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Renal cell therapy has shown clinical efficacy in the treatment of acute renal failure (ARF) and promise for
treatment of end-stage renal disease (ESRD) by supplementing conventional small solute clearance (hemodial-
ysis or hemofiltration) with endocrine and metabolic function provided by cells maintained in an extracorporeal
circuit. A major obstacle in the widespread adoption of this therapeutic approach is the lack of a cryopreserv-
able system to enable distribution, storage, and therapeutic use at point of care facilities. This report details the
design, fabrication, and assessment of a Bioartificial Renal Epithelial Cell System (BRECS), the first all-in-one
culture vessel, cryostorage device, and cell therapy delivery system. The BRECS was loaded with up to 20 cell-
seeded porous disks, which were maintained by perfusion culture. Once cells reached over 5x 10° cells/disk
for a total therapeutic dose of approximately 10°® cells, the BRECS was cryopreserved for storage at —80°C or
—140°C. The BRECS was rapidly thawed, and perfusion culture was resumed. Near precryopreservation values
of cell viability, metabolic activity, and differentiated phenotype of functional renal cells were confirmed post-
reconstitution. This technology could be extended to administer other cell-based therapies where metabolic,

regulatory, or secretion functions can be leveraged in an immunoisolated extracorporeal circuit.
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INTRODUCTION

One of the most promising current approaches within
regenerative medicine is cell-based therapy. While many
modalities of functional organ replacement continue to
face hurdles and therapeutic efficacy has yet to be real-
ized, renal epithelial cell (REC) therapy, utilizing RECs
derived from adult renal epithelial progenitor cells, along
with dialysis has already shown clinical promise as a more
complete ex vivo substitute for renal function (11,26).
Lifesaving renal replacement therapy, utilizing extracor-
poreal dialysis systems, pioneered the field of biomedical
engineering. Current dialysis outcomes, however, are dis-
appointing with an annual patient mortality exceeding 20%
in patients with chronic end-stage renal disease (ESRD)
and greater than 50% mortality in patients in the intensive
care unit with acute renal failure (ARF) (15,28). The dis-
ease state arising from renal failure is the result of more
than the loss of blood volume regulation and the clear-
ance of small solutes and toxins, which are replaced by

conventional dialysis therapy. Although dialysis improves
small solute clearance, it fails to address the metabolic,
endocrine, and immunomodulatory functions of the kid-
ney that are diminished in the disease state. Mortality in
AREF is more directly related to the failure of extrarenal
organs, rather than an insufficient dialysis dose (4). This
suggests that a more complete treatment method, which
provides metabolic, endocrine, and immunologic signal-
ing function of the kidney would be clinically beneficial.
REC therapy, when used in conjunction with dialysis, is
a novel multifactorial approach that addresses the short-
comings of conventional therapy alone.

Current cell-based therapies differ in approach, cell
sourcing, and mode of administration. Direct administra-
tion of stem cells to injured organs relies on the cells’
inherent capabilities for differentiation, organization, and
integration into existing tissues to restore function. This
method has been shown to be efficacious for some dis-
ease states, but safety issues have not been fully addressed
(3,12). Tissue engineering approaches are based on in vitro
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differentiation of stem/progenitor cells and organization
within matrices that mimic natural cellular environments
(1,14) or through the implantation of biomaterials to
organize native cells into new tissue growth (23). These
tissue constructs augment or replace function following
implantation at the location of the defect. Alternatively,
some cell therapies may be applied from outside the body
as part of an extracorporeal circuit (10). The choice of the
mode of administration as well as the choice of the cell
source (xenogenic, allogenic, or autogenic) for cell-based
therapies is important in determining efficacy (2).

An extracorporeal bioartificial kidney consisting of a
renal tubule assist device (RAD) and a conventional hemo-
filter has been tested in US Food and Drug Administration
(FDA)-approved human clinical trials and demonstrated
early clinical efficacy in ARF, secondary to acute kidney
injury (AKI), with a 50% reduction in the mortality rates
(11,26). The conventional hemofilter provided an immu-
noisolated extracorporeal circuit for cell therapy in which
the metabolic and endocrinologic activity of the renal
progenitor-derived REC was leveraged to modulate the
return of therapeutic factors to the patients. The immuno-
isolation provided by the filter in the extracorporeal cir-
cuit circumvented many of the inflammatory and immune
rejection issues faced by other cell therapies that utilize
injected cells or implanted cell constructs. An allogenic
cell source allowed for the preparation of therapeutic cell
devices ahead of time for on-site, immediate treatment
of patients experiencing ARF. Despite the success of this
translational strategy of REC therapy; a major obstacle in
the widespread clinical use of cell-based devices was the
inability to cryopreserve the device for storage, distribu-
tion, and therapeutic use at point of care facilities (6). To
address this hurdle, the Bioartificial Renal Epithelial Cell
System (BRECS) has been developed.

The BRECS is the first all-in-one culture vessel, cryo-
preservation storage device, and cell therapy system. This
unique design allows for long-term storage and on-demand
use for acute clinical applications. The BRECS was designed
to maintain a dense population of adult human RECs grown
on porous, niobium-coated carbon disks (CytoMatrix,
Woburn, MA) (27) within a bioreactor housing maintained
by perfusion culture through the disks. After the cells reach
an optimum density, the BRECS can be cryopreserved,
transported, and stored at a clinical site for on-demand use
in an immunoisolated extracorporeal hemodialysis or peri-
toneal dialysis circuit, alleviating the many practical limita-
tions previously encountered by cell-based therapies.

MATERIALS AND METHODS

BRECS Design, Fabrication, and Flow Visualization

The BRECS, a perfusion, attached cell bioreactor,
was designed to be fully cryopreservable. Commercially
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available porous niobium (Nb)-coated carbon disks were
chosen to support cell adhesion and growth within the
bioreactor due to their high porosity, ability to adhere
matrix proteins to promote various cell type attachment
(16,19,27), and ability to be cryopreserved. Briefly, the
BRECS housing consisted of a top lid (polycarbonate), a
bottom chamber casing (polycarbonate) with an inlet and
outlet (fabricated for Innovative BioTherapies by ARL
Service, LLC, Clarkston, MI), a gasket (ethylene propylene
diene monomer, EPDM), and hardware (stainless steel) to
hold the assembly together (Fig. 1). The BRECS as tested
was approximately 9 cmXx7.5 cmx3 cm, with an approxi-
mate internal fill volume of 30 ml. Cell culture media con-
taining oxygen and nutrients were perfused through the
porous disks as directed by flow baffles housed within the
BRECS. An inlet flow separator, in conjunction with flow
baffles, were used to create homogenous, laminar flow
within the bioreactor, as visualized using 1% Trypan Blue
(Sigma, St. Louis, MO) and assessed by time-lapse pho-
tography using a Canon camera.

REC Isolation and Culture

Primary porcine (P) and human (H)RECs were isolated
and expanded. PRECs were isolated from freshly excised
pig kidneys, and HRECs were isolated from human
kidneys procured from the National Disease Research
Interchange (NDRI, Philadelphia, PA) found unsuitable
for transplantation due to anatomic or fibrotic defects,
utilizing established methods (21). Progenitor/adult stem
cells were isolated either from porcine or human renal
cortex tissue to seed BRECS units to evaluate a chronic
ovine model of uremia (17,22), an acute porcine model of
sepsis and multiorgan failure (9), and for eventual clinical
application similar to the RAD (11,26). A recently devel-
oped technique of enhanced propagation (EP) allowed for
the amplification of kidney progenitor cells from primary
isolates. Application of the defined EP method resulted
in an increase of up to 8 orders of magnitude in cell
yield over historic, standard propagation techniques (30).
Historic averages using standard propagation yielded
1.26x107 to 1.00x 10® cells/g cortex, in comparison to
EP yields of 1.12x10° to 9.20x 10" cells/g cortex.

Briefly, cells were cultured in Ultra MDCK media
(Lonza, Walkersville, MD) supplemented with 0.5 the
manufacturer’s recommended dilution for insulin, trans-
ferrin, ethanolamine, and selenium supplement (ITES,
Lonza), 60 ng/ml epidermal growth factor (EGE#E1257
Sigma-Aldrich, St. Louis, MO), 10~ M triiodothyronine
(T3, #T6397, Sigma-Aldrich, St. Louis, MO), and antibi-
otic—antimycotic (15240-062, Invitrogen, Carlsbad, CA).
PRECs were maintained under standard REC culture
protocol, with continuous exposure to retinoic acid (RA)-
supplemented media. HRECs were maintained under EP
REC culture protocol, in which non-RA media are used to
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Figure 1. Bioartificial Renal Epithelial Cell System (BRECS) design, including depiction of inter-
nal components (top). Cells were grown on niobium-coated carbon disks (A), which were held in
place within the BRECS by tuning forks. Baffles were used to critically space tuning forks and direct
flow through disks. A flow separator was positioned at the inlet to maintain steady and homogeneous
flow throughout the BRECS. Cells shown in (B) were stained with DAPI (blue), and cells shown in
(C) were stained for zona occludens-1 (ZO-1; green) and acetylated tubulin (AT-1; red).

allow for maximal HREC expansion. Cells were passaged
upon 70-80% confluence for a maximum of three passes,
followed by seeding on carbon disks or cryopreservation
for future disk seeding.

Extracellular Matrix Coating of Porous Disks

Porous, niobium (Nb)-coated carbon disks were coated
with collagen IV (#354233, BD Biosciences, San Jose, CA)
utilizing a two-side dynamic coating process with centrifu-
gation: one side of a disk was loaded drop-wise with 75 ul
of collagen IV, placed into a sterile 24-well plate, and centri-
fuged at 14.1x g for 1 min followed by a 1-h incubation. The
method was then repeated on the other side of the disk.

REC Seeding of Extracellular Matrix-Coated
Carbon Disks

RECs were seeded onto the collagen I'V-coated disks
utilizing a two-side static seeding process: a drop-wise
loading of a 75-pl cell suspension in Ultra MDCK media
containing 10° cells was applied onto one side of a disk

followed by 1.5-h incubation at 37°C. A second identi-
cal cell loading was then applied to the other side of the
disk. Following seeding, disks were loaded into tuning
forks, four disks per fork, and placed in a BRECS or, for
comparison, a commercially available Starwheel spinner
flask (Cytomatrix, Woburn, MA). The REC-seeded disks
were expanded up to an average of 5x 10° cells/disk.

Maintenance of PRECs on Carbon Disks in
Starwheel Spinner Flask

PREC-seeded carbon disks were cultured in a Starwheel
spinner flask system proven to be efficacious for in vitro cul-
ture of cell covered Nb-coated carbon disks (27). Starwheel
systems were filled with 175 ml of supplemented Ultra
MDCK media at 2—4 rpm, per the manufacturer’s recom-
mendation. Media changes were performed three times a
week. Weekly samples were collected to evaluate lactate
production. PRECs were maintained under standard REC
culture protocol, with continuous exposure to retinoic acid
(RA)-supplemented media.
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Maintenance of RECs on Carbon Disks in BRECS

Cell-seeded, disk-loaded tuning forks were transferred
into sterilized BRECS housing units under sterile condi-
tions. The BRECS was then placed in a 500 ml, 25 or 50 ml/
min perfused, recirculation system. Medium was exchanged
on the BRECS twice per week. PREC-seeded BRECS
(PBRECS) was maintained under standard REC culture
protocol, with continuous exposure to RA-supplemented
media. HREC-seeded BRECS (HBRECS) was maintained
under EP REC culture protocol, in which non-RA media
were initially used to allow for optimal HREC expansion
on the carbon disks, followed by continuous exposure to
RA-supplemented media at 2 weeks in BRECs culture to
promote renal tubule cell differentiation.

Metabolic Activity Assessment

Metabolic activity was evaluated using lactate produc-
tion and glutathione degradation, with qualitative oxy-
gen consumption rates measured via a portable clinical
iSTAT analyzer (Abbott Laboratories, Abbott Park, IL).
Concentrations of produced lactate were determined using a
colorimetric assay (13,29) and used to estimate cell number
through a correlation of lactate production and DNA quan-
tification. Gamma-glutamyltranspeptidase (yGT) activity
was determined by measuring the rate of degradation of
exogenously added glutathione (GSH) in the BRECS unit.
Completed Ultra MDCK media (70 ml) containing an initial
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concentration of 20 UM GSH (#G6257 Sigma-Aldrich) was
recirculated through the BRECS unit for 1 h at 37°C, with
samples collected at =0 and 60 min for determination of
GSH degradation rates. Samples were analyzed for GSH by
the method of Tietze (25).

Cell Number by DNA Quantification

Quantification of total cellular DNA in BRECS was per-
formed following the protocol as described by Sales et al.
(20), with slight modifications. Each individual disk from
BRECS was placed in a 15-ml centrifuge tube and extracted
in 5 ml of a solution of 0.125 mg/ml papain (P4762, Sigma-
Aldrich) and 10 mM/1 L-cysteine dihydrochloride (Sigma-
Aldrich) in phosphate-buffered EDTA (Sigma) in a 60°C
water bath for 16 h. After incubation, each tube was vor-
texed for 3 min, aliquoted, and stored at —20°C until ready
for assays. Total DNA per disk was determined using the
PicoGreen dsDNA quantification kit as per the manufactur-
er’s instructions (Molecular Probes, Eugene, OR). Standard
curve was constructed by using the DNA extracted from
parallel dish cultures with known cell numbers. Lactate
production and DNA content were then correlated.

Cell Distribution and Cell Viability on Disks

Cell distributions on disks after culture were visualized
by fluorescent 2-(4-amidinophenyl)-6- indolecarbamidine
dihydrochloride (DAPI, #D9542, Sigma-Aldrich) staining

Cryopreservation

Flush with HTS-Purge

Incubate mt!; HTS-Purge
at 25°C for 2 min.

!

Flush with cryopreservative

Reconstitution

90°C water bath
for 12 min.

!

37°C water bath
in 37°C incubator
with single
pass perfusion of
media for 12 min.

CSS5 to cryopreserve PREC
CS10 to cryopreserve HREC l
at 4°C Change to fresh
37°C media for
-80°C ultralow freezer for 2 h. continuous
recirculating
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Storage in either a -80°C ultralow
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Figure 2. Flow chart of BRECS cryopreservation and reconstitution. HTS,
Hypothermosol; CS5, CryoStor 5; P (or HIREC, porcine (or human) renal epithelial cell.




BIOARTIFICIAL RENAL EPITHELIAL CELL SYSTEM (BRECS)

of the nuclei. Cell viability was assessed by adding 1 pg/ml
fluorescein diacetate and propidium iodide to individual
disks in 24-well plates. Living cells and dead cells were
visualized immediately with a Zeiss Axiovert 200 inverted
fluorescence microscope (Carl Zeiss, Inc., Thornwood,
NY) equipped with corresponding filter sets and micro-
graphs obtained using Zeiss AxioCam MRm and ICcl
cameras (Carl Zeiss, Inc.). The disks were rinsed with ster-
ile phosphate-buffered saline (PBS) and fixed with cold,
freshly made 4% paraformaldehyde (PFA, #15700 Electron
Microscopy Sciences, Hatfield, PA), placed on ice for 20
min and stained with 1 pg/ml DAPI in 0.1% Triton X-100
for 1 h dark incubation.

Immunohistochemical Analysis of HREC-Seeded Disks

Immunohistochemical analysis was performed to assess
cell coverage and renal cell differentiated phenotype of the
cell-seeded disks. At designated time points during BRECS
culture, both before and after cryopreservation, HREC-
seeded disks were removed from BRECS units, rinsed with
sterile PBS, and fixed in cold, freshly made 4% paraform-
aldehyde for 20 min on ice, permeated with 0.1%Triton
X-100 for 10 min on ice, and subsequently blocked for 2 h
using 5% goat serum (#G9023, Sigma-Aldrich) and 0.1%
NaN, in PBS. Following the blocking incubation, the disks
were incubated overnight at 4°C with primary antibodies
(7): rabbit anti-human zona occludens-1 (ZO-1; #61-7300,
Zymed, San Francisco, CA); mouse anti-human acetylated
tubulin (AT-01; #32-2700 Zymed); mouse anti-amino-
peptidase-N (CD13; #347830 BD Pharmingen, San Jose,
CA); and mouse anti-human yGT (#MS-1272 BioVision,
Mountain View, CA). After overnight incubation, the pri-
mary antibodies were removed, followed by a 2-h dark
exposure to DAPI and fluorescent secondary antibodies:
anti-rabbit IgG AlexaFluor 488 (Invitrogen, Carlsbad,
CA) to label ZO-1 and anti-mouse IgG AlexaFluor 594
(Invitrogen) to label AT-1, CD13, and YGT. Extensive PBS
washes were performed prior to visualization.

BRECS Cryopreservation and Reconstitution

Individual Disk Cryopreservation. To initially assess
the cryopreservation of RECs on porous disks, studies
with various cryopreservation buffers and purge solu-
tions were conducted on single disks seeded with PRECs
or HRECs. Disks were cryopreserved in 1.2 ml cryovials
(Corning, Corning, NY) in an Ultralow Freezer at —80°C
(Thermo Fisher Scientific, Waltham, MA), followed by
transfer to the vapor phase of liquid nitrogen.

BRECS Cryopreservation. BRECSs were flushed and
incubated with room temperature hypothermosol (HTS)-
Purge Solution (# 637112 BioLife Solutions, Inc., Bothell,
WA) for 2 min. HTS-Purge was then replaced with cryo-
preservation buffer, CryoStor 10 (CS10, #640222 BioLife
Solutions) at 4°C to prepare HBRECS for cryostorage.
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PBRECS was cryopreserved with CryoStor 5 (CSS5,
#610202, Biolife Solutions). The temperature drop in
the unit, as summarized by Figure 2, was conducted by
placing the BRECS directly into an Ultralow Freezer at
—80°C for 2 h, followed by transfer to the vapor phase of
liquid nitrogen (-140°C) for long-term cryo-storage.

BRECS Reconstitution. Cryopreserved BRECS units
were placed in a 90°C water bath for 12 min and then
transferred to a 34-37°C beaker of water inside of a
37°C/5% CO, incubator. Immediate single pass perfusion
was initiated with 37°C media at a flow rate of 50 ml/
min for up to 12 min for removal of the cryopreservation
buffer. The BRECS units were then switched to a recircu-
lation system with supplemented Ultra MDCK media for
the duration of the study.

RESULTS
BRECS Flow Visualization Studies

Flow visualization studies indicated a uniform flow dis-
tribution throughout the BRECS. At a flow rate of 30 ml/
min, residence time was approximately 1 min. At flow
rates tested, no significant pressure drop was measured
across the BRECS, demonstrating that incorporation of
the BRECS in an extracorporeal circuit would not restrict
flow. All external and internal BRECS components have
remained intact, with no indication of degradation during
continuous culture up to 6 months tested to date. BRECS
remained patent and maintained a hermetic seal during
cryopreservation, reconstitution, and subsequent perfu-
sion culture.

PREC Cultivation in BRECS and Starwheel
Culture Systems

Starwheel culture systems displayed significantly lower
lactate production (701.5 + 117.9 umol/day) throughout
the period tested, accompanied by greater variability
when compared to BRECS culture (926.1 + 38.0 umol/
day). Fluorescent nuclear staining using DAPI (blue stain)
demonstrated increased cell coverage on disks grown
in BRECS (Fig. 3A) over those cultivated in Starwheel
spinner flasks (Fig. 3B).

REC Metabolic Activity in BRECS Perfusion Culture

Lactate and oxygen measurements over 5 months in
BRECS perfusion culture suggest that perfusion rates
between 25 and 50 ml/min are adequate to maintain PREC
metabolic activity. Average lactate production rates in
BRECS over this 5-month time period (1004£31.5 umol/
day) were consistent with a cell number of approximately
108 cells per BRECS unit (Fig. 4), as verified by corre-
lation of lactate to cell number by DNA quantification
(10.6+2.2 umol/10° cells/day). Qualitative assessments
of oxygen consumption rates within sealed BRECS units
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Figure 3. Cell retention on Starwheel cultured disks (A) and
BRECS cultured disks (B) are, respectively, shown by nuclear
stain (DAPI). Of note, the significantly lower renal epithelial
cell (REC) density on the Starwheel cultured disk (A) does
not allow for visualization of the trabeculated disk structure,
as opposed to the well-defined trabeculation observed on the
BRECS cultured disk, due to high REC density (B). Scale bars:
100 um.

over a 30-min, nonperfused time period demonstrated
consistent oxygen concentration decreases, indicative of
oxygen consumption. HBRECS had similar metabolic
activity as PBRECS during culture durations studied.

HREC Phenotype and Functionality in BRECS
Perfusion Culture

HREC-seeded disks from BRECS units in culture for
3-6 weeks were processed for immunohistochemical
(IHC) analysis of selected renal cell differentiated markers
both before cryopreservation (Fig. SA—C) and after recon-
stitution (Fig. 5SD-F). In Figure 5 A and D, AT-1 (shown
in red), a marker for apical central cilia of proximal tubule
cells, exhibited regular staining in central regions of cells
grown on disks, and ZO-1 (shown in green), a marker
for epithelial tight junctions, displayed strong expression
along the surface of the cells with DAPI-stained nuclei
shown in blue, before cryopreservation and after recon-
stitution (Fig. 5SA and D). ZO-1-positive tight junctions
and punctate AT-1-positive central cilia are indicative of
polarized epithelium and were evident in all disks tested to
date. Aminopeptidase-N (CD13 shown in red, with DAPI
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nuclei counterstain in blue for Fig. 5B and E), a brush bor-
der enzyme that facilitates amino acid transport, and YGT
(shown in red), a brush border enzyme that facilitates glu-
tathione metabolism, were prominent along the entire disk
surface (Fig. 5C and F). For all renal cell differentiation
markers, similar staining patterns were observed before
cryopreservation and after reconstitution.

Anondestructive glutathione (GSH) degradation assay,
utilizing media supplemented with exogenous glutathi-
one, demonstrated a consistent average GSH degradation
rate of 1025.2+63.1 nmol GSH/h/BRECS over the dura-
tion of culture, indicative of sustained differentiated renal
cell function.

BRECS Cryopreservation, Storage, and Cell Viability
Upon Reconstitution

Single-disk cryopreservation studies with PRECs
and HRECs achieved maximal post-thaw cell retention
and subsequent cell metabolic activity of PRECs with
CryoStor 5 and for HRECs, CryoStor 10. Cryopreserva-
tion studies with BRECS containing REC-seeded disks
demonstrated an average cell viability greater than
80% achieved for PREC-seeded disks (Fig. 6A), after
storage for 1 month at —80°C. Immediate postcryo-
preservation, HREC retention was approximately 90%
after storage for 1 month at —80°C (Fig. 6B). PBRECS
units after thaw from 1 month cryostorage at —80°C and
3 months at —140°C had similar metabolic activity pre-
and postcryopreservation, as assessed by lactate pro-
duction (Fig. 7). Qualitative measurements of oxygen
demonstrated similar consumption rates precryopreser-
vation and postreconstitution (n=4). BRECS have been
routinely cryopreserved and cryostored for less than 1
month (n=6), 1-3 months (n=5), 3—6 months (n=2),
and 6-12 months (n=2), with successful reconstitu-
tion as suggested by lactate production rates pre- and
postcryopreservation.
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Figure 4. Lactate production and estimated cell number over
the time course of PREC-seeded BRECS perfusion culture
(n =4) as averages * standard error.
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Figure 5. Immunohistochemical study of HRECs grown on collagen IV-coated carbon disks from
BRECS units, post 4 weeks culture, before cryopreservation (A—C) and 2 weeks postreconstitution
(D-F). In (A) and (D), tight junctions (ZO-1, green fluorescence), centralized cilia (AT-1, red punc-
tate fluorescence), and nuclei (DAPI, blue) can be seen in cells across the surface area of the porous
disk. In (B) and (E), prominent CD13 (red) distribution indicates presence of brush border enzyme
for Na*—dependent amino acid transport, a marker for renal tubule cell phenotype, with nuclei stained
(DAPI, blue). In (C) and (F), presence of Gamma-glutamyltranspeptidase (YGT; red) suggests glu-
tathione metabolism capability of the cells, with nuclei stained by DAPI, also shown in blue). Scale

bars: 100 pm.

DISCUSSION

BRECS therapy is built on a proven approach using an
immunoisolated, extracorporeal blood circuit to deliver
renal epithelial cell products to patients with acute kid-
ney injury (AKI). The pathophysiology of AKI is due to
toxic and/or ischemic damage to the lining epithelium
of the renal tubules, which promote acute organ failure.
Previous clinical studies with a renal assist device (RAD)
that utilizes similar cells as used in the BRECS suggest

that if the patient can be maintained over the subsequent
7-10 days after AKI, survival outcomes are improved,
likely due to the innate ability of renal epithelium to
regenerate and repair the organ (11,24,26).

The key differences between the BRECS and the RAD
are as follows: (1) the BRECS supports cells on porous
disks and the RAD supported cells on hollow fibers; (2)
the BRECS can be cryopreserved, whereas the RAD
did not have this capability due to polysulfone hollow
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Figure 6. PREC (A) and HREC (B) viability after cryopreser-
vation demonstrate a high density of living cells (fluorescein
diacetate, green) and relatively low density of dead cells (pro-
pidium iodide, red). Scale bar: 100 um.

fiber fracture during the freeze—thaw process; and (3)
the BRECS utilizes both an immunoisolation prefilter
to generate ultrafiltration (UF) and a separate postfilter
after the BRECS to retain cell debris, whereas the RAD
utilized an immunoisolation prefilter to generate UF but
did not require a separate postfilter, as the hollow fiber-
based RAD acted as its own postfilter to retain cell debris.
Other salient features of RAD therapy remain intact for
BRECS treatment. The relevant features, with respect to
the therapeutic efficacy, shared by the BRECS and RAD
include (1) both cell-based devices that provide supple-
mentary metabolic and secretory renal functions, (2) both
utilize an extracorporeal circuit as a platform for therapy,
(3) small solute clearance is afforded by hemofiltration,
and (4) reabsorption/reclamation is based on hydraulic
forces generated by pumps and not active transport (11).

The cell seeding scaffold for the BRECS, niobium-
coated carbon disks was selected based on their ability to
adsorb matrix materials to promote cell growth. In addi-
tion, they are nonbiodegradable, so they remain intact
during long-term perfusion culture and have favorable
thermo-mechanical properties that enable cryopreser-
vation. Growth of adequate cell numbers to achieve a
therapeutic impact was allowed due to disks” high surface
area. High porosity (80-90%) was allowed for sufficient,
homogeneous delivery of oxygen and nutrients to the
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cells on the disks through a balance of convective and
diffusive flow across and through the scaffold. The other
BRECS components (the polycarbonate housing, the gas-
ket, nuts, bolts, and access ports) were carefully selected
and thoroughly tested to withstand cryogenic tempera-
tures while still maintaining an uncompromised, sterile
internal BRECS environment. For example, the specific
durometer of the chosen elastomeric gaskets allowed for
compression of greater than the elongation of the stain-
less steel screws during thaw, allowing for internal seal
and device integrity throughout the cryopreservation and
reconstitution process.

The BRECS design reported in this manuscript was
able to be cryopreserved for long-term storage at —140°C,
transitioned to —80°C for short-term storage, thawed and
maintained at 37°C for potential clinical application,
accompanied by an average loss in HREC viability of no
greater than 10%. This data demonstrate that the BRECS
is the first single device that can serve as a culture ves-
sel to maintain cells, reach cryopreservation temperatures
as a full unit, and, lastly, be reconstituted to provide cell
therapy. This all-in-one design is a viable solution for
current cell-based device manufacturing, storage, distri-
bution, and end therapeutic use challenges. BRECS units
can be mass-produced and seeded with a high density of
HRECs from a plentiful source of human renal progeni-
tor cells (30). The ability to cryopreserve and maintain
the BRECS at liquid nitrogen temperatures will allow
a clinically relevant supply of devices to be available.
Short-term storage in ultralow —80°C freezers available
at most clinics enables frozen distribution and on-site
storage at the clinical site for on-demand therapy. Having
this storage capacity makes both emergent and acute use
feasible.

The BRECS was designed for clinical perfusion with
either ultrafiltered blood or body fluids, such as peritoneal
fluid, to minimize the numerous problems associated with
maintaining a continuous acute or chronic extracorporeal
blood circuit. The setup of an extracorporeal circuit for
clinical treatment is shown in Figure 8. Immunoisolation is
afforded by a 65-kDa molecular weight cut off (MWCO)
pre- and postcell therapy filters, which allow circulating fac-
tors such as small proteins and hormones to be presented to
the cells of the therapy device, while protecting the device
from immune system components. BRECS cell products,
such as secreted small proteins and hormones, are allowed
to pass through the postfilter and return to the patient.
Furthermore, in the BRECS circuit, the uremic state can be
controlled by modulating the small solute clearance through
hemofiltration dose via a change in prefilter surface area,
filtration rate, and flow rate to waste. In preclinical testing of
the BRECS for the treatment of ARF caused by septic shock
in a porcine model (17), PBRECS was demonstrated to be
therapeutically efficacious in this extracorporeal circuit,



BIOARTIFICIAL RENAL EPITHELIAL CELL SYSTEM (BRECS)

41

7

-

e

> 61

£

i Y

E,l = 1% ;

4

S s ¥

B 3- m @ é

S

=4

2218

o

Y

g7

[*]

So . ; ; : ; '

0 10 20 30 40 50 60 70

Days in Culture

| 0-80C Cryopreservation m Liquid Nitrogen Cryopreservation

Figure 7. Evaluation of PREC metabolism in seeded BRECS prior to and after liquid nitrogen gas
phase cryopreservation (—140°C ) for 3 months and cryopreservation in an ultralow —80°C freezer
for 1 month. Blue background section designates the precryopreservation culture period, and the pink
background section marks the postconstitution culture period for both cryostorage methods. Note
that the representation of cryostorage has been truncated to allow for direct comparison of metabolic

parameters while in culture.

along with improved cardiovascular performance and pro-
longed survival time (31).

The fluid dynamics of the BRECS was optimized so
that perfusion rates from 25 to 50 ml/min, both within an
extracorporeal circuit or in cell culture perfusion, provide

adequate nutrient and oxygen delivery without the use of
an oxygenator. In comparison to a commercially avail-
able culture system available through the carbon disk
manufacturer to cultivate cells grown on porous disks, the
Starwheel system, the BRECS was superior with respect

BRECS
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Figure 8. Proposed extracorporeal circuit for future clinical treatment. Pre- and post-BRECS filters
allow immunoisolation of the therapeutic cells from the patient’s body. UF = ultrafiltration.
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to cell attachment and viability over culture duration, sug-
gestive that perfusion culture may be more amenable for
RECs over centrifugal, spinning culture. In the longest in
vitro studies to date, cell viability was maintained within
BRECS units for over 5 months. The general metabolic
activity of cells within the BRECS, assessed with lactate
production and qualitative oxygen consumption, demon-
strated a consistent metabolic profile throughout the in
vitro culture duration. The presence of ZO-1, arenal epithe-
lial tight junction marker, and AT-1, as a component of the
highly differentiated central cilium, confirmed epithelial
characteristics (7). The presence of aminopeptidase (CD13)
and y-GT, differentiated apical membrane enzymes, con-
firmed a highly differentiated functional phenotype both
before cryopreservation and after reconstitution. These
cells also maintained renal cell-specific glutathione metab-
olism, a critical function to maintain glutathione homeo-
stasis in vivo. In the preclinical testing of the BRECS for
the treatment of ESRD, BRECS maintained viability and
exhibited continued glutathione metabolism in a peritoneal
dialysis extracorporeal circuit in a chronic ovine model of
uremia for 7 days (22).

The fill volume (30 ml) and footprint (9 cmx 7.5 cm X
3 cm) make the pocket-sized BRECS easy to handle, ship,
and store. Furthermore, a modified BRECS design to be
mass manufactured will have an even smaller footprint
and fill volume. This portability also allows for the future
incorporation into a wearable dialysis system. Although
no current wearable dialysis system exists, recent
advancements in pump miniaturization and technology
to reduce the volume of regenerated dialysate during
continuous peritoneal dialysis are important steps to an
engineered solution (5,8,18). In this regard, the BRECS
current cell durability suggests that it could be utilized
for at least 6 months in a chronic use application without
need for replacement, ideal for a renal assist device in a
continuous peritoneal dialysis circuit.

The current BRECS design utilizes renal epithelial
cells; however, this technology could be extended to
administer other cell-based therapies. Prerequisites for
use of other cells within this system are that the cell type
(1) is adherent; (2) can be cultured in isolation or simple
coculture; (3) is amenable to being maintained by low-
shear perfusion culture; and (4) has anabolic, catabolic,
regulatory, or secretion functions that can be leveraged in
an extracorporeal circuit for therapeutic impact.
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