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AN EXTRACORPOREAL CELL-BASED THERAPEUTIC DEVICE
AND DELIVERY SYSTEM

CROSS-REFERENCE SECTION

[0001] Thus application claims the benefit of currently pending U.S. Provisional Application
number 60/764,357, filed February 2, 2006.

FIELD OF THE INVENTION

[0002] The present invention relates to an extracorporeal therapeutic device for delivering
therapeutic molecules into a body. More particularly, this invention relates to an extracorporeal
therapeutic device containing viable cells. One way that the molecules can be delivered into a
body is through blood circulation or other bodily fluids. When the device is introduced into the

blood stream outside the body, the cells produce and secrete the therapeutic molecule into blood

or fluid circulating past the device.

BACKGROUND OF THE INVENTION

[0003]  Drugdelivery devices useful for introducing therapeutic molecules into a mammal
have been the subject of considerable research. In one aspect, the research has focused on the

development of devices that deliver molecules produced from cellular metabolism. Efforts have

also focused on producing an implantable cell based delivery system that can remain in a patient

for an extended period of time.
[0004] An implantable device for delivering a pre-selected molecule, for example, a
hormone, mnto a mammal's systemic circulation is described in U.S. Pat. No. 6,716,208, the entire

contents of which 1s incorporated by reference. The device described comprises an implantable

blood permeable element that can be anchored to an inner wall of an intact blood vessel and a
capsule that is held in place within the blood vessel by the anchored blood permeable element.
The capsule encloses viable cells which produce and secrete the preselected molecule into blood
passing the capsule. The patent also describes a method for percutaneously introducing the
device into a preselected blood vessel.

[0005]  Intracorporeal cell based delivery devices must be sized to fit within a body, typically
a body lumen (such as a blood vessel) and, accordingly, have certain size limitations because of
the reduced-size requirements. Further, when an intracorporeal cell based delivery system is
designed, the anchors used to attach the device to the body, e.g., blood vessel, must be

configured to secure the device without introducing trauma to the body. Finally, implantable
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devices can be difficult to retrieve, especially if they are left within the body for an extended

pertod of time.

[0006]  [n vitro experiments with a larger extracorporeal device utilizing porcine or human
proximal tubule progenitor cells have shown differentiated transport and metabolic functions of
the renal tubule assist device (RAD).[references 4—6] The bioartificial kidney (BAK) set-up
consists of a filtration unit (a conventional synthetic hemofiltration cartridge) followed in series
by the tubule (RAD) unit. The tubule unit is able to maintain viability because oxygen along
with metabolic substrates and growth substances are delivered to the tubule cells from both
intraluminal ultrafiltrate and blood in the extracapillary space. Immunoprotection of the cells is
achieved due to the impenetrability of immunoglobulins and immunocompetent cells across the
hollow fibers. Rejection of non-autologous cells does not occur.
[0007] Pre-clinical studies 1n large animals have demonstrated that the BAK successfully
replaced filtration, transport, metabolic, and endocrinologic functions of the kidney in acutely
uremic dogs.[5] Further pre-clinical experiments in acutely uremic dogs have also evaluated the
influence of the RAD under stress states. Acutely nephrectomized animals were challenged with
infusions of endotoxin (lipopolysaccharide) intravenously or with intraperitoneal administration
of doses of viable E. Coli before treatment with either cell or sham control RADs in a
BAK [references 7,8] In these experiments, cell RADs provided metabolic renal replacement
and resulted in higher anti-inflammatory plasma levels, better hemodynamic stability, and, in the
E. Coli sepsis model, longer survival times compared to sham controls. To further evaluate the
role of the BAK 1n septic shock, a swine model with normal kidney function was given large
doses of E. Coli intraperitoneally.[reference 9] All animals developed acute tubular necrosis with
oligo/anuria within 2—4 hours following administration, and RAD treatment resulted in better
cardiovascular performance, lower plasma levels of the pro-inflammatory cytokines, and longer
survival times compared to sham controls.

10008] These supportive pre-clinical experiments were the basis for testing human cell RADs
" in Phase /Il and Phase II clinical trials in intensive care unit (ICU) patients with ARF and MOF.
A favorable Phase VII satety trial [reference 10] led to an FDA-approved, randomized,
controlled, open-label Phase Il investigation at 12 clinical sites to determine whether this cell
therapy approach alters patient mortality. This Phase II study involved 58 patients, of whom 40

were randomized to RAD therapy and 18 made up a control group with comparable

demographics and severity of illness. The early results have been as compelling as the Phase V11
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results. Renal cell therapy improved the 28-day mortality rate from 61% in the conventional
hemofiltration-treated control group to 34% in the RAD-treated group.[references 11,12] Thus
survival impact continued through the 90- and 180-day follow-up periods (p < 0.04), with the
Cox proportional hazard ratio indicating that the risk of death was 50% of that observed in the
conventional continuous renal replacement therapy group. This survival advantage with renal
cell therapy was observed for various etiologies of ARF and regardless of organ failure number
(1 to 5+) or the presence of sepsis. Subset analysis of patients with concomitant severe sepsis or
septic shock demonstrated an incidence of sepsis of 73% and 67% in the cell therapy and
conventional therapy groups, respectively. RAD therapy was associated with a mortality rate of
34% in patients with sepsis, compared to 67% in the conventional treatment group. Thus, these
clinical results suggest a major effect on survival rates in these desperately 1l patients. The
clinical use of renal tubule cell therapy for patients with severe sepsis will not require this
complex two-cartridge system with two extracorporeal pump systems, since most are not in
ARF.

[0009] The present invention provides an extracorporeal cell based delivery system that is
designed to address aspects of an intracorporeal cell based delivery system. Further, the present
invention provides an extracorporeal device designed to introduce therapeutic agents 1nto a
mammal that secretes a pre-selected molecule or a combination of cell products directly into the
blood stream or into a body fluid or body cavity and addresses the challenges of the prior art.
The invention will be more clearly understood from the description, which follows.

10010} Further, a miniaturized cell therapy device will not require extensive extracorporeal
blood pump systems. In addition, a miniaturized device that could be stored at the clinical site
for immediate use is required to succeed as a commercial product. The current RAD is stored at
a central manufacturing facility at 37 °C and must be shipped at 37 °C to the clinical site,
delaying treatment and adding to the cost of therapy. Development of a cell device that can be

cryopreserved and stored at clinical sites can help safetly bring the device to market.

SUMMARY OF THE INVENTION

[0011]  The present invention provides an extracorporeal therapeutic device for delivery of a
pre-selected molecule or cell products into a mammal, for example, into the circulatory system or

body fluids of a mammal. An embodiment of the invention enables molecules to be introduced

into the circulatory system or a body cavity without invasive surgical procedures. Once the
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. device is deployed it delivers the molecule directly into the blood stream or body fluid. In
addition, the device of the invention is adapted to produce and thereafter secrete the pre-selected
molecule or cell product into the blood stream or body fluid over a determined period of time.
The extracorporeal device and method provide an easy and reproducible system for delivering
therapeutically effective amounts of a gene product, for example, a hormone, growth factor, anti-
coagulant, immunomodulator, or the like, directly into the blood stream or body fluid of the
recipient without the disadvantages of an invasive implantation procedure.

[0012] An extracorporeal device that administers a preselected molecule(s) into the mammal
over a predetermined period presents advantages over the prior art. An extracorporeal device has
the advantage of being easily taken out of the circulation system compared to the efforts required
to remove an implanted device. Accordingly, the present invention provides an extracorporeal
device for delivering, over a determined period of time, a preselected molecule or cell products
into the systemic circulation of a mammal. In another aspect, the present invention provid.es a
method for non-surgically introducing the device into blood circulation of a mammal that 1s
capable of delivering the preselected molecule or cell products into systemic circulation.

[0013] In one embodiment, the device includes a capsule that contains viable cells which
produce and secrete the preselected molecule into the blood stream. The device Ihay include an
anchoring element, which anchors the device to an inner surface of a tube that circulates blood
extracorporeally.

[0014] The term "extracorporeal circuit" as used in this specification embraces any tube or
conduit outside the body that may be connected to the circulatory system or body fluid
compartment in a mammal and provides for the flow of blood or fluid through the tube or
conduit by natural (e.g., heart) or artificial (e.g., mechanical pump) circulation. An
extracorporeal device of the present invention is configured to be disposed in an extracorporeal
circuit.

[0015] The term "anchoring element" as used in this specification ?mbraces any structure
that may be inserted into the lumen of an extracorporeal circulatory system blood tube or conduit
and that, once inserted, may be anchored, for example, by hooks, barbs, or stents, to an inner
surface of the tube or conduit. In an exemplary embodiment, the anchoring element may be a
blood clot filter-type structure. A variety of blood clot anti-migration filters useful in the
practice of the invention are known in the art. The currently preferred anchoring element is an

anti-migration filter known as a "Greenfield ® vena cava filter". Useful Greenfield® vena cava
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filters are described 1in detail in U.S. Pat. Nos. 4,817,600 and 5,059,205, the entire disclosures of

which are incorporated by reference.

[0016]  The term "capsule" as used in this specification embraces any hollow structure
dimensioned to fit within the lumen of a tube or conduit used in an extracorporeal circuit and
does not occlude or prevent blood or fluid flow. In one embodiment, the capsule is held in place
within the extracorporeal blood circuit by anchoring element(s). For example, the capsule may
be retained upstream of the anchoring element, alteratively, the anchoring element may be
located downstream of the anchoring element and retained in place by an attachment, for
example, a hook or tether, extending from the anchoring element to the capsule. In addition, the
capsule may be conical or wedge-like in shape to decrease the turbulence of blood flowing past
the capsule. In a preferred embodiment, the capsule is formed from a material that can filter
particles such that particles (including cells) below a certain size can pass through and particles
above a certain size are prevented from passing through. The filter forms an ultrafiltrate from
the blood to minimize the entry of proteins greater than 100,000 molecular weight so that
immunoglobulins can be excluded from the bathing media around the cells, especially for
nonautogolous cells not to activate an immunologic response.

[0017] The capsule may mclude either a single hollow fiber or a bundle of hollow fibers
made from a semi-permeable membrane. The semi-permeable membrane filter preferably has
pores of a size sufficient to permit the diffusion of a preselected molecule or cell products
therethrough but yet small enough to exclude the passage of cells therethrough. The pores
preferably are designed to permit the preselected molecule produced by the cells to diffuse
directly into the blood stream passing the hollow fiber while preventing the cells from migrating
out of the hollow fiber and into the systemic circulation.

[0018] A variety of polymers are useful in producing the biocompatible semi-permeable
membrane of the present invention. They include, but are not limited to polyalginate,
polyvinylchloride, polyvinylidene fluoride, polyurethane 1socyanate, cellulose acetate, cellulose
diacetate, cellulose triacetate, cellulose nitrate, polysulfone, polystyrene, polyurethane, polyvinyl
alcohol, polyacrylonitrile, polyamide, polymethylmethacrylate, polytetafluoroethylene, and
polyethylene oxide. In addition, useful semi-permeable membranes may be produced from a
combination of such polymers.

[0019] In an embodiment, the viable cells enclosed within the semi-permeable hollow

fiber(s) of the capsule, preferably are eukaryotic cells, and most preferably are mammalian cells.
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Although the device described herein may comprise cells which naturally produce and secrete
the preselected molecule or other cell products, it is contemplated that genetically engineered

cells, 1.e., cells transfected with, and capable of expressing a nucleic acid encoding the pre-

selected molecule, may likewise be used in the practice of the invention.

10020] In another embodiment, the preselected molecule can be a protein, and most
preterably 1s a hormone, for example, erythropoietin or insulin. It is contemplated, however, that
the device may be used to deliver into the systemic circulation any molecule that can be
produced and secreted from a viable cell. Although single cell types that produce and secrete a
single preselected molecule may be used in the invention, it is understood that cells belonging to
a particular cell type that produce and secrete a plurality of preselected molecules likewise may
be used in the practice of the present invention. Similarly, it is contemplated that a plurality of

cell types, wherein cells belonging to each cell type produce and secrete different preselected

molecules, may be combined in a capsule thereby to produce a device that delivers a desirable
combination of preselected molecules into the circulation.

10021] Preferred embodiments of the device include three configurations. Each preferred
configuration 1solates the therapeutic cells to minimize the immune response. In a first
configuration a device consists of a cartridge, a cell bearing unit which may be in the form of
tubes attached to the cartridge and an anchoring system. The therapeutic cells are disposed
within the tubes and the cells are isolated by the size of the pores in the tube. In a second
configuration the cell bearing unit is in the form of disks that are disposed in the cartridge. The
therapeutic cells on the disks are protected from immunologic rejection by isolating the disks in
the cartridge and providing pores in the cartridge that prevents the cells from being exposed to
undesirable elements while allowing free physiologic exchange for the cells within the

extracorporeal blood or fluid stream. A third configuration is a combination of the

configurations described above. Other configurations are possible.

BRIEF DESCRIPTION OF THE DRAWINGS:
[0022] Figure 1 is a perspective side view of a device according to an embodiment of the

present invention,;

[0023]  Figure 2 is a perspective side view of a device according to another embodiment of

the present invention;
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[0024]  Figure 3 is a detail cross section of the downstream end of the device 1llustrated 1n
Figure 2;

[0025]  Figure 4 is a cross section of the device illustrated in Figure 2 and shows the flow of
fluid through the device;

0026] Figure 5 is a perspective view of another embodiment of the invention;

[0027]  Figure 6 is a schematic cross section illustrating the embodiment of Figure 5;

[0028]  Figure 7 is a detail view of an ultrafiltrate tube illustrated in Figure 5 and 6;

[0029]  Figure 8 is a schematic view of an extracorporeal blood circuit that can be used with
embodiments of the present invention; and,

[0030]  Figures 9-12 are graphs representing testing of embodiments of the present mvention.

DETAILED DESCRIPTION:

[0031] The present invention provides an extracorporeal device for delivering molecules into
a mammal, for example, the systemic circulation of a mammal. The device of the invention 18
adapted for introduction in an extracorporeal blood conduit. After introduction into the
extracorporeal blood conduit, the device permits the pre-selected molecule or cell products to
diffuse out of the device and into the blood stream or body cavity of the recipient, which in
certain aspects does so in response to blood parameters, for example, oxygen tension in the case
of erythropoietin-producing cells. Also, the glucose concentrations in the bathing media around

the insulin producing cells can stimulate the production of insulin.

[0032] The embodiments of the invention have at least some of the following advantages.
Because the device is extracorporeal, there is less size constraint and the cell bearing units can be
sized larger than if a device was implanted. Further, because the device is not implanted in the
body, the anchoring system does not need to be designed to be atraumatic. A cartridge
embodiment that fits along a conduit 1s contemplated without an anchoring system. Because the
device is not intended to be inserted 1n a blood vessel, the introduction of the device to the blood
stream 18 much simpler.

[0033] The device includes a capsule that holds cell-bearing material. The cells on the cell
bearing material are prevented from provoking an immunological response by isolating the cells
using a porous material that creates a barrier between the blood and the cells. The barrier allows
the cells to have sufficient physiological exchange (e.g., drawing sustaining nutrients and

oxveen) with the blood and delivery of the metabolic products produced by the cells. The
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metabolic products may be in response to small messenger molecules that might be circulated in
the blood stream as a result of the patient’s pathologic condition. Also, the metabolic production
can be stimulated by introducing a messenger molecule into the bloodstream of the patient.
[0034] An embodiment of the device of the present invention includes an anchor system that
secures the device to an inner wall of a extracorporeal blood circuit. The anchor system may
have arms that are adapted to be in a reduced profile configuration during delivery into the blood
circuit and expand into a delivered profile so that the armS expand and extend to the blood
conduit. The anchoring system may use hooks, barbs, or stents disposed upon the arm of the
anchor system. The anchoring system is designed such that when anchored to the wall of the
blood conduit, the system permits blood in the vessel to pass through and around the device.
[0035] The device includes a shape, e.g., cone, facing upstream that minimizes turbulence of
blood as it flows beyond the capsule. In one embodiment the device comprises a semipermeable
housing containing viable cells which produce and secrete the pre-selected molecule. The viable
cells may be disposed on a flat surface such as a disk. In another embodiment the cells are
contained within porous tubes that allow the physiologic activity of the cells to occur and from
which the preselected molecule or cell products can flow into the bloodstream or body fluids.
The tubes may extend beyond the capsule.
[0036] Embodiments of the present invention will now be described in greater detail with
reference to the attached drawings, which are provided for purposes of illustration and are not
meant to be limiting of the scope of the invention. Referring to the drawings, Figure 1 illustrates
schematically a device 10 useful in the practice of an embodiment of the present invention. In
Figure 1, the device 10 includes a nose cone 12 and a body 14 that is used to secure a cell
bearing unit 16 comprised of hollow fibers 18 made of a semi-permeable material which
encloses viable cells for delivering the preselected molecules. In this embodiment, the nose cone
and the body of the device support the cell beaﬁng unit 16 comprising the hollow fibers 18.
[0037]  The viable cells may be attached to an inner surface of a fiber. Whether the cells are
attached to the inner surface will depend upon the cell type included in the device. For example,
some cell types grow in an anchorage dependent manner upon a solid surface while other cell
types have no anchorage dependency and grow in suspension. The choice of cell type, however,
is dependent upon the desired application.
[0038]  The device of Figure 1 is attached to an extracorporeal blood circuit by a suitable

anchor system 20 that includes anchors 22. Two anchors 22 are illustrated, however, more or
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tewer than two could be used in a suitable design. The anchors are configured to hold the device
securely in the extracorporeal conduit (shown in Figure 8). The anchors may be retractable in a
reduced profile for delivery and expanded into a deployed profile when the device is at the
appropriate location on the conduit. Various springy or resilient biocompatible material may be
used including nitinol or other spring material.

[0039] Figures 2-4 illustrate another embodiment of the invention where the device 30
includes a nose cone 32 and a body 34 into which the cell bearing unit 36 is attached. In this
embodiment, the cell bearing unit includes several semi-permeable membrane disks 38 which
contain the viable cells. The size and number of disks used may vary depending on the type and
amount of the preselected molecule being delivered. It is contemplated that semi-permeable
membranes may be defined by either the same or different polymeric compositions. An
anchoring system 40 with anchors 42 is structured similarly and operates in a similar manner as
the anchoring system described in connection with Figure 1.

[0040] A detail view of the disk 38 is illustrated in Figure 3. The disk 38 is approx 1 cm in
diameter and has, in one embodiment, cells associated with the membranes such that the cells are
exposed to the blood or fluid constituents for nutrients and the cells are able to deliver the
desired product(s) for the blood. In a preferred embodiment the membranes have a trabecular
structure to enhance the exchange of physiologic material. In an embodiment, the disk is similar

to a coin that is trabeculated and porous. The configuration allows flow through of various
media components and anchorage dependent growth especially of epithelial cells at higher tissue
density.

[0041] Figure 4 illustrates a device in a blood conduit. Blood flow is illustrated by the wavy
lines. A filter 44 1s provided 1n the device to exclude large blood constituents, e.g., macrophages
and immunoglobulins, from causing an undesired immune response with the cells on the disks
38. The filtered matenial 46, also called ultrafiltrate, is allowed to flow across the disks 38. In
other embodiments they may flow through the membranes. The ultrafiltrate provides sustaining
nutrients to the cells on the disk and carries away the products of cell metabolism. The resultant
stream of ultrafiltrate blood and the products of metabolism is schematically illustrated as wavy
dotted lines 48. Optionally, a filter can be used at the downstream outlet of the device.

[0042] In another embodiment of the invention, illustrated in Figures 5-7, the hollow tubes

may be constructed to provide a multi-layered structure. The device 50 includes a porous nose



CA 02637686 2008-07-18

WO 2007/092735 PCT/US2007/061468
10

cone 52 that filters out large blood constituents and a body 54 that holds one end of a series of
hollow tubes 56. A single hollow tube is 1dentified by reference numeral 58.
[0043]  The body includes a manifold (illustrated in Figure 6) that distributes the filtered
blood into the center of the hollow tubes, one cross section of which is illustrated in Figure 7.
The distal end of the hollow tubes may be blocked (not illustrated) to provide desireable flow
dynamics or to prevent the flow of unfiltered blood from being introduced to the tubes. As such,
the flow path of the filtered blood can be through the tube or through the wall, depending on the
desired construct. In either case, sufficient sustaining nutrients should be available to the cells
within the wall of the tube.
[0044] As illustrated in Figure 7, the hollow tube 58 includes a central lumen 62 through
which the filtered blood passes. Cells 64 are disposed along a tubular medium (illustrated in
axial cross section) between an inner wall 66 and an outer wall 68 and cells are disposed such
that filtered blood or fluid travels across the cells. The cells are thus provided with life
sustaining nutrients enabling the production of desirable cell products. In the embodiment
illustrated, the outer wall of the hollow tube 58 allows the cellular products to be delivered
through the tube but does not allow large particles into the tube to contact the cells. Both the
inner and outer wall may have such filtering function.
[0045] Alternatively, the end of the tube is not blocked and the filtrate is allowed to bath the
cells and has a sufficient flow rate such that the cells are provided with the proper amount of

nutrients and the unfiltered blood is not allowed to travel upstream to the cells.

The Anchoring System

[0046] As mentioned above, anchoring systems that may be used in the instant imvention
include devices that provide blood clot filtering or blood vessel stents. Useful anchoring
elements are characterized by their ability to be anchored within the lumen of a conduit without
occluding or preventing blood flow. One of the advantages of the present invention 1s that the
extracorporeal device anchoring system does not have to be designed to be secured in a blood
vessel without damaging the blood vessel. This minimizes the concern for tissue damage.

10047} Blood clot filters are used routinely by medical practitioners to prevent the migration
of potentially life threatening blood clots within the vasculature. Blood clot filters typically are
designed to be implanted and anchored within the lumen of a blood vessel. When implanted, the
anti-migration filters permit blood in the vessel to pass while simultaneously trapping blood

clots. The devices and techniques useful toward attaching a filter to a blood vessel can be
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applied to extracorporeal devices. Of course, because the device is not intended to be introduced
into the vasculature, the design of the anchors need not have the high level of precision required
for their use.

[0048] Filters described in U.S. Pat. No. 4,817,600 and 5,059,205, referred to 1n the art as
Greenfield®filters and available from Medi-Tech®, Boston Scientific Corporation, Natick, Mass.,
are particularly well suited to the practice of the invention. The cone-shaped Greenfield® vena
cava filters are designed to provide maximal entrapment area for trapping blood clots while
maintaining patency of the blood vessel after trapping emboli. The spacing between the six legs
of the Greenfield® vena cava filters ensures the trapping of emboli greater than 3 mm (Greenfield
et al. (1989) "Venous Interruption”" Chapter 68, pp. 929-939 1n "Haimovict's Vascular Surgery
Principles and Techniques, Third Edition," Appleton and Lange, Norwalk, Connecticut/San
Mateos, Calif.). Accordingly, the filters may be able to capture capsules greater than 3 mm 1n
diameter. In another embodiment of the invention the device is incorporated into a tube that 1s
inserted into an extracorporeal conduit. In this embodiment the anchors are unnecessary because

the device i1s secured within the tube.
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Device Design

[0049] The extracorporeal drug delivery device of the various embodiments of the present
invention may be capable of delivering a preselected drug or cell products over an extended
period of time. Because the device is not designed to be implanted, the size of the capsule can be
scaled for higher delivery rates by increasing the size of the capsule and the drug delivery media.
[0050] Because the device permits delivery of the preselected molecule over defined periods
of time, another important consideration in the design of the device is the configuration that will
maintain the viability of the cells enclosed in the device. It is understood that a variety of factors,
for example: the supply of oxygen and nutrients to the cells in the capsule; the removal of waste
products from the cells in the capsule; the minimization of host immune responses directed
against the cells in the capsule; the proliferative activity of the cells; and whether celis located at
the center of the capsules are susceptible to pressure necrosis, all of which may influence the
design and preparation of a cell containing tube(s).

[0051]  In addition to adequate aeration, it is important that the encapsulated cells obtain
sufficient amounts of essential nutrients from the blood supply to remain viable. The transport
oxygen is almost entirely by diffusion and this is a significant aspect in maintaining cell viability.
Once the geometry of a hollow fiber has been optimized for oxygen transport, then the hollow
fiber inherently will be able to permit the diffusion of adequate amounts of nutrients into the
lumen of the capsule from the blood stream. Similarly, such a geometry is contemplated also to
permit diffusion of cell metabolites, including, waste products and the preselected molecule, out
of the hollow fiber and into the blood stream.

[0052]  The hollow fibers preferably are produced from a semi-permeable membrane having
pores dimensioned to permit the diffusion of oxygen and nuirients into the lumen of the hollow
fiber while permitting the efflux of cellular waste products and the pre-selected molecule out of
the hollow fiber. In addition, the pores preferably are dimensioned to exclude the passage of
cells therethrough. Accordingly, the pores are designed to prevent migration of the viable cells
from the lumen of the hollow fiber into the blood steam, thereby maintaining the implanted cells
at a single location in the host to facilitate their subsequent removal 1f or when necessary. The
pores also are designed to prevent the influx of the hosts immune cells, for example,
macrophages and lymphocytes, which if allowed to enter the lumen of the hollow fibers may be
detrimental to the viability of the cells enclosed therein. The membrane, therefore, provides an

immuno-priviledged environment that protects cells enclosed therein from an immune response.
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This may be an important consideration if the implanted cells are non-autologous in nature. If
autologous cells are used per size restrictions longer than molecular dimension then the design
would be modified accordingly.

[0053] The hollow fibers comprising, or for incorporation within, the capsule may be
produced from biocompatible polymers which include, but are not limited to, polyvinylchloride,
polyvinylidene fluoride, polyurethane isocyanate, polyalginate, cellulose acetate, cellulose
diacetate, cellulose triacetate, cellulose nitrate, polysulfone, polystyrene, polyurethane, polyvinyl
alcohol, polyacrylonitrile, polyamide, polymethylmethacrylate, polyethylene oxide,
polytetrafluoroethylene or copolymers thereof. A summary of currently available hollow fibers,
including methods of manufacture and the names of commercial suppliers, is set forth in
Radovich (1995) "Dialysis Membranes: Structure and Predictions" Contrib Nephrol., Basel,
Karger, 113:11-24, the entire disclosure of which is incorporated herein by reference. In
addition, polytetrafluorethylene polymer hollow fibers are available commercially from Impra,
Inc., Tempe, Ariz. or W.L. Gore and Associates, Flagstaff, Ariz. U.S. Patent No. 6,716,208, the

contents of which is incorporated by reference, provide more details of the components of the

device.

Disks

[0054]  The disks provide a suitable material onto which the cells can be disposed. In a
preferred form. The disks have a trabecular structure that allows the cells to grow into the
medium. Alternatively, the cells may be disposed on the surface of the membrane. The disk
material may consist of a variety of different types of compounds, including ceramics, carbon,
and metallic substances. In one embodiment, the disks are made from carbon material coated
with niobium.

Use of the Device

[0055]  Cell therapy presents itself as a new approach to the treatment of acute and chronic
diseases. This therapeutic approach has its origins in the growing appreciation that most disease
processes are not due to the lack of a single protein but develop due to alterations in complex
interactions of a variety of cell products. Cell therapy depends on cell and tissue culture
methodologies to expand specific cells to replace important differentiated processes deranged or
lost in various disease states. Recent approaches have made progress by placing cells into
hollow fiber bioreactors or encapsulating membranes as a means to deliver cell activities to a

patient, requiring complex extracorporeal pump systems and large bioreactor devices. One
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clinical disorder that may be treatable with cell therapy is the systemic intflammatory response
syndrome, or SIRS. It is a catastrophic sequela of a variety of clinical mnsults, including
infection, pancreatitis, and cardiopulmonary bypass, and claims over forty thousand lives in the
U.S. each year. The most common cause of SIRS is bacteria-induced septic shock. The
exceptionally high mortality associated with the syndrome is due in part to the development of
the highly lethal multiple system organ failure syndrome (MOF) in a subset of patients with
SIRS.[references 1,2]

[0056] One area that presents opportunities is the development of miniaturized cell therapy
devices containing renal tubule cells, which play an important immunologic regulatory role 1n
septic shock. The successful development of a prototype is an important step toward allowing
cell therapy to be delivered in a simple extracorporeal cassette without extracorporeal pump
systems, thereby expanding this therapy to a broader indication, especially early severe sepsis
syndrome prior to established acute renal failure (ARF).

[0057] An extracorporeal device utilizing a standard hemofiltration cartridge containing
approximately 10° renal tubule cells grown from adult stem/progenitor cells as confluent
monolayers along the inner surface of the fibers has been successfully fabricated with human
cells.[reference 4] This initial cell therapy device is large (12 % 4-in cylinder) and requires an
additional extracorporeal pump circuit to deliver blood and plasma ultrafiltrate to the cell-
containing device. These elements were designed as an add-on to current dialysis treatment 1n
patients with ARF. ‘

[0058] The successful creation of the miniature device proposed has the potential to lead to a
variety of other cell therapy devices including “wearable artificial organs”. Current cell therapy
approaches target the use of stem cells for neurodegenerative disorders (Parkinson’s,
Alzheimer’s), spinal cord injury, heart disease (congestive heart failure, myocardial infarct),
pancreas disease (diabetes), liver disease (cirrhosis, hepatitis), kidney disease (end-stage renal
disease [ESRD], ARF), blood (sickle cell anemia), muscle disorders (muscular dystrophy), skin
(burns), and bones (arthritis, osteoporosis). From a market standpoint, the value of cell-based
markets 1s estimated to be $26.5 billion in 2005, $56.0 billion in 2010, and $96.0 billion in 2015.
More than 300 companies are involved in cell therapy. The near-term market for the use of renal
cell devices is also very large and includes (U.S. only): ARF (100,000 patients, $2 billion

market), ESRD (400,000 patients, $20 billion cost), and cardiorenal syndrome (350,000 patients,
$25 billion cost).
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10059] Early prototype formulation of miniaturized cell therapy devices are schematized n
Figures 1 and 8. Of note, this arteriovenous catheter circuit does not require blood pumps for

blood flow through the circuit.

0060} Fabrication and in vitro testing of first prototype. The first prototype to be evaluated
is depicted as in Figure 1. This prototype will be fabricated to contain 1.0 x10° renal tubule cells

in high density growth within the hollow fibers. Preliminary data suggest that 30 hollow fibers
(250 um % 10 cm in length) can maintain 1.0 X 10° cells in a high-flow situation with adequate
oxygenation and nutrient supply in vitro. Initial studies with permanent cell lines have
demonstrated that a simpler hollow fiber prototype can maintain this degree of cell density over
several weeks. If these initial prototypes are able to maintain cell viability in a cell incubator
over 3—5 days, they will be available for efficacy testing in the porcine septic shock model. This
experiment is an important proof of concept that renal tubule cells can be placed and maintained
in a hollow fiber device with high cell density to provide enough cells in a miniaturized cassette.

j0061] Fabrication and in vitro testing of a second prototype with cryopreservation storage
capacity. Prototype development of a second cell therapy device is also schematized in Figure 1.

This second device, illustrated in Figures 2 and 3, contains a series of discs forming a trabecular
structure on which cells attach and grow. Preliminary data suggest up to 1.0 X 107 cells can grow
on each disc, which is made of a new biomaterial carbon coated with niobium. Ten discs can be
placed within a cartridge that acts as a semipermeable membrane to produce plasma ultrafiltrate.
This high rate of ultrafiltrate flow provides nutrients and oxygen to the cells on the discs to
maintain viability, functionality, and efficacy, while preventing immunologic rejection.
Preliminary data have also suggested that the cells on the disc can be cryopreserved and maintain
adherence and viability upon thawing and warming to body temperature. Thus, distribution of
cell therapy devices will be made simpler with onsite freezer storage, rather than storage in a 37
°C incubator and rapid transport to the clinical care setting from the manufacturing site. When in
vitro experiments with this prototype demonstrate maintenance of cell viability over 3—5 days, in
vivo testing in the porcine model can proceed.

[0062] The extracorporeal device of various embodiments of the present invention can be
used with a blood or fluid conduit as illustrated in Figure 8. The blood from a patient can be
through an Aterio Venous (AV) line that could be used in dialysis. Also, venous to veneous
(VV) lines can be used. As illustrated an artery 70 and vein 72 can be used to extract blood and

reintroduce blood for an extracorporeal circuit 74. Various suitable connections may be used to
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increase the diameter of the conduit. The device 30 is illustrated as being attached to the largest
conduit 76. The lines may circulate body fluids, for example, peritoneal fluid that 1s removed
from the peritoneum and circulated outside the body where the device is able deliver the desired
molecule to the fluid and then remtroduced 1nto the peritoneum.

[0063] It is understood, however, that the physicians judgment based upon climcal
circumstances should determine on a case by case basis the optimal mode for introducing the
device as well as the optimal location for anchoriﬁ g the device. Such judgments are
contemplated to be within the scope of expertise of the skilled physician.

[0064] Practice of the invention will be still more fully understood from the following
examples, which are presented herein for illustration only and should not be construed as
limiting the invention 1n any way.

[0065] Two different device designs are envisioned for the therapeutic delivery system:

1. Cells would be grown on Nb-coated carbon based, disc-shaped scaffolds (refer to page 3
for disc system specifications). These cell-seeded discs would be grown in culture and
then cryoperserved. Discs could be shipped frozen to clinical sites were they could be
kept frozen until required for cell-based therapy. Thawed discs could be placed in the
device housing just prior to therapy. The number of discs used per therapy session
(loaded into the holding device) could be varied depending on the cellular dose required.

2. Cells resuspended in a biomatrix 3-D gel would be seeded into the lumen of a hollow
fiber bioreactor. 2 methods of deployment to the clinical site are to be tested: 1) mature
cultured cell loaded bioreactors would be shipped as needed under optimal shipping
conditions (to be determined) and then used in the clinical setting. 2) A tube of
cryoperserved cells and a tube of pre-mixed liquid biomatrix would be sent to the clinical
site. These could be stored until needed. Upon clinical need, cells would be thawed,
mixed with biomatrix and syringe loaded into the bioreactor. The cryoperserved tube
could contain various cell numbers for dose dependent therapy.

Cell seeded Nb-coated carbon based, disc-shaped scattolds:

[0066] An immortalized renal cell line (MDCK) was seeded unto Nb-coated carbon based
discs. Prior to cell seeding, discs were coated with either collagen I, collagen IV, laminin, or
matrigel. Seeding densities were 10° cells/disc. The discs were maintained in a spinner culture
for 1 week. Cell seeded discs were then cryoperserved, stored mn liquid nitrogen and then thawed,
with a non-stir rest period under tissue culture conditions of 2-4 hours post thaw. Discs were
then reinstated in spinner culture bottles and assayed for cell density 24 hours post thaw.

Lactate production was utilized to determine cell expansion on the discs. MDCK cell densities
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on discs with various bio-matrix coatings pre and post cryoperservation are depicted in the graph
of Figure 9.

[0067]  In order to ascertain if primary cells could also be maintained on the Nb-coated
carbon based discs, primary porcine renal proximal tubule cells (PPTC) were seeded on discs
coated with various bio-matrixes (either no matrix, collagen IV, laminin, or matrigel) at 10° and
107 cells/disc. Cell seeded discs are currently being maintained in spinner culture. Primary
porcine renal tubule cell growth rates on discs, as determined by lactate production, are depicted
Figures 10 and 11.

Hollow fiber bioreactor containing cells resuspended in a biomatrix 3-D gel:

[0068]  Cells from an immortalized renal cell line (MDCK) resuspended in either 1) nutragen
(collagen I (3.12 mg/mL) gel supplemented with laminin (100 ug/mL) and collagen IV (100
ug/mL)) or 2) matrigel were seeded into hollow fiber bioreactors at a density of 2.06 x 10

cells/mL of gel. Cell loaded bioreactors were maintained in culture for 8 (matrigel) and 13

(nutragen) days, with cell density assessed via lactate production. Results are depicted in the

Figure 12. BREC refers to Bioartificial Renal Epithelial Cell.

Other Embodiments and Clinical Objectives

[0069] The invention may be embodied in other specific forms without departing from the

spirit or essential characteristics thereof. The present embodiments are therefore to be considered

in all respects as illustrative and not restrictive.
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Claims:

1. An extracorporeal cell based therapeutic device comprising: (a) an anchor system
which is capable of attaching the device to an extracorporeal tube, which when attached to the
inner wall of the tube permits blood in the tube to pass therethrough; and (b) a capsule including
a plurality of pores and having viable cells disposed therein, wherein the capsule, when
introduced into the tube, is retained within the tube by the anchor system and the pores permit
nutrients to enter the capsule to maintain viability of the cells disposed therein.

2. The device of claim 1, wherein the capsule is defined by a semi-permeable membrane.

3. The device of claim 2, wherein the semi-permeable membrane comprises a material
selected from the group consisting of polyvinylidene fluoride, polyvinylchloride, polyurethane,
polyalginate, polystyrene, polyurethane, polyvinyl alcohol, polyacrylonitrile, polyamide,
polymethylmethacrylate, polyethylene oxide, polytetrafluorethylene, isocyanate, cellulose

acetate, cellulose diacetate, cellulose triacetate, cellulose nitrate, polysulfone, , and mixtures

thereof.
4. The device of claim 1, wherein the viable cells are disposed on a plurality of filaments.
5. The device of claim 4, wherein the filaments are metallic.

6. The device of claim 1, wherein the pores are dimensioned to prevent passage of

antibodies therethrough.

7. The device of claim 1, wherein the cells are disposed on at least one disk.

8. The device of claim 1, wherein the cells are eukaryotic cells.

0. The device of claim 8, wherein the cells are mammalian cells.

10. The device of claim 1, wherein the capsule is adapted to be separated from the tube
by attaching and detaching the anchor system from the tube.

11. The device of claim 1, wherein the capsule includes at least one hollow fiber.
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12. The device of claim 1, wherein the pores permit solutes less than 150 kD to pass
therethrough.

13. The device of claim 1, wherein the device is configured to provide a therapeutically
significant amount of a molecule without using an artificial blood pump.

14. An extracorporeal cell based therapeutic device comprising: (a) an attachment system
anchorable to an inner wall of an extracorporeal tube adapted to provide a conduit for blood,
which when anchored to the inner wall of a tube permits blood to circulate; and (b) a capsule
defining a plurality of pores and having viable cells disposed therein, wherein the capsule 1s
retained within the tube by the attachment system and the pores permit nutrients to enter the
capsule to maintain viability of the cells disposed therein.

15. The device of claim 14, wherein the capsule is defined by a semi-permeable
membrane.

16. The device of claim 15, wherein the semi-permeable membrane comprises a material
selected from the group consisting of polyvinylidene fluoride, polyvinylchloride, polyurethane,
polyalginate, polystyrene, polyurethane, polyvinyl alcohol, polyacrylonitrile, polyamide,
polymethylmethacrylate, polyethylene oxide, polytetrafluorethylene, isocyanate, cellulose
acetate, cellulose diacetate, cellulose triacetate, cellulose nitrate, polysulfone, and mixtures
thereof.

17. The device of claim 14, wherein the pores are dimensioned to exclude an agent in the
blood which is detrimental to cell viability.

18. The device of claim 17, wherein the pores are dimensioned to prevent passage of

antibodies therethrough.
19. The device of claim 14, wherein the cells are eukaryotic cells.

20. The device of claim 19, wherein in the cells are mammalian cells.
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21. The device of claim 14, wherein the anchor is metallic.

22. The device of claim 14, wherein the capsule when introduced into the tube 1s retained
upstream of the attachment system.

23. The device of claim 14, wherein the capsule includes at least one disk.

24. The device of claim 14, wherein the pores permit solutes less than 150 kD to pass

therethrough.

25. The device of claim 14, wherein the cells are genetically engineered cells.

26. A method of introducing an extracorporeal cell-based therapeutic device into the
circulatory system of a mammal, the method comprising the steps of: (a) anchoring an
attachment system to an inner wall of an extracorporeal tube adapted to provide a conduit for
bodily fluid, which when anchored to the inner wall of a tube permits the bodily flud to
circulate; and (b) inserting a capsule defining a plurality of pores and having viable cells
disposed therein, wherein the capsule is retained within the tube by the attachment system and
the pores permit nutrients to enter the capsule to maintain viability of the cells disposed therein.

27. The method of claim 26, wherein in step (a), the attachment system 1s introduced into

the tube via a catheter.

28. The method of claim 26, wherein in step (b), the capsule is introduced into the tube

via a catheter.

29. The method of claim 26, wherein the viable cells are disposed on at least one disk.
30. The method of claim 26, wherein the device 1s used to deliver a therapeutic amount of
a molecule in the conduit without the use of an artificial body fluid pump.

31. The method of claim 26, wherein the conduit 1s attached to the peritoneum and the

peritoneal fluid passes through the conduit.
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32. An extracorporeal cell based therapeutic device comprising: (a) an attachment system
anchorable to an inner wall of an extracorporeal tube adapted to provide a conduit for a bodily
fluid, which when anchored to the inner wall of a tube permits the bodily fluid to circulate; and
(b) a capsule defining a plurality of pores and having viable cells disposed therein, wherein the
capsule, when introduced into the tube, is retained within the tube by the attachment system and
the pores permit nutrients to enter the capsule to maintain viability of the cells disposed therein.

33. The device of claim 32, wherein the capsule is defined by a semi-permeable
membrane.

34. The device of claim 33, wherein the semi-permeable membrane comprises a material
selected from the group consisting of polyvinylidene fluoride, polyvinylchloride, polyurethane,
polyalginate, polystyrene, polyurethane, polyvinyl alcohol, polyacrylonitrile, polyamide,
polymethylmethacrylate, polyethylene oxide, polytetrafluorethylene, isocyanate, cellulose
acetate, cellulose diacetate, cellulose triacetate, cellulose nitrate, polysulfone, and mixtures
thereot.

35. The device of claim 34, wherein the pores are dimensioned to prevent passage of
antibodies therethrough.

36. The device of claim 32, wherein the tube 1s adapted to be connected to the peritoneum

and the bodily fluid includes peritoneal fluid.

37. The device of claim 32, wherein the tube is adapted to be connected to blood vessels

and the bodily fluid includes blood.

38. The device of claim 32, wherein the attachment system separable from the tube.

39. The device of claim 32, wherein the capsule when introduced into the tube 1s retained

upstream of the attachment system.'

40. The device of claim 32, wherein the capsule includes at least one disk.
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41. The device of claim 32, wherein the pores permit solutes less than 150 kD to pass

therethrough.
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Variation on Extracorporeal Cell-Bearing
Therapeutic Device and Delivery System

Device Design
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MDCK Cells Cultured on Discs pre and post Cryopreservation
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PPTC Seeded on Discs at initial Density of 107 cells/discs
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