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DESCRIPTION

Description

RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to U.S. Provisional Patent Application Serial No.
60/969,394, filed August 31, 2007.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under Grant Nos. DK080529 and DK074289
awarded by the National Institutes of Health. The government has certain rights in this invention.

FIELD OF THE INVENTION

[0003] The present invention relates to systems and devices, which can be used to treat and/or prevent
inflammatory conditions within a subject. More particularly, the present invention relates to systems and
devices that can be used to sequester cells associated with inflammation, such as leukocytes and platelets,
and then reduce their inflammatory activity.

BACKGROUND

[0004] Various medical conditions are caused, exacerbated, and/or characterized by unwanted
inflammation. Infections, such as bacterial, viral, and fungal infections; trauma, such as from falls,
automobile accidents, gun and knife wounds; cardiovascular events, such as aneurysms and ischemic
events often associated with surgery; and endogenous inflammatory reactions, such as pancreatitis and
nephritis, often lead to profound dysfunction of the homeostatic mechanisms involved in regulating
cardiovascular and immune system function. Several of these conditions, such as ischemia and infections,
through abnormal or excessive activation of the immune system, may result in cardiovascular dysfunction
that can develop over a period of hours to days, and which, under certain circumstances, can be life
threatening or even fatal.

[0005] Certain cell types are critical to the dysfunction of the cardiovascular and immune systems. For
example, leukocytes, especially neutrophils, contribute to the pathogenesis and progression of various
inflammatory conditions, including systemic inflammatory response syndrome (SIRS), sepsis,
ischemia/reperfusion injury and ARDS (see, e.g., Kaneider et al. (2006) FEBS J 273:4416-4424;
Maroszynska et al. (2000) Ann. Transplant. 5(4):5-11). In addition, activated platelets enhance leukocyte
adhesion and promote leukocyte activation. While inflammation and a systemic immune response can be
beneficial in certain circumstances, they can also be fatal.

[0006] Inflammatory injury in organs can result in microvascular damage induced by leukocyte activation
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and aggregation, as well as platelet activation and aggregation. These activated cells can contribute to
microvascular stasis and reperfusion injury by releasing toxic compounds into a patient's tissue. In acute
inflammation, activated leukocytes and platelets interact as a gel-like structure within the vessel. This leads
to poor perfusion of the tissue, which normally is supplied with oxygen and nutrients by the capillaries.
Activated leukocytes additionally cause damage by extravasating across the endothelium into the tissue,
where they release toxic agents normally intended to destroy invading microbes or clear out necrotic debris.
Activated platelets additionally cause damage by enhancing the activation and endothelial transmigration of
leukocytes. When these processes are not controlled, they can lead to tissue injury and death.

[0007] SIRS is the thirteenth leading cause of death in the United States of America. Severe sepsis with
SIRS occurs in 200,000 patients annually in the U.S. with a mortality rate of 30-40%, even with use of
intensive care units and broad spectrum antibiotics. SIRS is diagnosed largely on observed physiological
changes such as increase (fever) or decrease (hypothermia) in body temperature, increased heart rate
(tachycardia), increased respiration rate (tachypnea), elevated or diminished white blood cell counts, and
inadequate perfusion of tissues and organs. A decrease in blood pressure is a complication associated with
SIRS that occurs late in the course of the syndrome. Specifically, a decrease in blood pressure can reflect
the development of shock and contribute to multiple organ failure, which is a leading cause of death in these
patients. Septic shock is a condition that includes the clinical observations of the presence of an infection
and a drop in blood pressure despite fluid resuscitation and proper cardiac blood output. A similar condition,
sepsis syndrome, includes similar physiological signals with no evidence of any type of infection. Other
insults, which induce a sepsis-like condition include pancreatitis, burns, ischemia, multiple trauma and tissue
injury (often due to surgeries and transplants), haemorrhagic shock and immune-mediated organ
dysfunction.

[0008] The standard therapies for SIRS and septic shock involve administration of antibiotics to bring the
infection under control and fluid/colloid therapy to maintain circulating blood volume. Frequently, drugs that
help maintain blood pressure, such as dopamine and vasopressin, are also administered.

[0009] Cardiopulmonary bypass (CPB) strongly induces SIRS, activating complement and coagulation
systems and stimulating cytokine production. A large number of therapeutic approaches are under
investigation to limit the activation and accumulation of leukocytes during CPB. In fact, animal and early
clinical data suggest amelioration of lung and kidney damage during CPB surgery with the use of leukocyte
depletion filters (see, e.g., Gu et al. (1996) J. Thorac. Cardiovasc. Surg. 112:494-500; Bolling et al. (1997) J.
Thorac. Cardiovasc. Surg. 113:1081-1090; Tang et al. (2002) Ann. Thorac. Surg. 74:372-377; Alaoja et al.
(2006) J. Thorac. Cardiovasc. Surg. 132:1339-1347). It appears, however, that dialysis can produce
transient neutropenia (see Kaplow et al. (1968) JAMA 203:1135).

[0010] Recent strategies for developing more targeted therapies for the treatment of sepsis have been
disappointing. In addition, many molecules in the new generation of anti-septic agents are very expensive
and can produce adverse immunological and cardiovascular reactions, which make them contra-indicated in
some cases, such as non-bacteremic shock.

[0011] Different devices for blood and their use in therapy are known in the art. For example, it has been
demonstrated that the combination of a synthetic hemofiltration device and a renal tubule cell therapy
device containing porcine renal tubule cells in an extracorporeal perfusion circuit successfully replaces
filtration, transport, metabolic, and endocrinologic functions of the kidney in acutely uremic dogs (see
Humes et al. (1999) Nat. Biotechnol. 17:451-455). Further, the usability of recombinant hirudin as an
anticoagulant agent in haemodialysis has been investigated in nephrectomized dogs with different capillary
dialyzers (see Bucha et al. (1990) Thromb. Res. 60:445-455). Independently, US 2002107469 A1 discloses
apheresis devices for sequestering all kinds of blood components including platelets and leukocytes.
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[0012] There remains a need for an effective treatment of inflammatory conditions, such as, cardiovascular
shock, sepsis, systemic inflammatory response syndrome and anaphylaxis.

SUMMARY OF THE INVENTION

[0013] An inflammatory condition in a subject arises, in part, from the activation of cells associated with
inflammation, such as leukocytes and platelets. The present invention relates to systems and devices,which
can be used to treat and/or prevent this condition by sequestering leukocytes or platelets and inhibiting or
deactivating their inflammatory action. The device of the invention can be used to extracorporeally
sequester one or both of leukocytes and platelets and inhibit their inflammatory actions. For example, these
cells can be deactivated and/or their release of pro-inflammatory substances can be inhibited. Although
there are many ways to practice the invention, one approach is to sequester one or both of leukocytes and
platelets in the interior of a device according to the claims, and providing an agent capable of deactivating
the cells and/or inhibiting the release of a pro-inflammatory substance. Citrate may be provided to
deactivate the cells and/or prevent the release of a pro-infammatory substance. Experiments conducted
using this and other approaches with the device of the present invention provide unprecedented and
surprising success in maximizing subject survival. These results exemplify the compelling utility of the device
of the invention and its related systems and uses across a range of inflammatory diseases and conditions.

[0014] Accordingly, the invention provides a device that can be used to sequester activated leukocytes
and/or platelets from a biological sample, wherein the device comprises a housing containing hollow fibres
having an intracapillary space (ICS) and also comprises a passageway in the form of an extracapillary
space (ECS) defined by the interior of the housing and the exterior surface of the hollow fibres, an inlet into
the ECS and an outlet from the ECS, the device being configured to provide a sufficiently low shear force in
said passageway so that, when the device is in use with the biological sample being pumped through the
passageway, activated leukocytes and/or platelets from the biological sample will adhere to the exterior
surface of the hollow fibres; wherein the ICS of the hollow fibres is capped at one end. In some
embodiments, the device is configured to provide an agent to the passageway, wherein the agent is capable
of inhibiting the release of a pro-inflammatory substance from the leukocytes or platelets, or deactivating the
leukocytes or platelets.

[0015] This aspect of the invention can have one or more of the following features. The leukocyte can be
activated and/or primed. The device can be configured in a system which may further include a second
device in series with the device defining the passageway. The agent can be associated with a surface of the
passageway. In certain circumstances, the agent can be infused into the passageway. The agent can
comprise an immunosuppressant, a serine leukocyte inhibitor, nitric oxide, a polymorphonuclear leukocyte
inhibitor factor, a secretory leukocyte inhibitor, and a calcium chelating agent, wherein the calcium chelating
agent can be citrate, sodium hexametaphosphate, ethylene diamine tetra-acetic acid (EDTA), triethylene
tetramine, diethylene triamine, o-phenanthroline, or oxalic acid. However, the agent preferably is a calcium
chelating agent, such as citrate.

[0016] The region configured to sequester the leukocyte and/or platelet includes hollow fibres. The hollow
fibores can be porous, semi-porous, or non-porous the biological sample being pumped through the
passageway. In some embodiments, the hollow fibres are porous, having pores that allow ultrafiltrate to
pass into the intracapillary space, but that do not allow leukocytes or platelets from the biological sample to
pass into the intracapillary space. In some embodiment, the external surface of the hollow fibres provide a

surface area of at least 0.2 m?2 to which activated leukocytes or plaelets can adhere. The device is
configured such that the shear force within the passageway is sufficiently low to allow the leukocyte and/or
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platelet to adhere to the exterior surface of the hollow fibres, when the device is in use with In some

embodiments, the device is configured so that a shear force of less than 1000 dynes/cm2 is provided in the
ECS when the bilogical samples is pumped through the passageway. Alternatively and/or in conjunction, the
passageway can comprise a cell-adhesion molecule to allow the leukocyte and/or platelet to remain in the
passageway longer than another component of the blood or fluid.

[0017] The device of the invention may be used for processing a leukocyte contained within a body fluid.
The processing may include (a) sequestering extracorporeally a primed or activated leukocyte, and (b)
treating the leukocyte to inhibit the release of a pro-inflammatory substance from the leukocyte and/or
deactivate the leukocyte. The leukocyte can be sequestered for a time sufficient to inhibit release of the pro-
inflammatory substance from the leukocyte and/or deactivate the leukocyte, and/or for a prolonged period of
time, and/or for at least one hour. The leukocyte produced in step (b) may be returned back to a subject. In
step (b), a calcium chelating agent can be used to inhibit release of the pro-infammatory substance and/or
deactivate the leukocyte. Step (a) can be performed using a device of the invention

[0018] The device of the invention may be used for treating a subject at risk of developing or having an
inflammatory condition. The treatment may comprise (a) sequestering extracorporeally a primed or
activated leukocyte from the subject and (b) treating the leukocyte to reduce the risk of developing
inflammation associated with the inflammatory condition or to alleviate infammation associated with the
inflammatory condition. The inflammatory conditions that can be treated include, but are not limited to,
systemic inflammatory response syndrome (SIRS), cardiopulmonary bypass syndrome, acute respiratory
distress syndrome (ARDS), sepsis, rheumatoid arthritis, systemic lupus erythematosis, infammatory bowel
disease, multiple sclerosis, psoriasis, allograft rejection, asthma, chronic renal failure, cardiorenal syndrome,
hepatorenal syndrome, acute organ failure from ischemic reperfusion injury to myocardium, central nervous
system, liver, kidney, or pancreas, and acute organ failure due to toxic injury, for example, chemotherapy.
Step (a) can be performed using a device of the invention.

[0019] The device of the present invention and its related systems and uses are not limited to a particular
type or kind of leukocyte inhibiting agent. The leukocyte inhibiting agent may be any agent that is able to
inhibit release of a pro-inflammatory substance from the leukocyte and/or deactivate the leukocyte.
Examples of leukocyte inhibiting agents include, but are not limited to, immunosuppressants, serine
leukocyte inhibitors, nitric oxide, polymorphonuclear leukocyte inhibitor factor, and secretory leukocyte
inhibitor. In some embodiments, the leukocyte inhibiting agent is a calcium chelating agent (e.g., citrate).
The present invention is not limited to a particular type or kind of calcium chelating agent, which include, but
are not limited to, citrate, sodium hexametaphosphate, ethylene diamine tetra-acetic acid (EDTA),
triethylene tetramine, diethylene triamine, o-phenanthroline, oxalic acid and the like.

[0020] It is understood that any of the above-identified aspects or embodiments of the present invention can
be equally applied to the sequestration and deactivation or inhibition of leukocytes platelets (e.g., activated
platelets), or the combination of leukocytes and platelets. The device of the invention can be used to treat a
subject at risk of developing or having an inflammatory condition. The treatment may comprise (a)
selectively sequestering extracorporeally a primed or activated cell associated with inflammation from the
subject; and (b) treating the cell to reduce the risk of developing inflammation associated with the
inflammatory condition or to alleviate inflammation associated with the inflammatory condition. The activated
cell associated with inflammation can be selected from the group consisting of a platelet and a leukocyte.
The primed cell associated with inflammation may be a leukocyte.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0021] The foregoing aspects and embodiments of the invention may be more fully understood by reference
to the following detailed description and claims.

[0022] Figure 1 is a schematic diagram of a section of devices in a system described herein. In the Figure,
(1) primed leukocytes from a subject's blood are (2) activated by an upstream device in the system, for
example, a hemofiltration device. In the upstream device, blood flows through the internal space of a hollow
chamber and ultrafiltrate (UF) is filtered through the wall of the chamber. Upon exiting the first device, blood
then flows inside a second device, for example, a selective cytopheresis inhibitory device (SCID), along the
outside of hollow fibers, while UF flows through the internal space of the hollow fibers. The blood flowing
along the outside of the hollow fibers is exposed to conditions (3) that permit leukocytes in the blood to be
sequestered, for example, by adhering to the external surface of the hollow fibers, thereby facilitating (4)
inhibition of release of a pro-inflammatory substance from the leukocytes and/or deactivation of the
leukocytes with a leukocyte inhibiting agent, for example, citrate, which decreases ionized calcium (Ca;).

[0023] Figure 2A is a schematic representation of a system comprising a SCID 555 that is the only device
in the system and that includes an intracapillary space (ICS) with both ends capped. Figure 2B is a
schematic representation of a system similar to Figure 2A except that ultrafiltrate (UF) is collected from a
SCID 655 having only one end of the ICS capped. Figure 2C is a schematic representation of a system
comprising a first device, for example, a hemofiltration device 210, and a SCID 555 that includes an ICS with
both ends capped. Figure 2D is a schematic representation of a system similar to Figure 2C except that
ultrafiltrate (UF) is collected from a SCID 655 having only one end of the ICS capped.

[0024] Figure 3 is a schematic representation of a system including a SCID 755 without a cap on its ICS.

[0025] Figures 4A-4F are schematic representations of system configurations as utilized in a CPB circuit. In
Figures 4A-4C, blood treated by a SCID 555 with the ICS capped at both ends (Figures 4A and 4B), or by
a SCID 655 with one end capped, is recirculated into the portion of the circuit prior to the venous reservoir
450 and oxygenator 460. In Figures 4D-4F, blood treated by a SCID 5§55 with the ICS capped at both ends
is recombined with blood in the portion of the circuit following the oxygenator 460. HF/HC represents a
hemofilter/hemoconcentrator, P represents a pump 504, and UF represents a reservoir to collect
ultrafiltrate.

[0026] Figure 5 shows a schematic representation of an embodiment of a SCID 555 of the present
invention having an ICS with both ends capped.

[0027] Figure 6 shows a schematic representation of an embodiment of a SCID 655 of the present
invention having an ICS with one end capped.

[0028] Figure 7 shows a schematic representation of a SCID 755, which is not claimed herein, having an
ICS inlet 745 and ICS outlet 746, neither of which is capped.

[0029] Figure 8 shows a SCID 855, which may form part of the present invention.

[0030] Figure 9 shows the mean arterial pressure for porcine model groups treated with a system, as
described in Example 1.

[0031] Figure 10 shows the cardiac output in porcine model groups treated with a system, as described in
Example 1.

[0032] Figure 11 shows hematocrit levels in porcine model groups treated with a system as described in
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Example 1.

[0033] Figure 12 shows survival curves of porcine model groups treated with a system as described in
Example 1.

[0034] Figure 13 shows the average total white blood cell counts with time of exposure to a SCID after
bacterial challenge in each animal group (n = two to three for each group), as described in Example 1.

[0035] Figures 14A-14D show light micrographs of a SCID containing hollow fiber membranes stained with
H&E from three different animals. Figure 14A is a low power micrograph showing adherent cells around
each hollow fiber (160x%). Figures 14B and 14C are higher power micrographs demonstrating leukocyte
clustering along the outer surface of hollow fibers (400x). Figure 14D is a high-power micrograph displaying
predominantly polymorphonuclear cells along with mononuclear cells in the adherent cell clusters (1600x).

[0036] Figure 15 is a graph showing the difference in survival rate in subjects treated with a SCID and
either citrate or heparin treatment.

[0037] Figures 16A and 16B are graphs comparing the number of white blood cells (WBC) and
neutrophils, respectively, in one pump and two pump system configurations

[0038] Figure 17 is a graph showing the amount of platelets in two exemplary system configurations

[0039] Figure 18 is a graph showing the average myeloperoxidase (MPQO) levels in animals treated with
either a SCID and citrate or a SCID and heparin.

[0040] Figure 19 is a graph showing the expression of CD11b, a neutrophil membrane protein responsible
for neutrophil binding to endothelium, in animals treated with either a SCID and citrate or a SCID and
heparin.

[0041] Figure 20 is a graph showing the number of neutrophils in the arterial and venous lines of systems
described herein, in animals treated with either a SCID and citrate or a SCID and heparin.

[0042] Figure 21 is a graph showing the percentage of septic animals surviving as a function of time in
animals treated with either a SCID and citrate or a SCID and heparin.

[0043] Figures 22A-22F are graphs showing the concentration of systemic total white blood cells (WBC),
systemic neutrophils, systemic lymphocytes, systemic monocytes, systemic eosinophils, and systemic
platelets, respectively, in animals subjected to cardiopulmonary bypass surgery and treated with a system
that included a SCID and citrate.

[0044] Figures 23A and 23B are graphs showing systemic and circuit Caj, respectively, in animals

subjected to cardiopulmonary bypass surgery and treated with a system that included a SCID and citrate.

DETAILED DESCRIPTION

[0045] Cells associated with inflammation, such as leukocytes (or white blood cells) and platelets, normally
defend the body against infection and injury. However, many disease states and medical procedures can
activate and/or prime these cells, which in turn can produce undesirable immune and inflammatory
responses that can be fatal. The present invention relates to a device configured to treat and/or prevent
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inflammatory conditions within a subject, and related system and uses. The device of the invention can be
used to extracorporeally sequester one or both of leukocytes and platelets and inhibit their inflammatory
actions. Specifically, the present invention includes a device for sequestering leukocytes and/or platelets,
such as activated and/or primed leukocytes, and inhibiting release of a pro-inflammatory substance from the
leukocytes and/or deactivating the leukocytes, which may then be returned to the subject. The device of the
invention can also be used for sequestering platelets (e.g., activated platelets) and inhibiting release of a
pro-inflammatory substance from these cells, which may then be returned to the subject.

[0046] Although there are many ways to practice the invention, one way is to sequester one or both of
leukocytes and platelets in the interior of a device according to the claims that provides a surface with which
these cells may associate and to provide an agent capable of deactivating the cells and/or inhibiting release
of a pro-inflammatory substance. According to the invention, the device contains hollow fibers, and the cells
associate with the exterior of these fibers. Citrate may be provided to deactivate the cells and/or prevent the
release of a pro-inflammatory substance. Although the invention is described herein with regard to blood,
the invention is applicable to any biological sample that can flow through an extracorporeal circuit, such as
any fluid from a subject's body containing these cells. Exemplary extracorporeal circuits are described, for
example, in U.S. Patent Serial No. 6,561,997

1. Overview

[0047] The device of the present invention arose from the unexpected observation that particular device
configurations not only can sequester activated and/or primed leukocytes but also can inhibit their
inflammatory activity, thereby reducing the multi-organ effects of inflammatory diseases and conditions,
such as sepsis and SIRS. These acute effects may also have an influence on chronic pro-inflammatory
states, such as the chronic pro-inflammatory state associated with end stage renal disease (ESRD). These
devices also showed effective sequestration of platelets. Experiments conducted using embodiments of the
present invention provide unprecedented and surprising success in maximizing a subject's survival (see, for
example, Example 3) and exemplify the compelling utility of these devices, and their related systems and
uses across a range of diseases and conditions for therapeutic, diagnostic, and research applications.

[0048] A schematic representation of one exemplary system is shown in Figure 1. As shown, blood is
exposed to a first device. Thereafter, the leukocytes become activated (and/or primed). The activated
(and/or primed) leukocytes then enter a device, generally referred to as a selective cytopheresis inhibitory
device (SCID), wherein the activated leukocytes are sequestered. It is understood that rather than being
activated by a first device, the leukocytes may be activated (and/or primed) as a result of a primary patient
condition or secondary to other types of medical intervention.

[0049] In other words, in the SCID, the activated (and/or primed) leukocytes from the blood are
sequestered, for example, by temporarily adhering to one or more surfaces inside the SCID. Sequestration
of the leukocytes can be achieved by a variety of approaches, for example, by association with molecules in
a passageway or passageway region in the SCID that bind leukocytes, for example, activated and/or primed
leukocytes, or by setting blood flow within the device to provide low shear stress on leukocytes, allowing
them to associate with one or more surfaces inside the SCID. These sequestered leukocytes then are
exposed to an agent, for example, citrate, to deactivate the leukocytes or inhibit their release of pro-
inflammatory substances. These systems and devices also can apply to platelets.

[0050] Without being bound by theory, it is believed that calcium chelators, for example, citrate, lead to a
low Ca; environment in the device, inhibiting release of a pro-inflammatory substance from the leukocytes

and/or deactivating the leukocytes. Pro-inflammatory substances may include destructive enzymes and/or
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cytokines from the leukocytes. This inhibition and/or deactivation leads to an amelioration of the
inflammatory state of the leukocytes. In this way, the SCID sequesters leukocytes, for example, neutrophils
and monocytes, and inhibits release of a pro-infammatory substance from the leukocytes and/or
deactivates the leukocytes, for example, with citrate and/or a low-Ca; environment. The sequestration and

inhibition and/or deactivation of platelets can be achieved in a similar fashion.

[0051] It has been demonstrated that the addition of a calcium chelator, e.g. citrate, to a device of the
present invention including a housing containing hollow fibers that sequester leukocytes had the unexpected
result of improving a subject's innate immunologic system. Accordingly, the device of the present invention
can be used to treat or prevent a variety of inflammatory conditions (either as primary disease states or as a
result of medical intervention) by directly treating a subject's blood that includes leukocytes (e.g., activated
and/or primed leukocytes) or platelets (e.g., activated platelets). Following treatment, the blood may be
returned to the subject.

[0052] The following sections describe (1) configurations of systems that may be used to treat an
inflammatory condition, (2) examples of how cells associated with inflammation can be sequestered, (3)
examples of how such cells can be deactivated and/or inhibited from releasing a pro-inflammatory
substance, and (4) the inflammatory conditions that can be treated using the methods, devices, and
systems described herein. While the discussion in the sections that follow generally describe sequestration
and inhibition and/or deactivation of a particular cell type (e.g., leukocytes), it is understood that the same
principles apply to the sequestration and inhibition and/or deactivation of other cell types associated with
inflammation (e.g., platelets, such as activated platelets).

2. System Configurations

[0053] As used herein, the term "cytopheresis" or "selective cytopheresis”" refers to the sequestration of
certain particles from blood. Selective cytopheresis is used to sequester certain cells, such as leukocytes
(e.g., activated and/or primed leukocytes) or platelets (e.g., activated platelets) from blood for purposes of
facilitating inhibition of release of a pro-inflammatory substance from such cells and/or deactivation of such
cells. It should be understood that such inhibition and/or deactivation can occur before, during, and/or after
sequestration.

[0054] "Selective cytopheresis device," "selective cytopheresis inhibitory device," "SCD," and "SCID" refer to
devices of the present invention that sequester leukocytes (e.g., activated and/or primed leukocytes) and/or
platelets (e.g., activated platelets). These devices can also be configured to deactivate and/or inhibit release

of pro-inflammatory substances from such cells before, during, and/or after sequestration.

[0055] The SCID devices of the present invention may be configured within a system to accomplish
selective cytopheresis. In basic form, the system includes a SCID, a fluid connection for blood to flow from a
blood source (for example, a subject, such as a patient) to the SCID, and a fluid connection for treated
blood to flow from the SCID to a receptacle (for example, back to the subject). The SCID acts to sequester
leukocytes and/or platelets, such as activated and/or primed leukocytes, and facilitate inhibition of release of
a pro-inflammatory substance from the leukocytes or platelets and/or deactivate the leukocytes or platelets.
Sequestration of leukocytes and/or platelets can be achieved by any technique described in Section 3
below. Inhibition of the release of a pro-inflammatory substance from the leukocytes or platelets and/or
deactivation of the leukocytes or platelets can be achieved by any technique described in Section 4 below.

[0056] A system can include a SCID, which optionally can also perform other blood treatments, without
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additional treatment devices. See, for example, Figures 2A-2B and Figure 8. A system can include a SCID,
which optionally can perform other blood treatments, as well as additional devices that treat blood. See, for
example, Figures 2C-2D and Figures 4A-4F. For example, the additional devices can filter, oxygenate, or
otherwise treat the blood before or after the blood enters the SCID. Moreover, the SCID and/or additional
devices in a system can include more than one component for treating blood in other or complementary
ways, for example, porous filters, oxygen pumps, and/or xenographic or allographic cells (for example,
xenographic or allographic renal cells such as renal tubule cells). The device or devices in the system that
facilitate selective cytopheresis may be free of such additional components. For example, a SCID of the
present invention may be free of cells such as xenographic or allographic cells (e.g., xenographic or
allographic renal cells). These basic principles are described in more detail, below.

2.A. Single Device System

[0057] As mentioned, a system can contain a SCID to accomplish selective cytopheresis and, optionally,
other blood treatments without additional treatment devices in the system (see Figures 2A-2B). One
embodiment of such a SCID is shown schematically in Figure 5. In Figure 5, a SCID 555 contains a plurality
of porous membranes, which are hollow fibers 552 (only one is labeled for clarity). The luminal space within
these fibers is called the intracapillary space ("ICS") 5640. In this embodiment, the ICS inlet and ICS outlet
are capped 544. The space 542 surrounding the hollow fibers 652 and within a housing 5654 of the SCID
555 is called the extracapillary space ("ECS"). Blood containing leukocytes enters the ECS inlet 648 and
moves into the ECS 542 surrounding the fibers 552 (i.e., moves into a passageway). Leukocytes are
sequestered in the device, for example, at the external surface of the hollow fibers 5652, and exposed to an
agent, for example citrate, capable of inhibiting release of a pro-inflammatory substance from a leukocyte
and/or deactivating a leukocyte. The agent can be infused into a line upstream of the ECS inlet 548 or may
be infused into the SCID itself via a port. Alternatively, or in addition, the SCID can be prepared with the
agent, prior to using the SCID. Flow rates in the ECS 542 are chosen in the ranges described herein such
that there is a low shear force (in the ranges described herein) at the surface of the fiber 552 to allow
leukocytes to associate therewith. In this way, inhibition and/or deactivation of the leukocyte is achieved or
initiated. Then, the blood in the ECS exits the SCID via the ECS outlet 550, which enters into an outflow line.

[0058] Figure 2A shows the exemplary SCID 555 of Figure 5 in a circuit. Blood from a subject enters a
blood line and is moved through that line via a pump 204. On the same blood line, a leukocyte inhibiting
agent (e.g., citrate) can be infused at a port 206, optionally with a pump. The blood in the blood line then
enters the ECS inlet 548 and exits the SCID 555 at the ECS outlet 650. Blood lines at the ECS inlet 548 and
outlet 550, respectively, are attached using blood line connectors with locking mechanisms 256. Leukocytes
are shown sequestered in the ECS 542 at the external surface of the hollow fiber 652. A blood outflow line
from the ECS outlet 550 may return blood to the subject. Another agent, such as calcium (e.g., calcium
chloride or calcium gluconate), can be infused at a port 258 on this blood outflow line to prepare the blood
for re-entry into the subject. The ICS can contain xenographic or allographic cells, for example, renal tubule
cells, cultured in a monolayer on the lining of the ICS 540 of each fiber to further aid in treatment of the
blood. Alternatively, the ICS may be cell-free. In the circuit of Figure 2A, the lumen 540 of the SCID 555 is
filled with saline.

[0059] The circuit of Figure 2B includes the same components as Figure 2A and operates in the same
manner, except that Figure 2B utilizes SCID 655 shown in Figure 6 and ultrafiltrate is produced by this
SCID 655. The SCID 655 contains a plurality of porous membranes, which are hollow fibers 652. The
luminal space within the fibers is the ICS 640 and the surrounding space outside the fibers 652 and within
the SCID housing 654 is the ECS 642. Blood containing leukocytes enters the ECS inlet 648 and moves into
the ECS 642 surrounding the fibers 652 and exits at the ECS outlet 650. Leukocyte sequestration and
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inhibition and/or deactivation can be achieved as described above. However, in SCID 655, only the ICS inlet
is capped 644. The ICS outlet 646 is not capped. Accordingly, depending on the characteristics of the
porous hollow fibers 652 (e.g., permeability and pore size), a portion of the blood in the ECS 642 can pass
across the hollow fibers 652, and into the ICS 640 as ultrafiltrate (UF). Atube can be connected to the ICS
outlet 646 for collecting ultrafiltrate (UF), which may be discarded as waste.

[0060] A system with a single treatment device, the SCID can be a device as shown in Figure 8. Blood
enters one end 810 of the SCID 855 and travels through hollow fibers 802 through which ultrafiltrate passes
into a hollow space 804. The filtered blood from the hollow fibers 802 passes into an ECS 806 and
surrounds hollow fibers 808 containing ultrafiltrate, which was passed from the hollow space 804. The blood
in the ECS flows over the hollow fibers 808 filled with ultrafiltrate, and leukocytes are sequestered thereon.
Flow rates are chosen in the ranges described herein to develop a shear force (in the ranges described
herein) at the surface of the ultrafiltrate hollow fibers 808 that permit leukocytes to associate with the fibers.
Blood ultimately exits the device at a side port 812, and ultrafiltrate exits as waste via an end port 813. The
interior of the ultrafiltrate hollow fibers 808 optionally contain renal tubule cells. This SCID can be placed in a
circuit as described for the SCID of Figures 2A-2B.

[0061] Flow rates and membrane characteristics for the circuits of Figures 2A-2B with the SCID of Figures
5,6, or 8 can be as described below. For example, the ECS flow rate may be from about 100 mL/minute to
about 500 mL/minute. The flow rate of the ultrafiltrate waste (e.g., for the SCIDs shown in Figures 6 and 8)
may include, for example, flow rates from about 5 mL/minute to about 50 mL/minute.

2.B. Selective Cytopheresis Inhibitory Device as part of a Hemodialysis or Hemofiltration System

[0062] The SCID may be part of a system with other devices for treating blood. For example, the SCID can
be a part of a hemofiltration system, a hemodialysis system and/or a hemodiafiltration system that includes
one or more filtration cartridges separate from the SCID within the system. When describing the part of the
system that is not the SCID, the term "hemofiltration” can refer to hemodialysis, hemodiafiltration,
hemofiltration, and/or hemoconcentration and "hemofilter" can include a device (e.g., a cartridge) for
performing one or more of hemodialysis, hemodiafiltration, hemofiltration, and/or hemoconcentration. The
hemofiltration cartridge(s) can be configured to be in parallel or series with a SCID within an extracorporeal
blood circuit, and associated blood pumps and tubing can be used to move the blood through the
extracorporeal circuit. For example, as shown in Figures 2C and 2D, blood may flow from a subject through
a blood line. The blood is moved through the blood line via a pump 204. A leukocyte inhibiting agent (e.g.,
citrate) can be infused into the same blood line at a port 206, optionally with a pump. The blood then flows
through hollow fibers 214 in a conventional hemofilter 210. Dialysate is infused into the ECS surrounding the
hollow fibers 214 and within the hemofilter 210 housing, and dialysis occurs with solutes being removed as
"waste" from the blood across the hemofilter filtration membrane 214 (the hollow fibers) and into the
dialysate. The dialysate flows in a counter current fashion relative to the blood, and the dialysate is moved
with a dialysate pump 218. Additionally, molecules and fluid from the blood can pass across the hemofilter
filtration membrane 214 (the hollow fibers) as ultrafiltrate, depending on the pore size through the
membrane.

[0063] The exemplary system of Figure 2C shows a circuit with the SCID 555 of Figure 5. Blood exits the
hemofilter 210 and enters the SCID 555 at the ECS inlet 548. The blood then is processed through the
SCID, which sequesters leukocytes on the hollow fibers 552 and inhibits release of a pro-inflammatory
substance from a leukocyte and/or deactivates a leukocyte in the manner described for Figures 2A-2B,
above. The blood lines into and out of the SCID 555 are attached using a connection with a locking
mechanism 256. The blood may then be returned to the subject via a blood outflow line from the ECS outlet
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550. Another agent, such as calcium, can be infused at a port 258 on the this blood outflow line in order to
prepare the blood for re-entry into the subject. The intracapillary space (ICS) of the SCID can contain
xenographic or allographic cells, for example, renal tubule cells, cultured in a monolayer on the lining of the
lumen of each fiber to further aid in treatment of the blood. Alternatively the ICS may be cell free. In the
circuit of Figure 2C, the ICS 540 of the SCID 555 is filled with saline and the end ports of the ICS are
capped 544.

[0064] The circuit of Figure 2D includes the same components as Figure 2C and operates in the same
manner, except that Figure 2D utilizes the SCID 655 of Figure 6 and ultrafiltrate is produced by this SCID
655. The flow of blood through the SCID 655 is described above in the context of Figure 2B. Additionally,
SCID 655 functions as described above, in the context of Figure 2B. As noted above, SCID 655 has only
the ICS inlet capped 644. The ICS outlet 646 is not capped. Accordingly, depending on the characteristics of
the porous hollow fibers 652, a portion of the blood in the ECS 642 can pass across the hollow fibers 652,
and into the ICS as ultrafiltrate (UF). Atube can be connected to the ICS outlet 646 for collecting ultrafiltrate
(UF), which may be discarded as waste.

[0065] Without wishing to be bound by theory, it is contemplated that the flow geometry in these SCID
systems (and those shown in Figures 1, 2A-2B, 3, and 4A-4F allows leukocytes to exist in a low shear force
environment in the ECS of the SCID and, therefore, associate with one or more internal surfaces in the
SCID, for example, the hollow fibers. Conversely, in a typical use of a hemofiltration cartridge (for example,
the first device 210 in the circuits of Figures 2C and 2D), blood flow through the small diameter lumens of
the hollow fibers yields a higher shear force (than that in the SCID) that prohibits association of leukocytes
with the hollow fibers and sequestration of leukocytes within the device. Accordingly, a hemofiltration device
having the conventional flow circuit supporting its operation reversed (i.e., blood flowing outside the hollow
fibers rather than inside the hollow fibers) can act as a SCID to sequester potentially damaging and
circulating activated leukocytes. These sequestered leukocytes can be treated with a leukocyte inhibiting
agent (e.g. citrate).

[0066] Further, it is contemplated that the inflammatory response of sequestered leukocytes is inhibited
and/or deactivated in the presence of low Ca; (caused, for example, by citrate) before, during, and/or after

sequestration. The low-Ca; environment may inhibit the inflammatory activity of, or deactivate, the

leukocytes.

[0067] Rather than both dialysate and ultrafiltrate being produced by the hemofilter (e.g., the hemofilter 210
of Figures 2C and 2D), only ultrafiltrate may be produced. During ultrafiltration, blood is separated into
ultrafiltrate, which has been filtered through a medium, such as a membrane, and a retentate, which does
not pass through the medium. One example of this type of system is the SCID 755 of Figure 7 in the system
of Figure 3. Briefly, in this system the blood flows in through the ECS inlet 748 of the SCID 755, into the
ECS 742 defined by the SCID housing 754 and hollow fibers 752, and out through the ECS outlet 750 in the
SCID 755. Additionally, an ultrafiltrate line 320 from the hemofilter 210 is in communication with the ICS 740
of the SCID 755 via an ICS inlet 745 and provides ultrafiltrate to the ICS 740. The filtered blood (in the ECS
742) and the ultrafiltrate (in the ICS 740) are separate but can interact with one another across the
membranes of the hollow fibers 752. The ultrafiltrate in the ICS 740 and the filtered blood in the ECS 742 of
the SCID 755 can flow in a cocurrent or countercurrent manner. Processed ultrafiltrate exits the ICS 740 at
the ICS outlet 746 of the SCID 755 and can be discarded as a waste product. Accordingly, in this system the
ICS inlet 745 and ICS outlet 746 are not capped, but the SCID 755 is otherwise substantially the same as
the one shown in Figure 5 and Figure 6.

[0068] More particularly, in the system of Figure 3 using the SCID 755 according to Figure 7, blood may be
moved from a subject (for example, a patient or any animal) in a blood line. Blood is pumped through the
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blood line with a pump 204. A leukocyte inhibiting agent, such as citrate, can be infused at port 206,
optionally with a pump. The blood then enters hollow fibers of a hemofilter 210 and deposited into the ECS
of the hemofilter 210 in a manner described for Figures 2C-2D above. Ultrafiltrate is produced across the
hollow fibers of the hemofilter 210 and is deposited into the ECS of the hemofilter 210. The ultrafiltrate then
passes through an ultrafiltrate line 320 from the hemofilter 210 and enters the SCID 755 at an ICS inlet 745.
The ultrafiltrate moves through the ICS 740 of the hollow fibers 752 and exits at the ICS outlet 746. The
hollow fibers can be porous, semi-porous, or non-porous membranes.

[0069] The filtered blood remaining in the ICS of the hollow fibers of the hemofilter 210 (i.e., the lumens of
the hollow fibers in the hemofilter 210) exits the hemofilter 210 and is pumped with pump 300 into the ECS
inlet 748 of the SCID 755. Optionally, this pump can be placed on the blood line between the SCID and the
subject or a third pump (not shown) can be placed on the blood line between the SCID and the subject. The
blood flows into the ECS 742 surrounding the hollow fibers 752 (i.e., moves in a passageway). Leukocytes,
such as activated and/or primed leukocytes, are sequestered in the device, for example, at the external
surface of the hollow fibers 752. Blood then exits the SCID 755 at the ECS outlet 750 and may be returned
to the subject. Blood line connectors 256 with a locking mechanism attach the blood lines to the ECS inlet
748 and the ECS outlet 750. Another agent, such as calcium, can be infused at a port 258 on the blood
outflow line returning to the subject to prepare the blood for re-entry into the subject. Also, an ultrafiltrate
pump 304 moves ultrafiltrate from the ICS 740 to waste. However, depending on the pump flow rates in the
system, none, some, or all of the ultrafiltrate can cross the hollow fibers 752 and return to the filtered blood
inthe ECS 742.

[0070] The use of the SCID of Figure 7 in the circuit shown in Figure 3 has been evaluated in over 100
large animals in pre-clinical testing and in nearly 100 patients in Phase |, lla, and Ilb clinical studies with no
unanticipated adverse events related to the SCID and the perfusion circuit. Although the ICS can be cell
free, it is understood that this system optionally also can include cells within the ICS 740, for example renal
tubule cells. The rate of the blood flow is chosen to have a sufficiently low shear force (in the ranges
described herein) at the surface of the porous, hollow fibers to allow sequestration of leukocytes by
association with the fibers, for example at a blood flow rate from about 100 mL/minute to about 500
mL/minute. Alternatively, the blood flow rate through the extracorporeal circuit, through the lumens of the
hollow fibers in the hemofilter 210, and through the ECS 742 of the SCID 755 can be about 120 mL/minute.
The ultrafitrate can be moved at rates in the ranges described herein, for example, at flow rates less than
about 50 mL/minute, from about 5 mL/minute to about 50 mL/minute, and from about 10 mL/minute to
about 20 mL/minute. Alternatively, the ultrafiltrate flow rate can be maintained at 15 mL/minute. Optionally, a
balanced electrolyte replacement solution (e.g., a solution containing bicarbonate base) can be infused into
the bloodline on a 1:1 volume replacement for ultrafiltrate produced. The fluid (e.g., ultrafiltrate) and blood
(or leukocyte-containing fluid) can flow in the same direction or in opposite directions.

[0071] The blood flow configuration through the SCID is opposite the blood flow configuration through a
typical hemofiltration cartridge. That is, blood flows through the interior of the hollow fibers of the
hemofiltration cartridge in its intended use versus around the outside of the hollow fibers of the SCID. This
unconventional blood flow configuration through the SCID allows for a lower shear force within the ECS at
the exterior surface of the hollow fiber relative to the higher shear force within the lumen of the hollow fibers
of a hemofilter, thus facilitating sequestration of leukocytes in the ECS of the SCID. Conversely, the blood
flow through the interior of the hollow fibers of the hemofilter prohibits leukocyte sequestration due to high
shear force created by blood flowing through the small diameter lumens of the hollow fibers. For example,
tests have shown that blood within the interior of a hollow fiber of a hemofilter creates a shear force of 1.5 x

107 dynes/cm2 while blood flow through the ECS of certain embodiments of a SCID creates a shear force of

577 dynes/cmz, or 108 less shear force. For comparison, the shear force at a typical arterial wall is 6 to 40
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dynes/cm2 and the shear force at a typical vein wall is 1-5 dynes/cmz. Thus, a capillary wall has a shear

stress of less than 5 dynes/cmz.

[0072] Accordingly, the present invention uses a sufficiently low shear force in the passageway so that,
when the device in use with the biological sample being pumped through the passageway, activated
leukocytes and/or platelets from the biological sample will adhere to he exterior surface of the hollow fibres.

For example, a shear force of less than 1000 dynes/cmz, or less than 500 dynes/cmz, or less than 100

dynes/cmz, or less than 10 dynes/cmz, or less than 5 dynes/cmz, is useful at an exterior surface of the
hollow fibers in the passageway. It should be understood that these shear forces may be useful in any of the
SCID embodiments described herein. When a system comprises two devices, such as a hemofilter and a
SCID, the difference in shear force between blood flowing in the hemofilter and blood flowing in the SCID

can be at least 1000 dynes/cmz.

[0073] So long as the unconventional flow configuration is followed (i.e., blood flows outside of the hollow
fibers, rather than inside the hollow fibers) to yield the requisite shear force, the SCID can be comprised of a

conventional 0.7 m?2 polysulfone hemofilter (e.g., Model F40, Fresenius Medical Care North America,
Waltham, MA, U.S.A)), which is approved by the FDA for use in acute and chronic hemodialysis. Similarly,
the extracorporeal perfusion circuit can use standard dialysis arteriovenous blood tubing. The cartridges
and blood tubing can be placed in any dialysate delivery pump system (e.g., Fresenius 2008H) that is
currently in use for chronic dialysis.

[0074] In one exemplary system, the system includes tubing which may lead from a subject (a blood line)
with a bag of a citrate solution infused into the tubing by an infuser. A first F40 hemofilter cartridge is
connected with the blood line at a point after the citrate enters the blood line. Blood in the blood line then
flows through the interior of hollow fibers (the ICS) inside the cartridge, from an end port inlet to an end port
outlet, and dialysate flows outside these hollow fibers and within the cartridge (the ECS) from one side port
to a second side port in a countercurrent manner with respect to the blood flow. A dialysate/ultrafiltrate
mixture exiting from the second side port is collected. Substantially no blood cells, platelets, or plasma cross
from the ICS to the ECS, and substantially no leukocytes adhere to the interior of the hollow fibers. The
hollow fibers are disposed parallel to one another in a bundle, and each fiber has a diameter of
approximately 240 micrometers. Furthermore, the pores of the hollow fibers are small enough to prevent
passage of albumin, a molecule of about 30 angstroms, through the fibers, and the pores are generally this
size across the entire fiber. The filtered blood then continues from the end port outlet, through tubing, to a
side port inlet of a second F40 cartridge (i.e., the SCID). The blood flows through the ECS of the second
F40 cartridge and exits the cartridge at a side port outlet. Any ultrafiltrate that is produced in the second F40
cartridge enters the ICS and exits through an end port. The other end port of the cartridge is capped.
Substantially no blood cells, platelets, or plasma cross from the ECS to the ICS, and leukocytes adhere to
the exterior of the hollow fibers for some period of time. Blood exiting the second F40 cartridge enters
tubing where a calcium solution is infused into the blood using an infuser. Finally, the tubing may return the
processed blood to the subject. Preferbly, the blood flow rate in the system does not exceed 500 mL/minute,
and blood does not displace air in the system at any point. Additionally, the pumping and infusion rates can

be manually changed in view of bedside readings of electrolytes and white blood cell counts. An i-STAT®
handheld monitoring device produces these readings from a small amount of blood withdrawn from the
subject.

[0075] The risk of using such a system is similar to the risk associated with hemodialysis treatment and
includes, for example, clotting of the perfusion circuit, air entry into the circuit, catheter or blood tubing
kinking or disconnection, and temperature dysregulation. However, dialysis machines and associated
dialysis blood perfusion sets have been designed to identify these problems during treatment with alarm
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systems and to mitigate any clot or air embolism to the subject with clot filters and air bubble traps. These
pump systems and blood tubing sets are FDA approved for this treatment indication.

[0076] As mentioned above, infusion of a leukocyte inhibition agent, for example, citrate, can be local to the
SCID, regional, or throughout the system. Citrate can also be used as an anti-clotting agent, in which case
perfusion throughout the system would be useful. Clinical experiences suggest that if clotting occurs within a
hemofiltration system, it is initiated in the first dialysis cartridge. Anticoagulation protocols, such as systemic
heparin or regional citrate, are currently established and routinely used in clinical hemodialysis.

2. C. Selective Cytopheresis Inhibitory Device as part of a Cardiopulmonary Bypass System

[0077] As shown in Figures 4A-4F and as described in Examples 8 and 9 herein, a SCID can be used
within a cardiopulmonary bypass (CPB) circuit to treat and/or prevent infammatory conditions secondary to
surgeries (e.g., bypass surgery). Figures 4A, 4B, 4D, 4E, and 4F show the SCID of Figure 5 in exemplary
CPB systems. Figure 4C shows the SCID of Figure 6 in an exemplary CPB system. CPB is used to divert
blood from both the left and right sides of the heart and lungs. This is achieved by draining blood from the
right side of the heart and perfusing the arterial circulation. However, since systemic-to-pulmonary
collaterals, systemic-to-systemic collaterals, and surgical site bleeding return blood to the left side of the
heart, special drainage mechanisms of the left side of the heart are required during CPB. Optionally,
cardioplegia can be delivered through a special pump and tubing mechanism. A standard CPB system has
several features that can be broadly classified into three subsystems. The first subsystem is an
oxygenating-ventilating subsystem that supplies oxygen and removes carbon dioxide from the blood. The
second subsystem is a temperature control system. The third subsystem includes in-line monitors and
safety devices.

[0078] As shown in Figure 4A, blood may be moved via a venous cannula 400 from a subject into a blood
line 410. Blood flows through the blood line 410, passing a recirculation junction 420, which is connected to
a SCID outflow line 430. The SCID outflow line 430 contains blood treated by the SCID device §655. The
blood in the blood line 410 mixes with the SCID-treated blood and continues to a venous reservoir 450 and
onto an oxygenator 460 where the blood is oxygenated. The oxygenated blood then flows from the
oxygenator 460 to a junction 470 with a SCID inflow line 480. Here, where a portion of the blood in the blood
line 410 is diverted to the SCID 555 via the SCID inflow line 480 for treatment by the SCID 555. The flow of
blood through the SCID inflow line 480 is controlled by a pump 504. The SCID 555 is designed to sequester
select cells associated with inflammation, leukocytes or platelets. In this example, no leukocyte inhibiting
agent is added to the blood entering the SCID 555. Blood containing leukocytes enters the ECS inlet 548
and moves into the ECS 542 surrounding the hollow fibers 552. Leukocytes are sequestered in the device,
at the external surface of the hollow fibers 5652. Flow rates at pump 504 can be chosen at ranges described
herein such that there is a low shear force (in the ranges described herein) at the surface of the hollow
fibers 652 to allow leukocytes to associate therewith. Blood in the ECS 542 exits the SCID via the ECS outlet
550 and enters the SCID outflow line 430. At junction 470, a portion of the blood in the blood line 410 also
continues to an arterial filter/bubble trap 490, it may then be returned to the subject at an arterial cannula
495.

[0079] The circuit in Figure 4B flows in the same fashion as the circuit in Figure 4A, with the additional
features of a citrate feed 435 and citrate pump 436 to add citrate to the blood in the SCID inflow line 480
and a calcium feed 445 and calcium pump 446 to add calcium to the blood in the SCID outflow line 430.
Citrate (or another leukocyte inhibiting agent described herein) is added to the blood flowing into the SCID
555 from the citrate feed 435 to inhibit and/or deactivate cells associated with inflammation, such as
leukocytes. Calcium can be added back into the blood to prepare the blood for reentry into the subject.
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[0080] The circuit in Figure 4C functions in a similar fashion as the circuit in Figure 4B, with additional
features associated with a hemofilter/hemoconcentrator (HF/HC) 476. Specifically, the portion of the
oxygenated blood that is diverted at junction 470 toward the SCID 655 via the SCID inflow line 480 is further
split at junction 472 into a portion that flows to the SCID 655 and a separate portion that flows to the HF/HC
476 via a HF/HC inflow line 474. The HF/HC can filter or concentrate the blood, with ultrafiltrate passing
from the device via a waste tube 477. The filtered or concentrated blood exits the HF/HC 476 via a HF/HC
outflow line 479 that returns the filtered or concentrated blood to the SCID outflow line 430 at a junction 444.
The SCID shown in Figure 4C is the SCID of Figure 6, as described above. Blood flows from the SCID
inflow line 480, into the ECS inlet 648, through the ECS, out the ECS outlet 650, and into the SCID outflow
line 430. Ultrafiltrate may be produced across the hollow fibers in the SCID (from the ECS to the ICS), with
ultrafiltrate passing from the SCID at the ICS outlet 646 into a waste tube 478.

[0081] Blood flow to the SCID 655 can be controlled by the pump 504. Pump 504 is preferred to maintain
constant flow in circuits that infuse agents, such as citrate, that inhibit or deactivate the leukocytes, and/or
another agent, such as calcium, following SCID treatment. Alternatively, blood flow to the SCID can be
controlled by selecting a smaller caliber of the SCID inflow line 480 between junction 472 and the SCID 655
relative to the caliber of the HF/HC inflow line 474, so that only about 200 mL/5L (about 4% of the flow
volume) is diverted to the SCID at the junction 472. This results in low shear force in the SCID, which can
facilitate sequestration.

[0082] The circuits shown in Figures 4D-4F are different from the circuits of Figures 4A-4C in that they do
not recirculate blood within the circuit, for example, at a recirculation junction 420. Rather, as shown in
Figure 4D, blood may be moved via the venous cannula 400 from a subject into the blood line 410, where
the blood flows directly to the venous reservoir 450 and onto an oxygenator 460 where the blood is
oxygenated. The oxygenated blood then flows from the oxygenator 460 to the junction 470 with the SCID
inflow line 480. Here, a portion of the blood in the blood line 410 is diverted to the SCID 555 via the SCID
inflow line 480 for sequestration of leukocytes by the SCID 5655, as described above for Figure 4A. Blood
exiting the SCID 555 enters the SCID outflow line 430 and mixes with oxygenated blood at junction 422.
After blood from the SCID mixes with blood in the blood line 410 it continues in the blood line 410 to the
arterial filter/bubble trap 490. It may then be returned to the subject at the arterial cannula 495.

[0083] The circuit in Figure 4E flows in the same fashion as the circuit in Figure 4D, with the additional
features of a citrate feed 435 and citrate pump 436 to add citrate to the blood in the SCID inflow line 480
and a calcium feed 445 and calcium pump 446 to add calcium to the blood in the SCID outflow line 430. As
described for Figure 4B, citrate or any other leukocyte inhibiting agent is added to the blood from the citrate
feed 435 to inhibit and/or deactivate cells associated with inflammation, such as leukocytes. Calcium can be
added back into the blood to prepare the blood for reentry into the subject.

[0084] The circuit in Figure 4F flows in a similar fashion as the circuit in Figure 4E, except that the junction
that diverts a portion of the blood from the blood line 410 to the SCID inflow line 480 and the junction which
returns SCID-treated blood via the SCID outflow line 430 to the bloodflow line 410, are positioned after the
arterial filter/bubble trap 490 in the circuit. These junctions are labeled 492 and 494, respectively. Figure 4F
also depicts other subsystems and features, such as heat exchangers, additional pumps, gas meters and
exchangers, and monitors, that can be used in any of the above-identified circuits. Moreover, the SCID in
any of the circuits described in Figures 4A-4F can be configured with characteristics (e.g., configurations of
devices such as the SCID, membrane characteristics, flow rates) in accordance with any embodiment
described herein.

2.D. Additional Features of Selective Cytopheresis Inhibitory Devices
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[0085] The devices of the present invention may be configured for treating and/or preventing a certain
disorder. It is understood, however, that a number of different configurations can be used to treat and/or
prevent a particular disorder.

[0086] Moreover, the SCID of any embodiment can be oriented horizontally or vertically and placed in a
temperature controlled environment. The temperature of a SCID containing cells preferably is maintained at
about 37°C to about 38°C throughout the SCID's operation to ensure optimal function of the cells in the
SCID. For example, but without limitation, a warming blanket may be used to keep the SCID at the
appropriate temperature. If other devices are utilized in the system, different temperatures may be needed
for optimal performance.

[0087] The devices of the present invention and their related systems may be controlled by a processor
(e.g., computer software). A device can be configured to detect changes in activated leukocyte levels within
a subject and provide such information to the processor (e.g., information as to leukocyte level and/or
increased risk for developing an inflammation disorder). When a certain activated leukocyte level is reached
or a subject is deemed at a certain risk for developing an inflammation disorder (e.g., SIRS), the subject's
blood may be processed through a SCID for purposes of reducing the possibility of developing an
inflammation disorder. The device or system may automatically processe the subject's blood through the
SCID in response to these measurements. Alternatively, a health professional may be alerted to the
elevated leukocyte level or increased risk within the subject, and the professional initiates the treatment.

[0088] It is contemplated that the devices of the present invention can be included with various kits or
systems. For example, the kits or systems may include the devices of the present invention or various parts
of the devices, for example, hollow fiber hemofilter cartridges, leukocyte inhibiting agents (e.g., calcium
chelating agents, such as citrate), allographic cells (e.g., renal tubule cells), or other parts. Additionally, the
kits or systems may be combined with various surgical instruments necessary for implanting the filtration
device into a subject.

3. Sequestration of Cells Associated with Inflammation

[0089] The device of the present invention should be configured to sequester leukocytes and/or platelets
from a subject according to the claims. The device and its related systems and uses are not limited to a
particular design or technique for facilitating inhibition of release of a pro-infammatory substance from a
leukocyte and/or deactivation of a leukocyte. The terms "sample" and "specimen" are used in their broadest
sense. On the one hand, they are meant to include a specimen or culture. On the other hand, they are
meant to include both biological and environmental samples. These terms encompass all types of samples
obtained from humans and other animals, including but not limited to, body fluids such as urine, blood,
serum, plasma, fecal matter, cerebrospinal fluid (CSF), semen, and saliva, as well as solid tissue. However,
these examples are not to be construed as limiting the sample types applicable to the present invention.
The term sample in the context of the present specification frequently refers to blood from a subject. The
term "blood" refers to any aspect of the blood, for example, whole blood, treated blood, filtered blood, or any
liquid derived from blood.

[0090] One or more passageways for flowing a biological sample, or one or more regions thereof, can be
configured in any of a variety of ways to sequester leukocytes. If more than one passageway is used, they
can be positioned in series and/or in parallel. One or more passageways may be contained within a
cartridge, for example a disposable cartridge. A passageway or a passageway region can be defined by any
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number of surfaces, for example, 1, 2, 3, 4, 5, 10, 20, 50, 100, or more surfaces. Examples of surfaces
include, the interior walls of a device, such as cylindrical device walls and flat device walls, and/or the
exterior surfaces of the hollow fibers described herein.

[0091] The surfaces that define a passageway or passageway region can be selected from a variety of
forms that sequester leukocytes. For example, flat surfaces (e.g., sheets), curved surfaces (e.g., hollow
tubes or fibers), patterned surfaces (e.g., z-folded sheets or dimpled surfaces), irregularly-shaped surfaces,
or other configurations can be used in a passageway (or a region thereof) configured to sequester
leukocytes. Any of these surfaces may include pores and be porous, selectively-porous, or semi-porous. For
example, the surface can be a membrane. The term "membrane"” refers to a surface capable of receiving a
fluid on both sides of the surface, or a fluid on one side and gas on the other side of the surface. A
membrane typically is porous (e.g., selectively-porous or semi-porous) such that it is capable of fluid or gas
flow therethrough. It is understood that the term "porous" as used herein to describe a surface or
membrane includes generally porous, selectively-porous and/or semi-porous surfaces or membranes.
Moreover, additional surfaces in a passageway or passageway region (that do not define the passageway)
can facilitate leukocyte sequestration, such as particle (e.g. bead) surfaces, surfaces of one or more
projections into the passageway, or surfaces of one or more membranes exposed to the flowing biological
sample. These additional surfaces also can be selected from amongst the flat surfaces, curved surfaces,
patterned surfaces, irregularly-shaped surfaces, and other configurations described above and the
materials described below, and can have the enhancements described below.

[0092] Passageway surfaces or passageway region surfaces (e.g., the external surfaces of hollow fibers)
that define and/or are part of a passageway or passageway region configured to sequester leukocytes are
not limited to a particular type, kind or size, and may be made of any appropriate material. For example, a
surface may be any biocompatible polymer comprising one or more of nylon, polyethylene, polyurethane,
polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), polyarylethersulfone, CUPROPHAN (a
cellulose regenerated by means of the cuprammonium process, available from Enka), HEMOPHAN (a
modified CUPROPHAN with improved biocompatibility, available from Enka), CUPRAMMONIUM RAYON (a
variety of CUPROPHAN, available from Asahi), BIOMEMBRANE (cuprammonium rayon available from
Asahi), saponified cellulose acetate (such as fibers available from Teijin or CD Medical), cellulose acetate
(such as fibers available from Toyobo Nipro), cellulose (such as that are regenerated by the modified
cupramonium process or by means of the viscose process, available from Terumo or Textikombinat (Pirna,
GDR) respectively), polyacrylonitrile (PAN), polysulphone, acrylic copolymers (such as acrylonitrile-NA-
methallyl-sulfonate copolymer, available from Hospal), polycarbonate copolymer (such as GAMBRONE, a
fiber available from Gambro), polymethylmethacrylate copolymers (such as fibers available from Toray), and
ethylene vinyl copolymer (such as EVAL, a ethylene-vinyl alcohol copolymer available from Kuraray).
Alternatively, a surface may be nylon mesh, cotton mesh, or woven fiber. The surface can have a constant
thickness or an irregular thickness. Surfaces may include silicon, for example, silicon nanofabricated
membranes (see, e.g., U.S. Patent Publication No. 20040124147). Surfaces may include polysulphone
fibers. Other suitable biocompatible fibers are known in the art, for example, in Salem and Mujais (1993)
Dialysis Therapy 2d Ed., Ch. 5: Dialyzers, Eds. Nissensen and Fine, Hanley & Belfus, Inc., Philadelphia, PA.
Cartridges comprising hollow fibers are not limited to particular dimensions (e.g., length, width, weight, or
other dimension).

[0093] The passageway can include any combination of surfaces. For example, the surface(s) of a
passageway or passageway region can include any combination of flat, curved, patterned, and/or irregularly
shaped aspects. Moreover, a passageway or passageway region can be defined by or otherwise include
surfaces of more than one material. Further, a passageway may include two or more regions. These
different regions can have the same or different surfaces.
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[0094] According to the invention, the device includes a housing containing hollow fibers. A passageway for
blood is defined by the interior of the housing and the exterior of the hollow fibers. Leukocytes from the
blood associate with a particular region within the passageway, specifically, with the exterior surface of the
hollow fibers. Accordingly, a passageway region configured to sequester leukocytes may include a porous
membrane that permits smaller molecules to pass therethrough but forces larger molecules and/or cells to
flow along the membrane. The passageway region configured to sequester leukocytes is bounded by a
surface of a housing and is bounded by, and may include, the exterior surface or surfaces of hollow fibers
configured such that the biological sample (e.g., a subject's blood or filtered blood) flows over these
surfaces (i.e., over the hollow fibers). See, for example, Figure 1. The hollow fibers may be porous, semi-
porous, or non-porous and a different fluid (e.g., ultrafiltrate) may optionally flow or be present within the
hollow fibers. The fibers can be formed from any suitable material described herein.

[0095] The device of the present invention and its related systems may be configured to sequester the
leukocytes for any desired amount of time, for example, from 1 to 59 seconds, from 1 to 59 minutes, from 1
to 24 hours, from 1 to 7 days, one or more weeks, one or more months, or one year or more. The device
may be configured to sequester leukocytes for an amount of time sufficient to permit the subsequent
inhibition of release of a pro-inflammatory substance from the leukocytes and/or deactivation the leukocytes.

[0096] Any technique or combination of techniques that facilitates sequestration of the leukocytes can be
used, including, for example, biological, chemical, mechanical and/or physical techniques. In particular,
biological or chemical techniques for sequestration can be used. Such techniques include using tissues,
cells, biomolecules (for example, proteins or nucleic acids), or small molecules to sequester leukocytes.
When a leukocyte is activated, selectins are produced by the leukocyte. This altered selectin production can
facilitate binding between the leukocyte and other leukocytes. In turn, the binding between leukocytes can
increase selectin production in the additionally bound leukocytes, yielding exponential binding of leukocytes.
Thus, selectins may be useful to enhance sequestration. Proteins, protein complexes, and/or protein
components known to bind leukocytes include CD11a, CD11b, CD11c, CD18, CD29, CD34, CD44, CD49d,
CD54, podocalyxin, endomucin, glycosaminoglycan cell adhesion molecule-1 (GlyCAM-1), mucosal
addressin cell adhesion molecule-1 (MAdACAM-1), E-selectin, L-selectin, P-selectin, cutaneous lymphocyte
antigen (CLA), P-selectin glycoprotein ligand 1 (PSGL-1), leukocyte functional antigen-1 (LFA-1), Mac-1,
leukocyte surface antigen p150,95, leukocyte integrin CR4, very late antigen-4 (VLA-4), lymphocyte Peyers
patch adhesion molecule-1 (LPAM-1), intracellular adhesion molecule-1 (ICAM-1), intracellular adhesion
molecule-2 (ICAM-2), intracellular adhesion molecule-3 (ICAM-3), inactivated C3b (C3bi), fibrinogen,
fibronectin, peripheral lymph node addressin (PNAd), endothelial vascular adhesion protein 1 (VAP-1),
fractalkine, CCL19, CCL21, CCL25, and CCL27. Other large molecules known to bind leukocytes include
hyaluronic acid, glycosaminoglycans (GAGs), and fucosylated oligosaccharides and their precursors. Small
molecules or adherents used to sequester a leukocyte can include, but are not limited to, peptides, such as
peptides comprising the amino acid sequence arginine-glycine-aspartic acid (RGD), and molecules
comprising sialic acid. Accordingly, any of these materials can be used to enhance sequestration.

[0097] In use, any of these biological or chemical materials may be bound to a surface of a device of the
present invention (within a passageway of a SCID) to facilitate or enhance sequestration. Alternatively or in
combination, any of these materials may be in solution in a device of the present invention. In this instance,
the materials may sequester leukocytes in conjunction with additional techniques. For example, these
materials may bind leukocytes in solution, agglomerating them to increase overall size relative to the size of
a single leukocyte. The agglomerated leukocytes then can be captured with a membrane having a particular
pore size.

[0098] A device of the present invention may accomplish retention of leukocytes through control of
mechanical forces. For example, leukocytes may be sequestered on the exterior surface of the hollow fibres
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by utilizing a flow rate and device configuration that minimizes shear force between the leukocytes and the
surface(s), allowing the leukocytes to associate with the surface(s). Useful shear forces between the flowing

leukocytes and the sequestration surface(s) include a shear force of less than 1000 dynes/cmz, or less than

500 dynes/cmz, or less than 100 dynes/cmz, or less than 10 dynes/cmz, or less than 5 dynes/cmz.
Exemplary flow rates of blood through systems and devices according to the invention that are useful to
achieve these shear forces include, for example, less than about 500 mL/minute, from about 100 mL/minute
to about 500 mL/minute, and from about 200 mL/minute to about 500 mL/minute.

[0099] A a device may physically retain the leukocytes on the exterior surface of the hollow fibres, by using
surfaces such as membranes or filters or by exposing the leukocytes to increased passageway surface

area, for example, a surface area greater than about 0.2 m2, or from about 0.2 m? to about 2.0 m2, or from

about 0.5 m? to about 1.0 m2, or about 0.7 m2, so as to increase the amount of leukocytes that are
sequestered and/or the time that a leukocyte is sequestered within the device.

[0100] A system can achieve sequestration by subjecting the leukocytes to a series of devices, for example,
2, 4, 10, 20, or more cartridges (e.g., hollow fiber cartridges), each comprising one or more sequestration
passageways , or passageway regions, so as to increase the length of the region configured to sequester
the leukocytes and the residence time of the leukocytes therein. The devices may be configured to
accomplish sequestration of leukocytes in a manner permitting inhibition of release of a pro-inflammatory
substance from a leukocyte and/or deactivation of a leukocyte before, during, or after sequestering.
Inhibition of release of a pro-inflammatory substance from a leukocyte and/or deactivation of a leukocyte
can be achieved both during sequestration and during transport through a passageway, passageway
region, or entire system.

[0101] It should be understood that the sequestration techniques described herein also can apply to
platelets. In the case of platelets, similar bioglocial, chemical, mechanical and/or physical techniques as
described above may be used to sequester platelets. Agents used to sequester platelets may include one or
more of glycoprotein Iba (GPIba), glycoprotein llb (GPIllb), glycoprotein llla (GPllla), CD41, CD61, von
Willebrand Factor, Bo-integrin macrophage antigen-1, selectins such as P-selectin, and a cell-adhesion

molecule.

4. Inhibition andl/or Deactivation of Cells Associated with Inflammation

[0102] The device of the present invention may be configured to inhibit release of a pro-inflammatory
substance from leukocytes and/or deactivate leukocytes, such as primed or activated leukocytes, in a
subject's blood such that an inflammatory response within the subject is prevented and/or diminished.
Various techniques can be used. For example, in some embodiments, the device is configured to provide an
agent to the passageway, wherein the agent can inhibit release of a pro-infammatory substance from a
leukocyte or platelet, and/or deactivate a leukocyte or platelet A leukocyte inhibiting agent can be bound,
covalently or noncovalently, to a surface of a passageway, for example, a hollow fiber. Additionally or
alternatively, a leukocyte inhibiting agent can be infused into the device or system before, during, or after
sequestration of the leukocytes, for example, at or near a membrane surface. As mentioned, the proof-of-
concept SCID treated leukocytes with citrate, leading to increased subject survival.

[0103] The present invention is not limited to a particular type or kind of leukocyte inhibiting agent.
Leukocyte inhibiting agents include, for example, anti-inflammatory biological agents, anti-inflammatory
small molecules, anti-inflammatory drugs, anti-inflammatory cells, and anti-inflammatory membranes. The
leukocyte inhibiting agent may be any material or compound capable of inhibiting activated leukocyte activity
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including, but not limited to, non-steroidal anti-inflammatory drugs (NSAIDs), anti-cytokines, imatinib
mesylate, sorafenib, sunitinib malate, anti-chemokines, immunosuppressant agents, serine leukocyte
inhibitors, nitric oxide, polymorphonuclear leukocyte inhibitor factor, secretory leukocyte inhibitor, and
calcium chelating agents. Examples of calcium chelating agents include, but are not limited to, citrate,
sodium hexametaphosphate, ethylene diamine tetra-acetic acid (EDTA), triethylene tetramine, diethylene
triamine, o-phenanthroline, oxalic acid and the like. The leukocyte inhibiting agent can be any protein or
peptide known to inhibit leukocytes or immune cells including, but not limited to, angiogenin, MARCKS,
MANS, Complement Factor D, the disulfide C39-C92 containing tryptic angiogenin fragment

LHGGSPWPPC92QYRGLTSPC3%K (SEQ ID NO: 1) and synthetic homologs of the same; the agent also can
be those proteins, peptides, and homologs reported by Tschesche et al. (1994) J. Biol. Chem. 269(48):
30274-80, Horl et al. (1990) PNAS USA 87: 6353-57, Takashi et al. (2006) Am. J. Respirat. Cell and Molec.
Biol. 34: 647-652, and Balke et al. (1995) FEBS Letters 371: 300-302, that may facilitate inhibition of release
of a pro-inflammatory substance from a leukocyte and/or deactivate a leukocyte. Moreover, the leukocyte
inhibiting agent can be any nucleic acid known to inhibit release of a pro-inflammatory substance from the
leukocyte and/or deactivate the leukocyte. The leukocyte inhibiting agent can be in solution or Iyophilized.

[0104] Any amount or concentration of leukocyte inhibiting agent can be used to inhibit the release of pro-
inflammatory substances from a leukocyte and/or deactivate the leukocyte. The leukocyte inhibiting agent
can be introduced into a passageway, passageway region, device, device region, or system region of a
system by any methods known in the art. For example, the leukocyte inhibiting agent can be infused at a
port. The amount of leukocyte inhibiting agent infused in a passageway can be sufficient to inhibit release of
a pro-inflammatory substance from a leukocyte and/or deactivate a leukocyte sequestered within the same
passageway or within an adjacent passageway. A leukocyte inhibiting agent, for example, citrate, can be
infused into the system, a region of the system, or one or more devices within the system, including devices
that perform other functions and do not sequester leukocytes. More particularly, the leukocyte inhibiting
agent (e.g. citrate) can be infused upstream from, into, or downstream from a passageway that sequesters
leukocytes. Alternatively, the leukocyte inhibiting agent can be contained in one or more passageways,
passageway re