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Aim: Umbilical cord blood (UCB) sourced allografts are promising interventions for tissue regeneration. As
applications of these allografts and regulations governing them continue to evolve, we were prompted
to identify parameters determining their quality, safety and regenerative potential. Materials & methods:
Flow-cytometry, mass-spectrometry, protein multiplexing, nanoparticle tracking analysis and standard bio-
logical techniques were employed. Results: Quality attributes of a uniquely processed UCB-allograft (UCBr)
were enumerated based on identity (cell viability, immunophenotyping, proteomic profiling, and quantifi-
cation of relevant cytokines); safety (bioburden and microbiological screening), purity (endotoxin levels)
and potency (effect of UCBr on chondrocytes and mesenchymal stem cells derived exosomes). These at-
tributes were stable up to 24 months in cryopreserved UCBr. Conclusion: We identified a comprehensive
panel of tests to establish the clinical efficacy and quality control attributes of a UCB-sourced allograft.
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The field of regenerative medicine holds abundant promise for the treatment of diseases afflicting millions
worldwide. Thousands of clinical trials are underway for trauma and degenerative conditions in the USA alone
(www.clinicaltrials.gov). The interest in the field is further amplified by the aging population’s need to find alter-
natives to surgery, effectively offloading the financial burden from the healthcare system as well as patients [1]. An
in-depth understanding of stem cell biology and therapeutic benefits of cytokines, along with improved techniques
for optimizing these factors are helping regenerative medicine to grow at an unprecedented pace.

Recent research has demonstrated that UCB is a convenient source of adult stem cells containing hematopoietic
(HSC) as well as mesenchymal stem cells (MSC) [2,3]. HSC in cord blood prompted its application in certain
hematological diseases [4], whereas the presence of multipotent MSC that can differentiate into other structural
tissues like bone and cartilage has further expanded the potential applications of UCB [5–7]. While the cellular
characteristics of UCB have been extensively studied for the purposes of clinical applications, not enough has been
reported on regenerative potential of the associated biomolecules. This is partly because regenerative medicine has
long been associated with stem cell therapy. However, it has been shown that regenerative potential is often derived
from the paracrine effect of the interventions and the activated host stem cells, rather than the direct involvement
of exogenous cells administered at the site of injury [8]. We have previously demonstrated that a uniquely processed
UCB product contains cytokines and growth factors, which are integral to bone regeneration [9]. These factors initiate
signaling crosstalk with target cells that positively impacts the molecular milieu of the tissue microenvironment [10].

Exosomes are extracellular vesicles (EVs) comprising of several factors including cytokines. MSC release EVs
packed with proteins and genomic materials which induce biological changes in the target cells to accomplish
tissue regeneration [11]. Translational research on exosomes derived from the MSC have demonstrated that they can
mimic the therapeutic attributes of the MSC themselves [12–14]. Clinical trials on rheumatic pathologies, cartilage
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development, brain injury and cardiovascular diseases are also currently testing this hypothesis [15]. Based on these
findings, clinical suitability of cord blood allografts must account for the noncellular components while evaluating
its promising role in tissue regeneration.

As UCB allografts are increasingly used in the clinics for tissue regeneration, the regulatory framework continues
to evolve. Such products may be classified and regulated differently from cell and gene-based therapies. The quality
control guidelines for cyto/genetic therapy includes cell identity, viability, purity, sterility and potency to minimize
lot-to-lot variability [16]. Since UCB allografts are a complex embodiment of cellular and noncellular components,
a quality control approach recommended for such products should be appropriately modified to address suitability
and release criteria. Claims to regenerative function of these allografts should be based on characterization of
identity and consistency of the noncellular components. UCB allografts have heterogeneous cellular and molecular
composition due to inherent donor variability and alterations in the processing methodologies will add to this
factor [17]. Variability can however be largely reduced, if not completely eliminated, by careful optimization of the
manufacturing process and ensuring a stringent quality control mechanism.

The present study is aimed to address the unmet need for a uniform quality control framework to determine
clinical suitability and safety of cord blood allografts. A uniquely processed UCB sourced allograft (UCBr) reportedly
used for soft tissue and ligament repair application was investigated for identity, purity, safety and stability.
Additionally, it is important to determine the biological potency of UCBr to establish a comprehensive quality
control regime. The potency assays provide the mechanistic insight into how noncellular components of UCBr
support biological processes, which may positively impact cartilage repair. Finally, the long-term stability of UCBr
was over a period of 24 months. Taken together, to the best of our knowledge, this is the first study that identifies
a comprehensive panel of tests to adequately address the quality attributes, clinical suitability and efficacy of
UCB-sourced allografts.

Materials & methods
UCB-sourced allograft
UCB obtained from consenting donors was processed by the patent pending method following US FDA’s regulatory
guidelines. UCB-sourced allografts, UCBr (BioBurst Rejuv, Burst Biologics, ID, USA) were stored at -80◦C until
further use.

Preparation of UCBr lysate
UCBr was sonicated on ice (three pulses of 10 s each), centrifuged at 12,000 g for 15 min at 4◦C and supernatant
was collected and used for downstream experiments. Supernatant was not subjected to more than one freeze thaw
cycle. When appropriate, supernatant was diluted in serum free media (SFM) at 1:5 or 1:10 dilution.

Cells & tissue culture media
Human Knee Articular Chondrocytes (HC, Lonza CC-2550) were cultured in the basal media supplemented with
growth kit (cell applications; 410PR-500 and 411-GS). Bone marrow derived mesenchymal stem cells (MSC,
ATCC, PCS-500-012) were also cultured in the respective basal media supplemented with growth kit (ATCC;
PCS-500-030 and PCS-500-041). Cells were maintained in a humidified incubator at 37◦C with 5% CO2. Cells
between passages 3 and 5 were used for all experiments.

Cell viability measurement
UCBr was passively thawed and mixed in equal volumes with acridine orange/propidium iodide (AO/PI) staining
solution. The mixture was loaded onto the SD100 cell counting chamber slides, and cells were visualized and
counted using Cellometer K2 (Nexcelom, MA, USA). Data were analyzed using the K2 software optimized for
frozen peripheral blood mononuclear cells (PBMC) using 15-micron cutoff for nonviable cells.

Fluorescence activated cell sorting
UCBr was thawed and added dropwise into RPMI supplemented with 10% FBS and 400 units of DNAse. The cell
suspension was centrifuged at 300 g for 5 min, and the cell pellet was resuspended in 10% FBS/RPMI containing
50 units of DNAse. Cells were sequentially washed with PBS and FACS Buffer (2% FBS/HBSS, 2 mM EDTA).
Cells were stained with antibodies (listed in Supplementary Material). Cells stained with all the fluorophores
minus one fluorophore (FMO) were used as controls to determine the gating boundaries of positive and negative
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populations. Unstained and single-stained beads were used to calculate compensation values using the automated
calculation function. Flow cytometry was performed on an ACEA NovoCyte with blue and red lasers and detectors
for six color analysis. 10,000 events at 14 ml/min were collected for compensation controls and 100,000 events at
35 ml/min were collected for UCBr cells.

Mass spectrophotometry & proteomic analysis
LC-MS/MS was performed using methods established previously with modifications [18]. Briefly, UCBr lysates
were run for approximately 1 cm in 10% Bis-Tris gel and excised gel pieces were reduced, alkylated and digested
with trypsin overnight at 37◦C (Thermo Fisher Scientific, MA, USA). LC–MS/MS analysis of the resulting tryptic
peptides was conducted on a Velos Pro Dual-Pressure Linear Ion Trap mass spectrometer equipped with a nano
electrospray ionization source and coupled with an Easy-nLC II nano LC system (Thermo Fisher Scientific).
Raw spectrum data were searched against the UniProtKB/Swiss-Prot protein database for Humans (acquired from
www.uniprot.org on 12 February 2019). Further analysis was done using Database for Annotation, Visualization
and Integrated Discovery web tool to analyze candidate genes and pathways [19].

Cytokine measurement
Cytokine concentration was measured in UCBr lysate (prepared from 31–64 donors) using multiplex ProcartaPlex
Panel (Invitrogen, EPX450-12171-901). Luminex xMAP magnetic-bead fluorescent immunoassays (Invitrogen)
were run on MAGPIX™ and measurements were done as per the manufacturer’s protocol. Universal assay buffer
provided baseline values for the assay. For each standard, percent recovery values outside 90–110% were invalidated
using xPonent Analysis software and concentration of cytokines were calculated using a standard curve with
R2 ≥ 0.9.

Maternal peripheral blood serology & UCB bioburden testing
Maternal peripheral blood samples were tested for infectious diseases using antibody-based, nucleic acid based and
PCR-based detection methods. Serology testing was performed at VRL (TX, USA), a Clinical Laboratory Improve-
ment Amendments certified laboratory. UCB samples were tested for anerobic and aerobic bacterial contamination
prior to processing as per current Good Tissue Practice (cGTP) guidelines. To test possible contamination of UCBr,
it was passively thawed and inoculated in either TSB, Sabdex or FTH broth and corresponding agar plates. For all
tests appropriate positive and negative controls were included. Growth was monitored every 72 h up to 14 days.

Endotoxin test
Endotoxin levels were determined in UCBr directly using EndoSafe R© nexgen PTS™ and US FDA licensed cartridges
(PTS2005F or PTS5505F, sensitivity – 0.05 EU/ml, Charles River, MA, USA) following manufacture’s protocol.

Mixed lymphocyte reaction
PBMCs were isolated from the buffy coat of healthy donors (PBMC Donor #36, male, age 46 years, White; Donor
#50, male, age 25 years, White; Donor #42, female, age 24years, African American) by Ficoll density gradient
centrifugation and cryopreserved. Prior to use, the cryopreserved samples were thawed and rested at 37◦C overnight
in RPMI-1640 medium supplemented with 10% fetal bovine serum. Cryopreserved UCBr were thawed and plated
at 105 cells/well in a 96-well plate. Rested PBMC cells were co-cultured with 1 × 105 UCBr cells or PBMCs from
unrelated donor at a density of 2 × 105 cells/well in the mixture of 200 μl AIM-V. For mitogenic stimulation,
the PBMC cells were stimulated with 2 μg/well phytohemagglutinin. Background controls were performed for all
UCBr samples and each institutional review board donor. Cells were incubated at 37◦C, in a 5% CO2 incubator
for 4 days. Bromo-deoxy uridine (BrdU) was added on day 3, and proliferative responses were determined by
absorbance based BrdU ELISA assay on day 4 (Roche, Basel, Switzerland). BrdU optical density was recorded at
450 nm. The assay was performed by Xeno Diagnostics, LLC (IN, USA) and PBMC used were approved through
their institutional review board program.

Cell proliferation
HC and MSC were seeded at density of 5000 cells/well in a 96-well plate and incubated overnight. Cells were
starved for 2 h and then grown in SFM, complete media or diluted UCBr lysates (1:10 or 1:5) for additional
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24 h. Cell proliferation was measured by CyQUANT (Thermo Fisher Scientific) assay according to manufacturer’s
protocol.

Transwell cell migration
Transwell inserts were coated with 5 μg/ml of fibronectin (Sigma–Aldrich, MO, USA) and left overnight for
surface adsorption. HC were serum-starved for 2 h, suspended in SFM and 4 × 104 cells were added to the upper
chamber of a 24-well, 8 μm pore membrane transwell insert. Complete media, SFM or UCBr lysate (1:10) were
added to the lower chamber as a chemoattractant. After 24 h, cells on the upper surface were removed, cells on the
lower surface were fixed in 5% glutaraldehyde (Sigma–Aldrich, MO, USA), stained with 1% (w/v) crystal violet
(Sigma–Aldrich) and visualized at 20× magnification under stereoscope (Leica, NJ, USA).

RNA isolation & reverse transcriptase PCR
Cells were treated with UCBr lysates (1:5) for 18–20 h, total RNA was extracted using Quick RNA kit (Zymo
Research, CA, USA) and 1 μg was reverse transcribed into cDNA and subsequently amplified with appropriate
primers (listed in Supplementary Material) using SuperScript™ VILO™ cDNA Synthesis Kit and Power SYBR™
Green PCR Master Mix (Thermo Fisher Scientific) respectively. All reactions were run in QuantStudio 3 (Thermo
Fisher Scientific), and data are represented as relative mRNA expression with 18 s rRNA as internal control.

Western blot analysis
Proteins were extracted in RIPA buffer (Thermo Fisher Scientific) from cells treated with UCBr lysates (1:5) for
24 h and estimated by BCA assay. Total 20–60 μg of proteins were separated in 10% Bis-Tris gels by electrophoresis,
transferred onto nitrocellulose membrane and immunoprobed with antibodies to detect HMOX1, Cu/ZnSOD,
MnSOD, Catalase, Thioredoxin 1 (Cell Signaling Technologies, MA, USA) and Hsp60 (SCBT, TX, USA).
Chemiluminescence was captured with iBright FL1000 (Thermo Fisher Scientific). Hsp60 was used as loading
control and was used for normalization of band intensities using ImageJ software.

Exosome isolation & characterization
MSC in 100 mm culture plates with 80–90% confluency were briefly subjected to 2 h of serum starvation. Cells
were subsequently treated with UCBr lysate (pooled from 6 or more donors) for 18 h. Exosomes were extracted by
Total Exosome Isolation (TEI) kit according to manufacturer’s protocol (Thermo Fisher Scientific) or Exo-Quick kit
(SBI, CA, USA). Isolated exosomes were first characterized by fluorescent nanoparticle tracking analysis (performed
by System Biosciences, CA, USA). For downstream proliferation assay on HC and MSC, cells were treated with
isolated exosomes diluted 1:2 for 24 h. Cytokine level was measured as described previously. All experiments,
including the exosome analysis, were repeated twice independently, each time at least in triplicates.

Data analysis & statistics
All experiments, unless otherwise stated, were repeated independently three-times. All cell biological assays were
performed with UCBr lysates obtained from at least three donors. Data are expressed as mean ± standard deviation
or standard error of the mean as indicated. Student’s t-test and ANOVA were used for statistical analysis between
two groups, and among three or more groups respectively. Statistical significance was set at p < 0.05 (*).

Results
Characterization of the cellular components of UCBr
Our previous publication shows that intact cells in a cord blood allograft are not directly involved in the regeneration
process, and possibly act as reservoirs of the intracellular and membrane bound cytokines that are released by
autolysis or passive secretion. We specifically demonstrated that the cytokine concentration in the conditioned
media (CM) derived from intact UCB allografts was not significantly different from the CM derived from lysed
UCB allografts [9]. However, it is critical that we evaluate the cellular components in UCBr from a quality control
perspective, as the reproducibility of cell viability and characteristics will indicate a consistent processing technique.

Cell viability assay

Total 21 random lots of UCBr, stored at -80◦C for a period of at least 30 days post processing were passively thawed
and viability of the primary cell population was measured. Cell count, viability and diameter were determined by
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Figure 1. Characterization of cellular components of umbilical cord blood allograft by cell viability measurement and
immunophenotyping using flow cytometry. UCBr from 21 donors was passively thawed and mixed with AO/PI dye solution and
visualized under Nexcelom K2. (A) Representative photomicrographs of a random field with bright field (left panel) and fluorescence
(right panel) were shown, AO-green/viable and PI-red/dead. (B) Cell number and (C) cell diameter were quantified. Values are expressed
as mean ± standard deviation. (D–N) Expression of surface markers of UCBr cells from a representative donor. Cells were appropriately
gated (D, E & K). In figures (F–J), ‘all’ indicates cells stained with CD90-FITC, CD73-PE, CD105-APC, CD45-PerCp-Cy5.5 and 7-AAD
monoclonal antibodies and ‘fluorophore’ indicates cells stained with all the fluorophores minus the one as labeled in respective figures.
Viability determined by 7-AAD exclusion (L) and stained with CD34 and CD45 monoclonal antibodies to determine CD34+ and CD45+ cells
(M & N). (O) The average expression percentage of cells stained with individual or combination of antibodies in UCBr.
AO: Acridine orange; PI: Propidium iodide; UCBr: Umbilical cord blood allograft.
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Figure 1. Characterization of cellular components of umbilical cord blood allograft by cell viability measurement and
immunophenotyping using flow cytometry (cont.). UCBr from 21 donors was passively thawed and mixed with AO/PI dye solution and
visualized under Nexcelom K2. (A) Representative photomicrographs of a random field with bright field (left panel) and fluorescence
(right panel) were shown, AO-green/viable and PI-red/dead. (B) Cell number and (C) cell diameter were quantified. Values are expressed
as mean ± standard deviation. (D–N) Expression of surface markers of UCBr cells from a representative donor. Cells were appropriately
gated (D, E & K). In figures (F–J), ‘all’ indicates cells stained with CD90-FITC, CD73-PE, CD105-APC, CD45-PerCp-Cy5.5 and 7-AAD
monoclonal antibodies and ‘fluorophore’ indicates cells stained with all the fluorophores minus the one as labeled in respective figures.
Viability determined by 7-AAD exclusion (L) and stained with CD34 and CD45 monoclonal antibodies to determine CD34+ and CD45+ cells
(M & N). (O) The average expression percentage of cells stained with individual or combination of antibodies in UCBr.
AO: Acridine orange; PI: Propidium iodide; UCBr: Umbilical cord blood allograft.

bright field and dual-fluorescence imaging using acridine orange/propidium iodide staining (Figure 1A). The mean
total cell count was 14.1 ± 3.4 million and the viability was close to 50%. The mean diameter was 8 ± 1.4 μm for
viable and 11.12 ± 0.85 μm for the nonviable cells (Figure 1B & C).

Characterization of UCBr cells by flow cytometry

All studies reporting isolation of MSC from UCB have allowed the cord blood cells to adhere to culture dishes
and expand for a few generations before performing flow-cytometry to characterize MSC based on cell surface
markers [20–22]. Other methods like fluorescence activated cell sorting (FACS) have been used to enrich and purify
the small but significant fraction of stem cells present in UCB [23]. Without such downstream manipulations,
the sensitivity of the current assay procedures makes it extremely difficult to identify the stem cell population
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directly in the UCB cells [24]. Therefore, instead of identifying a particular subpopulation of cells in UCBr through
lineage specific enrichment, we chose to characterize the heterogeneous population by immunophenotyping. Two
UCBr samples were thawed, washed and stained with respective antibodies. Dead cells were identified using 7-
Aminoactinomycin D (7AAD). Of the viable cells in UCBr, the average expression of CD90, CD73, CD105, CD45
were 70.04 ± 17.8%, 7.63 ± 2.87%, 0.585 ± 0.54%, 84.37 ± 14.1% respectively, indicating a major population
of the cells is lymphocytes (Figure 1D–O). CD45 cells that stained positive for CD90 were 5.55 ± 0.48%. As
expected in such heterogeneous population of frozen UCB cells, less than 1% of the cells in UCBr stained for all
the MSC markers (CD45-/CD90+/CD73+/CD105+). Albeit very low, expression of HSC progenitor marker
CD34 was also detected.

Characterization of the noncellular components of UCBr
Mass spectrometric analysis of UCBr

In addition to cytokines, signaling molecules such as protein kinases and redox enzymes also impact tissue regener-
ation. To identify such signaling proteins, we performed proteomic analysis of UCBr lysates by mass spectrometry.
Only those proteins identified with two or more peptides, an expected p-value of <0.05 and a false discovery rate
of ≤1% were reported. Proteomic analysis of two UCBr samples using Uniprot human protein database identified
1801 and 2335 proteins respectively, including serine threonine kinase, mitogen activated protein kinase, tyrosine
kinases, cyclin dependent kinases and von Willebrand factor in addition to growth factors like PDGF, TGFβ1 and
FGF2 (data not shown).

We identified 784 proteins that were common between the samples (Figure 2A). The high overlap of proteins
between the donors suggests that the UCBr processing technique is consistent and the methods for protein
identification are reliable. Bioinformatic analysis of the overlapping proteins using Database for Annotation,
Visualization and Integrated Discovery 6.8 and gene ontology annotation indicated that proteins common between
the donors were mainly involved in wound healing, cell proliferation and migration, cell cycle, redox metabolism,
glucose metabolism and signaling pathways (Figure 2B). Pathways that yielded a Fishers exact p-value <0.05 and
involved at least eight genes were reported. All the molecular functions and biological processes identified by this
bioinformatic analysis are physiologically relevant and clearly established the role of the noncellular component of
the UCBr in tissue regeneration.

Cytokine profiling of UCBr

Mass spectrometry analysis identified several signaling molecules including PDGF and VEGF in UCBr that play
a critical role in wound healing and tissue repair (data not shown). We have previously reported 44 different
cytokines in the cord blood allograft derived CM [9]. In this study, we quantified the cytokines present in the UCBr
lysates (Figure 2C). This enabled a better understanding of the molecular composition of the product with a direct
clinical relevance. Total 31 cytokines including several growth factors (PDGF and EGF), neurotrophic factors
(BDNF), angiogenic factors (VEGF) and interleukins (IL-1, IL-2, IL-5, IL-8, IL-10) were identified in samples
prepared from 31–64 donors. The mean concentration of the cytokines ranged from 7.83 ± 0.3 pg/ml (SCF) to
30933 ± 1901.2 pg/ml (IL-1RA). IL-1RA is a major anti-inflammatory cytokine and several clinical trials with
IL-1RA have reported pain reduction in patients following acute injury [25]. Presence of important cytokines like
EGF (323.16 ± 19.02 pg/ml); PDGF-BB (3256.8 ± 495.9 pg/ml) and VEGF (1600.1 ± 91 pg/ml) in UCBr
may be the regulatory factors for inducing cell proliferation, migration and angiogenesis and hence, constitute an
important criterion to determine product quality and donor suitability.

Pre- and postprocessing microbiological safety testing on UCBr
Absence of microbial contamination in the product is critical from clinical safety perspective and must be an integral
part of the quality control process. UCBr is manufactured under controlled, clean room conditions with minimal
environmental exposure which must be subsequently verified by an array of safety testing to ensure the aseptic
nature of the final allograft.

Infectious disease testing on maternal peripheral blood samples

To begin with, a well-defined inclusion–exclusion criterion based on personal lifestyle, medical history, etc. deter-
mined donor initial qualification. Serology testing was performed by Clinical Laboratory Improvement Amendment
certified lab as per US FDA’s guidelines for human cells, tissues, and cellular and tissue-based product (HCT/Ps).
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Figure 2. Characterization of noncellular components of umbilical cord blood allograft by mass spectrometry and protein multiplexing.
(A) Venn diagram showing the number of unique and shared proteins in donor samples obtained by mass spectrometry. (B) Enrichment
analysis of the 784 common proteins in donor samples using DAVID. (C) Protein multiplexing analysis for 31 cytokines in UCBr samples.
Cytokine concentration was measured by Luminex xMAP technology on MAGPIX™ platform and expressed as mean values in
picograms/ml (± standard error of the mean) from 31–64 donors.
UCBr: Umbilical cord blood allograft; DAVID: Database for Annotation, Visualization and Integrated Discovery.
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Figure 2. Characterization of noncellular components of umbilical cord blood allograft by mass spectrometry and protein multiplexing
(cont.). (A) Venn diagram showing the number of unique and shared proteins in donor samples obtained by mass spectrometry. (B)
Enrichment analysis of the 784 common proteins in donor samples using DAVID. (C) Protein multiplexing analysis for 31 cytokines in UCBr
samples. Cytokine concentration was measured by Luminex xMAP technology on MAGPIX™ platform and expressed as mean values in
picograms/ml (± standard error of the mean) from 31–64 donors.
UCBr: Umbilical cord blood allograft; DAVID: Database for Annotation, Visualization and Integrated Discovery.

Testing included detection of antibodies to HTLV-1 and 2, syphilis and hepatitis B surface antigen. Nucleic acid
testing (NAT) was performed for hepatitis B, hepatitis C, HIV and West Nile virus. Peripheral blood samples
were also tested for total antibody of CMV, while Zika and other flavivirus were identified by PCR amplification,
to eliminate possibility of past or recent exposure to the virus because of traveling to certain geographical zones.
In a typical 24 months period, 5.2% of the total donors were rejected due to positive antibody test, 1.2% were
rejected due to positive NAT outcomes and 1.0% of the donors were rejected based upon PCR-based identification.
Overall, 92.5% donors were negative for any infectious disease serology and the cord blood collected from these
donors underwent final processing (Table 1A).
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Table 1. Determination of product safety using pre- and postprocessing microbiological testing.
(A) Maternal peripheral blood infectious disease serology testing

Serology test Percentage positive

Antibody-based detection 5.209

Nucleic acid test 1.195

PCR-based identification 1.0247

7.42 (Total)

(B) Umbilical cord blood microbial cultures

Incubation temperature Culture media Percentage positive

22.5◦C Tryptic soy broth 0

32.5◦C Fluid thioglycolate broth 0.028

Tryptic soy broth 0.008

0.036 (Total)

(C) Umbilical cord blood product microbiological testing

Incubation temperature Culture media Percentage positive

22.5◦C Tryptic soy broth 0

Sabdex broth 0.001

Tryptic soy agar 0

Sabdex agar 0

32.5◦C Fluid thioglycolate broth 0.007

Tryptic soy broth 0.006

Tryptic soy agar 0.007

0.021 (Total)

(A) Percentage of maternal peripheral blood samples that tested positive for the presence of infectious serology using antibody, nucleic acid and PCR based testing in a period of 24
months. (B) Percentage of cord blood samples that tested positive in aerobic and/or anerobic microbial cultures over a period of 24 months. (C) Percentage of UCBr that were positive in
either one or more growth-based microbiological culture tests in 24 months.
UCBr: Umbilical cord blood allograft.

Microbial cultures on cord blood

In order to determine if collection, storage and shipment of cord blood samples introduced any microbial con-
tamination, it is important to test bioburden in cord blood. Each cord blood sample was tested for rapid growth
of aerobic and anerobic organisms using tryptic-soy and fluid thioglycolate broth culture methods. In a period of
24 months, less than 0.04% of the total donors were rejected for positive bioburden outcomes (Table 1B).

Quarantine & microbiological quality control testing on final product post-thaw

To ensure that none of the processing step(s) and/or reagent(s) introduced microbial contamination, one vial from
each donor lot of the final UCBr product stored at -80◦C was thawed and tested. Broth and plate-based cultures
were monitored every 3–5 days, up to 2 weeks. Temperature and growth media were suitable to determine presence
of fungi and aerobic, anerobic as well as facultative bacteria. In a period of 24 months, approximately 0.02% of the
total donor lots tested were found to be positive for one or more types of contamination and summarily discarded
(Table 1C).

Purity of UCBr
Endotoxin Assay

Presence of bacterial endotoxin, ‘pyrogens’ may induce fever and other adverse reactions caused by inflammatory
mediators. Commercially available products marketed as HCT/Ps are regulated solely as section 361 of PHS Act
and regulation 21 C.F.R 1271. Such products do not require endotoxin testing under cGTP. Nevertheless, reported
use of such allografts often involves different routes of administration which may require information on the
endotoxin levels. So, we identified criteria set forth under different regulatory frameworks while determining the
allowable limit of endotoxin in UCBr. Therefore, endotoxin testing of UCBr is included in our quality control
regimen. Current allowable limits for endotoxin range from 5 EU/kg bodyweight (non-IV drugs) to 0.2 EU/kg
bodyweight (intrathecal application). Based on the most stringent criteria, we chose to qualify UCBr at the limit
set for intrathecal applications. Considering a subject of 70 kg, 0.2 EU/kg limit allows up to 14 EU in a single
application. Endotoxin levels in UCBr were determined using a kinetic chromogenic test in which the reaction
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Table 2. Determination of product purity using endotoxin assay.
(A) Inhibition/enhancement test and detection of MVD

Sample dilution S1 S2 S3 S4 S5 S6

1:10 1298% 80% 139% 81% 166% 186%

1:50 98% 81% 81% 125% 110% 122%

1:100 89% 76% 98% 130% 94% 127%

1:250 76% 72% 125% 115% 145% 106%

(B) Endotoxin values of seven representative UCBr by kinetic chromogenic LAL test

UCBr 1 2 3 4 5 6 7

Dilution 1:50 1:50 1:50 1:50 1:50 1:50 1:50

Sample reaction
time CV

0%
Pass

0%
Pass

0%
Pass

0%
Pass

0%
Pass

0%
Pass

0%
Pass

Spike value
(recovered)

0.325 EU/ml 0.570 EU/ml 0.460 EU/ml 0.376 EU/ml 0.456 EU/ml 0.786 EU/ml 0.614 EU/ml

Spike reaction
time CV

2.4%
Pass

1.8%
Pass

13.1%
Pass

4.5%
Pass

0.5%
Pass

5.4%
Pass

6.1%
Pass

Spike recovery 54%
Pass

95%
Pass

77%
Pass

63%
Pass

76%
Pass

131%
Pass

102%
Pass

Test suitability Pass Pass Pass Pass Pass Pass Pass

Sample value �2.5 EU/ml �2.5 EU/ml �2.5 EU/ml �2.5 EU/ml �2.5 EU/ml �2.5 EU/ml �2.5 EU/ml

(A) Percentage spike recovery for UCBr from six donors using inhibition/enhancement test cartridge. Each sample was tested at four different dilution levels (1:10, 1:50, 1:100 and 1:250)
with 1:50 dilution showing the most consistent spike recovery across the samples. Dilution of 1:50 was designated as MVD and used in the endotoxin testing. (B) Endotoxin testing
parameters (sample value, spike recovery, % spike recovery and spike recovery time CV) reported for UCBr from seven random donors using EndoSafe-NexGen-PTS platform.
CV: Coefficient of variation; MVD: Maximum valid dilution; UCBr: Umbilical cord blood allograft.

time of the sample is compared with that of control standard endotoxins (CSE). We tested four dilutions of UCBr
ranging from 1:10 to 1:250 (Table 2A) to determine a maximum valid dilution that will not interfere with the
biochemical reaction. We concluded that dilution of 1:50 was noninterfering and consistently yielded a spike
recovery within 50–200%. The exdotoxin limit for allograft release was set at <2.5 EU/ml based on sensitivity of
the cartridge (0.05 EU/ml) and MVD. All UCBr samples tested were <2.5 EU/ml. Representative values of seven
samples are provided in Table 2B.

Presence of undesirable components

UCB based allografts are often processed using reagents that may have proteins of nonhuman origin and could
potentially end up as residues in final product. Our processing technique for UCBr does not involve any such
reagents and thus contaminating molecules are not expected. In order to confirm this, the proteins identified in
UCBr samples by mass spectrometry were cross-checked against the Repository of Adventitious Proteins database
that identifies contaminating proteins from dust, physical contact or common laboratory reagents like bovine serum
albumin. No such contaminants were detected in any of the UCBr samples tested (data not shown).

Immunogenicity of UCBr
UCB sourced allografts for homologous use are considered non-immunogenic as UCB cells are MHC class I
(MHCI) dull and negative for MHC class II (MHCII) [26]. However, as applications of such allografts continue to
evolve there is a need for direct measurement of the immunogenicity of the allograft itself as a part of the quality
control regimen. Immune responsiveness of each of the three allogeneic human PBMC donors was evaluated in
a mixed lymphocyte reaction (MLR) format with 30 UCBr donors. Proliferative response was determined using
a BrdU ELISA assay on day 4 (Figure 3). Allogeneic PBMC proliferative responses to all UCBr were negligible,
being equal to or below mean baseline PBMC proliferative responses with stimulatory index (SI) <1.2. In contrast,
the mean two-way control PBMC allogeneic responses for the three donors had SI values between 3.2 and 28.5.
In 4-day MLR reaction, all UCBr samples displayed negligible SI compared with the positive control indicating
that these cells were not metabolically active. In summary, UCBr failed to stimulate human PBMCs and were
nonimmunogenic.
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Figure 3. Immunological characterization of umbilical cord blood allograft in vitro. (A) Evaluation of UCBr immunogenicity in a two-way
mixed lymphocyte reaction assay. Stimulatory index of 30 donors and three PBMCs is expressed as mean ± standard deviation. Data were
analyzed by Student’s t-test and p ≤ 0.05 was considered statistically significant.
PBMC: Peripheral blood mononuclear cell; UCBr: Umbilical cord blood allograft.

Determining the biological effects of UCBr
One of the reported applications of UCBr is for articular cartilage injuries. Articular cartilage has inherent limited
healing potential, and its damage poses a challenging problem for orthopedic surgeons. The structure and function
of this cartilage is dependent on the proliferation, migration and homeostasis of articular chondrocytes that are
present in the cartilage. To determine potency, effects of UCBr were investigated on articular chondrocytes isolated
from human knee.

UCBr induces chondrocyte proliferation

Articular chondrocytes proliferate and secrete extracellular matrix to maintain and sustain the cartilage, and
constitutes a promising strategy for cartilage repair [27]. UCBr lysate at 1:10 and 1:5 dilution induced higher
proliferation in HC after 24 h of treatment (Figure 4A) as compared with cells cultured in SFM with no other
exogenous factors. HC treated with UCBr at 1:10 dilution showed approximately fourfold increase in proliferation,
whereas 1:5 dilution showed about fivefold higher proliferation. Cells that were cultured in the complete growth
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Figure 4. Biological effects of umbilical cord blood allograft. (A) Proliferation rate was measured by fluorescence
quantification of total cellular DNA in HC treated with either SFM, UCBr lysates or complete media (10% FBS) and
data presented as mean ± standard deviation relative to SFM treatment. (B) Cell migration of HC was evaluated using
transwell system and representative photomicrographs of the migrated cells in response to SFM, UCBr lysates or
complete media are provided. (C) Cells migrated per visual field were quantified using ImageJ, normalized first to
SFM, then to the rate of proliferation and expressed as mean of relative migration ± standard deviation. Experiments
were repeated three-times, each time with 3–5 donors pooled together. (D) qPCR was performed on RNA extracted
from HC treated with SFM or UCBr lysates pooled from at least three donors. The 18S rRNA transcript level was used
to normalize the data, which are presented as mean values for fold change ± standard deviation. (E) Protein levels of
redox markers in HC treated as in (D) were determined by western blot. Densitometry was performed taking signals
from Hsp60 as the internal control. Values are expressed relative to SFM treated control and indicated in the panels
below the immunoblots. Data were analyzed by ANOVA and p ≤ 0.05 was considered statistically significant.
*p ≤ 0.05; Scale bar: 50 μm.
FBS: Fetal bovine serum; HC: Human knee articular chondrocytes; Hsp60: Heat Shock Protein Family D; qPCR:
Quantitative reverse transcription PCR; Redox: Reduction–oxidation; SFM: Serum-free media; UCBr: Umbilical cord
blood allograft.

medium served as an internal reference of the normal cell proliferation rate. The proliferation rate of the UCBr
treated cells was higher than the cells cultured in complete medium. Combination of cytokines and growth factors
present in UCBr promotes chondrocyte proliferation.

UCBr induces chondrocyte migration

Chondrocyte migration is challenging as the cells need to overcome the density and pressure of the surrounding
matrix to migrate to other sites. Research has shown that chondrocyte migration can help in restoring osteochondral
defects [28]. The potential of the UCBr as a chemo-attractant was therefore specifically tested by transwell migration
assay using complete growth medium (10% FBS), SFM or UCBr lysates (1:10 dilution, Figure 4B). When
normalized to their respective proliferation rate, the net migratory index of the HC cells treated with UCBr was
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3.6 ± 0.1 (p < 0.05) fold higher when compared with that of the control cells (Figure 4C). These data indicate
that the UCBr may aid in osteochondral repair by stimulating chondrocyte migration.

Impact of UCBr on redox metabolism

There is ample evidence that cartilage degradation is often due to impaired ROS homeostasis. Strategies to target
antioxidant systems may reduce degradation and aid in repair of damaged cartilage [29]. Bioinformatic analysis of
the proteins identified in UCBr lysates by mass-spectrometry indicated that several of these proteins are involved in
redox metabolism. Therefore, the effect of UCBr on antioxidant enzymes was evaluated both at the transcriptional
and translational levels. mRNA expression of several redox marker genes was quantified in chondrocytes treated
with UCBr lysates. MnSOD and Thioredoxin 1 were significantly bolstered by 5.2-fold (p < 0.0001) and 2.9-fold,
respectively (p < 0.05), when compared with untreated controls (Figure 4D). Immunoblotting of these markers
further confirmed that Thioredoxin 1 and MnSOD were also upregulated at the protein levels (Figure 4E) by similar
treatment. Interestingly, mRNA level of HMOX1 was not significantly upregulated at the transcriptional level but
at the protein level HMOX1 expression increased (∼6.2-fold) and was similar to Thioredoxin 1 (∼6.0-fold) and
MnSOD (∼5.4-fold). This might indicate a possible post-transcriptional modification of HMOX1 in HC. We
were unable to detect Cu/ZnSOD at appreciable levels by immunoblotting of control and treated HC.

Determining the stability of UCBr
Based on literature, the current expiry period of UCBr was set at 24 months [30]. To establish that this criterion is
valid, we compared certain aforesaid quality parameters between samples that were less than 24 months (N = 26,
median of 3 months) and those above 24 months (N = 23, median 25 months). No significant difference in cell
viability was observed between these groups (Figure 5A). As cytokines in UCBr are the key factors influencing
tissue regeneration, concentration of seven cytokines (IL-8, IL-13, EGF, BDNF, FGF-2, PDGF-BB and VEGF-A)
was measured in these two groups. compared with the samples grouped under <24 months, there was a slight but
not statistically significant drop in the relative cytokine concentration (Figure 5B). The biological potency of the
products was tested based on its effect on proliferation of HC. Proliferative rate of the samples less than 24 months
and greater than 24 months were similar without any statistically significant difference (Figure 5C). Four additional
samples between 24 and 30 months were tested for their aseptic nature and no growth was detected (Figure 5D).
The endotoxin values of five representative samples between 24 and 30 months were also tested for their endotoxin
limits and were found to be <2.5 EU/ml (Figure 5E) same as the samples with median age of 3 months as shown
in Table 2B.

UCBr increases the yield of MSC derived exosomes
Current dogma in regenerative medicine indicates that the EVs including exosomes released by the MSC have
therapeutic benefits. Altering the conditions of culturing MSC have a significant influence not only on the yield
but also on the efficacy of exosomes in terms of the proteomic and genomic complexities [14]. Here, we investigated
if exosomes derived from MSC treated with UCBr lysates differ in yield and biological functions when compared
with the ones derived from untreated MSC. EVs were characterized based on particle concentration and size
distribution using fluorescence-based Nanoparticle Tracking Analysis which specifically identifies microparticles
with intact membranes (Figure 6A & B). The concentration of the EVs in the samples obtained from UCBr
treated MSC was significantly higher (∼twofold) compared with the untreated counterpart (Figure 6C). Nano
Tracking Analysis also confirmed a more homogeneous population of EVs obtained from untreated MSC (mean
104.4 ± 20.7 nm) compared with samples obtained from treated MSC which ranged from 91 to 698 nm, with
a mean of 288.7 ± 4.1 nm (Figure 6A & B). The heterogeneity of the particle size identified in samples derived
from treated MSC may be attributed to the yield of a higher ratio of EVs of varying size in response to the UCBr
treatment. The proliferative effect of these EVs was further tested on MSC and HC. EVs derived from UCBr lysate
treated MSC showed approximately 2.1-fold (MSC) to approximately fivefold (HC) increase in proliferative rate
when compared with the respective controls (Figure 6 D & E). Proteomic analysis of MSC-derived EVs has shown
that they contain the factors influencing angiogenesis such as FGF, VEGF, HGF, EGF and IL-8 [13]. We measured
the concentration of EGF and VEGF present in the exosomes derived from treated or nontreated MSC. In unit
volume, EGF was approximately 2.14-fold higher and VEGF was approximately 2.8-fold higher in the exosomes
released by the MSC pretreated with UCBr lysate (Figure 6C).

782 Regen. Med. (2019) 14(8) future science group



Characterization of UCB allograft Research Article

C
el

l n
u

m
b

er

2 × 107

1.5 × 107

1 × 107

5 × 106

0
Total Viable

<24 months
>24 months

R
el

at
iv

e 
p

ro
lif

er
at

io
n

1.5

1.0

0.5

0.0

R
el

at
iv

e 
co

n
ce

n
tr

at
io

n

1.5

1.0

0.5

IL
-8

IL
-1

3

E
G

F

B
D

N
F

F
G

F
-2

P
D

G
F

-B
B

V
E

G
F

-A

0.0

<24 months
>24 months

<
24

 m
on

th
s

>
24

 m
on

th
s

No. of samples >24 months 4 >24 months
Slope: -0.402

+2.319

-0.402

+2.319

-0.402

+2.319

-0.371

+2.402

-0.371

+2.402

0.833 EU/ml 1.22 EU/ml 0.863 EU/ml 0.699 EU/ml 0.632 EU/ml

13.6% pass 9.7% pass 21% pass 5.5% pass 3.4% pass

98% pass 144% pass 102% pass 91% pass 82% pass

<2.5 EU/ml <2.5 EU/ml <2.5 EU/ml <2.5 EU/ml <2.5 EU/ml

Intercept:

Spike value
(recovered):

Spike reaction
time CV:

Spike recovery:

Sample value:

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Growth detected under following conditions

Tryptic soy broth (22.5°C)

Tryptic soy broth (32.5°C)

Tryptic soy agar plate (22.5°C)

Tryptic soy agar plate (32.5°C)

Fluid thioglycolate (32.5°C)

Sabdex broth (22.5°C)

Sabdex agar plate (22.5°C)

0/4

0/4

0/4

0/4

0/4

0/4

0/4

Figure 5. Determination of umbilical cord blood allograft stability. UCBr were divided into two groups based on their manufacturing
date, less than 24 months (N = 9–26) or greater (N = 4–23). Cells were stained with AO/PI and counted with Nexcelom K2. Total and viable
cell count (A) was determined. (B) MAGPIX protein multiplexing assay was performed to determine cytokine concentration in UCBr
lysates grouped as in (A) with N = 20 donors in each group. Cytokine concentration of samples grouped as >24 months was expressed
relative to the mean concentration of the UCBr samples grouped as <24 months. (C) Proliferation of HC treated with UCBr lysates was
determined by CyQUANT assay. Data are normalized to samples grouped as <24 months and represented as mean of relative
proliferation rate ± standard deviation. (D) Data summarize growth-based microbiological testing to confirm aseptic nature for UCBr
from four donors grouped as >24 months. (E) Endotoxin levels for UCBr from five donors grouped as >24 months was tested using
EndoSafe-NexGen-PTS platform. Data were analyzed by Student’s t-test and p ≤ 0.05 was considered statistically significant.
AO: Acridine orange; HC: Human knee articular chondrocytes; PI: Propidium iodide; UCBr: Umbilical cord blood allograft.

Discussion
As the clinical application of UCB allografts gains prominence, the mechanistic link between these products and
tissue regeneration must be fully explored. Research on such allografts has mainly focused on the stem cell content
due to their origin from birth tissues. However, studies in preclinical models make it evident that rather than
stem cells, it is the trophic factors that have actual therapeutic impact in vivo [8]. We have previously shown that
UCB-sourced allografts can induce proliferation, migration and angiogenesis by virtue of the cytokines present
in UCB. The knowledge being gained from ongoing research on such allografts has prompted efforts to identify
new quality control parameters that may be useful to define suitability release criteria. As the regulatory guidelines
continue to evolve, parameters addressing regenerative mechanisms will also be likely included in the developing
quality control framework. This is a first-of-its-kind study to put forth a set of quality control attributes which can
be used to determine the clinical suitability of UCB-sourced allografts.

We enumerated the cellular component in addition to quantifying cytokines and identifying novel signaling
proteins to have a complete picture of the allograft. The total cell count and percentage of cell viability was
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Figure 6. Effect of umbilical cord blood allograft on mesenchymal stem cell derived exosome. MSC were treated with SFM or UCBr
lysate for 18 h and exosomes were collected from the respective conditioned media using protocol described in materials and method
section. (A & B) Quality/size distribution and representative screenshots of the isolated exosome as determined by fluorescence based
nanoparticle tracking assay. (C) Relative yield of the microparticles by MSC treated with SFM or UCBr lysate is provided as mean ±
standard deviation. (D & E) Proliferation of MSC (D) and HC (E) treated with either SFM, SFM-Exo, UCBr-Exo or complete media was
measured by CyQUANT assay and values are expressed as mean fold change ± standard deviation. (F) EGF and VEGF levels were measured
using Luminex xMAP assay on MAGPIX™ platform in exosomes isolated from MSC treated with SFM or UCBr lysates.
Data were analyzed by Student’s t-test or ANOVA and p ≤ 0.05 was considered statistically significant.
*p ≤ 0.05.
Exo/UCBr-Exo: Exosomes derived from MSC treated with SFM/UCBr; HC: Human knee articular chondrocyte; MSC: Mesenchymal stem cell;
SFM: Serum free media; UCBr: Umbilical cord blood allograft.

consistent among the samples tested. Although cell viability and its metabolic activity cannot be correlated to the
efficacy of the product, it is indicative of the uniformity of the manufacturing process. We identified a significant
percentage of viable cells in UCBr; however, a very low fraction stained positive for stem cell markers according
to the International Society for Cellular Therapy guidelines [31]. These data do not preclude the possibility of
stem cell presence in the cord blood sourced allograft cells. Isolation of stem cells from UCB has been successfully
accomplished previously using specific tissue culture approaches [20,32]. It is interesting to see if UCBr cells cultured
under such in vitro conditions over extended period of time enables better immunostaining of the stem cell surface
markers. However, it is beyond the scope of this quality assessment study and may be a focus of future research.
While we do not foresee dependence of UCBr on the viable cell population as a function of its clinical benefit,
it demonstrates that the DMSO free cryopreservation techniques are gentle but effective to sustain these delicate
cells. The two-way mixed lymphocyte reaction indicated that the cells present in UCBr do not proliferate, and
the biological effects are independent of the metabolic function of these cells. Proteomic profiling of the samples
revealed several proteins that can influence wound healing, ROS metabolism etc. To our knowledge, this is the first
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report identifying global proteins associated with UCB allografts. Random sampling for proteomic profiling as a
part of routine quality control may identify possible deviation in the manufacturing process. About 31 cytokines
that have a direct or indirect role in tissue regeneration were quantified from a large cohort of donors and found
to be consistent. While donor variability is inevitable, strict inclusion–exclusion criteria based on quantitative
identification of critical trophic factors can limit product variability and be a part of the quality control parameter.

cGTP guidelines were followed for determining the bioburden of the donated cord blood and the aseptic nature
of UCBr. Less than 10% of the donated blood samples were rejected due to serology outcomes highlighting
the importance of effective donor screening with well-defined donor inclusion–exclusion criteria. Processing in
a constantly monitored, controlled environment can drastically reduce microbial contamination. In a span of
24 months, 99.98% processed products were aseptic. Allografts regulated as HCT/Ps are not required to be tested
for endotoxin levels or immunogenicity. But based on the analysis of the reported use of these allografts, these
tests may bear clinical relevance. Endotoxin levels of all UCBr products tested were <2.5 EU/ml using the most
stringent criteria of allowable endotoxin limit for pharmaceuticals. Testing endotoxin levels on each donor lot
may be incorporated as a routine quality control measure to ensure clinical safety on certain instances. UCBr was
nonimmunogenic as determined by MLR, on the contrary it suppressed the proliferation of the allogeneic PBMC.
This can partially be attributed to the anti-inflammatory cytokines like IL-6, -10 and -13. Concentration of another
anti-inflammatory cytokine IL-1RA was approximately 30,000 pg/ml, the highest among all the cytokines tested.
Clinical trials on inhibition of IL-1 activity with IL-1RA have concluded that it is a safe and efficient way of
alleviating GvHD that failed to respond to conventional treatment [33]. In future, it would be interesting to study
the effects of UCBr in mitigating GvHD using preclinical models. Assessing the immunogenicity of the product
at routine intervals indicates that the minimal processing requirement is effectively met such that the inherent
nonimmunogenic property of the cord blood has not been compromised.

Apart from safety, another critical part of controlling product quality is determining consistency and lack of
major variability from lot to lot. Reported use of UCB allografts in cartilage and soft tissue repair prompted us
to perform experiments using articular chondrocytes as the model system. HC shows a continuous age-related
decline in the proliferative response but can be activated by the mitogenic factors and chemokines like PDGF,
SDF1α and VEGF [34–36]. Cell free extracts of UCBr induced both proliferation and migration of chondrocytes
by several folds. Results observed with a series of individual growth factors and cytokines identified PDGF as the
most potent chemotactic factor for human articular chondrocytes [28]. Cytokine profiling of UCBr has confirmed
presence of PDGF and several other factors. ROS generation is another age dependent factor leading to cartilage
degradation [37,38]. Lack of defense toward the elevated levels of ROS generated from dysfunctional mitochondria
has been shown to be mitigated by elevating the expression of antioxidant proteins [39,40]. Proteomic profiling of
UCBr identified proteins that demonstrated involvement in ROS homeostasis. Therefore, we evaluated the effect
of UCBr on expression of antioxidants. UCBr specifically upregulated MnSOD, Thioredoxin 1 and HMOX-1 but
not Catalase, indicating that the antioxidant effect may be specific than indiscriminate. HMOX-1 is known to play a
protective role against tissue injury in human cartilage by upregulating MnSOD, and is a therapeutic target in several
pathological conditions related to elevated ROS generation [41]. Our data indicate potential involvement of several
cytokines, enzymes and signaling molecules of UCBr in activating proliferation and migration of chondrocytes
coupled with building antioxidant defense mechanisms to help in cartilage repair.

Long-term stability is another integral aspect of quality assessment. Volume reduced cord blood stored up
to 15 years showed no alteration in post thaw quality [30,42,43]. However, there are no established guidelines to
determine the maximum storage period for cryopreserved UCB sourced allografts. Initial storage conditions of
UCBr at less than -65◦C was set for a period of 2 years. All post-thaw quality attributes were met by samples
stored between 1 month and 25 months with no significant differences. Given these results, it can be concluded
that UCBr is stable up to 2 years, but ongoing analysis as required by regulatory agencies will determine the actual
expiration period.

With the advancement of our knowledge on secretome based therapy, we have started to appreciate the role of
EVs/exosomes and consider it to be the next quantum leap in regenerative medicine [44–47]. While MSC derived
exosomes are known to contain bioactive molecules that can alter the genetic and proteomic landscapes of the
target cells, we were particularly interested to know if the yield and function of exosomes can be modulated by
application of UCBr. This will be clinically relevant because host MSC activated by UCBr can release exosomes
acting as ‘enriched capsules’ to trigger a more sustained regenerative outcome. Fluorescence-based nanoparticle
tracking analysis identified intact EV-specific particle size and concentration. Current EV isolation methods may
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include protein aggregates, membrane fractions and other background particles, which have confounding effects.
The structural integrity of the prepared EVs needs to be further characterized by cryo-electron microscopy. While
most of these ideas are speculative, initial experiments indicate that exosomes derived from UCBr primed MSC
have a higher cytokine content and proliferative effect, along with a higher yield. These data argue favorably for a
potential liaison among UCBr, host MSC and their derived exosomes to influence tissue regeneration in vivo. We
are actively pursuing this line of research to elucidate the mechanistic role of EVs in tissue regeneration in greater
detail.

Conclusion
As the field of regenerative medicine continues to evolve, the parameters required to establish its quality must be
reviewed periodically and updated accordingly. Here, we put forward a set of experimental approaches to access the
identity, safety, purity, potency, and stability of this UCB-based allograft.

Translational perspective
Procuring birth tissues to manufacturing allografts for regenerative therapy has been one of the most remarkable
accomplishments in medical practice. However, leveraging the full benefit of these allografts depend on three major
factors. First, there is a need to have a complete understanding of the molecular mechanism of action of the
allograft; second, to exercise end-to-end control in the processing of the allograft from the birth tissues and at last to
have adequate checks and balances in the quality control regime to maintain the highest standard of clinical safety.
As the clinical demand of the allografts increases, the regulatory oversight on their manufacturing, marketing and
clinical use is parallelly evolving to ascertain that patient safety and interest are not compromised. Considering these
factors currently concerning the clinicians practicing regenerative medicine, we performed an array of experiments
to develop a quality control regime suitable to clinically qualify a UCB allograft, based on its molecular/cellular
component, purity, safety, efficacy and stability. Lessons from both translational research and ongoing clinical trials
have led to a paradigm change in identifying the role of exogenous stem cells in tissue repair with concomitant
appreciation of the effects of trophic factors in activating the endogenous host stem cells to execute the regenerative
process. Therefore, when accounting for the clinical efficacy of UCB allografts, quality control measures should
focus more on its ability to initiate signaling pathways to efficiently activate the host’s MSC and other healing cells
at the site of injury. In the future more clinical studies are required to explore the role of cytokines and growth
factors associated with these allografts to fully harness their healing potential.

Summary Points

• Umbilical cord blood (UCB) sourced allografts are widely used in clinics for trauma and degenerative conditions.
Since many products are registered as human cells, tissues, and cellular and tissue-based products, a defined
regulatory framework is still evolving to address quality control attributes for such allografts.

• In this study, we identified tests to address critical quality attributes of UCB-allograft (UCBr) from a safety and
potency perspective. In practice, identity, purity and safety tests can be adapted from existing guidelines, but
potency assays/end points will vary based on reported application of the product.

• Here, we characterized the ‘identity’ of UCBr-cellular components, based on cell count, diameter and viability.
Flow cytometric analysis of the mixed cell population using stem cell surface markers was used to effectively
categorize cellular population in UCBr. Mass spectrometry and protein multiplexing in decellularized UCBr
quantified several different proteins, cytokines, growth factors and signaling molecules which constitutes the
noncellular portion of this allograft. These tests may be routinely employed to monitor the product and assess
the consistency of the manufacturing techniques.

• Endotoxin assay was used to determine ‘purity’ of the allograft. Aseptic clinical products derived from biological
materials have an inherent risk of microbial contamination in the final product. Stringent donor
inclusion–exclusion criteria were established based on peripheral blood serology and cord blood microbial
testing. Additionally, cryopreserved final product underwent ‘safety’ testing based on growth-based
microbiological cultures.

• Based on the reported application UCBr in cartilage repair and regeneration, biological efficacy of UCBr was
tested in vitro using human chondrocytes.

• UCBr stored at temperature less than -65◦C was stable up to 24 months after production. Stability was established
with protein multiplexing (stable chemical composition), endotoxin assay, potency assays (intact biological
efficacy) and microbiological testing (maintaining aseptic nature).

• Identifying the tests that will characterize a biologics product is often challenging. To the best of our knowledge,
this is the first report enumerating the tests to address identity, purity, safety and potency for a UCB allograft
which may be developed into qualified and validated assays.
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