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Abstract
Moderate improvements in cardiac performance have been reported in some clinical settings after
delivery of bone marrow mononuclear cells to patients with cardiovascular disease (CVD).
However, mechanistic insights into how these cells impact outcomes are lacking. To address this,
the NHLBI Cardiovascular Cell Therapy Research Network (CCTRN) established a Biorepository
Core for extensive phenotyping and cell function studies, and storing bone marrow and peripheral
blood for 10 years. Analyzing cell populations and cell function in the context of clinical
parameters and clinical outcomes, after cell or placebo treatment, empower the development of
novel diagnostic and prognostics. Developing such biomarkers that define the safety and efficacy
of cell therapy is a major Biorepository aim.

Introduction
Cell therapy has emerged as a potential treatment for CVD states ranging from refractory
ischemia and acute myocardial infarction (AMI) to left ventricular dysfunction and heart
failure (HF) (Figure 1). Unlike current treatments aimed at increasing or preserving
myocardial performance, cell therapy has the potential to enhance repair of underlying
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myocyte, matrix, and/or vascular damage. While few insights about cell function and its
optimization have materialized, experience suggests autologous cell therapy is safe and
offers potential for moderate improvement in cardiac performance (1-6). However, optimal
cell preparation, handling and delivery have not been established (7, 8).

The most prevalent cell population studied in cardiovascular clinical settings is the bone
marrow mononuclear cell fraction (BM-MNC) that contains stem and progenitor cells.
Benefit has been suggested with autologous BM-MNCs for acute ST segment elevation
myocardial infarction (STEMI) patients after percutaneous reperfusion (1-4, 6, 16-22), but
in other patient cohort results have been mixed (Figure 1). Covariates suggested to impact
effects of transplanted cells on left ventricular ejection fraction (LVEF) include cell isolation
techniques, cell phenotype (i.e. types of cells present), and functional viability of these cells
(e.g. ability of cells to form colonies in vitro) (8, 15). The Cardiovascular Cell Therapy
Research Network (CCTRN) was established by the National Heart, Lung and Blood
Institute (NHLBI) to develop, coordinate, and conduct collaborative trials evaluating effects
of stem/progenitor cell therapy on CVD (23). The purpose of this article is to describe the
CCTRN Biorepository Core Laboratory, which was designed both to store samples, and to
begin to evaluate some of these covariates.

Methods
Details of the trial protocols are published elsewhere (21-24). All studies were conducted
according to CCTRN guidelines with approval of Institutional Review Boards of each
participating institution, and each patient provided written informed consent.

Collection of bone marrow and peripheral blood for storage and analysis
All patients undergo a standardized bone marrow (BM) aspiration and venipuncture on the
day of treatment. Details of cell handling and processing are published elsewhere (25). For
patients who provide informed additional consent, after preparation of the treatment product
(cell or cell-free) the remaining mononuclear cells and a peripheral blood (PB) specimen are
sent to the Biorepository for storage and phenotypic analysis (University of Minnesota) and
for functional analysis (University of Florida). The day of BM harvest and study product
delivery is designated Day 0. PB is collected at predetermined time points before (Day 0),
and after study product delivery (Figure 2).

Phenotypic analysis by fluorescence activated cell sorting (FACS)
At each time point (Figure 2), 20mL of PB is obtained in two vacutainers (BD Biosciences,
Bedford, MA) containing EDTA following venipuncture; tubes are mixed well, and both
BM and PB stored at 4°C until packaged shipping. Prior to shipping, tubes are wrapped in
absorbent material and bubble wrap, placed in a Biohazard bag, and shipped with two
refrigerated (4°C) packs and appropriate forms for next morning delivery. Upon arrival, PB
samples are treated with ammonium chloride potassium (ACK) standard red blood cell lysis
buffer, centrifuged at 50×g for five minutes at 4°C, and the supernatant aspirated. The pellet
is resuspended in ACK lysis buffer, centrifuged at 50×g for five minutes at 4°C, the
supernatant aspirated, and cells washed with PBS twice, before resuspension in FACS buffer
containing PBS + 2.5% Fetal Bovine Serum. The number and viability of resulting nucleated
cells is determined in an automated cell counter using the Guava ViaCount assay (Millipore,
Billerica, MA). One to five million cells are stained using antibodies raised against human
CD45, CD34, CD31, CD133, VEGFR2, CXCR4, CD3, CD11, CD14, CD19, and their
corresponding isotype control. After incubation, cells are washed twice with, and
resuspended in FACS buffer for FACS (LSRII cytometer, BD Biosciences, Bedford, MA).
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Data are analyzed using FlowJo software (Tree Star Inc, Ashland, OR) with standardized
guidelines for gating.

Shipping conditions
To ascertain maximal cell viability during shipping, a shipping study was undertaken.
Overall PB cell and subpopulation viabilities were quantified after shipping of samples with
either refrigerated (4°C) packs or frozen packs. As a control, samples were not shipped but
stored at 4°C overnight or left at room temperature. Room temperature storage resulted in
with widely disparate sample viabilities (57.7-92.5%) and was not considered optimal for
these samples, and thus was not used as a control. Optimal time-to-processing of PB was
determined by evaluating viabilities by FACS-sorted PB at 0, 24, 48, or 72 hrs after harvest.
Once optimal shipping conditions were determined, SOPs were generated and distributed to
cell processing facilities. Standardized sample shipping containers, cold packs and wrapping
materials were also provided. After distribution of materials, optimal sample shipping
conditions were addressed by phone calls with network investigators and research
coordinators. If BM or PB sample viability from a given center drops below 80%m for a
single sample, the center is immediately contacted and shipping procedures reviewed.

Bone Marrow and Peripheral Blood Functional Analysis
On Day 0, 30mL of blood is collected in vacutainers containing EDTA following
venipuncture as described above. BM and PB mononuclear cells are analyzed for viability
using trypan blue staining (Figure 3A) (Cellometer AutoT4, Nexcelom Bioscience,
Lawrence, MA). Cells are reserved for endothelial and mesenchymal colony assays. When
available, additional BM cells are processed for enrichment of the CD34+ stem and
progenitor cell subset by immunomagnetic selection (Miltenyi, Auburn, CA). These CD34+
cells are then tested using assays for migration to stromal cell derived factor 1 (SDF-1). The
CD34+ cell population is used as a surrogate for stem and progenitor cell activity in the
entire BM-MNC fraction because use of the distinctly heterogeneous population of BM-
MNCs generates highly variable migration data that would be difficult to interpret in the
context of the CCTRN trials, which seek to recruit less than 100 subjects per trial.

For endothelial colony assays, mononuclear cells are first plated in endothelial growth
media-2 (EGM-2, Lonza, Walkersville, MD), plated on fibronectin-coated dishes (BD
Biosciences, Bedford, MA) and incubated at 37°C, 5% CO2, > 95% humidity for 48 hrs.
Non-adherent cells are removed for colony forming unit Hill (CFU-Hill) assay and adherent
cells are trypsinized for endothelial colony forming cell (ECFC) assay, as previously
described (26, 27). Media is exchanged every other day and number of colony forming units,
types of colonies and confluence are recorded on days 7, 14, 21 and 28 (Figure 3B & 3C).
CFU-Hill colonies are defined as a central core of round cells with radiating elongated
spindle-like cells at the periphery. ECFC colonies are defined as circumscribed monolayers
of cobblestone-appearing cells.

For mesenchymal stem cell colony assay, also known as the CFU-F assay, three
concentrations of BM-MNCs and PB-MNCs are plated in Mesencult serum and cytokine
containing media (STEMELL Technologies, Vancouver, CA) according to manufacturer's
instructions. Number of colony forming units, type of colonies and confluence are recorded
on days 7, 14, 21, and 28 (Figure 3D). CFU-F colonies are defined as circumscribed clusters
of spindle-like cells typically 1 to 8 mm in diameter.

To evaluate hematopoietic stem and progenitor cell migration to SDF-1, CD34+ cells are
isolated from BM cells using immunomagnetic microbeads conjugated with anti-CD34
antibodies (Miltenyi Biotec Inc., Auburn, CA) and automated magnetic selection
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(AutoMACS, Miltenyi Biotec Inc.). These CD34+ cells are tested for migration to SDF-1 in
a modified Boyden chamber, as previously described (28).

Peripheral blood collection for cytokine or DNA/RNA analysis
At each time point, 10mL of blood are collected in vacutainers containing Heparin Sodium
and mixed properly. Tubes are centrifuged within 30 min at 190×g for 10 minutes at 4°C,
the top plasma layer is carefully removed for cytokine analysis, without disturbing the
middle leukocyte layer. Plasma is aliquoted into cryovials kept at 4°C. For future DNA/
RNA analysis, the leukocyte layer is transferred to a separate cryovial avoiding significant
erythrocyte contamination. Cryovials are placed in a -80°C freezer within 30 minutes for
storage until shipment on dry ice to Biorepository Cell Phenotyping and Storage Core
Laboratory (UMN) for centralized storage at -86°C. All samples are handled and disposed of
following institutional guidelines, with universal precautions at all times.

Cryopreservation for long-term storage
In addition to plasma and leukocytes, BM and PB from CCTRN subjects are shipped to the
Biorepository Cell Phenotyping and Storage Core Laboratory for FACS profiling and long
term storage. After BM and PB samples are analyzed by FACS, remaining cells are frozen
in 10, 25 and 50 million cell aliquots (50 million cells per mL) in FBS and 10% DMSO
according to CCTRN SOPs. Cells are slowly frozen to -80°C in a isopropanol bath apparatus
for 24-48 hrs, and transferred to liquid nitrogen tanks for long-term storage (-175°C). Cells
are stored for at least ten years so that if any safety questions arise, the initially harvested
samples can be made available for analysis. No samples received at the Biorepository Core
Laboratory are returned to the sites for clinical application. Remaining sample above those
needed for safety studies are available for ancillary studies once they are approved by the
CCTRN.

Results
Effect of shipping temperature on cell viability and phenotype

Shipping with refrigerated (4°C) packs maintained both cell number and overall viability at
levels similar to control samples stored at 4°C for 24 hours (Figure 4A). The temperature of
the samples was: 1) 8°C for 4°C stored samples, 2) 7-14°C for samples shipped with
refrigerated packs, 3) variable for samples shipped with frozen packs, usually <5°C, and 4)
19-22°C for room temperature samples. Specimens shipped with frozen packs showed a
significant decrease in viability compared to samples shipped with refrigerated packs
(p<0.05, Figure 4A), and a significant decrease in TNC per mL of blood (p<0.0001, Figure
4B). The impact of frozen packs was less pronounced when packs were smaller (data not
shown). The relative percentage of cell subpopulations determined by FACS (progenitor or
inflammatory cells), showed that samples shipped with refrigerated packs were least
variable and mostly within a ±10% variability that can be expected for FACS analysis.
Specific rare populations (AC133+, CD34+, and VEGFR2+) showed greater variability
because changes of just a few cells, result in large relative changes. Samples shipped with
frozen packs, or stored at room temperature were more variable for most subpopulations
(Figure 4C). Though Seeger et al. showed that BM samples stored at room temperature were
more functional (8), we found that PB became sub-optimal when temperatures of the
samples exceeded 21°C (data not shown). Based on these data, all samples are routinely
shipped with 4°C refrigerated packs for overnight delivery, which maintains the PB at
temperatures that are least detrimental to the sample.
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Effect of time on cell number and viability
Cell viability was highest 24 hours post-draw, and decreased over time (Figure 5A). TNC
number per mL of blood, decreased at 48 and 72 hrs post blood draw due to clumping or
lysis of cells (Figure 5B). Both TNC number and viability were significantly reduced in
samples 48 and 72 hrs post-draw (p<0.01 and P<0.0001, Figure 5A and 5B).

Effect of time on cell phenotype
Progenitor cell populations that contribute to injury and repair were quantified in PB at
increasing times after blood draw. All populations except CD19+ changed by less than 10%
in the first 24 hrs (Figure 5C). By 48– and 72 hrs, the relative numbers of several
subpopulations were significantly changed. (Figure 5C). Based on these subpopulation
changes over 72 hours, shipping SOPs were developed for overnight courier delivery. Most
samples arrive at the Biorepository Cell Phenotyping and Storage Core Laboratory within
24±2 hours from draw and are processed immediately. Occasionally, due to various
circumstances, samples are processed later, and this is recorded.

Effect of shipping time on cell viability and function
BM-MNCs and PB from CCTRN subjects were also shipped to the Biorepository Cell
Function Core Laboratory in Florida. Specimens were received in the Cell Function Core
Lab within 30.4 ± 17.9 hours from time of harvesting. Cell viability was 84% ± 8% for BM-
MNCs and 83% ± 11% for PB-MNCs. We found that the percent of both non-viable BM-
MNCs and PB-MNCs did not correlate with the shipping time (Rho=0.04 with P=0.7283 for
BM, and Rho=-0.04 with P=0.7147 for PB). The scatter plots of raw data (before
transformation) show the same results with the fitted flat regression lines (Figure 7). In a
regression analysis there is no bias introduced by uneven distribution across the predictor
(X-axis). These data indicate that the shipping time within our established Shipping SOP
had an insignificant effect on cell viability. Thus, variability in results from BM and PB
specimens received in the Biorepository Cell Function Core Lab is likely related to clinical
and biologic factors rather than time out of body.

Learning curve
A significant network “learning curve” existed relative to how best to store and ship both
BM and PB samples (Figure 6). This was evidenced by low viabilities and longer draw-to-
delivery times for samples from early in our CCTRN experience compared to samples from
later in our experience. Sample viability was similar among the centers with the exception of
one site for which same day courier delivery was used in place of overnight shipping in
which case viability was increased.

Effects of cryopreservation on cell phenotype
A qualification of the Biorepository Cell Phenotyping and Storage Core Laboratory is long-
term cell preservation, and thus evaluation of the impact of freezing on cell phenotype is
important. Comparison of BM and PB cells before and after freezing showed that recoveries
ranged between 32-60% for PB-MNC and 41-55% for BM-MNC. Whereas stem,
progenitor, myeloid and T lymphoid cells remained well preserved with excellent post-thaw
viability, the B lymphocyte subset which made up the majority of collected MNCs was
primarily responsible for the overall lower post-thaw viability (Table 1).

Discussion
One of the most valuable assets in the CV field is the Framingham Heart Study data set from
which several important diagnostic and prognostic markers have emerged over the past 60
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years (29). Yet to-date, it is not possible to correlate the important prognostic and diagnostic
data gathered from Framingham patients with one of the more potent therapies envisioned –
stem cell-mediated recovery after myocardial or vascular injury. The heterogeneity of
clinical outcomes after cell therapy (Figure 1) suggests that important variables in cells,
target tissue, or both exist. Understanding if those variables are a result of clinical disease,
patient demographics (e.g. age, sex) or cell processing is critical if the field of cell-based
therapy and diagnostics is to advance. For example, others showed that storage of patient
BM cells over 24 hours could alter function (8); however, our preclinical data suggest that
sex and age impact phenotype and function of BM-MNC (30, 31). By evaluating the number
and function of cells in patients undergoing CV cell therapy, we have an opportunity to
generate a reference database for patients undergoing such therapy. Understanding
relationships between cell phenotype of BM-MNC, circulating cells, and function is crucial
to optimize future cell therapy treatments. In addition, by storing BM, PB and serum, the
CCTRN has the ability to bring both relevant clinical and specimen biologic data together in
order to address patient safety questions.

In addition, our results show that BM and PB can be collected at various sites, shipped, and
analyzed in a central core – making evaluation of cell phenotype and potency feasible.
Preliminary findings suggest progenitor cell populations differ both in composition and
function as time elapses after AMI.

Our work demonstrates that proper education of site coordinators on a validated shipping
SOP, appropriate documentation, and ongoing communication between the core lab and
clinical sites is essential for reproducible, consistent data over time. Since analysis of FACS
data by gating for subpopulations can be subjective, standardized guidelines are required for
data accuracy. Likewise, evaluations of colony formations and cell confluence should
involve a visual atlas to verify accuracy of assessments. The development of
cryopreservation methods that allow phenotypic and other analyses of frozen samples with
minimal cell loss and minimal changes is of longstanding need, and is being pursued by the
Biorepository Cell Phenotyping and Storage Core Laboratory.

Central core labs do not come without a cost. They can be expensive; and burdens imposed
by complicated shipping procedures are considerable. However, in a centralized core lab
with SOPs tailored to the studies, you have the advantage of fewer personnel to reduce
operator variability, the quality of the data are superior, less variable, and more precise, and
interactions with a centralized data coordinating center for statistical analysis are simplified.
In addition, centralized core labs have access to a variety of data for controls or to patients
with various other cardiovascular diseases to which study data can be compared and
contrasted.

Conclusions
Creation of a Biorepository Core Laboratory for characterization of biologics is feasible in a
network. Within the US, samples can be shipped nationally and physiologically relevant
measurements made in a timely manner from shipped samples. To maximize the utility of
these cell samples they should be shipped at 4°C to avoid freezing, and elapsed time from
blood draw to processing should be 24-48 hours. Adhering to these established SOPs,
reduces variability in cell phenotype and function assessments.

Stored biologic samples from cell therapy clinical trial patients provide a safety net should
therapeutic questions occur. They allow for future analyses as new assays are developed and
hypotheses generated, and provide a platform to address novel questions arising in treatment
of cardiovascular disease. No samples received and evaluated in the Biorepository Core
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Laboratory are returned to the clinical sites or used for subject treatment. Instead, research
samples are used to characterize injected cell phenotype and function, and stored for future
Network-approved ancillary studies and safety analyses, if needed.
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Figure 1.
Overview of clinical cell therapy studies in IHD and outcome using different cell types at
different clinical stages (BM-MNC, bone marrow mononuclear cells; MSC, mesenchymal
cells; EPC, endothelial progenitor cells; CPC, cardiac progenitor cells; ADC, adipose-
derived cells; SKMB, skeletal myoblasts)
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Figure 2.
Blood collection across time points in CCTRN TIME, Late-TIME, and FOCUS protocols.
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Figure 3. Cell Function Analyses of Bone Marrow and Peripheral Blood Cells From Subjects
Enrolled in CCTRN Clinical Trials
(A) Micrograph of bone marrow cells upon receipt to core laboratory. Trypan blue exclusion
staining is used to evaluate viable cell number. (B) Micrograph of a CFU-EC colony. (C)
Micrograph of an ECFC colony. (D) Micrograph of a CFU-F colony.
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Figure 4.
Peripheral blood shipped under different conditions. A) comparison of overall cell viability
as determined by Guava count. B) comparison of total nucleated cell (TNC) number per mL
of blood. C) Comparison of cell numbers of subpopulations in peripheral blood shipped
under different conditions. The MNC subpopulations are determined by surface markers and
expressed as a % of the unshipped control. All data are expressed as mean ± standard error.
Statistical differences determined by ANOVA, * p<0.05, *** p<0.0001
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Figure 5.
Peripheral blood maintained at 4°C and processed at different times post-draw. A)
Comparison of overall viability as determined by Guava count, B) comparison of total
nucleated cell number per mL of blood.. C) Comparison of cell numbers of subpopulations
in peripheral blood at different time points following collection. The subpopulations were
determined by surface markers and expressed relative to percentages at the time of
collection. All data are expressed as mean ± standard error. Statistical differences
determined by ANOVA, * p<0.05, ** p<0.01, *** p<0.0001
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Figure 6.
Comparison of viabilities for each center for the first 10 peripheral blood samples shipped at
the beginning of the studies, and 10 peripheral blood samples for each center shipped at least
one year later.
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Figure 7. Effect of Shipping Time on Cell Viability of Bone Marrow and Peripheral Blood
Received in the Cell Function Core Laboratory
(A) Scatter plot and regression line for percent non-viable BM-MNCs versus Total Shipping
Time (hours). There was a slight increase in non-viable cells with increasing shipping time,
however the correlation was statistically insignificant (p=0.7283). (B) Scatter plot and
regression line for percent non-viable BM-MNCs versus Total Shipping Time (hours). There
was a slight decrease in non-viable cells with increasing shipping time, however the
correlation was statistically insignificant (p=0.7147).
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Table 1

Cell viabilities after thawing bone marrow (BM) and peripheral blood (PB) specimens in comparison with the
cell viabilities prior to cryopreservation. Values reported are post-thaw cell viability divided by pre-thaw cell
viability multiplied times 100 and expressed as percentage (%) ± standard error (n=3 each).

BM PB

Surface Marker % of pre freezing % of pre freezing

AC133+ 115±9 97±17

CD34+ 108±5 nd

VEGFR2+ 82±12 114±45

CD31+ 111±13 104±3

CD45+ 97±3 100±0

CXCR4+ 146±33 100±3

CD14+ 203±100 190±34

CDllb+ 118±16 132±20

CD3+ 85±12 81±8

CD19+ 14±6 11±11
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