacious treatment for perinatal brain injury across a wide range of neuropathological and functional domains, albeit with low certainty of evidence. It also identified knowledge gaps, including that future studies should focus on non-hypoxic ischemic models, preterm models, large animal models and should explore the heterogeneity that exists in treatment protocols. Thus, this study stands as a significant contribution to future research direction and the translation of umbilical cord blood-derived cell therapies to human neonates.




1. Introduction


Perinatal brain injury refers to a pathological insult to the developing brain either before or during birth, or in the early neonatal period, and carries significant implications for both acute and chronic neurodevelopmental impairment of the child [1]. Perinatal brain injury associated with prematurity and term neonatal encephalopathy continue to be most significant [2]. Proposed mechanisms of prematurity-related brain injury include ischemia secondary to haemorrhage, placental hypoperfusion or fetal vascular dysfunction, as well as inflammation secondary to conditions such as chorioamnionitis, maternal systemic infection and neonatal sepsis [3]. Additionally, neonatal encephalopathy is most commonly caused by hypoxia ischemia, termed hypoxic-ischemic encephalopathy (HIE), secondary to placental abruption, cord prolapse or uterine rupture [4]. However, other pathologies such as perinatal stroke, infection, maternal toxins, fetal growth restriction and intracerebral haemorrhage secondary to birth trauma are also major contributors to the development of neonatal encephalopathy [4]. Together, these forms of perinatal brain injury represent significant risk factors for long-term neurodevelopmental impairment including cerebral palsy, learning and behavioural difficulties, and other neurosensory impairments leading to decreased quality of life with other related medical complications [5,6].



Current interventions for treatment of perinatal brain injuries are limited, but include administration of antenatal steroids and magnesium sulphate during preterm labour, and therapeutic hypothermia in the setting of term HIE [7,8]. However, these treatments are met with challenges and are not appropriate in all settings. For instance, it can be difficult for mothers to receive antenatal interventions, and therapeutic hypothermia is only indicated for term babies within the first 6 h post birth [8,9,10]. Furthermore, although hypothermia reduces the incidence of adverse outcomes, [11] it does not address the underlying brain injury with a substantial number of these infants still experiencing long-term morbidity [12]. Hence, it is evident that there is a pressing need for additional early intervention treatments for perinatal brain injury that is effective, reduces underlying brain injury, and can be applied across multiple preterm and term indications, where appropriate.



One area of promising research is cell therapy, which involves the use of multipotent stem cells and other cells that may possess the ability to self-renew and differentiate into a number of cell lineages [13,14]. Cell therapies can exert their therapeutic effects through multiple proposed mechanisms including, activation of anti-inflammatory and anti-apoptotic molecular pathways, and pro-angiogenic and antioxidant effects [13,14,15]. Human umbilical cord blood (UCB) is acknowledged as a plentiful source of mononuclear cells with multipotency properties, namely mesenchymal stem/stromal cells (MSC), endothelial progenitor cells (EPC) and haematopoietic stem cells (HSC), as well as immunomodulatory cells including T-regulatory cells (Treg) [16,17,18,19]. The use of UCB-derived cell therapy for perinatal brain injury holds many advantages over current existing management. Apart from being an easily accessible source of stem cells from gestational tissue that is often discarded, UCB-derived cell therapy has minimal ethical issues with cell collection, low immunogenicity and low tumorigenicity [20]. Indeed, in early clinical studies, there are promising results suggesting that UCB-derived cell therapy is both safe and feasible [20,21]. However, it remains unclear whether UCB-derived cell therapy is efficacious in the treatment of perinatal brain injury.



We conducted a systematic review and meta-analysis to assess the evidence from preclinical studies on the efficacy of UCB-derived cell therapy in the management of perinatal brain injury. The primary aim was to assess the effects of UCB-derived cell therapy on brain injury outcomes (i.e., infarct size, neuron and oligodendrocyte number, apoptosis, astrogliosis, microglial activation, neuroinflammation and motor function) in preclinical animal models of perinatal brain injury and to identify knowledge gaps in current research.




2. Results


2.1. Search Results


A flow diagram of study selection is presented in Figure 1, using the PRISMA flowchart template, as previously described [22,23]. The search yielded a total of 1082 citations. A total of 368 duplicates were excluded, with 627 papers excluded at title and abstract screening, and 15 excluded for full-text articles not being able to be retrieved. 72 papers underwent full-text screening, with a further 19 papers excluded for reasons outlined in Figure 1. An additional 2 papers were found upon citation searching of literature. Thus, a total of 55 papers were included in this systematic review and meta-analysis [14,15,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76].




2.2. Characteristics of Included Studies


The characteristics of included studies are summarised in Table 1, as previously described [23]. The most common animal model studied were rats (67%, n = 37), followed by mice (15%, n = 8), sheep (13%, n = 7) and rabbits (6%, n = 3). The most common model of brain injury investigated were HI (74%, n = 41), followed by IVH (13%, n = 7), ischaemic stroke (2%, n = 1), chorioamnionitis (3%, n = 2), meningitis (2%, n = 1), FGR (2%, n = 1), hyperoxia (2%, n = 1) and excitotoxic brain lesions (2%, n = 1). The timing of brain injury ranged from in utero to PND14, whilst the timing of UCB-derived cell therapy administration ranged from 1 h to 7 days post brain injury. Additionally, studies were predominantly term (62%, n = 34) and small animal models – rat, mice, or rabbit (87%, n = 48).




2.3. Markers of Brain Injury


Data for the most common markers used to measure each form of brain injury outcome across studies, were extracted for meta-analysis. The following markers and subsequent data extraction conducted in this review were: tissue and volume loss as a measurement of infarct size, neuronal nuclear protein (NeuN) as a marker for neuron number, myelin basic protein (MBP) as a marker for oligodendrocyte number, terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) and caspase 3 as markers for apoptosis, glial fibrillary acidic protein (GFAP) as a marker for astrogliosis, Iba-1 and ED-1 as markers for microglial activation, TNF-α, IL-6, IL-1 β as markers for neuroinflammation, IL-10 as a marker for anti-inflammation, and cylinder tests and rotarod tests as markers for motor function. For microglial activation Iba-1 (n = 12) was prioritised over ED-1 (n = 10), and for apoptosis caspase 3 (n = 13) was prioritised over TUNEL (n = 13).




2.4. Effect of Ucb-Derived Cell Therapy on Infarct Size, Neuron Number, Oligodendrocyte Number & Apoptosis


Twenty-three studies assessed infarct size using measurements including tissue loss (n = 7), volume loss (n = 6) and ipsilateral/contralateral volume ratio (n = 10). Nine studies were excluded from the meta-analysis due to unavailability of data or healthy control group comparator [30,36,39,41,42,55,63,67,74]. Of the remaining 14 studies included in the meta-analysis, three had multiple interventional groups based on dose, two had two experimental groups based on sex and one had multiple groups based on UCB cell type, resulting in 28 study entries. Our meta-analysis demonstrated that UCB-derived cell therapy significantly decreased infarct size by a SMD of 0.53 (95% CI 0.32, 0.74; p < 0.00001) (Figure 2A).



Ten studies measured NeuN as a marker for neuron number in grey matter structures. Of these 10 studies, one paper had two treatment arms with differing numbers of doses, one had two groups separated based on sex, and one study analysed two types of UCB-derived cells; resulting in 13 study entries. [40,61,62] As seen in Figure 2B, 4 studies had a significant increase in neuron number, with meta-analysis demonstrating that UCB-derived cell therapy significantly increased neuron number by a SMD of 0.86 (95% CI 0.39, 1.33; p < 0.001). There were insufficient papers for analysis assessing NeuN in white matter structures.



Eleven studies assessed oligodendrocyte numbers using the marker of MBP. One study was excluded from the meta-analysis due to unavailability of data. [68] Of the remaining ten studies, two assessed MBP in grey matter regions and eight in white matter regions. As seen in Figure 2C, the meta-analysis showed that across three study entries UCB-derived cell therapy significantly increases oligodendrocyte number in grey matter structures (SMD 3.35; 95% CI 1.00, 5.69; p < 0.005). Two of the seven studies assessing white matter structures included multiple treatment arms, resulting in a total of 9 study entries. As seen in Figure 2D, UCB-derived cell therapy was associated with a significant increase in oligodendrocyte number in white matter structures (SMD 0.53; 95% CI 0.09, 0.96, p = 0.02).



Twenty-five studies evaluated apoptosis using the markers of caspase 3 (n = 13) or TUNEL (n = 13), with one study evaluating both. [46] Seven studies were excluded from the meta-analysis due to lack of quantitative data available or brain structure not classified as grey or white matter [44,45,53,56,65,68,75]. As evident in Figure 2E,F, the 18 studies included in the meta-analysis were further grouped into studies that assessed grey matter and white matter brain regions. After accounting for multiple treatment groups, across 19 study entries, UCB-derived cell therapy significantly decreased apoptosis in grey matter structures (SMD 0.85; 95% CI 0.37, 1.33; p = 0.0005). Similarly, 14 study entries assessing white matter structures showed that UCB-derived cell therapy significantly decreased apoptosis by a SMD of 1.59 (95% CI 0.86, 2.32, p < 0.0001).




2.5. Effect of Ucb-Derived Cell Therapy on Astrogliosis & Microglia


Twenty six studies assessed astrogliosis using the marker of GFAP, and 9 studies were excluded from the meta-analysis due to lack of available data or the brain structure assessed unable to be classified as either grey or white matter [45,49,56,63,64,68,71,72,74]. Of the remaining 17 studies, a total of 20 study entries assessing grey matter and 20 study entries assessing white matter were included in the meta-analysis. As demonstrated in Figure 3A,B six study entries found a significant improvement in GFAP between control and experimental groups in grey matter, while 8 study entries showed a significant improvement in white matter following UCB-derived cell therapy. In both grey and white matter brain regions, the meta-analysis showed that UCB-derived cell therapy significantly improved astrogliosis (grey matter SMD 0.56; 95% CI 0.12, 1.01; p = 0.01), (white matter SMD 0.77; 95% CI 0.22, 1.33; p = 0.006).



Twenty-two papers assessed Iba-1 (n = 12) or ED-1 (n = 10) as a marker of microglial activation in grey matter brain regions and 6 papers assessed this in white matter brain regions. Due to unavailable data for analysis or brain regions not being classified as grey or white matter, 6 papers were excluded for meta-analysis for microglial activation in grey matter [24,30,43,53,62,68], and no papers excluded for white matter. As shown in Figure 3C,D, there were 23 study entries and 8 study entries in the forest plots, respectively. Meta-analysis showed that UCB-derived cell therapy significantly reduced microglial activation in grey matter regions by a SMD of 0.70 (95% CI 0.37, 1.02; p < 0.0001). Similarly, UCB-derived cell therapy significantly reduced microglia activation in white matter brain regions, with a SMD of 1.03 (95% CI 0.40. 1.66; p = 0.001).




2.6. Effect of Ucb-Derived Cell Therapy on Neuroinflammation


Fifteen studies measured TNF-α as a marker of neuroinflammation. One study was excluded due to having no available data [49], with a total of 17 study entries included in our meta-analysis due to 3 papers including multiple treatment arms [25,50,57]. Meta-analysis demonstrated that UCB-derived cell therapy significantly reduced TNF-α with a SMD of 0.84 (95% CI 0.44, 1.25; p < 0.0001), Figure 4A. Eleven studies measured IL-6 with 2 studies excluded for having unavailable data for extraction. [49,51] Meta-analysis demonstrated that UCB-derived cell therapy was able to significantly reduce IL-6 by a SMD of 1.05 (95% CI 0.32, 1.79; p < 0.01), Figure 4B. Twelve studies measured IL-1β, with meta-analysis showing that UCB-derived cell therapy significantly reduces IL-1β as compared to brain injury controls, by a SMD of 1.11 (95% CI 0.45, 1.77; p = 0.001), Figure 4C.



Five studies measured IL-10 as an anti-inflammatory marker, with a total of 1 study excluded from meta-analysis due to unavailable data. [51] Only 1 out of 4 studies demonstrated that UCB-derived cell therapy significantly increased IL-10, with meta-analysis showing no significant differences between UCB-derived cell therapy and injury control groups, as shown in Figure 4D.




2.7. Effect of Ucb-Derived Cell Therapy on Motor Function


Eleven studies assessed motor function using the cylinder test however two studies were excluded due to unavailable data [30,35]. Of the remaining nine studies, 3 included multiple treatment groups, resulting in a total of 12 entries to be included in the meta-analysis. Meta-analysis showed that UCB-derived cell therapy significantly improved motor function when compared to the injury control group (SMD 0.49; 95% CI 0.23, 0.76; p = 0.0003), Figure 5A. Additionally, 8 out of 55 studies used the rotarod test to measure motor function. Three of these studies were excluded due to inability to confirm quantitative data, resulting in a total of five papers included in the meta-analysis [25,41,67]. UCB-derived cell therapy significantly improved rotarod test ability with a SMD of 1.27 (95% CI 0.45, 2.09; p = 0.002), Figure 5B.




2.8. Quality Assessment


The risk of bias of included studies is summarised in Figure 6, as previously described [23]. No studies were assessed as low risk of bias across all domains. Selection bias was judged as low across the majority of studies for sequence generation, with 36 studies reporting randomised allocation to experimental groups. However, few studies stated the method of randomisation. Additionally, few studies reported baseline characteristics and allocation concealment presence, resulting in unclear risk of selection bias across these domains. Similarly, performance bias was judged as unclear for nearly all studies, with six studies reporting the blinding of caregivers and one study reporting randomisation of animal housing. In 35 studies, outcome assessors were blinded but only one study reported the randomisation of outcomes, resulting in an unclear risk of detection bias across most studies. Additionally, attrition bias was judged as unclear for all studies. Across all studies, no study protocol was available, resulting in unclear risk of reporting bias. No additional sources of biases were identified such as industry funding or conflict of interest.



As per the GRADE tool guidelines adapted for preclinical studies, initial quality of certainty was “high” due to included studies being randomized trials [77,78]. Across the domains used in the GRADE tool, “risk of bias” was determined to be “serious” due to reasons aforementioned, “imprecision” and “indirectness” as “not serious”, “inconsistency” as “serious” due to the majority of outcomes having moderate-high heterogeneity, and “publication bias” as “serious” due to generated funnel plots detecting asymmetry amongst papers as shown in Figure S2. Certainty was upgraded due to findings being consistent across different species. Thus, the overall certainty of evidence for our findings was low.





3. Discussion


There is growing interest in UCB-derived cell therapy for the treatment of perinatal brain injury, with mounting preclinical evidence supporting its efficacy across a range of models and indications. Our systematic review and meta-analysis identified 55 relevant preclinical studies and demonstrated that UCB-derived cell therapy is efficacious, with improvements in outcomes across a wide range of neuropathological, biochemical and functional parameters. It is however important to take these findings in the context of our quality assessment, which found overall low certainty of evidence.



3.1. Effect of Ucb-Derived Cell Therapy on Brain Outcomes of Perinatal Brain Injury


As aforementioned, perinatal brain injury associated with HIE and preterm white matter injury are of high clinical relevance [2]. HIE occurs via hypoxia ischemia with subsequent excitotoxicity and neuroinflammation leading to apoptotic cell death and neuronal cell necrosis [79]. Our meta-analyses demonstrated that UCB-derived cell therapy significantly attenuates apoptosis and neuroinflammation, whilst increasing neuron and oligodendrocyte number when compared to controls. Our results also suggest that UCB-derived cell therapy is able to exert its neuromodulatory effects by significantly decreasing glial activation, namely astrogliosis and microglial activation, decreasing infarct size and ultimately resulting in a significant improvement in long-term motor function. This is of particular relevance given the mechanisms underlying brain injury as well as the associated long-term cognitive and motor deficits [5,79]. Furthermore, these findings are consistent with other similar studies in the research field, however there was still significant risk of bias, increased heterogeneity and overall low certainty in results [80,81].



To our knowledge this is the first systematic review and meta-analysis assessing the effect of UCB-derived cell therapy in the treatment of perinatal brain injury across a range of preclinical models. Serrenho et al., (2021) performed a systematic review and meta-analyses of 58 preclinical studies of HIE animal models and similarly concluded that stem-cell therapy may exert its neuroprotective effects via a wide range of mechanisms including promotion of neuronal proliferation, neurogenesis, angiogenesis and inhibition of inflammatory cytokines, apoptosis, astrogliosis and microglial activation [80]. These findings are consistent with the results of our study, however notably in our systematic review, we were also able to synthesise and comment on the efficacy of cell therapy across multiple animal models of brain injury such as IVH, meningitis or FGR [15,26,27].



Additionally, Archambault et al., (2017) conducted a systematic review and meta-analysis looking at the effect of MSCs in preclinical models of HIE that suggested that MSCs are effective in improving both cognitive and functional outcomes [81]. Interestingly, they found that motor function as measured via the cylinder test and rotarod test was improved by a SMD of 2.25 and 2.97, respectively. This is in keeping with the results of our meta-analysis which also found a positive effect, although of smaller efficacy with SMD 0.49 and 1.27, respectively. This noted difference may be due to a number of reasons including that of increased heterogeneity and differences in study design. Archambault et al., (2017) identified significant heterogeneity in their assessment of both the cylinder test and rotarod test, with I2 = 95.2% and I2 =85.9%, respectively. Our study on the other hand had a heterogeneity of I2 =20% and I2 = 83%, respectively, which may account for the attenuated effect. However, it is also noted that the paper of Archambault et al. (2017) paper included only MSCs, whilst our review included a wide range of additional UCB-derived cells such as EPCs, Tregs and MNCs which have also been shown to be neuroprotective [14]. This may be suggestive that MSCs are more effective than other forms of UCB-derived cell therapy, however interestingly a study performed by McDonald et al., (2018) suggested that EPCs may be the more beneficial than other forms of mononuclear cells [14]. Future studies exploring these differences would be beneficial to the existing literature.



The current literature is also suggestive that UCB-derived cell therapy is effective in the treatment of perinatal brain injury in both small and large animal models. Chang et al., (2021) assessed the efficacy of human UCB-derived CD34+ cells on a mouse model of HIE and showed that these cells were effective in reducing neuronal loss and improving motor function [31]. The neuroprotective effects of UCB-derived cells have also been shown to be effective in larger animal models, with cord blood mononuclear cells being associated with significantly reduced neuronal apoptosis, astrogliosis and inflammation in lamb models of perinatal asphyxia [28]. These findings are consistent with the findings of our systematic review and meta-analysis. Taken together, these findings in preclinical models are suggestive that UCB-derived cell therapy is a promising neuroprotective treatment for a number of perinatal brain injury outcomes.



Interestingly, Dalous (2013) found that UCB-derived mononuclear cells were able to promote anti-inflammatory response measured by IL-10 in rat models of HI, whereas our meta-analysis suggested that overall there was no significant anti-inflammatory effect in the brain [34]. Our findings are in line with other studies such as Aridas (2016) who also found that whilst UCB-derived mononuclear cells were able to reduce neuroinflammation, they did not significantly increase anti-inflammatory markers in lamb models of perinatal asphyxia [28]. These differences may be attributable to differences in protocol and animal model, however further research into the anti-inflammatory properties of UCB-derived cell therapy would be beneficial to elucidating this discrepancy, as here we only synthesised results from IL-10.




3.2. Knowledge Gaps Identified


Our systematic review identified a number of knowledge gaps in the current literature that future research should aim to address. We identified an overwhelming focus on HI in animal models, with 41 out of 55 included papers studying HI injury. Although HI is a significant contributor to perinatal brain injury, it is important to explore the effects of UCB-derived cell therapy in the treatment of other brain injury models, given the promising neuroprotective results seen in non-HIE models, and the significant contribution of non-HI perinatal brain injury to long term neurodisability. Indeed, it has been found that UCB-derived cell therapy is able to exert positive neuroprotective effects in mouse models of meningitis [26], rat models of IVH [27] and lamb models of chorioamnionitis. [58]



Similarly, we also identified a predominance of term perinatal brain injury models (n = 34 studies) as compared to preterm brain injury models (n = 21 studies). This is of particular relevance as the incidence of term HIE has decreased due to improved obstetric care, whilst the incidence of prematurity is increasing despite this, leading to an increasing population of extremely preterm infants at risk of brain injury [3,82]. Hence, with prematurity being the leading cause of perinatal brain injury and accounting for approximately 11% of all live births worldwide, associated with significant risk factors (low birth weight and fetal growth restriction) and non-HI brain injuries such as neonatal infection, IVH and periventricular leukomalacia, it would be beneficial for future studies to further elucidate the efficacy of UCB-derived cell therapy in preterm animal models [3,82].



Additionally, we found that 48 out of 55 papers used small animal models of perinatal brain injury as compared to large animal models. This is possibly due to the fact that studies in large animal models are more costly, time-consuming and logistically demanding, however it is crucial for future studies to pursue larger animal model studies where appropriate, given the abundance of small animal models, as well as the increased value they bring to translation of therapy to humans [83]. Taken together, it would be beneficial for future studies to further assess the use of UCB-derived cell therapy in the treatment of non-HI brain injury, preterm models and large animal models of perinatal brain injury.




3.3. Limitations


As with all studies, our systematic review and meta-analysis carries with it a number of limitations. Our meta-analysis was limited by the quality of reported results and subsequent availability of data for analysis. There were a number of instances where studies were unable to be included in meta-analyses due to the lack of sufficient data. Additionally, our systematic review and meta-analysis primarily focused on cells derived from umbilical cord blood. We acknowledge that there are a number of other cell therapies derived from other sources that have been suggested to be efficacious in the treatment of perinatal brain injury, such as neural stem cells, MSCs and EPCs derived from bone marrow, umbilical cord tissue including Wharton Jelly and other placental tissues [80,84,85]. We also acknowledge that the use of stem cells in combination with other therapies such as therapeutic hypothermia may confer increased protection [86]. Synthesising other cell therapies and combination therapies was outside the scope of this review.



Another limitation of this study was the significant heterogeneity of study design and outcomes across a wide range of domains. This included differences in animal model type, UCB cell type used, timing and route of cell administration, and dosages. Additionally, there was significant heterogeneity in the methodology surrounding collection of data, including type of test used and timing of data collection. For example, neuroinflammation as measured through TNF-α was measured latest at 24 h in one study [15] vs. 28 days in another [27]. It is important for future studies to standardize methodology for more effective comparison of results with consideration of relevant underlying pathological processes. Given the wide range of outcome types, we also acknowledge that there were a number of outcome measures that were not included in this review where UCB-derived cell therapy may also be of benefit, including cognition, neurogenesis and angiogenesis [27,87]. Due to the widespread heterogeneity across studies, direct comparison between studies was difficult, especially in the context of limited available literature delineating the effects of each factor on brain injury outcomes, thus caution should be taken when interpreting our results.



Through our risk of bias assessment using the SYRCLE tool, we were able to identify that a significant number of studies included in our systematic review and meta-analysis had poor reporting across a wide range of domains including baseline characteristics, allocation concealment and randomisation of outcome assessment. This limits the strength of conclusions able to be drawn from our meta-analysis. Unfortunately, this limitation is commonly reported across preclinical animal studies [88]. Taken together with the presence of publication bias on funnel plot assessment, the level of certainty of our findings were determined as low as per the GRADE tool. We suggest that future studies use risk of bias tools such as SYRCLE when reporting methods and results, as well as to publish research protocol before commencement of research to overcome these limitations [89].




3.4. Future Directions


At present there are a number of clinical trials underway in humans, with 11 currently registered trials assessing UCB-derived and umbilical cord-derived cells in infants with HIE and preterm brain injury [21]. For example, a completed study in 2020 administered UCB-derived cell therapy to 6 term human newborns with HIE, and found that the intervention was both safe and feasible [20]. Additionally, there are similar trials underway such as that of Malhotra et al. (2020), that seeks to do the same in extremely preterm (<28 weeks gestation) newborns [90]. Given the positive evidence shown in preclinical studies, UCB-derived cell therapy presents itself as a promising and emerging neuroprotective therapy.





4. Methods


This systematic review and meta-analysis utilised the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [22], and the research protocol was registered on PROSPERO (CRD42022275764).



4.1. Selection Criteria


Studies included in our systematic review were preclinical animal studies of any design. Studies were eligible for selection regardless of date of publication or language but were only considered if the full article was available for analysis. Study selection criteria were: (1) any animal model, (2) perinatal brain injury including: low birth weight, fetal growth restriction, placental abnormalities, ischemia, inflammation, hypoxia, asphyxia, intraventricular haemorrhage, periventricular haemorrhage, toxins, intracerebral haemorrhage or trauma, (3) umbilical cord blood-derived cell interventions including: all mononuclear cells, mesenchymal stem/stromal cells, endothelial progenitor cells, hematopoietic stem cells, T-regulatory cells or unrestricted somatic stem cells, and (4) brain structural and functional outcomes including: infarct size, neuron and oligodendrocyte number, apoptosis, astrogliosis, microglial activation, neuroinflammation and motor function. Studies must have compared the effects of umbilical cord blood-derived cells to no intervention, placebo or other stem cells. Additionally, studies were included regardless of whether umbilical cord blood cells were derived from humans or animals, route of administration and timing of intervention.



Studies were excluded if they assessed non-perinatal brain injury models or used adult models. Studies that used non-UCB-derived cells (i.e., derived from adult tissue, placental tissue, bone marrow or umbilical cord tissue), or assessed the efficacy of cells in combination with other interventions were also excluded. Additionally, in vitro studies, case studies and studies that were not primary research (i.e., systematic reviews, literature reviews) were excluded.




4.2. Search Strategy


MEDLINE and Embase databases were searched for eligible studies in June 2021, April 2022 and August 2022, by authors TN & EP. The complete search strategy can be found in Table S1, as previously also described [23].




4.3. Study Selection


Studies were exported into Covidence Systematic Review Software (Veritas Health Innovation, Melbourne, Australia, available at www.covidence.org). Duplicates were automatically removed, and a preliminary study title and abstract screen was independently performed by two reviewers (TN & EP). Full texts of potential eligible studies were then independently assessed by two reviewers (TN & EP). Any disagreements throughout the study selection process were resolved through discussion with a third reviewer.




4.4. Data Extraction


Relevant data were extracted from eligible studies by two study authors (TN & EP). Data extracted included author name, publication year, animal species, type of animal model, type of perinatal brain injury, control group details and age of injury induction. Additionally, intervention details extracted included cell type, origin species, route of administration, timing of administration, cell dosage and the number of doses given. PlotDigitizer (version 2.6.9) was used to extract quantitative data, for relevant outcomes, from figures when standardised mean difference and standard error or standard deviation was not provided as text or in tables. For papers where data was not readily available, corresponding authors were contacted a total of three times via email, and if authors did not provide a response, the paper was not included for that particular outcome.



Given the expected heterogeneity of brain injury outcome measurements between studies, data was extracted for brain injury markers that were most commonly used amongst the included papers. Brain injury outcomes that were assessed were: infarct size, neuron and oligodendrocyte number, apoptosis, astrogliosis, microglial activation, neuroinflammation and motor function.




4.5. Data Synthesis and Statistical Analysis


Quantitative data extracted for primary outcomes were analysed using Review Manager (RevMan) version 5.4. A random-effects, inverse variance model was used to calculate standardized mean difference (SMD) and 95% confidence interval (CI) for continuous data. A SMD of 0.2 represents a small effect, 0.5 represents a medium effect and 0.8 or larger represents a large effect. Heterogeneity was assessed using the I2 statistic, which is used to measure variation that is due to the heterogeneity across studies as opposed to chance, with 25% considered low, 50% considered moderate and 75% considered high heterogeneity.



For papers that had multiple relevant distinct treatment arms, each treatment arm was included as a separate entry in that forest plot. For outcomes that were measured at multiple timepoints, the final timepoint was utilised in data analysis. Outcomes were separated into grey matter and white matter brain regions when possible. However, in instances where multiple types of grey and white matter regions were assessed in the one study, brain regions of higher frequency of assessment across studies were prioritised for data extraction. A similar approach was taken with neuroinflammatory markers when studies assessed levels in both plasma and tissue. Papers that did not specify brain region of assessment as grey or white matter were excluded from analysis. For brain injury outcomes with multiple markers, a hierarchy was developed based on highest frequency across studies.




4.6. Quality Assessment


The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias tool was used to independently assess the risk of bias of all papers by two reviewers (TN & EP), with all discrepancies resolved through discussion with additional authors, as previously described [23,89]. Additionally, funnel plot analysis including Egger’s test was performed to assess the presence of publication bias using MedCalc for Windows, v20.115 (MedCalc Software, Ostend, Belgium), with certainty of evidence assessed using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) tool adapted for preclinical studies [77].





5. Conclusions


This systematic review and meta-analysis of preclinical studies demonstrates that UCB-derived cell therapy is a promising intervention for perinatal brain injury models through its neuroprotective effects across a wide range of neuropathological and functional domains, albeit with low certainty. We have also been able to identify areas of research that warrant further assessment including more studies of non-HIE models, preterm preclinical models and large animal models.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24054351/s1.





Author Contributions


T.N. and E.P.: conception and design, literature searching, collection and/or assembly of data, data analysis and interpretation, risk of bias assessment, manuscript writing; M.J.S.: conception and design, data analysis and interpretation, risk of bias assessment, manuscript editing; T.R.P., M.C.B.P., L.Z., G.J. and S.L.M.: conception and design, manuscript editing; C.A.M. and A.M.: conception and design, literature searching, data analysis and interpretation, risk of bias assessment, manuscript editing, supervision. All authors have read and agreed to the published version of the manuscript.




Funding


NHMRC Grant 2008793. National Health and Medical Research Council of Australia, and Cerebral Palsy Alliance Research Foundation support S.L.M., C.A.M. and A.M.’s research.




Data Availability Statement


All datasets and analyses created in this review are available upon reasonable request.




Conflicts of Interest


G.J. is a member of Generate Life Sciences Inc. No other potential conflicts of interest.




Abbreviations


ECFCs: endothelial colony forming cells; EPCs, endothelial progenitor cells; FGR, fetal growth restriction; HI, Hypoxia Ischemia; HIE, Hypoxic Ischemic Encephalopathy; HSCs, haematopoietic stem cells; IC, intracerebral; IV, intravenous; MNCs, mononuclear cells; MSCs, mesenchymal stem/stromal cells; PBS, phosphate buffered saline; PND, post-natal day; SCID, severe combined immunodeficiency; Treg, T regulatory; UCB, Umbilical Cord Blood.




References


	



Novak, C.M.M.D.; Ozen, M.M.D.; Burd, I.M.D.P. Perinatal Brain Injury. Clin. Perinatol. 2018, 45, 357–375. [Google Scholar] [CrossRef] [PubMed]

	



Tsuji, M.; Sizonenko, S.V.; Baud, O. Editorial: Preventing developmental brain injury-from animal models to clinical trials. Front. Neurol. 2019, 10, 775. [Google Scholar] [CrossRef] [PubMed]

	



Volpe, J.J.M.D. Brain injury in premature infants: A complex amalgam of destructive and developmental disturbances. Lancet Neurol. 2009, 8, 110–124. [Google Scholar] [CrossRef] [PubMed]

	



Glass, H.C. Hypoxic-Ischemic Encephalopathy and Other Neonatal Encephalopathies. Continuum (Minneap. Minn.) 2018, 24, 57–71. [Google Scholar] [CrossRef] [PubMed]

	



Vincer, M.J.; Allen, A.C.; Allen, V.M.; Baskett, T.F.; O’Connell, C.M. Trends in the prevalence of cerebral palsy among very preterm infants (<31 weeks’ gestational age). Paediatr. Child Health 2014, 19, 185–189. [Google Scholar] [CrossRef]

	



Leavy, A.; Jimenez Mateos, E.M. Perinatal Brain Injury and Inflammation: Lessons from Experimental Murine Models. Cells 2020, 9, 2640. [Google Scholar] [CrossRef]

	



Lea, C.L.; Smith-Collins, A.; Luyt, K. Protecting the premature brain: Current evidence-based strategies for minimising perinatal brain injury in preterm infants. Arch. Dis. Childhood Fetal Neonatal Ed. 2017, 102, F176–F182. [Google Scholar] [CrossRef]

	



Tagin, M.A.; Woolcott, C.G.; Vincer, M.J.; Whyte, R.K.; Stinson, D.A. Hypothermia for Neonatal Hypoxic Ischemic Encephalopathy: An Updated Systematic Review and Meta-analysis. Arch. Pediatr. Adolesc. Med. 2012, 166, 558–566. [Google Scholar] [CrossRef]

	



Vogel, J.P.; Souza, J.P.; Metin Gülmezoglu, A.; Mori, R.; Lumbiganon, P.; Qureshi, Z.; Carroli, G.; Laopaiboon, M.; Fawole, B.; Ganchimeg, T.; et al. Use of Antenatal Corticosteroids and Tocolytic Drugs in Preterm Births in 29 Countries: An Analysis of the WHO Multicountry Survey on Maternal and Newborn Health. Obstet. Gynecol. Surv. 2015, 70, 79–81. [Google Scholar] [CrossRef]

	



Madar, J.; Roehr, C.C.; Ainsworth, S.; Ersdal, H.; Morley, C.; Rüdiger, M.; Skåre, C.; Szczapa, T.; te Pas, A.; Trevisanuto, D.; et al. European Resuscitation Council Guidelines 2021: Newborn resuscitation and support of transition of infants at birth. Resuscitation 2021, 161, 291–326. [Google Scholar] [CrossRef]

	



Jacobs, S.E.; Berg, M.; Hunt, R.; Tarnow-Mordi, W.O.; Inder, T.E.; Davis, P.G.; Jacobs, S.E. Cooling for newborns with hypoxic ischaemic encephalopathy. Cochrane Libr. Cochrane Rev. 2013, 2013, CD003311. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, A.D.; Brocklehurst, P.; Gunn, A.J.; Halliday, H.; Juszczak, E.; Levene, M.; Strohm, B.; Thoresen, M.; Whitelaw, A.; Azzopardi, D. Neurological outcomes at 18 months of age after moderate hypothermia for perinatal hypoxic ischaemic encephalopathy: Synthesis and meta-analysis of trial data. BMJ 2010, 340, 409. [Google Scholar] [CrossRef] [PubMed]

	



Mirzaei, H.; Sahebkar, A.; Sichani, L.S.; Moridikia, A.; Nazari, S.; Sadri Nahand, J.; Salehi, H.; Stenvang, J.; Masoudifar, A.; Mirzaei, H.R.; et al. Therapeutic application of multipotent stem cells. J. Cell. Physiol. 2018, 233, 2815–2823. [Google Scholar] [CrossRef]

	



McDonald, C.A.; Penny, T.R.; Paton, M.C.B.; Sutherland, A.E.; Nekkanti, L.; Yawno, T.; Castillo-Melendez, M.; Fahey, M.C.; Jones, N.M.; Jenkin, G.; et al. Effects of umbilical cord blood cells, and subtypes, to reduce neuroinflammation following perinatal hypoxic-ischemic brain injury. J. Neuroinflamm. 2018, 15, 47. [Google Scholar] [CrossRef]

	



Malhotra, A.; Castillo-Melendez, M.; Allison, B.J.; Sutherland, A.E.; Nitsos, I.; Pham, Y.; McDonald, C.A.; Fahey, M.C.; Polglase, G.R.; Jenkin, G.; et al. Neurovascular effects of umbilical cord blood-derived stem cells in growth-restricted newborn lambs. Stem Cell Res. Ther. 2020, 11, 17. [Google Scholar] [CrossRef] [PubMed]

	



Erices, A.; Conget, P.; Minguell, J.J. Mesenchymal progenitor cells in human umbilical cord blood. Br. J. Haematol. 2000, 109, 235–242. [Google Scholar] [CrossRef] [PubMed]

	



Nieda, M.; Nicol, A.; Denning-Kendall, P.; Sweetenham, J.; Bradley, B.; Hows, J. Endothelial cell precursors are normal components of human umbilical cord blood. Br. J. Haematol. 1997, 98, 775–777. [Google Scholar] [CrossRef]

	



Hordyjewska, A.; Popiołek, Ł.; Horecka, A. Characteristics of hematopoietic stem cells of umbilical cord blood. Cytotechnology 2014, 67, 387–396. [Google Scholar] [CrossRef]

	



Tolar, J.; Hippen, K.L.; Blazar, B.R. Immune regulatory cells in umbilical cord blood: T regulatory cells and mesenchymal stromal cells. Br. J. Haematol. 2009, 147, 200–206. [Google Scholar] [CrossRef]

	



Tsuji, M.; Sawada, M.; Watabe, S.; Sano, H.; Kanai, M.; Tanaka, E.; Ohnishi, S.; Sato, Y.; Sobajima, H.; Hamazaki, T.; et al. Autologous cord blood cell therapy for neonatal hypoxic-ischaemic encephalopathy: A pilot study for feasibility and safety. Sci. Rep. 2020, 10, 4603. [Google Scholar] [CrossRef]

	



Zhou, L.; McDonald, C.; Yawno, T.; Jenkin, G.; Miller, S.; Malhotra, A. Umbilical Cord Blood and Cord Tissue-Derived Cell Therapies for Neonatal Morbidities: Current Status and Future Challenges. Stem Cells Transl. Med. 2022, 11, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. [Google Scholar] [CrossRef] [PubMed]

	



Purcell, E.; Nguyen, T.; Smith, M.; Penny, T.; Paton, M.C.; Zhou, L.; Jenkin, G.; Miller, S.L.; McDonald, C.A.; Malhotra, A. Umbilical cord blood-derived cell therapy for perinatal brain injury: A systematic review & meta-analysis of preclinical studies—Part B. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Ahn, S.Y.; Chang, Y.S.; Sung, D.K.; Sung, S.I.; Yoo, H.S.; Lee, J.H.; Oh, W.I.; Park, W.S. Mesenchymal Stem Cells Prevent Hydrocephalus After Severe Intraventricular Hemorrhage. Stroke 2013, 44, 497–504. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.Y.; Chang, Y.S.; Sung, D.K.; Sung, S.I.; Yoo, H.S.; Im, G.H.; Choi, S.J.; Park, W.S. Optimal Route for Mesenchymal Stem Cells Transplantation after Severe Intraventricular Hemorrhage in Newborn Rats. PLoS ONE 2015, 10, e0132919. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.Y.; Chang, Y.S.; Kim, Y.E.; Sung, S.I.; Sung, D.K.; Park, W.S. Mesenchymal stem cells transplantation attenuates brain injury and enhances bacterial clearance in Escherichia coli meningitis in newborn rats. Pediatr. Res. 2018, 84, 778–785. [Google Scholar] [CrossRef]

	



Ahn, S.Y.; Jie, H.; Jung, W.-B.; Jeong, J.-H.; Ko, S.; Im, G.H.; Park, W.S.; Lee, J.H.; Chang, Y.S.; Chung, S. Stem cell restores thalamocortical plasticity to rescue cognitive deficit in neonatal intraventricular hemorrhage. Exp. Neurol. 2021, 342, 113736. [Google Scholar] [CrossRef]

	



Aridas, J.D.S.; McDonald, C.A.; Paton, M.C.B.; Yawno, T.; Sutherland, A.E.; Nitsos, I.; Pham, Y.; Ditchfield, M.; Fahey, M.C.; Wong, F.; et al. Cord blood mononuclear cells prevent neuronal apoptosis in response to perinatal asphyxia in the newborn lamb: Umbilical cord blood cells for treatment of perinatal asphyxia. J. Physiol. 2016, 594, 1421–1435. [Google Scholar] [CrossRef]

	



Baba, N.; Wang, F.; Iizuka, M.; Shen, Y.; Yamashita, T.; Takaishi, K.; Tsuru, E.; Matsushima, S.; Miyamura, M.; Fujieda, M.; et al. Induction of regional chemokine expression in response to human umbilical cord blood cell infusion in the neonatal mouse ischemia-reperfusion brain injury model. PLoS ONE 2019, 14, e0221111. [Google Scholar] [CrossRef]

	



Bae, S.-H.; Kong, T.-H.; Lee, H.-S.; Kim, K.-S.; Hong, K.S.; Chopp, M.; Kang, M.-S.; Moon, J. Long-Lasting Paracrine Effects of Human Cord Blood Cells on Damaged Neocortex in an Animal Model of Cerebral Palsy. Cell Transpl. 2012, 21, 2497–2515. [Google Scholar] [CrossRef]

	



Chang, Y.; Lin, S.; Li, Y.; Liu, S.; Ma, T.; Wei, W. Umbilical cord blood CD34+ cells administration improved neurobehavioral status and alleviated brain injury in a mouse model of cerebral palsy. Childs Nerv. Syst. 2021, 37, 2197–2205. [Google Scholar] [CrossRef] [PubMed]

	



Cho, K.H.; Choi, J.I.; Kim, J.-O.; Jung, J.E.; Kim, D.-W.; Kim, M. Therapeutic mechanism of cord blood mononuclear cells via the IL-8-mediated angiogenic pathway in neonatal hypoxic-ischaemic brain injury. Sci. Rep. 2020, 10, 4446. [Google Scholar] [CrossRef]

	



Choi, J.I.; Choi, J.-W.; Shim, K.-H.; Choung, J.S.; Kim, H.-J.; Sim, H.R.; Suh, M.R.; Jung, J.E.; Kim, M. Synergistic effect in neurological recovery via anti-apoptotic akt signaling in umbilical cord blood and erythropoietin combination therapy for neonatal hypoxic-ischemic brain injury. Int. J. Mol. Sci. 2021, 22, 11995. [Google Scholar] [CrossRef] [PubMed]

	



Dalous, J.; Pansiot, J.; Pham, H.; Chatel, P.; Nadaradja, C.; D’Agostino, I.; Vottier, G.; Schwendimann, L.; Vanneaux, V.; Charriaut-Marlangue, C.; et al. Use of Human Umbilical Cord Blood Mononuclear Cells to Prevent Perinatal Brain Injury: A Preclinical Study. Stem Cells Dev. 2013, 22, 169–179. [Google Scholar] [CrossRef]

	



De Paula, S.; Santos Vitola, A.; Greggio, S.; De Paula, D.; Billig Mello, P.; Mistrello Lubianca, J.; Leal Xavier, L.; Holmer Fiori, U.; Dacosta, J.C. Hemispheric Brain Injury and Behavioral Deficits Induced by Severe Neonatal Hypoxia-Ischemia in Rats Are Not Attenuated by Intravenous Administration of Human Umbilical Cord Blood Cells. Pediatr. Res. 2009, 65, 631–635. [Google Scholar] [CrossRef] [PubMed]

	



de Paula, S.; Greggio, S.; Marinowic, D.R.; Machado, D.C.; DaCosta, J.C. The dose-response effect of acute intravenous transplantation of human umbilical cord blood cells on brain damage and spatial memory deficits in neonatal hypoxia-ischemia. Neuroscience 2012, 210, 431–441. [Google Scholar] [CrossRef]

	



Drobyshevsky, A.; Cotten, C.M.; Shi, Z.; Luo, K.; Jiang, R.; Derrick, M.; Tracy, E.T.; Gentry, T.; Goldberg, R.N.; Kurtzberg, J.; et al. Human Umbilical Cord Blood Cells Ameliorate Motor Deficits in Rabbits in a Cerebral Palsy Model. Dev. Neurosci. 2015, 37, 349–362. [Google Scholar] [CrossRef]

	



Geissler, M.; Dinse, H.R.; Neuhoff, S.; Kreikemeier, K.; Meier, C. Human umbilical cord blood cells restore brain damage induced changes in rat somatosensory cortex. PLoS ONE 2011, 6, e20194. [Google Scholar] [CrossRef]

	



Ghaffaripour, H.A.; Jalali, M.; Nikravesh, M.R.; Seghatoleslam, M.; Sanchooli, J. Neuronal cell reconstruction with umbilical cord blood cells in the brain hypoxia-ischemia. Iran. Biomed. J. 2015, 19, 29–34. [Google Scholar] [CrossRef]

	



Grandvuillemin, I.; Garrigue, P.; Ramdani, A.; Boubred, F.; Simeoni, U.; Dignat-George, F.; Sabatier, F.; Guillet, B. Long-Term Recovery After Endothelial Colony-Forming Cells or Human Umbilical Cord Blood Cells Administration in a Rat Model of Neonatal Hypoxic-Ischemic Encephalopathy. Stem Cells Transl. Med. 2017, 6, 1987–1996. [Google Scholar] [CrossRef]

	



Greggio, S.; de Paula, S.; Azevedo, P.N.; Venturin, G.T.; DaCosta, J.C. Intra-arterial transplantation of human umbilical cord blood mononuclear cells in neonatal hypoxic–ischemic rats. Life Sci. 2014, 96, 33–39. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, T.; Sato, Y.; Kondo, T.; Ichinohashi, Y.; Sugiyama, Y.; Yamamoto, M.; Kotani, T.; Hirata, H.; Hirakawa, A.; Suzuki, S.; et al. Administration of Umbilical Cord Blood Cells Transiently Decreased Hypoxic-Ischemic Brain Injury in Neonatal Rats. Dev. Neurosci. 2015, 37, 95–104. [Google Scholar] [CrossRef] [PubMed]

	



Kadam, S.D.; Chen, H.; Markowitz, G.J.; Raja, S.; George, S.; Verina, T.; Shotwell, E.; Loechelt, B.; Johnston, M.V.; Kamani, N.; et al. Systemic Injection of CD34+-Enriched Human Cord Blood Cells Modulates Poststroke Neural and Glial Response in a Sex-Dependent Manner in CD1 Mice. Stem Cells Dev. 2015, 24, 51–66. [Google Scholar] [CrossRef] [PubMed]

	



Kidani, Y.; Miki, Y.; Nomimura, N.; Minakawa, S.; Tanaka, N.; Miyoshi, H.; Wakabayashi, K.; Kudo, Y. The therapeutic effect of CD133+ cells derived from human umbilical cord blood on neonatal mouse hypoxic-ischemic encephalopathy model. Life Sci. 2016, 157, 108–115. [Google Scholar] [CrossRef]

	



Kim, E.S.; Ahn, S.Y.; Im, G.H.; Sung, D.K.; Park, Y.R.; Choi, S.H.; Choi, S.J.; Chang, Y.S.; Oh, W.; Lee, J.H.; et al. Human umbilical cord blood-derived mesenchymal stem cell transplantation attenuates severe brain injury by permanent middle cerebral artery occlusion in newborn rats. Pediatr. Res. 2012, 72, 277–284. [Google Scholar] [CrossRef]

	



Kim, Y.E.; Park, W.S.; Sung, D.K.; Ahn, S.Y.; Sung, S.I.; Yoo, H.S.; Chang, Y.S. Intratracheal transplantation of mesenchymal stem cells simultaneously attenuates both lung and brain injuries in hyperoxic newborn rats. Pediatr. Res. 2016, 80, 415–424. [Google Scholar] [CrossRef]

	



Ko, H.R.; Ahn, S.Y.; Chang, Y.S.; Hwang, I.; Yun, T.; Sung, D.K.; Sung, S.I.; Park, W.S.; Ahn, J.-Y. Human UCB-MSCs treatment upon intraventricular hemorrhage contributes to attenuate hippocampal neuron loss and circuit damage through BDNF-CREB signaling. Stem Cell Res. Ther. 2018, 9, 326. [Google Scholar] [CrossRef]

	



Li, X.; Shang, Q.; Zhang, L. Comparison of the Efficacy of Cord Blood Mononuclear Cells (MNCs) and CD34+ Cells for the Treatment of Neonatal Mice with Cerebral Palsy. Cell Biochem. Biophys. 2014, 70, 1539–1544. [Google Scholar] [CrossRef]

	



Li, J.; Yawno, T.; Sutherland, A.; Loose, J.; Nitsos, I.; Bischof, R.; Castillo-Melendez, M.; McDonald, C.A.; Wong, F.Y.; Jenkin, G.; et al. Preterm white matter brain injury is prevented by early administration of umbilical cord blood cells. Exp. Neurol. 2016, 283, 179–187. [Google Scholar] [CrossRef]

	



Li, J.; Yawno, T.; Sutherland, A.; Loose, J.; Nitsos, I.; Allison, B.J.; Bischof, R.; McDonald, C.A.; Jenkin, G.; Miller, S.L. Term vs. preterm cord blood cells for the prevention of preterm brain injury. Pediatr. Res. 2017, 82, 1030–1038. [Google Scholar] [CrossRef]

	



Li, J.; Yawno, T.; Sutherland, A.E.; Gurung, S.; Paton, M.; McDonald, C.; Tiwari, A.; Pham, Y.; Castillo-Melendez, M.; Jenkin, G.; et al. Preterm umbilical cord blood derived mesenchymal stem/stromal cells protect preterm white matter brain development against hypoxia-ischemia. Exp. Neurol. 2018, 308, 120–131. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, H.; Sun, D.M.; Ng, C.P.; Cheng, W.S.; Chen, J.F.; He, Y.Z.; Lam, S.Y.; Zheng, Z.Y.; Huang, G.D.; Wang, C.C.; et al. Umbilical Cord Blood Mononuclear Cell Treatment for Neonatal Rats With Hypoxic Ischemia. Front. Cell. Neurosci. 2022, 16, 823320. [Google Scholar] [CrossRef] [PubMed]

	



Meier, C.; Middelanis, J.; Wasielewski, B.; Neuhoff, S.; Roth-Haerer, A.; Gantert, M.; Dinse, H.R.; Dermietzel, R.; Jensen, A. Spastic paresis after perinatal brain damage in rats is reduced by human cord blood mononuclear cells. Pediatr. Res. 2006, 59, 244–249. [Google Scholar] [CrossRef] [PubMed]

	



Nakanishi, K.; Sato, Y.; Mizutani, Y.; Ito, M.; Hirakawa, A.; Higashi, Y. Rat umbilical cord blood cells attenuate hypoxic-ischemic brain injury in neonatal rats. Sci. Rep. 2017, 7, 44111. [Google Scholar] [CrossRef] [PubMed]

	



Ohshima, M.; Taguchi, A.; Sato, Y.; Ogawa, Y.; Saito, S.; Yamahara, K.; Ihara, M.; Harada-Shiba, M.; Ikeda, T.; Matsuyama, T.; et al. Evaluations of Intravenous Administration of CD34+ Human Umbilical Cord Blood Cells in a Mouse Model of Neonatal Hypoxic-Ischemic Encephalopathy. Dev. Neurosci. 2016, 38, 331–341. [Google Scholar] [CrossRef]

	



Park, W.S.; Sung, S.I.; Ahn, S.Y.; Yoo, H.S.; Sung, D.K.; Im, G.H.; Choi, S.J.; Chang, Y.S. Hypothermia augments neuroprotective activity of mesenchymal stem cells for neonatal hypoxic-ischemic encephalopathy. PLoS ONE 2015, 10, e0120893. [Google Scholar] [CrossRef]

	



Park, W.S.; Sung, S.I.; Ahn, S.Y.; Sung, D.K.; Im, G.H.; Yoo, H.S.; Choi, S.J.; Chang, Y.S. Optimal Timing of Mesenchymal Stem Cell Therapy for Neonatal Intraventricular Hemorrhage. Cell Transpl. 2016, 25, 1131–1144. [Google Scholar] [CrossRef]

	



Paton, M.C.; Allison, B.J.; Li, J.; Fahey, M.C.; Sutherland, A.E.; Nitsos, I.; Bischof, R.J.; Dean, J.M.; Moss, T.J.; Polglase, G.R.; et al. Human Umbilical Cord Blood Therapy Protects Cerebral White Matter from Systemic LPS Exposure in Preterm Fetal Sheep. Dev. Neurosci. 2018, 40, 258–270. [Google Scholar] [CrossRef]

	



Paton, M.C.B.; Allison, B.J.; Fahey, M.C.; Li, J.; Sutherland, A.E.; Pham, Y.; Nitsos, I.; Bischof, R.J.; Moss, T.J.; Polglase, G.R.; et al. Umbilical cord blood versus mesenchymal stem cells for inflammation-induced preterm brain injury in fetal sheep. Pediatr. Res. 2019, 86, 165–173. [Google Scholar] [CrossRef]

	



Penny, T.R.; Sutherland, A.E.; Mihelakis, J.G.; Paton, M.C.B.; Pham, Y.; Lee, J.; Jones, N.M.; Jenkin, G.; Fahey, M.C.; Miller, S.L.; et al. Human Umbilical Cord Therapy Improves Long-Term Behavioral Outcomes Following Neonatal Hypoxic Ischemic Brain Injury. Front. Physiol. 2019, 10, 283. [Google Scholar] [CrossRef]

	



Penny, T.; Pham, Y.; Sutherland, A.; Mihelakis, J.; Lee, J.; Jenkin, G.; Fahey, M.; Miller, S.; McDonald, C. Multiple Doses of Umbilical Cord Blood Cells Improve Long-Term Perinatal Brain Injury. Stem Cells Transl. Med. 2020, 9, S3. [Google Scholar] [CrossRef]

	



Penny, T.R.; Pham, Y.; Sutherland, A.E.; Lee, J.; Jenkin, G.; Fahey, M.C.; Miller, S.L.; McDonald, C.A. Umbilical cord blood therapy modulates neonatal hypoxic ischemic brain injury in both females and males. Sci. Rep. 2021, 11, 15788. [Google Scholar] [CrossRef] [PubMed]

	



Pimentel-Coelho, P.M.; Magalhães, E.S.; Lopes, L.M.; Deazevedo, L.C.; Santiago, M.F.; Mendez-Otero, R. Human cord blood transplantation in a neonatal rat model of hypoxic-ischemic brain damage: Functional outcome related to neuroprotection in the striatum. Stem Cells Dev. 2010, 19, 351–358. [Google Scholar] [CrossRef] [PubMed]

	



Purohit, D.; Finkel, D.A.; Malfa, A.; Liao, Y.; Ivanova, L.; Kleinman, G.M.; Hu, F.; Shah, S.; Thompson, C.; Joseph, E.; et al. Human Cord Blood Derived Unrestricted Somatic Stem Cells Restore Aquaporin Channel Expression, Reduce Inflammation and Inhibit the Development of Hydrocephalus After Experimentally Induced Perinatal Intraventricular Hemorrhage. Front. Cell. Neurosci. 2021, 15, 633185. [Google Scholar] [CrossRef] [PubMed]

	



Rosenkranz, K.; Kumbruch, S.; Tenbusch, M.; Marcus, K.; Marschner, K.; Dermietzel, R.; Meier, C. Transplantation of human umbilical cord blood cells mediated beneficial effects on apoptosis, angiogenesis and neuronal survival after hypoxic-ischemic brain injury in rats. Cell Tissue Res. 2012, 348, 429–438. [Google Scholar] [CrossRef]

	



Rosenkranz, K.; Tenbusch, M.; May, C.; Marcus, K.; Meier, C. Changes in Interleukin-1 alpha serum levels after transplantation of umbilical cord blood cells in a model of perinatal hypoxic-ischemic brain damage. Ann. Anat. 2013, 195, 122–127. [Google Scholar] [CrossRef]

	



Tsuji, M.; Taguchi, A.; Ohshima, M.; Kasahara, Y.; Sato, Y.; Tsuda, H.; Otani, K.; Yamahara, K.; Ihara, M.; Harada-Shiba, M.; et al. Effects of intravenous administration of umbilical cord blood CD34+ cells in a mouse model of neonatal stroke. Neuroscience 2014, 263, 148–158. [Google Scholar] [CrossRef]

	



Vinukonda, G.; Liao, Y.; Hu, F.; Ivanova, L.; Purohit, D.; Finkel, D.A.; Giri, P.; Bapatla, L.; Shah, S.; Zia, M.T.; et al. Human Cord Blood-Derived Unrestricted Somatic Stem Cell Infusion Improves Neurobehavioral Outcome in a Rabbit Model of Intraventricular Hemorrhage. Stem Cells Transl. Med. 2019, 8, 1157–1169. [Google Scholar] [CrossRef]

	



Wang, X.-L.; Zhao, Y.-S.; Hu, M.-y.; Sun, Y.-Q.; Chen, Y.-X.; Bi, X.-H. Umbilical cord blood cells regulate endogenous neural stem cell proliferation via hedgehog signaling in hypoxic ischemic neonatal rats. Brain Res. 2013, 1518, 26–35. [Google Scholar] [CrossRef]

	



Wang, X.; Zhao, Y.; Wang, X. Umbilical cord blood cells regulate the differentiation of endogenous neural stem cells in hypoxic ischemic neonatal rats via the hedgehog signaling pathway. Brain Res. 2014, 1560, 18–26. [Google Scholar] [CrossRef]

	



Wasielewski, B.; Jensen, A.; Roth-Härer, A.; Dermietzel, R.; Meier, C. Neuroglial activation and Cx43 expression are reduced upon transplantation of human umbilical cord blood cells after perinatal hypoxic-ischemic injury. Brain Res. 2012, 1487, 39–53. [Google Scholar] [CrossRef] [PubMed]

	



Xia, G.; Hong, X.; Chen, X.; Lan, F.; Zhang, G.; Liao, L. Intracerebral transplantation of mesenchymal stem cells derived from human umbilical cord blood alleviates hypoxic ischemic brain injury in rat neonates. J. Perinat. Med. 2010, 38, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Yasuhara, T.; Hara, K.; Maki, M.; Xu, L.; Yu, G.; Ali, M.M.; Masuda, T.; Yu, S.J.; Bae, E.K.; Hayashi, T.; et al. Mannitol facilitates neurotrophic factor up-regulation and behavioural recovery in neonatal hypoxic-ischaemic rats with human umbilical cord blood grafts. J. Cell. Mol. Med. 2010, 14, 914–921. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Yan, Y.; Luo, Z.; Luo, P.; Xiao, N.; Sun, X.; Cheng, L. Effects of human umbilical cord blood CD34+ cell transplantation in neonatal hypoxic-ischemia rat model. Brain Dev. 2019, 41, 173–181. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, C.; Chen, J.; Luo, M.; Qu, Y.; Mu, D.; Chen, Q. Umbilical cord mesenchymal stem cells and umbilical cord blood mononuclear cells improve neonatal rat memory after hypoxia-ischemia. Behav. Brain Res. 2019, 362, 56–63. [Google Scholar] [CrossRef]

	



Zhang, M.-B.; Song, C.-C.; Li, G.-Z.; Chen, L.-F.; Ma, R.; Yu, X.-H.; Gong, P.; Wang, X.-L. Transplantation of umbilical cord blood mononuclear cells attenuates the expression of IL-1β via the TLR4/NF-κB pathway in hypoxic-ischemic neonatal rats. J. Neurorestoratol. 2020, 8, 122–130. [Google Scholar] [CrossRef]

	



Hooijmans, C.R.; de Vries, R.B.M.; Ritskes-Hoitinga, M.; Rovers, M.M.; Leeflang, M.M.; IntHout, J.; Wever, K.E.; Hooft, L.; de Beer, H.; Kuijpers, T.; et al. Facilitating healthcare decisions by assessing the certainty in the evidence from preclinical animal studies. PLoS ONE 2018, 13, e0187271. [Google Scholar] [CrossRef]

	



Balshem, H.; Helfand, M.; Schünemann, H.J.; Oxman, A.D.; Kunz, R.; Brozek, J.; Vist, G.E.; Falck-Ytter, Y.; Meerpohl, J.; Norris, S.; et al. GRADE guidelines: 3. Rating the quality of evidence. J. Clin. Epidemiol. 2011, 64, 401–406. [Google Scholar] [CrossRef]

	



Johnston, M.V.; Trescher, W.H.; Ishida, A.; Nakajima, W. Neurobiology of hypoxic-ischemic injury in the developing brain. Pediatr. Res. 2001, 49, 735–741. [Google Scholar] [CrossRef]

	



Serrenho, I.; Rosado, M.; Dinis, A.; Cardoso, C.M.; Graos, M.; Manadas, B.; Baltazar, G. Stem Cell Therapy for Neonatal Hypoxic-Ischemic Encephalopathy: A Systematic Review of Preclinical Studies. Int. J. Mol. Sci. 2021, 22, 3142. [Google Scholar] [CrossRef]

	



Archambault, J.; Moreira, A.; McDaniel, D.; Winter, L.; Sun, L.; Hornsby, P. Therapeutic potential of mesenchymal stromal cells for hypoxic ischemic encephalopathy: A systematic review and meta-analysis of preclinical studies. PLoS ONE 2017, 12, e0189895. [Google Scholar] [CrossRef]

	



Blencowe, H.M.; Cousens, S.P.; Oestergaard, M.Z.P.; Chou, D.M.D.; Moller, A.-B.M.; Narwal, R.M.D.; Adler, A.P.; Vera Garcia, C.M.P.H.; Rohde, S.M.P.H.; Say, L.M.D.; et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990 for selected countries: A systematic analysis and implications. Lancet 2012, 379, 2162–2172. [Google Scholar] [CrossRef] [PubMed]

	



Bolli, R.; Ghafghazi, S. Cell Therapy Needs Rigorous Translational Studies in Large Animal Models. J. Am. Coll. Cardiol. 2015, 66, 2000–2004. [Google Scholar] [CrossRef] [PubMed]

	



Ding, D.-C.; Chang, Y.-H.; Shyu, W.-C.; Lin, S.-Z. Human Umbilical Cord Mesenchymal Stem Cells: A New Era for Stem Cell Therapy. Cell Transpl. 2015, 24, 339–347. [Google Scholar] [CrossRef] [PubMed]

	



Ding, H.-F.; Zhang, H.; Ding, H.-F.; Li, D.; Yi, X.-H.; Gao, X.-Y.; Mou, W.-W.; Ju, X.-L. Therapeutic effect of placenta-derived mesenchymal stem cells on hypoxic-ischemic brain damage in rats. World J. Pediatr. 2014, 11, 74–82. [Google Scholar] [CrossRef] [PubMed]

	



Serrenho, I.; Cardoso, C.M.; Grãos, M.; Dinis, A.; Manadas, B.; Baltazar, G. Hypothermia Does Not Boost the Neuroprotection Promoted by Umbilical Cord Blood Cells in a Neonatal Hypoxia-Ischemia Rat Model. Int. J. Mol. Sci. 2022, 24, 257. [Google Scholar] [CrossRef] [PubMed]

	



Castillo-Melendez, M.; Yawno, T.; Jenkin, G.; Miller, S.L. Stem cell therapy to protect and repair the developing brain: A review of mechanisms of action of cord blood and amnion epithelial derived cells. Front. Neurosci. 2013, 7, 194. [Google Scholar] [CrossRef]

	



Hirst, J.A.; Howick, J.; Aronson, J.K.; Roberts, N.; Perera, R.; Koshiaris, C.; Heneghan, C. The need for randomization in animal trials: An overview of systematic reviews. PLoS ONE 2014, 9, e98856. [Google Scholar] [CrossRef]

	



Hooijmans, C.R.; Rovers, M.M.; de Vries, R.B.M.; Leenaars, M.; Ritskes-Hoitinga, M.; Langendam, M.W. SYRCLE’s risk of bias tool for animal studies. BMC Med. Res. Methodol. 2014, 14, 43. [Google Scholar] [CrossRef]

	



Malhotra, A.; Novak, I.; Miller, S.L.; Jenkin, G. Autologous transplantation of umbilical cord blood-derived cells in extreme preterm infants: Protocol for a safety and feasibility study. BMJ Open 2020, 10, e036065. [Google Scholar] [CrossRef]








[image: Ijms 24 04351 g001 550] 





Figure 1. PRISMA diagram detailing study selection process. 






Figure 1. PRISMA diagram detailing study selection process.



[image: Ijms 24 04351 g001]







[image: Ijms 24 04351 g002a 550][image: Ijms 24 04351 g002b 550] 





Figure 2. Forest plot demonstrating the effect of umbilical cord blood-derived cell therapy on (A) Infarct size; (B) Neuron number; (C) Oligodendrocyte number—grey matter; (D) Oligodendrocyte number—white matter; (E) Apoptosis—grey matter; (F) Apoptosis—white matter. Umbilical cord blood-derived cell therapy significantly decreased infarct size (p < 0.00001), increased neuron number (p < 0.001), increased oligodendrocyte number in both grey matter (p < 0.0005) and white matter (p = 0.02), and decreased apoptosis in both grey matter (p = 0.0005) and white matter (p < 0.0001). Abbreviations: admin, administration; ECFC, endothelial colony forming cells; EPC, endothelial progenitor cell; HSCs, haemopoietic stem cells; ICV, intracerebroventricular; IV, intravenous; MNC, mononuclear cell; PCB, preterm cord blood; TCB, term cord blood; Treg, T-regulatory cells; UCBC, umbilical cord blood cells. 
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Figure 3. Forest plot demonstrating the effect of umbilical cord blood-derived cell therapy on (A) Astrogliosis—grey matter; (B) Astrogliosis—white matter; (C) Microglia activation—grey matter; (D) Microglia activation- white matter. Umbilical cord blood-derived cell therapy significantly decreased astrogliosis in both grey matter (p = 0.01) and white matter (p = 0.006), and decreased microglia activation in both grey matter (p < 0.0001) and white matter (p = 0.001).Abbreviations: admin, administration; ECFC, endothelial colony forming cells; EPC, endothelial progenitor cell; ICV, intracerebroventricular; IV, intravenous; MNC, mononuclear cell; PCB, preterm cord blood; TCB, term cord blood; Treg, T-regulatory cells; UCBC, umbilical cord blood cells. 






Figure 3. Forest plot demonstrating the effect of umbilical cord blood-derived cell therapy on (A) Astrogliosis—grey matter; (B) Astrogliosis—white matter; (C) Microglia activation—grey matter; (D) Microglia activation- white matter. Umbilical cord blood-derived cell therapy significantly decreased astrogliosis in both grey matter (p = 0.01) and white matter (p = 0.006), and decreased microglia activation in both grey matter (p < 0.0001) and white matter (p = 0.001).Abbreviations: admin, administration; ECFC, endothelial colony forming cells; EPC, endothelial progenitor cell; ICV, intracerebroventricular; IV, intravenous; MNC, mononuclear cell; PCB, preterm cord blood; TCB, term cord blood; Treg, T-regulatory cells; UCBC, umbilical cord blood cells.



[image: Ijms 24 04351 g003a][image: Ijms 24 04351 g003b]







[image: Ijms 24 04351 g004a 550][image: Ijms 24 04351 g004b 550] 





Figure 4. Forest plot demonstrating the effect of umbilical cord blood-derived cell therapy on neuroinflammation (A) TNF-α; (B) IL-6; (C) IL-1β; (D) IL-10. Umbilical cord blood-derived cell therapy significantly decreased neuroinflammation as measured by TNF-α (p < 0.0001), IL-6 (p < 0.01) and IL-1β (p = 0.001). Abbreviations: admin, administration; ICV, intracerebroventricular; IV, intravenous; PCB, preterm cord blood; TCB, term cord blood; UCBC, umbilical cord blood cells. 
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Figure 5. Forest plot demonstrating the effect of umbilical cord blood-derived cell therapy on motor function (A) Cylinder test; (B) Rotarod test. Umbilical cord blood-derived cell therapy significantly improved motor function as measured by cylinder test (p = 0.0003) and rotarod test (p = 0.002) Abbreviations: admin, administration; UCBC, umbilical cord blood cells. 
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Figure 6. Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias assessment. 
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Table 1. Characteristics of included studies.
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	Study
	Strain and Species
	Brain Injury Model
	Term vs Pre-term Model
	Age Injury Induced
	UCB Cell Source & Type
	Route of Administration
	Total Cells per Dose
	Cell Administration Time Post-injury
	Comparator





	Ahn 2013 [24]
	Sprague-Dawley rats
	IVH
	Pre-term
	PND4
	Human MSCs
	Intraventricular
	1 × 105
	2 days
	Injury + PBS



	Ahn 2015 [25]
	Sprague-Dawley rats
	IVH
	Pre-term
	PND4
	Human MSCs
	IC or IV
	1 × 105 (IC) or 5 × 105 (IV)
	2 days
	Injury + NS



	Ahn 2018 [26]
	Sprague-Dawley rats
	Meningitis
	Term
	PND11
	Human MSCs
	Intraventricular
	1 × 105
	6 h
	Injury + NS



	Ahn 2021 [27]
	Sprague-Dawley rats
	IVH
	Pre-term
	PND4
	Human MSCs
	Intraventricular
	1 × 105
	2 days
	Injury + PBS



	Aridas 2016 [28]
	Merino Border Leicester cross sheep
	HI
	Term
	139-141 days of gestation
	Sheep MNCs
	Arterial
	1 × 108
	12 h after birth
	Injury + no vehicle



	Baba 2019 [29]
	NOD/SCID mice
	HI
	Term
	PND9
	Human MNCs
	IV
	5 × 106
	21 days
	Injury + PBS



	Bae 2012 [30]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	IV
	1 × 107
	1 day
	Injury + PBS



	Chang 2021 [31]
	NOD/SCID mice
	HI
	Term
	PND9
	Human CD34+ or CD34- HSCs
	IC
	1 × 105
	12 h
	Injury + no vehicle



	Cho 2020 [32]
	ICR mice
	HI
	Pre-term
	PND7
	Human MNCs
	IP
	3 × 107
	7 days
	Injury + no vehicle



	Choi 2021 [33]
	ICR mice
	HI
	Pre-term
	PND7
	Human MNCs
	IP
	3 × 107
	7 days
	Injury + PBS



	Dalous 2013 [34]
	Sprague-Dawley rats
	Excitotoxic brain injury
	Pre-term
	PND5
	Human MNCs
	IP or IV
	106, 3 × 106 or 107 (IP) 106 or 107 (IV)
	1 or 24 h (IP), 6 or 24 h (IV)
	Injury + saline



	De Paula 2009
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IV
	1 × 107
	1 day
	Injury + saline soln



	De Paula 2012 [36]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IV
	1 × 106, 1 × 107 or 1 × 108
	1 day
	Injury + vehicle



	Drobyshevsky 2015 [37]
	New Zealand white rabbits
	HI
	Pre-term
	22 days of gestation
	Human MNCs
	IV
	2.5 × 106 or 5 × 106
	4 h after birth
	Injury + saline



	Geissler 2011 [38]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 107
	1 day
	Injury + NS



	Ghaffaripour 2015 [39]
	Wistar rats
	HI
	Term
	PND14
	Human MNCs
	IV
	2 × 105
	7 days
	Injury + saline soln



	Grandvuillemin 2017 [40]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs or ECFCs
	IP
	1 × 107 (MNC) or 5 × 105 (ECFC)
	2 days
	Injury + saline soln



	Greggio 2014 [41]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	Arterial
	1 × 106 or 1 × 107
	1 day
	Injury + vehicle



	Hattori 2015 [42]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 107
	6 h
	Injury + vehicle



	Kadam 2015 [43]
	CD1 mice
	HI
	Term
	PND12
	Human CD34+ enriched MNCs
	IP
	1 × 105
	2 days
	Injury + vehicle



	Kidani 2016 [44]
	SCID mice
	HI
	Pre-term
	PND7
	Human CD133+ cells
	IP
	1 × 105
	1 day
	Injury + NS



	Kim 2012 [45]
	Sprague-Dawley rats
	HI
	Term
	PND10
	Human MSCs
	Intraventricular
	1 × 105
	6 h
	Injury + PBS



	Kim 2016 [46]
	Sprague-Dawley rats
	Hyperoxia
	Pre-term
	PND0-14
	Human MSCs
	Intratracheal
	1 × 105
	PND5
	Injury + NS



	Ko 2018 [47]
	Sprague-Dawley rats
	IVH
	Pre-term
	PND4
	Human MSCs
	Intracerebroventricular
	1 × 105
	2 days
	Injury + NS



	Li 2014 [48]
	Sprague-Dawley rats
	HI
	Pre-term
	PND7
	Human MNCs or CD34+ cells
	IV
	1.5 × 106
	7 days
	Injury + saline



	Li 2016 [49]
	Merino-Border Leicester cross sheep
	HI
	Pre-term
	102.2 ± 0.3 days of gestation
	Sheep MNCs
	IV
	5 × 107
	12 h or 5 days
	Injury + saline



	Li 2017 [50]
	Merino-Border Leicester cross sheep
	HI
	Pre-term
	102.2 ± 0.3 days of gestation
	Sheep MNCs
	IV
	5 × 107
	12 h
	Injury + saline



	Li 2018 [51]
	Merino-Border Leicester cross sheep
	HI
	Pre-term
	102.2 ± 0.2 days of gestation
	Sheep MNCs
	IV
	5 × 107
	12 h
	Injury + saline



	Lyu 2022 [52]
	Unspecified rats
	HI
	Term
	PND7
	Human MNCs
	IV
	1 × 107
	1 day
	Injury + NS



	Malhotra 2020 [15]
	Border Leicester- Merino cross sheep
	FGR
	Pre-term
	88 days of gestation
	Sheep MNCs
	IV
	2.5 × 107
	1 h after birth
	Injury + saline



	McDonald 2018 [14]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs, Tregs, monocytes, EPCs
	IP
	1 × 106 (MNCs) or 2 × 105 (other)
	1 day
	Injury + PBS



	Meier 2006 [53]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 107
	1 day
	Injury + NS



	Nakanishi 2017 [54]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Rat MNCs
	IP
	2 × 106
	3 days
	Injury + PBS



	Ohshima 2016 [55]
	CB-17 SCID mice
	HI
	Pre-term
	PND8
	Human CD34+ cells
	IV
	1 × 105
	2 days
	Injury + PBS



	Park 2015 [56]
	Sprague-Dawley rats
	HI
	Pre-term
	PND7
	Human MSCs
	Intraventricular
	1 × 105
	6 h
	Injury + no vehicle



	Park 2016 [57]
	Sprague-Dawley rats
	IVH
	Term
	PND4
	Human MSCs
	Intraventricular
	1 × 105
	2 or 7 days
	Injury + PBS



	Paton 2018 [58]
	Border Leicester-Merino cross sheep
	Chorioamnionitis
	Pre-term
	95 days of gestation
	Human MNCs
	IV
	1 × 108
	6 h
	Injury + saline



	Paton 2019 [59]
	Border Leicester-Merino cross sheep
	Chorioamnionitis
	Pre-term
	95 days of gestation
	Human MNCs
	IV
	1 × 108
	6 h
	Injury + saline



	Penny 2019 [60]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 106
	1 day
	Injury + PBS



	Penny 2020 [61]
	Sprague-Dawley rats
	HI
	Term
	PND10
	Human MNCs
	Intranasal or IP
	1 × 106
	1 day (1 dose group) or 1, 3 and 10 days (3 dose group)
	Injury + saline



	Penny 2021 [62]
	Sprague-Dawley rats
	HI
	Term
	PND10
	Human MNCs
	Intranasal or IP
	1 × 106
	1, 3 and 10 days
	Injury + saline



	Pimentel-Coelho 2010 [63]
	Lister-Hooded rats
	HI
	Term
	PND7
	Human MNCs
	IP
	2 × 106
	3 h
	Injury + vehicle



	Purohit 2021 [64]
	New Zealand white rabbits
	IVH
	Pre-term
	3–4 h after birth
	Human unrestricted somatic stem cells
	Intraventricular
	2 × 106
	18 h
	Injury + saline



	Rosenkranz 2012 [65]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 107
	1 day
	Injury + vehicle



	Rosenkranz 2013 [66]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP
	1 × 107
	1 day
	Injury + vehicle



	Tsuji 2014 [67]
	CB-17 SCID mice
	Ischaemic stroke
	Term
	PND12
	Human CD34+ cells
	IV
	1 × 105
	2 days
	Injury + PBS



	Vinukonda 2019 [68]
	New Zealand white rabbits
	IVH
	Pre-term
	3-4 h after birth
	Human unrestricted somatic stem cells
	Intraventricular or IV
	2 × 106 (intraventricular) or 1 × 106 (IV)
	18 h
	Injury + saline



	Wang 2013 [69]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	Intraventricular
	3 × 106
	1 day
	Injury + PBS



	Wang 2014 [70]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	Intraventricular
	3 × 106
	1 day
	Injury + PBS



	Wasielewski 2012 [71]
	Wistar rats
	HI
	Term
	PND7
	Human MNCs
	IP or intrathecal
	1 × 107
	1 day
	Injury + saline



	Xia 2010 [72]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MSCs
	IC
	1 × 105
	3 days
	Injury + vehicle



	Yasuhara 2010 [73]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	IV
	1.5 × 106
	7 days
	Injury + PBS



	Yu 2019 [74]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCS or CD34+ cells
	IV
	1 × 106 (MNCs) or 1.5 × 104 (CD34+)
	7 days
	Injury + PBS



	Zhang 2019 [75]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	Intraventricular
	1 × 107
	1 day
	Injury + PBS



	Zhang 2020 [76]
	Sprague-Dawley rats
	HI
	Term
	PND7
	Human MNCs
	Intraventricular
	3 × 106
	1 day
	Injury + NS







Abbreviations: ECFC, endothelial colony forming cells; EPCs, endothelial progenitor cells; FGR, foetal growth restricted; HI, Hypoxia Ischaemia; HSCs, haemopoietic stem cells; IC, intracerebral; ICR, institute for cancer research; IP, intraperitoneal; IV, intravenous; IVH, intraventricular haemorrhage; MNCs, mononuclear cells; MSCs, mesenchymal stem cells; NS, normal saline; NOD, nonobese diabetic; PBS, phosphate buffered saline; PND, post-natal day; SCID, severe combined immunodeficient; soln, solution; Tregs, T regulatory cells.; UCB, umbilical cord blood.
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Penny 2021 - female 46.7363 26.7147 16 40.7726 26.6856 19 11.6% 0.22 [-0.45, 0.89] =
Penny 2021 - male 43.6702 20.0384 16 43.6438 18.6822 15 10.7% 0.00 [-0.70, 0.71] I
Wasielewski 2012 - intraperotineal admin 0.8 0.1225 6 0.56 0.313 5 3.9% 0.96 [-0.33, 2.25]
Wasielewski 2012 - intrathecal admin 0.79 0.1342 5 0.56 0.313 5 3.6% 0.86[-0.47, 2.19]
Total (95% ClI) 161 159 100.0% 0.49 [0.23, 0.76] &
Heterogeneity: Tau® = 0.04; Chi® = 13.77, df = 11 (P = 0.25); I = 20% _54 _52 5 é
Test for overall effect: Z = 3.63 (P = 0.0003) Eavsnreconitrol Eavours UCECS
(A)

Injury + UCB Injury + vehicle Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% ClI
Ahn 2013 130.9378 94.3218 18 73.6807 24.0918 16 15.6% 0.79[0.09, 1.49] —
Chang 2021 - CD34- 190.6301 33.3315 15 110.7886 34.4828 15 14.2% 2.29 [1.34, 3.24] —
Chang 2021 - CD34+ 253.5829 42.5269 15 110.7886 34.4828 15  12.7% 3.59[2.38, 4.80] e
Kidani 2016 229.3478 59.9503 8 136.1664 87.5538 7 13.2% 1.19 [0.06, 2.31] —
Park 2016 - early admin 128 285.0055 12 78.41 116.7744 18 15.4% 0.24 [-0.49, 0.97] I
Park 2016 - late admin 90.83 158.482 13 78.41 116.7744 18 15.5% 0.09 [-0.62, 0.80] —r
Yasuhara 2010 27.4324  4.4068 8 21.4785  5.1937 8 13.4% 1.17 [0.08, 2.25] I
Total (95% CI) 89 97 100.0% 1.27 [0.45, 2.09] iy
Heterogeneity: Tau® = 1.00; Chi® = 35.64, df = 6 (P < 0.00001); I* = 83% _54 _52 5 é i

Test for overall effect: Z = 3.03 (P = 0.002)

(B)

Favours control Favours UCBCs
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media/file13.png
Injury Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2013 20.34904 h.2845 18 136628 27408 16 7 .B% 1.83[0.76, 2.31] -
Ahn 2018 - 1CV admin 17.5594 4 5864 19 1037483 2.154 19 7.4% 1.82[1.00, 2.64] —
Ahn 2015 - I admin 17.55094 4 5864 1% 1110859 21352 13 F.0% 1.71[0.82, 2.60] —
Ahn 2018 285823 2.8743 B 1549767 B.5229 2| 4 9% 210([0.75, 3.44] -
Ahn 2021 1.094 0.3315 4 09421 0.3494 4 4 6% 0.39 [-1.02, 1.80]
Aridas 2016 .54 1005283 a 21.988  11.625 a 4.9% 0.87 [0.47, 2.20] T
Choi 2021 h.3228 a] b5 1.7267 a 16 2.8% 071 [015, 1.27] —
Dalous 2013 171.8266  31.59102 B 2101201 31.8127 3] a.2% -1 13239, 0.13] B
Li 2017 -PCE 2.7 71435 7 1.3 1.9596 3] B.0% 0.24 [-0.86, 1.34]
Li2017-TCE 2.7 71435 7 26 244095 3] B.0% 0.02[-1.07,1.11] D
Li 2018 2.4286 4. 2836 7 0BT  3.1483 ] a.9% 044 067, 1.5%9] I
Malhotra 2020 296.8659 a21.481 B 28587095 22215 ] 4.7 % 1.72100.31, 3.12] -
FPark 20145 20.0721 r.023 2 281368 17.03 2| b.6% 0.35 [-0.61,1.31]
Fark 2016 - early admin 20,3313 3.2234 B 1345352 20828 3] 4.0% 231 [0.71, 3.91]
FPark 2016 - late admin 203313 2.2235 B 206458 43382 7 B.0% -0.08 147, 1.02] — T
Rosenkranz 2013 12,3697 273 a 11.979 1.3653 a] a.3% 016 [-1.08,1.41] 1
Vinukonda 2019 462.8937 2961091 B 1589307 926838 4] a.1% 1.30 [0.01, 2.60]  —
Total (95% CI) 192 145 100.0% 0.84 [0.44, 1.25] ‘
Heterogeneity: Tau®=0.41; Chi®= 3945 df=16 (F = 0.0004); F= 59% 54 52 ! 5 jt
Test for overall effect: £=4.08 (F = 0.0001) Favours control  Favours UCBCs

(A)

Injury Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2013 15,3884 3.0954 18 H.8287 1.94645 16 10.5% 207 [1.22, 2492
Ahn 2015 - 1CY admin 11.2263 2.08149 15 r.ar4d 20222 19 10.7% 1.61 [0.82, 2.40] —
Ahn 2015 - IV admin 11.2263 2.08149 15 8.7892 2.8654 13 10.7% 0.96 017, 1.79] —
Ahn 2018 40.9524 4. 6E55 3] 21.4286 714 H 7.2% 3.44[1.68, 5.21]
Aridas 2016 236,698 3391392 a] 15838 296 a 8.8% 0.83 [-0.50, 2.14] T
Choi 2021 1.3871 052451 a] 0.6348 0.2492 al 7.9% 1.65[0.10, 3.20]
Dalous 2013 F12.6479 2371849 B 11007705 2803196 B 82.8% -1.38 [-2.70, -0.06] e
Malhotra 2020 18.1574 H.8335 3] 13.8318 4.28 B H.3% 0.70[-0.48, 1.88] T
Fark 2014 2749537 6.8035 a 2B 26845 43828 8 101% 0.14 [-0.81, 1.04] I
Fark 2016 - early admin 15,4528 1.9287 3] 10.0148 0.89041 B B.5% 2.33[1.35,8.31]
Fark 2016 - late admin 15,4528 1.9287 3] 17.2449 27344 7 H.5% -0.70[-1.83, 0.44] —
Total (95% CI) 96 101 100.0% 1.05[0.32,1.79] <4
Heterogeneity: Tau®=1.1%; Chi*=46.21, df=10 (F = 0.00001); = 72% B 52 ] I

Test for overall effect: £=2.80 (F = 0.00%)

(B)

Favours control

2
Favours UCB

4
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media/file9.png
Injury + vehicle Injury + UCB Std. Mean Difference S$td. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Ahn 2018 26,983 2594 4133.8032 5 17021418 22141143 a] 3.1% 271 [0.745, 4.68]
Aridas 2016 479 273664 12 74 1244508 a 5.4% 1.70[0.63, 2.78]
Dalous 2013 - intraperitoneal, 10*6 dose 0.9954 0.2497 B 1.2582 02322 3] 4 9% -1.01 [F2.24,0.23]
Dalous 2013 - intraperitoneal, 107 dose 0.9954 0.2497 B 07718 0.13345 3] 4 9% 1.03 [0.21, 2.27]
Dalous 2013 - intraperitoneal, 3.10*6 dose 0.9954 0.2497 B 1.2143 0.4471 3] 5.1% -0.86 [-1.72, 0.60]
Dalous 2013 - IV, delayed admin, 106 dose 0.9931 01012 a 1.0244 01171 a] 4 8% -0.26 [-1.51, 0.949]
Dalous 2013 - IV, delayed admin, 107 dose 0.9931 01012 ] 0.9486 0.0981 a] 4. 8% 0.40 [-0.86, 1.66]
Dalous 2013 - IV, early admin, 10*6 dose 0.99845 00274 a 1.17496 0.266 a] 4 6% -0.87 [2.20, 0.47]
Dalous 2013 - IV, early admin, 107 dose 0.99845 00274 a 1.1454 0.1369 a] 4. 2% -1.34 [-2.80, 0.11]
Grandvuillemin 2017 - ECFC 2.5091 0.803 ] 08212 0.2545 ] 2.8% 2652 [1.18, 5.86]
Grandvuillemin 2017 - MMC 2.8091 0.803 ] 1.1939 06424 ] 31% 267 [0.72, 462
kKo2018 1.7143 0.2206 15 1.2415 05029 14 B.3% 1.19[0.40, 1.97] -
Malhiotra 2020 345 2437 401287 B 3272272 B7 96149 3] a.1% 030 [-0.84,1.44] N
Fenmy 2019 141 6826  126.45545 11 1806883 19530345 3] a.6% -0.24 [-1.24, 0.76] [ R
Fenmny 2020 -1 dose 2.4699 11.8518 a0 B.4915 2.8788 a3 7% 019 [-0.31, 0.68] T
Fenmy 2020 - 3 doses 2.4699 11.8518 a0 58,0077 f.9454 a2 7% 037 013, 0.87] T
Fenny 2021 - female §.9823 13.861 149 8104 B.8144 16 6.6% 043 [F0.24,1.11] T
Fenny 2021 - male 48695 47542 15 B.7689 1096245 16 6.5% 0.29 042, 1.00] N B
Wang 2014 31.4574 4329 10 12.987 1.5873 10 2.9% A.43[3.35, 7.80]
Zhang 2019 24,4033 127635 a 200226 17.9091 7 5.5% 0.27 [F0.75,1.24] N
Total (95% CI) 209 202 100.0% 0.56 [0.12, 1.01] <9
Heterogeneity: Tau®= 0.66; Chi*=F0.73, df=18 (P = 0.00001); F=73% =4 =2 ] :
Test for overall effect £=2.49 (P =0.01) Favours conkrol  Favours UCBCS

(A)

Injury + vehicle Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Ahn 2013 27,551.867 5,868.1024 18 15,159.06 5,089.9 16 5.6% 2.19[1.32, 3.07]
Ahn 2015 - ICV admin 31,274.969 8,434.3159 15 16,660.02 4,455.7624 19 5.6% 2.19[1.32, 3.07]
Ahn 2015 - IV admin 31,274.969 8,434.3159 15 19,123.043 4,166.2361 13 5.5% 1.73 [0.84, 2.62] m———
Ahn 2018 28,933.041 2,229.6751 5 16,777.154 2,415.3022 5 2.3% 4.72 [1.79, 7.66]
Aridas 2016 609 315.2332 12 167 299.8133 8 5.3% 1.37 [0.36, 2.38]
Dalous 2013 - intraperitoneal, 10A6 dose 0.9918 0.1219 6 1.0484 0.0987 6 5.1% -0.47 [-1.63, 0.68] —
Dalous 2013 - intraperitoneal, 10A7 dose 0.9918 0.1219 6 1.074 0.151 6 5.0% -0.55[-1.72, 0.61] —_—
Dalous 2013 - intraperitoneal, 3.10A6 dose 0.9918 0.1219 6 1.0102 0.1219 6 5.1% -0.14 [-1.27, 0.99] ——
Dalous 2013 - IV, delayed admin, 10A6 dose 0.9943 0.1171 5 1.0113 0.1225 5 4.9% -0.13[-1.37, 1.11] —
Dalous 2013 - IV, delayed admin, 10A7 dose 0.9943 0.1171 5 0.9878 0.0958 ) 4.9% 0.05 [-1.19, 1.29] S
Dalous 2013 - IV, early admin, 10A6 dose 0.9932 0.1017 5 1.0361 0.1024 5 49% -0.38[-1.64, 0.88)] S ———
Dalous 2013 - IV, early admin, 10A7 dose 0.9932 0.1017 5 1.0159 0.1682 5 49%  -0.15[-1.39, 1.09] —_—
Kadam 2015 - female 0.2388 0.1818 5 0.3027 0.2321 6 5.0% -0.28[-1.47,0.92] —
Kadam 2015 - male 0.2148 0.1764 5 0.1743 0.2675 6 5.0% 0.16 [-1.03, 1.35] N
Malhotra 2020 475.7415 52.4279 6 395.5891 60.8414 6 4.8% 1.30 [0.00, 2.60] [
Park 2016 - early admin 44,178.68 4,018.216 16 27,237.912 6,401.105 17 5.3% 3.07 [2.03, 4.11] ——
Park 2016 - late admin 44,178.68 4,018.216 16 49,567.05 16,662.9289 18 5.9% -0.42 [-1.10, 0.26] —
Paton 2018 7.2727 11.4013 8 5.2569 4.861 7 5.3% 0.21 [-0.81, 1.23] 1T
Paton 2019 7.3031 4.443 8 5.2983 2.0461 7 5.3% 0.53 [-0.51, 1.57] S —
Zhang 2019 48.6773 4.3521 8 33.2194 7.5981 7 4.5% 2.40[0.97, 3.82]
Total (95% CI) 175 173 100.0% 0.77 [0.22, 1.33] E
Heterogeneity: Tau’ = 1.22; Chi’ = 95.08, df = 19 (P < 0.00001); I’ = 80% _44 _52 o 2

Test for overall effect: Z = 2.75 (P = 0.006)

(B)

Favours control Favours UCBCs
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media/file10.png
Injury Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
Ahn 2018 117 1.44572 B 41549 1.24 g 3.6% 2.28[0.87, 3.68]
Hattori 20145 324241 285442 12 164429 127027 11 6.2% 0.69 [-0.16, 1.593] n
Kim 2012 3.65349 0.5556 7 2.0981 0.6 g 3.5% 24583[1.12, 3.94]
Kim 2016 a5.08 7318 B A6.19 3.8212 B 4 6% -0.21 [F1.35, 0.83]
Li 2016 - early admin 32021 1922667 oM 3174 (28294 B 4. 7% 0.62 [-0.51,1.79]
Li 2016 - late admin 32021 1922667 7382503 2120278 B 4 8% -0.33[-1.43,0.78] R
Li 2017 - PCE HM0E56 1691429 7 303269 1746731 B 4.8% 0.04 [-1.058,1.13] —
Li 2017 -TCE 0656 1691429 7 207377 722844 B 4 6% 0.72[-0.42, 1.86]
Li 2018 983 3IFTT.2ANZ 7 3249 TH.3T08 B 4 8% 0.24 [-0.85, 1.34] R
Malhotra 2020 184.0325 13.16 6 13248687 arTz B 3.6% 1.68[0.28, 3.08]
McDonald 2018 - EPC 1653206 1603325 7 382476 78262 al 4.2% 0.89[-0.24, 217
McDonald 2018 - MMNC 1653206 160.3325 7220518 5.21 al 4.2% 0.99 [-0.26, 2.24]
McDonald 2018 - monocyte 15653206 160.3325 7oares1s  91.2092 al 4 5% 0.45[-0.71,1.62]
McDonald 2018 - Treg 1653206 160.3325 7 344754 H1232 al 4.2% 0.90[-0.33, 2.13]
Makanishi 2017 7566 3.2663 4 23.7829 10.08 4 2.3% 1.44 [-0.44, 3.32]
Fark 2014 71947 1.8387 8 5.5682 0.7561 £ 8.1% 1.13[0.08, 217] -
Fenny 20149 100228 151238 11 27.4488 306921 B 8.1% -0.7F [-1.80,0.27] —
Fenny 2020- 1 dose 1789228 29648798 a0 1145485 312217 a3 2.5% 018 [-0.32, 0.67] T
Fenny 2020 - 3 doses 1789228 2968798 a0 354006 10244649 21 2.4% 0.49 [-0.02,1.00] —
Fimentel-Coelbio 2010 83.046 3564 5  46.8391 40.23 g 5.4% 0.91 [-0.08, 1.89] T
Rosenkranz 2013 ar.47var 1042 4  BBEOVTE 762 4 2.2% 2.04[0.07,4.01]
Wasielewski 2012 - intraperotineal admin 1.61482 0.1268 3 0.7498a 0.0779 3 0.3% .90 [-0.02,11.82] *
Wasielewski 2012 - intrathecal admin 1.6192 0.13268 3 0.6991 0.10349 3 0.3% 6.06 [-0.01,12.13] ¢
Total (95% CI) 201 193 100.0% 0.70 [0.37, 1.02] <&
Heterogeneity: Tau®= 0.26; Chi*= 41.88, df=22 (P =0.006);, F=47% 14 12 ] % ji
Test for overall effect: £=4.20(F = 0.0001) Favows contiol  Favmns UCDCs
(©)

Injury Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2013 2.3074 1.6546 18 1.4722 064 16 17.0% 1.40 [0.64, 2.16] -
Ahn 2018 15.8381 2.30245 B 8.0711 1.92 2| a.0% 382 [1.73, 5.3 4
Bae 2012 a4.445 732 4 4921 g.38 4 10.3% 0.58 [-0.86, 2.02] "
Li 2016 - early admin H45 325 3449001 ¥ Z26BR.A58 4941829 B 11.9% 1.34 [0.09, 2.60] "
Li 2016 - late admin B45 325 3449001 FOFTRE T4 35319149 B 13.3% -0.35 [1.445, 0.74] "
Li 2017 - PCE R42 623 3383122 Fo413.934 1746731 B 12.9% 077 [[0.38,1.92] -
Li 2017 -TCE H42 623 338.3122 7206557 HR.3RZY B 11.8% 1.39[0.13, 2.66] -
Yinukonda 2014 202 1301076 a 184 123 8 14.7% 050 [-0.47,1.47] =
Total (95% CI) 64 62 100.0% 1.03 [0.40, 1.66] "."
Heterogeneity: Tau?= 0.46; Chi*=16.53, df= 7 (P = 0.02%; F= 53% id 52 1 é 45

Test for overall effect 2= 3.20 (P =0.001)

(D)

Favours control

Favours UCBCs





media/file5.png
Injury + vehicle Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2018 248118 36877 ¥ 1.4808 1.4784 8 289% 0.36 [-0.67,1.38] —
Choi 2021 0.4553 0.0974 3 01381 00511 3 0.3% 3.28[-0.27,6.78] ¢
Dalous 2013 - intraperitoneal, 1046 dose 1.0026 0.255 19 0.7338 0.357 19 489% 0.85[0.18,1.52] E—
Dalous 2013 - intraperitoneal, 1047 dose 1.0026 0.255 19  1.0881 0.280%8 19  51% -0.35 [F0.99, 0.29] T
Dralous 2013 - intraperitoneal, 3.10%6 dose 1.0026 0.255 19 08272 0.2295 19 51% 0.30[-0.34, 0.94] N
Dalous 2013 - IV, delayed admin, 106 dose 1.0026 0.255 19  1.2511 0.8084 19 51% -0.41 [1.05, 0.24] — T
Dalous 2013 - IV, delayed admin, 107 dose 1.0026 0.255 19  1.0686 05207 19 51% -0.145 [F0.79, 0.49] T
Dalous 2013 - IV, early admin, 106 dose 1.0026 0.255 19 0.8381 053749 19  a51% 0.38 [-0.26,1.02] N
Dialous 2013 - IV, early admin, 107 dose 1.0026 0.255 19 0.872 0.502 19 51% 0.32 [-0.32, 0.96] .
De Paula 2012 - 106 dose q4.8901 291803 10 296152 31.1589 10 34% 0.80[012,1.72] )
De Paula 2012 - 107 dose q4.8901 291803 10 18182 27.9443 10 31% 1.23[0.26, 2.20] —
De Paula 2012 - 108 dose 54,8901 291803 10 29169 34621 10 2.3% 2.401[1.19, 3.60]
Geikler 2011 11414 50.9991 19 11068 29.0754 o 34% 0.07 [-0.85, 0.99]
Kadam 2015 - female 33.3956 122272 8 32485 7.582 B 24% 0.07 [-1.11,1.26]
Kadam 2015- male 40,2667 23532 5 355255 26.2834 2.3% 017 [-1.02,1.36]
Kidani 2016 -0EE1E  0.2966 ¥oo-0.9474 01027 8 25% 1.28[0.11, 2.39]
Kim 2012 -0.4568 01336 f -0.7091 0.196 11 2.6% 1.35[0.23, 2.47]
McDonald 2018 - EPC -38.9062 16.5085 8 -51.9141 05241 5 1.9% 1.01 [-0.36, 2.37]
McDonald 2018 - MBC -38.9062 16.5085 5 -49.8047 75991 5 20% 0.77 [-0.55, 2.08]
McDonald 2018 - Treq -38.9062 16.5085 5 -51.3281 1.3102 5 1.9% 0.96 [-0.39, 2.31]
McDonald 2018 - UCE -38.9062 16.5085 8 -R0.7422 14722 5 1.9% 0.91 [-0.43, 2.29]
Makanishi 2017 -40.3941 11.4472 1% -61.2808 25.80445 14 41% 1.03[0.25, 1.81] —
Park 2014 -0.2096 01061 7oo-0.4423 02317 5  27% 1.17 [0.08, 2.26]
Fenny 2019 -10.3401 228629 11 -22.2222 M 7732 E 3.0% 0.580 [-0.51, 1.51] R
Fenny 2020 - 1 dose 191256 26.358 a0 11.3519 17.2768 33 B3% 0.35[-0.15, 0.85] T
Fenny 2020 - 3 doses 19128  26.358 a0 FA8Y9 136104 32 B2% 0.47 [0.06, 1.08] —
Penny 2021 - female 229897 276328 19  8.0454 17.2912 16 4.8% 0.62 [-0.06,1.30] T
Fenny 2021 - male 176488 26.7847 1%  8.75G64 195939 16 46% 0.37 [-0.34,1.08] T
Total (95% CI) 362 357 100.0% 0.53 [0.32, 0.74] &
Heterogeneity: Tau?=0.12; Chi*= 45.36, df= 27 (P = 0.01); F= 40% id 52 : 5 45
Test for overall effect: £=4.92 (P = 0.00001) Favours control  Favours UCBCs
(A)
Injury + UCB Injury Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bae 2012 1,810.25 f80.02 4 7405 393.4 4 4. 5% 1.79[-0.06, 3.64]
Choi 2021 49 3016 4 7467 3 23.3882 HATT3 3 1.9% 2.84 [0.34, 6.01]
Grandvuillemin 2017 - ECFC 1.09 0.11 4 0.74 0.1 4 3.0% 280047, 5.32]
Grancvuillemin 2017 - MK 0.93 0.13 4 0.74 0.1 4 4. 5% 1.80 [-0.06, 3.66]
Hattori 2015 0.38458 0.2696 3] 0.439 0.2336 g 82.4% -0.20 [-1.26, 0.86] S
Lyu 2022 a7h.555 3696273 8 23561 3457044 g 82.9% 0.37 [[0.62, 1.36] 1T
Fenny 20149 A17.3  TH.2824 11 432 117.3306 ] 82.8% 0.36 [-0.64, 1.37] 1T
Fenmy 2020- 1 dose 4593 230.9946 33 4246 201.0909 a0l 12.6% 016 [-0.34, 0.64] T
Fenny 2020- 3 doses A17.2  98.8988 3z 424 6 201.0909 a0l 12.5% 0.8 [0.07, 1.09] —
Fenny 2021 - female 515173 128.084 16 44927 203.5039 19 11.3% 0.37 [[0.30,1.04] T
Fenny 2021 - male A12.62 138.664 16 3414 201.4184 18 10.7% 097 [0.22,1.72] —
Fosenkranz 2012 289925 0.2863 2 2007201 13.4704 3 4. 9% 0.69[-1.04, 2.43] R
Zhang 2020 725818 749856 14 4812945 7854 14 7.9% 2.05[1.91,4.18] —
Total (95% Cl) 154 148 100.0% 0.86 [0.39, 1.33] &
Heterogeneity: Tau®= 0.39; Chi®= 33.39, df=12 (P =0.0008); F= 64% 54 52 ] é jt
Test for overall effect: 2= 3.60 (F = 0.0003) Favours contral Favours UCBCs
(B)
Injury + UCB Injury + vehicle Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chang 2021 - CD34- 0.59147 0.¥4a 19  7.2794  0.4265 1% 35.49% 1.97 [1.08, 2.86] —i—
Chang 2021 - CD34+ 10  0.38324 19 7.27494 0.42645 19  30.2% b.54 [4. 62 3.48] —*
Zhang 20149 465295 197142 F 128566 126449 0 33.9% 1.96 [0.66, 3.26] —
Total (95% CI1) 37 38 100.0% 3.35[1.00, 5.69] —*‘—
Heterogeneity: Tau®= 3.79; Chi*=19.09, df=2 (P = 0.0001); F= 90% 54 52 ] % ji

Test for overall effect: £=2.80 (P = 0.00%)

(®)

Favours control Favours LICBCs
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media/file14.png
Injury Injury + UCBCs Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2013 18.40245 42812 18 13.219 21732 16 9.3% 1.49 [0.72, 2.27]
Ahn 2018 34 67EY 4 934 B 178452 120834 4 7.8% 1.9 [0.36, 2.82]
Aridas 2016 207.298 2490445 a] 19.812 28.856T a] 74% 0.96 [-0.40, 2.31]
Choi 2021 1.4937 03623 a 09449 0.221 a B.7 % 1.64 [0.09, 3.18]
Dalous 2013 194 7463 51.99453 B 294 2216 B3.5471 4] 7.3% -1.88 [-2.95, -0.21]
Fark 2014 30.4861 4 ERB4 2 297318 13.4367 5 a.7% 0.06 [-0.89,1.01] —
Fark 2016 - early admin 18.88 1.4623 B 13.0734 20127 3] q.8% J3.08[1.18, 4.92]
Fark 2016 - late admin 18.88 1.4623 B 193539 19766 ¥ a.2% -0.25 [-1.35, 0.84] .
Faton 2018 282993 200106 0 F.0748 39596 7 a.0% 1.34 [0.18, 2.50] —
Faton 20149 281 203647 & 723 3.2807 ¥ g.0% 1.30[0.145, 2.45] -
Rosenkranz 2013 a6.9085  33.74494 5 345211 162012 a] 7% 0.76 [-0.85, 2.08]
Yinukonda 2019 J60.7143 314 93458 B 1321429 262438 4] 7.a% 0.94 [-0.28, 2.17] T
Zhang 2020 175616 12.962 14 132.818 H. 258 14 7% 3.69 [2.41, 4.97] e
Total (95% Cl) 101 102 100.0% 1.11 [0.45,1.77] 4
Heterogeneity: Tau®=1.09; Chi*=47.69, df=12 (F = 0.00001); F=75% 54 52 ] é a’,
Test for overall effect: £=3.27 (F = 0.001) Favows conbol Favoms UCB
(©)
Injury + UCB Injury Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aridas 2016 a7.278  BY.7864 5  1TR.A24 205.0126 5 15.7% -0.71 [-2.01, 0.60] =
Dalous 2013 1,813.6694 431 24712 B 1,238.958 3306076 B 15.5% 1.38 [0.06, 2.70] =
Li 2016 - early admin 16 3.42493 B 11.3 3.7041 7 16.5% 1.22 [-0.01, 2.44] =
Li 2016 - late admin 2] 2.93594 B 11.3 3.7041 71T T% -0.63 [-1.76, 0.50] =
Li 2017 - PCB 12 3.42493 ] 11.3 3.7041 Fo181% 0.18 [-0.91,1.28] -
Li 2017 - TCE 16 3.4293 B 11.3 3.7041 7 16.5% 1.22 [-0.01, 2.44] -
Total (95% CI) 35 39 100.0% 0.43[-0.33,1.18] ?

Heterogeneity: Tau*=0.91; ChiF=11.71, df =5 {F=0.04); F= 7%
Test for overall effect £=1.11 (P=0.27)
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Injury + UCB Injury + vehicle Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Ahn 2013 41,764.566 2,911.628 16 31,859.273 9,706.5128 18 8.7% 1.32 [0.56, 2.07]
Ahn 2015 - ICV admin 39,063.992 8,379.0155 19 25,472.055 9,796.7036 15 8.5% 1.47 [0.70, 2.24]
Ahn 2015 - IV admin 32,925.69 6,931.3947 13 25,472.055 9,796.7036 15 8.5% 0.84 [0.06, 1.62] —
Kim 2016 12,406,297 4,096,404.6813 31 9,770,224 5,307,875.904 17 9.5% 0.57 [-0.03, 1.17] ——
Park 2016 - early admin  41,585.043 4,173.5312 17 32,223.07 8,097.096 16 8.5% 1.43 [0.66, 2.21] —_—
Park 2016 - late admin 29,042.912 9,814.2716 18 32,223.07 8,097.096 16 9.1%  -0.34[-1.02, 0.34] —
Paton 2018 151.1628 61.0934 6 99.3142 33.3263 8 6.4% 1.03 [-0.12, 2.19] Y ——
Paton 2019 152.5969 57.6326 6 100.5024 29.5563 8 6.3% 1.12 [-0.05, 2.29]
Penny 2019 49 3.5803 6 52.4 5.8061 11 7.1%  -0.62 [-1.65, 0.40] —T
Penny 2020 - 1 dose 32.6 8.2684 32 333 9.5885 30 10.1%  -0.08 [-0.58, 0.42] .
Penny 2020 - 3 doses 29.3 13,7701 33 333 9.5885 30 10.1% -0.33[-0.83,0.17] ——
Zhang 2019 16.5248 2.7593 7 13.9487 10.5364 8 7.1% 0.30[-0.72, 1.33] B —
Total (95% ClI) 204 192 100.0% 0.53 [0.09, 0.96] R
Heterogeneity: Tau? = 0.42; Chi? = 44.31, df = 11 (P < 0.00001); I> = 75% _=4 _=2 5 t 54
Test for overall effect: Z = 2.39 (P = 0.02) Bavaiirs contiol Faveiirs UCRBCs
(D)
Injury + vehicle Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Ahn 2018 7.8627 1.5017 7 3.6328 1.2607 8 4.3% 2.89[1.32, 4.47] v
Aridas 2016 462 301.3768 12 163 98.9949 8 6.0% 1.18 [0.19, 2.16]
Grandvuillemin 2017 - ECFC 57.3679 2.1635 b 3.0435 1.3118 5 0.1% 27.43[11.94, 42.92] »
Grandvuillemin 2017 - MNC 57.3679 2.1635 5 5.3739 1.6052 5 0.1% 24.65([10.72, 38.59] »
Hattori 2015 971.7764 446.4743 12 455.552 463.842 11 6.2% 1.09 [0.21, 1.98] I —
Kim 2016 1.7616 0.7372 17 1.516 0.3641 31 7.1% 0.46 [-0.14, 1.06] N R
Ko 2018 3.8417 0.5758 15 1.6403 0.3344 15 4.7% 4.55 [3.12, 5.98] —_—
Li 2017 - PCB 3.0866 5.6427 7 4.768 3.5703 6 5.6% -0.32 [-1.43, 0.78] S——
Li 2017 - TCB 3.0866 5.6427 7 4.7646 3.7535 6 5.6% -0.32 [-1.42, 0.78] —_—r
Malhotra 2020 417.46692 109.09582 6 219.9388 63.63884 6 4.5% 2.04 [0.53, 3.55] "
McDonald 2018 - EPC 8.2091 7.6026 8 0.3 0.2439 5 5.2% 1.21 [-0.04, 2.46] o
McDonald 2018 - MNC 8.2091 9.6167 8 4.5 5.1633 5 5.5% 0.42 [-0.72, 1.55] —_—
McDonald 2018 - monocyte 8.2091 7.6026 8 6.9545 15.5508 6 5.7% 0.10 [-0.96, 1.16] e
McDonald 2018 - Treg 8.2091 7.6026 8 2.7545 2.8866 5 5.4% 0.80 [-0.37, 1.98] -
Penny 2019 105.3485 60.4733 11 171.799 120.0925 6 5.8% -0.74 [-1.78, 0.29] e ————
Penny 2020 - 1 dose 132.1772 92.3995 30 101.2736 47.5984 33 7.3% 0.42 [-0.08, 0.92] i
Penny 2020 - 3 doses 132.1772 92.3995 30 84.0059 41.8788 32 7.3% 0.67 [0.16, 1.18] —
Penny 2021 - female 142.6415 | b7 AL 19 86.0263 64.3724 16 6.9% 0.53 [-0.14, 1.21] T
Penny 2021 - male 148.4166 175.5941 15 96.189 105.3016 16 6.8% 0.35 [-0.36, 1.06] T
Total (95% CI) 230 225 100.0% 0.85 [0.37, 1.33] ol
Heterogeneity: Tau? = 0.76; Chi® = 81.56, df = 18 (P < 0.00001); I* = 78% _54 _*2 o é i
Test for overall effect: Z = 3.46 (P = 0.0005) Favours contiol Faveiirs UCBCs
(E)
Injury + vehicle Injury + UCB Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ahn 2013 6.5908 1.5458 18 3.2609 1.1335 16 7.8% 2.38[1.47, 3.28]
Ahn 2015 - ICV admin 8.6246 1.9787 B 2.5934 1,195 19 7.2% 3.7 112,50 . 4:.87] —_—
Ahn 2015 - IV admin 8.6246 1.9787 15 2.7367 1.1233 13 7.0% 3.48 [2.25, 4.72] —_—
Ahn 2018 14.6924 2.3617 7 4.4632 1.5695 8 4.8% 4.87 [2.60, 7.15] . >
Aridas 2016 537 232.0948 12 206 322.4407 8 7.6% 1:17 19:19.2.15) —_—
Kim 2016 2.2137 0.8034 17 2.0355 0.7065 31 8.3% 0.24 [-0.36, 0.83] =
Li 2017 - PCB 1.0014 2.7586 7 1.182 4.5265 6 7.4% -0.05 [-1.14, 1.04] ——
Li 2017 - TCB 1.0014 2.7586 7 4.7331 5.9205 6 7.2% -0.77 [-1.92, 0.37] —_—
Malhotra 2020 488.80148 152.27542 6 320.8212 59.09106 6 6.9% 1.34 [0.03, 2.65] —
Park 2016 - early admin 2.2748 0.2556 16 1:5655 0.5137 17 8.0% 1.69 [0.88, 2.50] —
Park 2016 - late admin 2.2748 0.2556 16 2.1693 1.325 18 8.2% 0.12 [-0.55, 0.80] T
Paton 2018 592.037 152.3119 7 272.2401 119.9023 5 6.3% 2.10 [0.56, 3.65] o
Paton 2019 592.7615 160.1423 7 275.3613 126.7779 5 6.4% 1.98 [0.48, 3.49] T ——
Pimentel-Coelho 2010 313.5632 38.14 6 234.023 51.29 7 6.8% 1.62 [0.30, 2.94] A——
Total (95% CI) 156 165 100.0% 1.59 [0.86, 2.32] E
Heterogeneity: Tau’ = 1.56; Chi® = 88.38, df = 13 (P < 0.00001); I = 85% _54 _*2 5 é :1

Test for overall effect: Z = 4.27 (P < 0.0001)
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