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CARTRIDGE AND METHOD FOR INCREASING MYUOCARDIAL FUNCTION

CROSS-REFERENCE TO RELATED APPLICATIONS

{6061} This application claims priority to and the benctit of PCT/US11/056469, filed
October 14, 2011 and U.S. Provisional Patent Application No. 61/584,337, filed January 9,

2012, the contents of which are incorporated by reference herein.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[8062] This nvention was made with government support under grant number WEIXWH-
10-2-0137, awarded by the US Arowy Medical Rescarch and Material Command. The

government has certain rights in the invention.

FIELD OF THE INVENTION

[6063] The present invention relates to cartridges, systems, and methods for treating and/or
preventing inflaramatory myocardial conditions in a subject. More particularly, the present
mvention relates to cartridges and systems for sequestering and reducing the nflammatory
activity of cells associated with myocardial inflammation, such as leukocytes and platelets, and

to related methods for sequestering and reducing the inflammatory activity of such cells.

BACKGROUND

3084} Various medical conditions are caused, exacerbated, and/or characterized by
unwanted inflammation. For example, chronic inflammation is central to the development of a
varigty of acute organ failures, including those involving the heart, kidney, lung, and brain.
Chronic inflammation is also a major contributing factor to chronic organ dysfunction,
imchiding those involving the heart and kidney as well as diabetes type 2. Several of these
conditions, such as, for example, chronic heart failure (CHF) and acute decompensated heart
failure (ADHE), through abnormal or excessive chrenic activation of the immune system, may

result in hife threatening myocardial dysfunction.
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[8065] Certain cell types are eritical to the dysfunction of the cardiovascular and immuone
systemns. For example, levkocyies sach as neutrophils contribute to the pathogencsis and
progression of various inflammatory conditions, including systeraic inflammatory response
syndrome (SIRS), sepsis, ischemia/repertusion injury, acute respiratory distress syndrome
{ARDS), CHF, and ADHF (see, e.g., Kaneider er of. (2006) FEBS J 273:4416-4424;
Maroszynska ef af. (20007 AN, TRANSPLANT, 5(4):5-11). Other types of leukocyies, such as
monecytes and tissue macrophages, have been idendified as critical sources of systernic
inflammation in CHF and cause a decrease n cardiac myoceyie contractility (see, e.g., Conraads
ef af. (2005) J. HEART LUNG TRANSPLANT, 24(7): 854-59; Simms of al. {1999) AM. J. PHYSIOL,
277 H253-60; Conraads ef ¢f. (20035) J. HEART LUNG TRANSPLANT, 24(7): 854-9; Strams ef al.
{1999) Am. 1. PrvsioL. 277: H253-60). In addition, activated platelets enhance leukocyte
adhesion and promote leukocyte activation. While inflammation and a systemic immaone

responsc can be beneficial in certain circumstances, they can also be fatal.

16646} Inflamnmatory mjury in organs can result in microvascular damage induced by
lenkocyte activation 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. 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. Further, the interaction of
activate leukocytes and the endothelium can lead to increased vascular permeability with fluid
leakage from the intravascular space to the tissue nterstithun with resulting hypovolemia,
hypotension, and cardiovascular instability. 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.

13067} {ardiovascular discase is the leading cause of mortality in the United States,
accounting for 45% of all deaths. Furthermore, in the Untted States, CHF atfects 5 million
people, with over 0.5 million new cascs identified annually with direct hospital costs exceeding
$30 billion {see, e.g., Association (2006) HEART DISEASE AND STROKE FACTS; Association
{2002) 2003 HEART AND STROKE STATISTICAL UrDATE; Fonarow ef all (Z003) 4: p. S21-30). In
severe CHF, anmual mortality rates can be as high as 50%. Currently, treatment of CHF
generally involves a ventricular assist device or orthotropic heart transplant. Over the past

decade, a number of therapeutic agents for treating CHF have been clinically tested in large
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prospective trials. Endothelin receptor antagonists, adenosine A l-receptor antagonist, and
vasopressin V2 receptor blocker have all failed to prove clinical efficacy {see, e.g., McMurray
et af. (2007) JaMa 298(17): 2009-19; Massic et of. (2010) N. EnGL. 1 MED. 363(15): 1419-2%;
Konstam ef al. (2007 Jama 297(12): 1319-31). The myocardial calcium sensitizing agent
{levosimendan) and the vasodilatory recombinant B-type natriuretic peptide (niseritide) have
also failed to meet clinical efficacy end points with an increasce in risks of arrhythmias or
hypotension {{see, e.g., Cohn et af. (1998) N, ENGL. J. MED. 339(25): 1810-6; Mcbazza et al.
(2067 JaMa 297(17): 1883-91; O'Comnor of ¢/, (2011 NUENGL. J. MED, 365(1): 32-43).

[B088] Acute decompensated heart fallure (ADHF) accounts for almost one million
hospitalizations per year, and rehospitalization within six months is as high as 50%. The
anmial mortality vate in patients frequently hospitalized with ADHF approaches 50%. Cuarrent
therapeutic approaches for treating patients with ADHF focus on relieving these patients of the
congestive symptoras of heart fatlure, usually with dretics. However, such an approach

results in, and is Hmited by farther declines in renal functions.

(8069 Accordingly, there remains a need for improved treatments of inflammatory
conditions that affect myocardial functions, such as chronic heart fathire and acute

decompensated heart failure.

SUMMARY OF THE INVENTION

(8414} Inflammatory conditions ofien arise from the activation of cells associated with
inflaromation, such as leukocytes and platelets. The present invention relates o methods and
cytopheretic carfridges for use in treating and/or preventing inflammatory conditions that affect
various myccardial functions. The methods and/or cartridges of the invention extracorporcally
sequester leukocyies and/or platelets and inhibit or deactivate their inflanmatory action. For
exanple, these cells can be deactivated and/or their release of pro-inflammatory substances can
be inhibited.

8011} In a first aspect, the invention provides a method of treating a subject having or at
risk of developing chronic heart failure. The method cormprises the step of (&) extracorporeally
sequostering activaied foukocytes and/or activated platelets present in a body fluid (for
exaraple, blood) of the subject in a cartridge coraprising (1) a rigid housing defining av foner

volome (IV), a thid nlet port and a fhud outlet port, wherein the inner volume is in fhud flow
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communication with the fluid ilet port and the flaid outlet port, and (i1} a solid support
disposed within the housing and defining s fhuid contacting surface with a surface area (SA}
capable of sequestering activated leukocytes and/or activated platelets, if present in a body fluid
entering the housing via the fluid mlet port, wherein the SA/TV ratio of the cartridge is greater
than 80 cm™ or is in the range from 28 em™ o 2,000 ¢, The body fluid (for example, bicod)
18 introduced into the housing via the fluid inlet port onder conditions that permit sequestration
(for example, binding) of the activated leukocyies and/or activated platelets on the fluid
contacting surface of the solid support. The method also comprises the step of (b) treating the
sequesiered leukocyies and/or platelets to inhibit release of a pro-inflammatory substance or to
deactivate the leukocytes and/or platelets thereby to treat or prevent chronic heart fatlure inthe

subject.

18612} The first aspect of the invention can have any one or more of the following features

or embodiments described herein.

[8013] In certain embodiments, the SA/TV ratio of the cartridge provided in step (a) is
greater than 80 cm"iﬁ or is greater than 150 e, In other embodiments, the SA/LV ratic of the
cartridge provided iu step (a) is in the range of from 80 co” to 1,500 ey, ot is in the range of
from 150 cm™ to 1,500 cm™. The solid support can be disposed within the housing at a packing

density in the range from 20% t0 65%.

16614 In certain other embodiments, the solid support can be defined by one or more fibers
{for example, thid permeable fibers (for example, hollow fibers) or fhiid tmpermeable fibers
{for example, solid fibers})), one or more planar support members, or 3 combination thereof
The sclid support can comprise one or more membranes. The solid sapport can be substantially

parallel to the direction of flind flow within the cartridge.

16015] I certain embodiments, the SA of the cartridge provided 1n step (a) is in the range
of from 0.1 m” to 10.0 v, or is in the range of from 0.1 m” to 5.0 m”. Tn other embodiments,
the inner volume of the cartridge provided in step (a) is less than 300 cm’, is less than 150 em’,
is in the range of from 10 cm’ to 150 cm’, s in the range of from 75§ ¢y’ to 150 cm’, or is in the
range of from 15 em’ to 120 ey’

[#016] In other embodiments, the methed further comprises permitting the body fluid to
exit the cartridge via the fluid outlet port at a flow rate in the range of 10 em’/minute to 8,000

1, .
Cm/nunute.
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(8617} In other embodiments, during step (b}, the leukocytes and/or platelets are treated
with an inununosuppressant agent, a scrine leukocyte inhibitor, nitric oxide, a
polymoerphonuciear leukocyte inhibitor factor, a secrctory leukocyte inhibitor, or a calcium
chelating agent, wherein the calcium chelating agent is one or more of the group consisting of
citrate, sodiom hexametaphosphate, cthylene diamine tetra-acetic acid (EDTA), tricthylene
tetramine, diethylene triamine, o-phenanthroling, and oxalic acid. In a preferred embodiment,
the leukocytes and/or platelets are treated with a calcium chelating agent, for example, citrate.
Each of the foregoing agents, inclading the calcium chelating agent, can be introduced into the

body fluid of the subject prior to, during, or after step (a).

{3018} In certain embodiments, the leukocytes and/or platelets are treated over a period of
at lcast 2 hours, at feast 4 hours, at feast 6 hours, at least 8 hours, or at least 12 hours. The
feukocytes and/or platelets from the subject can be treated over a period of 2 to 48 howss, 2 1o

24 hours, 2 to 12 hours, 4 1o 48 hours, 4 t0 24 hours, or 4 t0 12 hours.

[8019] In other cmbodiments, the subject has myocardial dysfunction secondary to
inflaromatory cell penetration of heart tissue and/or the subject may have received a heart

transplant.

18026} The treatment can involve improving one or more myocardial functions in the
subject relative to the myocardial functions prior to treatroent. The myocardial fimction can be
selected from the group consisting of left ventricalar ejection fraction, cardiac output, systemic
vascular resistance, left ventricular stroke volume, aortic pressure, left ventricular pressure,
peak rate of change of left ventricolar pressure during isovolummic contraction and relaxation,
left ventricular end-diastolic pressure, myocardial oxygen consumption, and coronary flow
reserve. The increased myocardial fimetion can be maintained for at least 6 hours, or at least

24 hours, after termination of the treatment in step (b

18621} I a second aspect, the invention provides a method for treating a subjeet having or
at risk of developing an inflammatory condition associated with chronic heart fathwwe. The
method comprises {a} providing a cartridge comprising (i) a rigid housing defining an inner
volume (1V}, a fluid inlet port and a fluid cutlet port, wherein the inser volume is in fluid flow
commuication with the fluid inlet port and the fhid outiet port; and (31) a solid support
disposed within the housing and defining a fhuid contacting surface with a surface area (SA)

capable of sequestering an activated leukocyte and/or an activated platelet, if present in a body
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fluid entering the housing via the fhuid inlet port, wherein the SA/IV ratio is greater than 80 ey’
"or is in the range from 25 cm™ to 2,000 cm™; and (b) introducing a body fluid from the
subject mto the housing via the fluid inlet port under conditions that permit scguestration of an
activated leukocyte and/or an activated platelet on the fluid contacting surface of the solid
support. The method optionally further comprises the additional step of (¢} treating the
feukocyte and/or platelet sequestered in step (b)), for example, with a calcium chelator, to
reduce the risk of developing inflammoation associated with the chrovic heart failure or to
alleviate intlanumation associated with the chronic heart failure. The calcium chelator
deactivates the leukocyte and/or the platelet, and/or prevents or inhibits the release of a pro-

inflaromatory substance theretrom.

6023} The second aspect of the invention can have any one or more of the following

features or embodumentis described herein,

16623} The leakocyte and/or platelet is sequestered for a time sufficient to deactivate the
leukocyie and/or the platelet, for example, for at least one minute. The method optionally
further comprises the step of refurning the leukocyte and/or the platelet produced o step (¢}

back to the subject.

18624} In certain embodiments, the SA/TY ratio of the cariridge provided in step (a) is
greater than 80 cot’, is greater than 150 e, is in the range of from 80 em™ to 1,500 cm”’, or

is in the range of from 150 em™ 10 1,500 em™

[8625] In certain embodiments, the solid support can be defined by one or more fibers (for
example, fluid permeable fibers (for example, permeable hollow fibers) or fluid impermeable
fibers (for example, solid fibers), one or more planar support members, or a combination

thereof. The solid support can comprise one or mosc membrancs.

16626} In certain embodiments, the SA of the cartridge provided in step (a) 1s in the range
of from 0.1 m” to 10.0 m’, or in the range of from 0.1 m® t0 5.0 m®. The SA can be in the range
of from 0.1 m” t0 0.4 m’, from 0.4 o’ to 0.8 nt’, from 0.8 m” t0 1.2 w’, from 1.2 m’ to 1.6 m’,
from 1.6 m” to 2.0 m’, from 2.0 oo’ 10 2.4 o7, from 2.4 m’ to 2.8 w’, from 2.8 o t0 3.2 vt
from 3.2 m” t0 3.6 mz, from 3.6 o t0 4.0 w7, from 4.0 m’ to 4.4 mZ, from 4.4 o 10 4.8 mz,
from 4.8 m 10 5.2 m, from 5.2 m’ to 5.6 m’, from 5.6 m® to 6.0 m’, from 6.0 m’ to 6.4 m’°,

oy
I

N . 2, G ol 2 p - 2 ) DT
from 6.4 m” 10 6.8 mz, from68m to 7.2 m", fom 7.2 o 10 7.6 m7, from 7.6 m” 0 8.0 m",
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from 80 m to 8.4 m°, from R4 m’ to 8.8 mz, from 8.8 m” t0 9.2 m’ ,from 8.2 m 10 9.6 m , OF

from 9.6 m’ to 10.0 m”.

8027} In certain embodiments, the nner vohume of the carfridge provided in step (a) 1s less
. 3. . o 3 . 3o . ~ e 3 .
than 150 cm’, is in the range of from 10 cm to 150 e, is in the range of from 75 eoy to 150

3. . ~ o - 3. - 3 . o 3 3
cnt, is in the range of from 15 cm” to 120 cm”, or is in the range of from 20 e’ to 80 cm’

18028] In certain embodiments, the method can further comprise the step of permitting the
body fluid to exit the cartridge via the fluid cutlet port at a flow raie n the range of 10

3y . AYaY 3y . . s “,‘ . Y2 Ys “/ :
e /minute to 8,000 cm /minute or in the range of 50 cm’/minute to 8,000 cm /minute,

6029} In any of the foregoing aspects or embodiments, the method can further comprise
measuring the myocardial function of the subject prior to step {a) and/or after step (b). The
feukocyte and/or platelet can be sequestered (for exaniple, bound) for a time {e.g., at least one
second, at least one minute, at least five minutes, at least fifteen munutes, or at least an hour)
sufficient to inhibit the release of the pro-inflammatory substance or to deactivate the levkocyte
and/or the platelet. Furthermore, the activated loukocytes and/or activated platelets bind to 2
fluid contacting surface of the solid support, and under certain circumstances can preferentially
bind to the fluid contacting surface of the solid support relative to unactivated or deactivated

feukocytes or platelets.

16634 In another aspect, the invention provides a cartridge for use in a method of treating
chronie heart fatlure in a subject in need thereof. The cartridge comprises (i) a rigid housing
defining an inner volume (IV), a fluid inlet port and a fluid outlet port, wherein the inner
volume i in fluid flow coromunication with the fluid inlet port and the fluid outlet port, and (i1}
a solid sapport disposed within the housing in fluid flow commanication with the funer volume
and defining a fluid contacting surface with a surface area (SA) configured for sequestering
activated loukocytes and/or platelets, if present 1o a body fluid entering the housing via the fluid
infet port. The cartridge has a surface area (SA) to inner volume (1V) ratio greater than 80 cm”

or in the range from 25 cm” to0 2,000 om

18031} In certain erobodiments, the cartridge is disposed within sterile packaging, for
example, plastic packaging. Optionally or in addition, the cartridge can comprise a label
disposed on an outer surface of the rigid housing. Furthermore, the cartridge can optionally
further comprise a cap scaking the fluid inlet port and/or the fluid outiet port. The surface arca

contigured for sequestering activated leukocytes and/or platelets binds the activated leukocytes
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and/or platelets, and in certain circumstances preferentially binds activated levikocytes and/or
platelets relative to unactivated or deactivated leukocytes or platelets. The invention also

provides such a cartridge for any of the methods described hereinabove.

8032} In another aspect, the invention provides a calcium chelating agent for use ina
method of treating a subject having or visk of developing chronic heart fatfure, wherein the
method of freating comprises administering the caleium chelating agent to extracorporcally
sequestered activated leukocytes and/or activated platelets, which have become sequestered

{for example, bound) to a fhuid contacting surface of any of the cartridges described herein.
BRIEF DESCRIPTION OF THE DRAWINGS
18633} The foregoing aspects and embediments of the invention may be more fully

understood by reference to the following detatled description and claims.

(6634 Figure 1A is a schomatic, cross-sectional representation of an exemplary SCE
cartridge containing a phurality of hollow fibers. Figure 1B-1D arc schematic, cross-sectional
representations of a SCD cartridge containing a plurality of solid fibers and/or planar support

members.

16635} Figure 2A is 2 schematic representation of a fluid civeuit containing 2 SCD
cartridge where the ntracapillary space (ICS) has both ends capped. Figure 2B is a schematic
representation of an embodiment similar to Figare 2A except that ultrafibrate (UF) is collected
from a SCD cartridge having only onc end of the ICS capped. Figure 2C is a schematic
representation of an embodiment of a fluid circuit contaiming a first device, for example, a
hemofiltration device, and a SCD cartridge that includes an ICS with both ends capped. Figure
21 is a schematic representation of an embodiment similar to Figure 2C except that

ultrafibtrate (UF) is collected from the SCID cartridge where only one end of the 1CS is capped.

8036} Figures 3A and 3B are schematic representations of embodiments of system
configurations that can be used as a CPB circuit. In Figure 3A the circoit compriscs a

recirculation Joop and in Figure 3B, the fluid circuit lacks a recirculation loop.

18037} Figure 4 is a schomatic representation of an embodiment of a system configuration
used tn freating a subject with sepsis. The container 1o the left of the animal, below the
hemofilter contains citrate. The container to the right of the animal, below the SCD cartridge

contains calcium ions.
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[6038] Figure 5 is a graphical depiction of changes n cardiovascular parameters of
subjects with sepsis treated with an F-40 SCD device in the presence of heparin {(SCD-H); an F-
40 SCD device in the presence of citrate (SCD-C, F-40); or an F-80A SCD device in the

presence of citrate (SCD-C, F-80A). Results are shown for mean arterial blood pressure

(]

{Figure SA); systemic vascular resistance (Figure 5B); renal vascular resistance (Figare 5C);
cardiac output (Figure SD); pulmonary vascular resistance (Figure SE); and hematocrit

(Figure SF).

[8039] Figure 6 is a graphical depiction of changes in renal parameters of subjects with
sepsis treated with an F-40 SCD device in the presence of heparin (SCD-H); an F-40 SCD

10 device in the presence of citvate (SCD-C; F-40); or an F-80A SCD device in the presence of
citrate {(SCD-C; F-80A). Resulis are shown for blood urea nitrogen (BUN) (Figure 6A); renal

blood flow (Figure 6B); creatinine (Figure 60); and cumulated urine ouiput (Figure 61,

66448 Figure 7 is a graphical depiction of survival imes for subjects with sepsis treated
with an F-40 SCD device in the presence of heparin (SCD-H) or with an F-40 or F-80A SCD

15 device in the presence of citrate (SCD-Ch.

041} Figure 8 is a bar graph depicting survival times for subjects with sepsis treated an
F-40 SCD device in the presence of heparin (SCD-H); an F-40 SCD device in the presence of
citrate (F-40, SCD-C}; or an F-80A SCD device in the presence of citrate (F-804, 5CD-C),

{6842} Figure 9 1is a series of light microscopy photographs showing leukocyte attachment

20 and aggregation along the outer surface of SCD membranes.

[8043] Figuores 18A and 168 are bar graphs depicting the mumber (Figure 184) and

distribution {Figure 188) of cells eluted from SCD membranes following their use in SCD

devices to treat septic subjects. The subjects were treated with an F-40 SCD device in the

presence of heparin (SCD-H); an F-40 SCD device in the presence of citrate (F-40 SCDB-C); or
25 an F-ROA SCD device i the presence of citrate (F-80A SCD-C).

8044} Figure 11 is a graphical depiction of levels of serum myeloperoxidase (Figure 114A)
or systemic neutrophil activation, as measured by CB11b mean fluorescent intensity (Figure
11B) shows hematocrit levels in subjects with sepsis reated with an F-40 SCD device in the
presence of heparin (SCD-H) or with an F-40 or F-80A SCD device in the presence of cifrate

(SCD-C).

,‘
o
o
o
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(8045} Figure 12 15 a graphical depiction of release of 1L-8 (Figure 12A) and TNF-¢
{(Figare 12B) from peripheral blood mononuciear cells isolated from subjects after 6 hours of
treatmeent for sepsis with an F-40 SCD device in the presence of heparin (SCD-H); an F-40
SCD device in the presence of citrate (F-40 SCD-C); or an F-80A SCD device in the presence
of citrate (F-80A SCD-C).

18646} Figure 13 is a photograph of lung sections incubated with primary anti-CD11b
antibody, followed by incubation with an anti-mouse IgG Alexafloor594 conjugate. Nucled
were counterstained with DAPL The left pancl is from a subject treated for sepsis with an F-40
SCBH device in the presence of heparin; the right pavel is from a subject treated for sepsis with a
SCD device in the presence of citrate. A significant decrcase in CD1 Ib-labeled cells was

chserved in the lungs of the patients whose regimen incloded citrate rather than heparin.

16847} Figure 14 is a bar graph depicting the number of CD1 ib-posttive cells detected in
non-septic subjects; septic subjects treated with an F-40 SCD device in the presence of citrate
{F-40 SCD-C); septic subjects treated with an F-80A SCD device in the presence of citrate (F-
80A SCD-C); or septic subjects treated with an F-40 SCD device in the presence of heparin (F-
40 SCD-H).

[6845] Figure 15 is a graphical depiction of systemic white blood celf counts (Figure
154, systemic absolute neutrophil counts (Figure 15B), and systemic inmature neutrophil
counts {Figure 18C) over time in septic subjects treated with an F-40 SCD device in the
presence of citrate (SCD-C, F-40), with an F-80A SCD device in the presence of citrate (SCDx-
C, F-80A}, or with an F-40 5CD device in the presence of heparin (SCE-H).

6049} Figure 16 is a bar graph depicting the percentage of neutrophils that were detected
as positive for annexin V, as an assessment of the apoptotic potential of the cells. Both
systemic neutrephils and SCD-adherent neutrophils were measured following treatment of
septic patients with an F-40 SCD (F-40 SCD-C}) or an F-80A SCD (F-80A 5CD-C) in the
presence of citrate.

[B056] Figuore 17 is a bar graph depicting the velative mumbers of leukocytes attaching to
polysulfone in the presence of shear flow and in the presence or absence of Hpopolysaccharides

(LPS) and/or citrate.
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18651} Figure 18 is a schematic representation of an embodiment of a system configuration

for usc in treating a subject with chronic heart fatlure.

[B052] Figuore 19 is a graphical depiction of changes in cardiovascular parameters of

subjects with chronie heart fatlure when treated with a SCD device in the presence of heparin
{(SCB-H) or a SCD device in the presence of citrate (SCD-C). Resulis are shown for ¢jection
fraction (Figure 194); cardiac output (Figure 198); and systemic vascular resistance (Figure

19C).

[B053] Figuore 24 is a graphical depiction of changes to certain renal fanctions upon
treatment, including, the urine volume of subjects with chronic heart failure treated with a SCE
device in the presence of heparin (SCD-H) or a SCD device in the presence of citrate (SCD-()
(Figure 20A); percent fractional excretion (FE) of sodium (Na) in subjects with chrouic heart
fathure treated with a SCD device in the presence of heparin (SCD-H), or a SCD device inthe
presence of citrate (SCD-C), or a CHF sham control (Figure 28B), percent fractional exeretion
of urea 1 subjects with chronic heart failure treated with a SCD device in the presence of
heparin (SCD-H), or a SCD device in the presence of citrate (SCD-C), or 8 CHF sham control
{Figure 28C), and mean renal sodivm excretion {(mmolhour) of subjects with chronic heart
failure treated with a SCD device in the presence of heparin (Hep) or a SCD device in the

presence of citrate (Cit) (Figure 200).

[8054] Figure 21 shows ventricolograms of a heart of a dog with CHF shown at bascline
{before therapy) (Figure 21A) and at the end of four hours of SCD therapy (Figure 21B). The
solid black line (bordered by arrows) depicts the border of the left ventricular diastolic
silhouettes {most relaxed state during filling) overlayed on the left ventricular systolic image
(most contracted state) demonstrating improved coutractility of the left ventricle (black
arrows), especially at the apex of the left ventricle, after therapy (see Figure 218 versus Figure

21A).

DETAILED DESCRIPTION
16655) Celis associated with inflamomation, such as leukocytes (or white blood cells) and
platelets, normally defend the body against infection and injury. However, during many
discase states and medical procedures, these cells can become activated, which in turn can

produce undesirable immune and inflammatory responses that can be fatal. 1t is understood
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that devices, referred to as selective cytopheretic devices, that extracorporeally sequester
leukocyies and/or platelets and then iohibit their inflammatory actions can be useful in the
prevention or treatment of a varicty of inflammatory conditions, in particular inflammatory
conditions mediated or facilitated by activated leukoevtes and/or platelets. ULS. Patent No,
8,251,941 describes excmplary selective eytopheretic devices and their use in the prevention

and/or treatment of certain inflammatory conditions.

{6856} It has now been discovered that eytopheretic devices can also be useful in increasing
cardiac function, for example, left ventricular ejection fraction, cardiac ouiput, sysiemic
vascular resistance, efc., in subjects having or at risk of having chronic heart failure (CHF) and
acute decompensated heart failure (ADHF). The use of cytopheretic devices, such as those,
described herein may be uscful in the treatment of such disorders, especially in situations where
drug based therapies {for example, nesiritide and levosimendan, which have been developed for

the treatment of chronic heart fatlure) bave heretofore been unsuccessfal,

(8057} As used herein, the torm “cytopheresis™ or “selective cytopheresis” refers o the
sequestration of certain cells, for example, loukocyies {e.g., activated leukocytes) or platelets
{e.g., activated platelets) from a body tluid, for example, blood. The sequestered cells can be
deactivated and/or the release of the pro-inflammatory substance from such cells can be
inhibited. It should be understood that such deactivation and/or inhibition can occur before,
during, and/or after sequestration (e.g., the binding to a fluid contacting surface of & solid
support). In a specific embodiment, selective cytopheresis refers to the sequestration of
leukocyies (e.g., activated leukocytes) and/or platelets (e, activated platelets) from blood.
The term “blood” refers {0 any aspect of biood, for example, whole blood, treated blood,
filtered blood, or any liquid derived from blood, for example, serum or plasma.

3 o

18058} The terms, “selective cytopheresis device,” “selective cytopheretic device,”

1)

“selective cytopheresis inhibitory device,” and “SCD” cach vefer to a device that facilitates ot
is capable of facilitating cytopheresis. Such a device can also facilitate deactivation and/or
inhibit the release of pro-inflammmatory substances from such cells before, dunng, and/or after
sequesiration. The SCD iochudes one or more SCD cartridges that facilitate sclective
cytopheresis. While the discussion in the sections that follow generally deseribe sequestration

and inhibition and/or deactivation of a particular cell type (e.g., leukocytes), it is understood
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that the same privciples apply to the sequestration and mnhibition and/or deactivation of other

cell types associated with inflamamation (e.g., platelets, such as activated platelets).

[B059] An “activated levkocyte” is understood to mean a leakocyte that, inresponse to a
challenge, for example, when exposed to an endotoxin (e.g., Hpopolysaccharide), has an
enhanced ability to elict an immume response relative to a leukocyte that has not been
challenged. For example, an activated neutrophil (PMN), is a noutrophil that, in response to a
challenge, for exampie, when exposed to an endotoxin {e.g., Hpopolysaccharide), has an
enhanced ability to migrate, phagocytose, and produce an oxidative burst response relative to a
neutrophil that bas not been challenged. Activation can also be deteroduned via an up-
regulation of cell surface CD11b. An activated monocyte is a monocyte that, in response to 4
challenge, for example, when exposed to an endotoxin (e.g., Hpopolysaccharide), has an
enhanced ability to release cytokines relative to 2 monocyte that has not been challenged. An
“activated platelet” 1s understood to mean a platelet that, in response to & challenge, for
exanple, when exposed to an endotoxin (e.z., Hpopolysaccharide), becomes adherent to other
platelets, to levkoeytes, and to certain proteins, for example, coagulation factors. Platelet
activation can be quardified by determining the percentage of circulating monocytes that have
platelets adhered to their cell surface. Activated leukocytes also fnclude primed leukocyies.
For example, a primed nevtrophil (PMN), is a neutrophil that, in response to a challenge, for
example, when exposed to an endotoxin (e.g., lipopolysaccharide), has an enhanced ability to

undergo an oxidative burst response relative to a neutrophil that has not been challenged.
i Indications

[8068] The SCD cartridges, circuits incorporating the SCD cartridges, and methods of the
present nvention can be used for treating and/or preventing a number of heart or cardiovascular
conditions that are associated with inflammation or an inflamomatory condition. In particular
the SCD cartridges, circuits incorporating the SCD cartridges, and methods of the present
mvention can be used for treating and/or preventing a number of heart or cardiovascular
conditions where a subject is experiencing myocardial dysfunction secondary to inflammatory
cell penetration of heart tissue, for example, myocardial tissue. As used herein, the term
“subject” refers to any animal (2.g., 2 mammal), including, but not himited to, a wman {e.g., a

patient} or a non-homan mammal, for example, a non-human primate or other experimental
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animal, farm animal, companion animal, or the like, which is to be the recipient of a particular

diagoostic test of treatment.

8Bl In particular, it has now been discovered that eyvtopheretic devices can be useful in
mereasing cardiac function, for example, left ventricular cjection fraction, cardiac cutput,
systemic vascular resistance cte., in subjects with myocardial dysfunction secondary to
inflammatory cell penctration of heart tissue (for examaple, the myocardial tissue) such as
subjects having or at risk of having chronic heart faibwe or acute decompensated heart failure.
The inflanumatory cells that can affect myocardial function include, for example, leukocytcs

{for example, monocytes or macrophages) or platelets.

8062} As used herein, the term “inflammatory condition,” inclades any inflammatory
discase, any inflammatory disorder, and/or any leukocyte activated disorder wherein the
organista’s jovoune cells are activated. Such a condition can be characterized by (1) a
persistent inflammmatory response with pathologic sequelae and/or (1) infiltration of leukocytes,

for example, mononuclear cells and noutrophils, leading to tissue destruction.

[8063] Leukocytes, for example, neotrophils, are major contributors to the pathogenesis
and progression of many clinical inflammatory conditions. Several different and diverse types
of leukocytes exist; however, they are all produced and derived from a pluripotent cell in the
hone martow known as & hematopoietic stom cell. Leoukoecytes, also referred 1o as white blood
cells, are found throughout the body, including in the blood and lymphatic system. There are
several different types of leukocytes including gramudocytes and agranulocytes. Granolocytes
are leukocytes characierized by the presence of differently staining granules in their cytoplasm
when viewed under light microscopy. These granules contain membrane-bound enzymes,
which primarily act in the digestion of endocytosed particles. There are three types of
granufocyies: neutrophils, basophils, and cosinophils, which are named according to their
staining propertics. Agranulocytes are [oukocyies characterized by the absence of granules in

their cytoplasm and inchude lymphocytes, monocytes, and macrophages.

(8864} Platelets, or thrombocytes, alse contribute to inflammatory conditions, as well as to
homeostasis. Upon activation, platelets aggregate to form platelet phugs, and they seerete
cytokines and chemokines o attract and activate leukoeytes. Platelets are found throughout the

body’s circulation and are derived from megakaryocytes.
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[8865] The molecules that are primarily responsible for initiation of leukocyte and platelet
adhesion to endotheliuny are P-selectin and von Willebrand factor, respectively, These
molecules are found in the same granules, known as Weibel-Palade bodies, m codothelial cells.
Upon activation of endothelial cells, the Weibel-Palade bodies migrate to the cell membrane to
expose P-selectin and soluble von Willebrand factor at the endothelial cell surface. This, in

torn, induces a cascade of leukocyte and platelet activity and aggregation.

{8866} The procedures described herein employ a SCD device that is in fhiid flow
communication with the subject, such that a body fluid {for cxample, blood) flows from the
subject to the SCD device, and after passing through the SCD device flows back 1o the subicet,
Activated leukocytes, for example, activated monocytes, and/or activated platelets are
seqoestered within the SCD device on the fluid contacting surface of a solid support (for
exarple, the outer surface of hollow or solid fibers that contact fluid as it passes through the
SCD device or the fluid contacting surfaces of a planar support). The activated leukocyies
and/or platelets are deactivated by exposure to one or more leukocyte inhibiting agents that are

discussed below,

8067} The devices can be used to increase myocardial function in subjects experiencing
myocardial dysfunction that is secondary to inflarmmatory cell penetration of heart tissue (for
example, myocardial tissuc). The methods and devices described herein can be used
therapeutically or prophylactically to increase myyocardial function 1o a subject with chronic
heart fatlure and/or acute decompensated heart fatlure. Each of these disorders is considered to
be an inflanmnatory condition that also affects myocardial function in the subject. In addition,
the methods and devices described herein can be used to therapeutically or prophylactically
treat subjocts experiencing or at risk of experiencing organ/tissue rejection following

transplantation of an or organ (for example, a heart, hver or kidney) or tissue.

18668] The subjects that are candidates for this freatmaent can be iderdified using standard
techniques. For example, myocardial dysfunction can be measured by measuring one or more
cardiac parameters, which can inclade, for example, left ventricular gjection fraction, cardiac
output, systemic vascular resistance, left ventricular siroke volume, aortic pressure, left
ventricular pressure, peak rate of change of left ventricular pressure during isovolumic

contraction and relaxation, left ventricular end-diastolic pressure, myocardial oxygen
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consumption, and coronary flow reserve. These parameters can be easily measured before,

during and after treatment with a SCD device.

{8868 The mmprovement of cardiac function is demonstrated below in Example 5, where
an tmprovement in left ventricular ejection fraction, cardiac output and systemic vascular
csistance was observed in subjects with chronic heart failure following treatment with a SCD

device and a leukocyic inhibiting agent (citrate).

16078 In certain embodiments, treatment of a subject may improve the feft ventricular
cicction fraction by at least 1% {comparcd to the lett ventricular ejection fraction prior to
treatment). For example, weatment of a subject may improve the left ventricular ejection
fraction by at least 2%, at least 3%, at least 4%, at least 5%, at lgast 6%, at least 7%, at least
8%, at feast 9%, at least 10%, at least 12%, at least 14%, at least 16%, at least 18%, at Jeast
20%, at least 25%, at least 309, at least 35%, at least 40%, at least 43%, or at least 50%. The
treatment may contimue until the subject has attained a left ventricular ejection fraction of at
least 30%, at least 319, at least 32%, at least 33%, at least 34%, at least 35%, at least 36%, at
least 37%, at least 38%, at fcast 39%, at least 409, at least 4194, at least 429%, at least 43%, at
feast 44%, at least 45%, at least 46%, at least 479, at least 48%,, at least 49%,, or at least 50%.
The treatment may provide a residoal improvement in the left ventricular gjection fraction for at
feast 5 mimutes, at least 10 minutes, at least 20 minutes, at least 30 minutes, at least 45 minutes,
at least 1 hour, at least 2 hours, at feast 3 hours, at least 4 hours, at east 5 hours, at least 6
hours, at least 12 hours, at least | day, at least 2 days, at least 3 days, at least 4 days, at least 5
days, at least 6 days, at least 7 days, at least 10 days, at least 14 days, at least 21 days, or at

least 28 days.

871} In certain embodiments, treatment of a subject may improve the cardiac output by at
feast 1% {compared to the cardiac output prior to treatment). For cxample, treatment of a
subject may improve the cardiac output by at least 2%, at least 3%, at least 4%, at least 5%, at
fcast 6%, at least 7%, at least 896, at least 9946, at least 109, at least 12%, at least 14%, at least
16%, at least 189, at least 2%, at least 25%, at least 30%, at least 35%, at least 40%, at least
45%, or at least 50%. The treatment may continue until the subject has attained a cardiac
output of at least 2.5L./min, at least 3.0 L/min, at least 3.5 L/min, at least 4.0 L/min, at least 4.5

L/min, at least $.0 L/min, or at least S.25 L/min. The treatment may provide a residual

improvement in the cardiac ocutput for at least 5 minutes, at least 10 minutes, at least 20
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minutes, at feast 30 minuics, at least 45 minutes, at least 1 howr, at least 2 hours, at least 3
hours, at least 4 hours, at fcast 5 hours, at least 6 hours, at least 12 bours, at least 1 day, at least
2 days, at least 3 days, at least 4 days, at least 5 days, at least 6 days, at least 7 days, at lcast 10

days, at least 14 days, at least 21 days, or at least 28 days,

18672} In certain embodiments, treatment of a subject may improve the left ventricular
stroke volume by at least 195 (compared to the stroke volume prior to treatment). For example,
treatment of a subject may improve the left ventricular stroke volome by at least 2%, at least
3%, at least 4%, at least %, at least 6%, at least 7%, at least 8%, at least 99, at least 10%, at
east 12%, at least 14%, at lcast 16%, at least 189, at least 209, at least 259%, at least 30%, at
least 35%, at loast 40%, at least 45%, or at least 50%. The treatment may continue until the
subject has attained a left ventricular stroke volume of at least 27 ml, at least 30 mi, at least 35
ml, at least 40 mi, at least 45 ml, at least S0 mi, at least 55 mi, at least 60 mli, at least 65 md, or
at least 70 mi. The treatment may provide a residual improvement in left ventricular stroke
volume for at least 5 minutes, at least 10 mimutes, at least 20 minutes, at least 30 muinutes, at
least 45 minutes, at least 1 hour, at feast 2 hours, at least 3 hours, at least 4 hours, at least 5
hours, at least 6 hours, af least 12 hours, at feast 1 day, at least 2 days, at Jeast 3 days, at least 4
days, at least 5 days, at least 6 days, at least 7 days, at least 10 days, at least 14 days, at least 21

days, or at least 28 days.

18673} In certain embodiments, treatment of a subject may reduce the systemic vascular
resistance by at least 196 (compared to the systemic vascular resistance prior to treatment). For
example, treatment of a subject may reduce the systemic vascuolar resistance by at least 2%, at
least 3%, at least 4%, at least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at least 10%,
at feast 12%, at least 149, at least 169, at least 18%, at least 20%, at least 25%;, at least 309%,
at least 35%, at least 409, at least 45%, or at least S0%. The treatment may continue until the
subjoct has attained a systemic vascalar resistance of no more than 3500 dyn-s/em’, no more
than 3000 dyn-s/cm’, no more than 2500 dyn-s/eny’, no more than 2000 dynes/em’, or no more
than 1600 dyn-s/eny’. The treatment may provide a residual improvement in the systemic
vascolar resistance for at least S minutes, at least 10 minutes, at least 20 minugtes, at least 3¢
minutes, at least 45 minutes, at least § hour, at least 2 hours, at least 3 hours, at least 4 hours, at
least 5 hours, at least 6 hours, at least 12 hours, at least 1 day, at least 2 days, at least 3 days, at
least 4 days, at feast 5 days, at least 6 days, at least 7 days, at least 10 days, at least 14 days, at

feast 21 days, or at least 28 days.
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18674} In addition to assessing myocardial fimction directly through hemodynamic
parameters, subjects can also be assessed by mounitoring of biomarkers such as norepinephrine,
n-terounal brain natrivretic peptide (BNP), atrial natriuretic peptide (ANP), galectin-3, C-

reactive protein, tumor necrosis factor-g (TNF- g}, interleukin-1, interleukin-6, and troponin- 1.

18675} Although the invention is generally described herein with regard to blood and
blood-based body fluids, the invention is applicable to any sample of a body fluid that can flow
through an extracorporeal cireuit, sach as any body flaid from a subjeet that contains
leukocyics and/or platelets. Exemplary extracorporeal circuits are described, for example, in
LS. Patent Nos. 6,561,997 and 8,251,941, U.S. Patent Application No. 61/584,337, filed
January 9, 2012; International Patent Application No. PCT/US11/56469, filed October 14,
2011, and published as International Patent Application Pubkcation No. WO 2012/051595; and

International Application No. entitled “Cartridge and Method for Increasing

Myocardial Function,” filed October 10, 2012 and identified by Attorney Docket No.
NPR-014PC; the entire disclosures of each of which are incorporated herein by reference. The
terms “sample” and “specimen” are used in their broadest sense. On the one hand, they are
meant 1o jnchude a specten or culture. O the other hand, they are meant to telade both
biological and environmental samples. Body fluids include, but not inmited to, blood, serum,
plasma, cerebrospinal fluid (CSF), lymphatic fhud, peritoneal fluid or ascites, pleural fluid, and

saliva.

16676} The following sections discuss exemplary SCD cartridges, systems incorporating

such SCD cartridges, and their use in increasing cardiac function in a subject in need thereof.
2. Carwridge Considerations

18771 Although the underlying principles for an appropriate SCD are discussed in detail, it
18 understood that SCD cartridges useful in the practice of the mvention are not Hmited to the

particular design configurations discussed herein.

{6678} One exemplary SCD cartridge usefol in the practice of the invention comprises a
rigid housing defining an inner volume (1Y), 2 fluid indet port and a thuid outlet port. The inner
volume is in thad flow communication with both the fluid inlet port and the fluid cutlet port.
The inner volume is also referred to herein as the fill volume, and also the extracapillary space
or {ECS) in embodiments that contain hollow fibers. The inner volume can be determined by

sealing either the fluid nlet port or the fluid outlet port of the rigid housing, filling the SCD
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cartridge with a liquid, for example, water, via the unsealed port and then measuring the
volume of liquid that fills the housing to the top of the unsealed port. In addition, the cartridge
comprises a solid support disposed within the housing so at least a portion of the solid support
1solated between the fluid inlet port and the fhad outlet port and defining a fluid contacting
surface with a surface area (SA) capable of sequestering an activated leukocyte and/or an

activated platelet, if present in a biological fluid entering the housing via the fluid indet port.

{66791 It 1s understood that the choice of surface area of the solid support na SCD
cartridge capable of sequestering the leukocytes and/or the platelets, and the tnner volome {also
referred to as the fill volume) of the bousing of the SCID cartridge that countains the solid
support can have a profound effect on the efficacy of the SCD in treating certain inflanmymatory
conditions. (See PCT/UST1/056469.) The swface area of the solid support should be sufficient
to sequester a portion of the leukocytes and/or platelets to be effective but without sequestering
too many leukocytes and/or platelets. The sequestration of too many leukocytes can result in
leukocyte deficiency that in turn can result in hife-threatening leucopenia. The sequestration of
too many neutrophils can result in neutropenia, and the sequestration of too many platelets can
result in thrombocytopenia or blecding diathesis. Furthermore, it can be taportant to choose a
housing with an appropriate inner volume (also referred 1o as the fill volume or the
extracapillary space when the solid support is defined by holiow fibers) depending upon the
subjoct to be treated. For example, in the case of infants, children and severely il
hemodynarnically unstable patients, it is taportant to choose housings with lower fill velumes
so that less body fluid needs to be extracted from the subject to contact or bathe the sohid
sapport. Accordingly, the choice of a SCD cartridge having the appropriate ratio of active
surface area of the solid support to the inner volume of the SCD cartridge housing containing
the sohid support can bave a profound effect on the efficacy of treatment v a given patient. The
age, weight, and infirmity of the subject can be important considerations when choosing a
particular SCD cartridge.

[8084] Depending upon the device, the SA/TV ratio of the cartridge can be in the range
from 25 e’ to 2,000 cm'l, 25 em o 1,750 cm'l, 25 em’ o 1,500 cm'i, 25 em to 1,250 cm’
]ﬁ 25 cm™ 1o 1,600 cm"],,, 25 e to %00 cnl"‘, %0 em to 2,660 cm"‘, 40 con! to 1,750 cm’i, 80
ey o 1,500 cro”, 80 e i 1,256 e, 80 em o 1,600 cn{]9 8¢ em” 1o 800 em’', 100 em™!
t0 2,600 em’, 100 em™ 10 2,000 e, 100 e 10 1,750 e, 100 em™ 10 1,500 em™, 100 om™

to 1,250 cm’j, 100 ent” 1o 1,000 cm‘], 100 ent” to 800 cm"l, from 125 em™ to 2,600 cm"‘, 125
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em” to 1,750 cm"l, 125 cm™ to 1,500 cm'l, 125 e to 1,250 cm'i, 125 e to 1,600 cm"l, or
125 cm ™ 10 800 cm™, 150 cm™ 10 2,000 em™, 150 em” t0 1,750 e, 150 ent’ to 1,500 cm,
150 cm 10 1,250 e, 150 ero” 1o 1,000 em”, 150 em™ to 800 e, 200 e 1o 2,000 era”,
200 e 1o 1,750 em™, 200 e to 1,500 em™, 200 em™ 0 1,250 em™, 200 ooy to 1,000 om’!,
200 e to 800 cm"l, 200 em™! to 600 cm'l, from 300 cm™ to 2,000 cm"l, from 300 cm’ to
2,000 e, from 300 em™ to 1,750 emy!, from 300 em™’ to 1,500 e, from 300 cm™ 1o 1,250
em”, from 300 e to 1,000 ero™’, 300 om0 8060 cox’, from 400 ero o 1,200 cm”, from 400
em” to 1,000 cotr’, from 400 e 1o 800 con’’, from 500 e t0 1,200 e, from S00 em ™ to

1000 cm"l_, or from 500 cm™ to 800 ol

[BBR1] In certain embodiments, the SA/VY ratio of the cartridge is greater than 25 em” or
. .1 ) -1 . . ) —_— . ~ . .
80em’, or 180 cm™. Incortain embodiments, the SA/TV ratio of the cartridge is no greater

than 80 cm™ (i.e., is 80 cm” o fess).

8082} Furthermore, in certain embodiments, the solid support {which can comprise a
phurality of fibers or planar sheets) 1s disposed within the housing at a packing density in the
range from 20 Yo to 65 % (for example, from 20 % to 60 %, or from 30 % to 60 % or from 40
% t0 55 %). As used herein, the torm “packing density” 1s understood to mean the percentage
of the total volume of the interior of a cartridge that is occopied by the solid support. The
volume Vg, occupied by the solid support is understood to include, for example, the aggregate
volume of all the fibers, sheets, or other elements defining the solid support. i the solid
support includes hollow elements, such as hollow fibers, the volume oceupied by the sohd
sapport is understood to inclode any hollow spaces {(e.g., intracapillary spaces), as well as the
volume ccecupied by the material of the solid support. The total volume of the interior of a
cartridge is therefore the st of the fill volurae (1V) of the cartridge and the volume occupied
by the solid support. The packing density is the volume oceupied by the sohd support “inner
volume” divided by the total volume of the interior of the cartridge, and can be expressed as
Vaupp IV + Vopp), which can also be presented as a percentage. For example, if the volure of

. . 3 . 3 . . . ~ PR
Vapp 15 10 cor, and the TV is 20 e, the packing density 18 0.33 or 33%.

[8083] In other embodiments, the cartridge comprises (a) a rigid housing defining an inner
volume (1V}, a fluid inlet port and a fluid outlet port, wherein the jomer volume is o fiuid flow
communication with the fluid inlet port and the fluid outlet port; and (b) a solid support

disposed within the housing and defining a fluid contacting surface with a surface area (SA)
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capable of sequestering an activated leakocyite and/or an activated platelet if present in a body
fluid entering the housing via the fhuid inlet port, wherein the SA is greaier than 2.6 m* (for

. 2 2 N DU
example, from 3.0 o™ to 10.0 m” or from 3.0 m” 10 5.0 o).

6084} In another embodiment, the cartridge comprises (a) a rigid housing defining an inner
volume {1V}, a fluid inlet port and a fluid outlet port, wherein the inner volume is in fiuid flow
comvaunication with the fluid indet port and the fluid outlet port; and (b) a solid support
comprising a plurality of solid fibers disposed within the housing, the selid support defining a
fluid contacting surface with a surface arca (SA) capable of sequestering an activated leukocyte
and/or an activated platelet if present in a body fhaid entering the housing via the fluid nlet
port, wherein the SA/TV ratio is greater than 25 cm™ (for example, greater than 80 cm’', greater
than 150 cm’', or in the range from 150 cm™ to 1,500 ¢m™, in the range from 8{} em™ 1o 800

a R A e
¢, in the range from 25 cm™ to 800 cm ).

18085} Figure 1A shows a schematic, cross-sectional representation of an exemplary SCD
cartridge 138, SCD cartridge 188 comprises a housing 118 that defines an inner volame or fill
volume $12, & {luid inict port 114, a fluid contacting fnner surface 116, and a fluid outlet poxt
118. The fiud inlet port 114, inner volume {(or fill volume) 112, and fluid outict port 118 are in
fluid flow commmunication with one another. As shown, the fluid inlet port 134 and the fluid
cutlet port 118 arc disposed on the same side of the housing {i.e., are ipsilateral). In this
embodiment, the housing further comprises & sehid support 120 defined by the exterior
surface(s) of one or more hollow fibers. Figure 1A shows three hollow fibers. In this
embodiment, the interior of the hollow fibers 128 together define an ntracapillary space
(“1C5™) 122, and the volume disposed between the fluid contacting inmer surface 116 of the
housing and the exterior surface of the holiow fibers 128 together define the inver volume 112,
which is also referred (o as the extracapillary space (“ECS™). Depending upon the particular
embodiment, a fluid, for example, an ultrafilivate, can be introduced nto ICS 122 of the SCD
166 via an ICS inlet 126 which can then pass into or through 1CS 122 and, it desived, exit
housing 110 via ICS ocutlet 128, In certain embodiments, however, the ICS inlet 126 can be
blocked or otherwise capped with end cap 138 and/or ICS outlet 128 can be blocked or
otherwise capped with end cap 132, In this embodiment, at least a portion of solid support 128

is disposed within housing 118 between fluid inlet port 114 and fluid exit port 118,
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8086} During operation of this SCD cartridge, the fluid sample of interest is introduced
into housing 118 via fluid inlet 134 into inner volume (or ECS) 112, The fhuid then passes
along the surface of solid support 128 (along the exterior surface of the hollow fibersyina
plane substantially paraliel to the plane of the solid support 128, and then exits inner volume
{or ECS) 112 via fluid exit port 118, Dhwring passage along solid support 128, activated
feukocytes and/or platelets are sequestered and optionally deactivated. As a result, during
operation, cells (for exanmple, leukocytes) from the body fluid (for example, bleod) associate
with a particular region within the passageway defined by the cartridge housing, specifically,
with the exterior surface of the hollow fibers. Accordingly, in certain erabodiments, 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. Moreover, in certain embodiments, the passageway region configured to
sequoster 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
{.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.

18087} Accordingly, the invention also provides a method of using a cartridge (i) for
processing an activated leukocyte, activated platelet or a corbination thereof, or (i) for
treating a subject at risk of developing or having an inflammatory condition. The method
comprises providing a cariridge comprising (i} a rigid housing defining an inner volume (IV), a
fluid inlet port and a fhiid outlet port; and (31} a solid support disposed within the housing so at
least a portion of the schid support isolated between the fluid nlet port and the fluid outlet port
and defining a fluid contacting surface with a surface area (SA) capable of sequestering an
activated leukocyte, if present in a biclogical fiuid entering the housing via the fluid infet port.
in certain embodiments, the method, the SA/IV ratio of the cartridge is greater than 80 em™,
whereas in certain other embodiments, the SA/LV ratio of the cartridge is no greater than 80 cm’
', The method farther comprises introducing a body fluid from a subject into the housing via
the fluid inlet port under conditions that permit sequesiration of an activaied ieukocyte and/or

an activated platelet on the fluid contacting surface of the solid support,
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[6088] Figure 1B shows a schematic, cross-sectional representation of another exemplary
SCD cartridge 168, SCD cartridge 188 comprises a bousing 118 that defines an nner volume
112, a fluid indet port 114, a fluid countacting inner surface 116, and a fluid outlet port 118, The
fluid inlet port 114 and the fluid outlet port 118 are disposed on the same side of the housing
{i.e., are ipsilateral). In this ernbodiment, the housing further comprises a solid support 128
defined by the exterior surfaces of a solid substrate, which can be, for example, one or more (a
plurality of) selid fibers or one or more (a plorality of) planar supports (for example, a flat
membrane}. In this Figure 18, which shows a cross-sectional representation of a SCD
cartridge, the solid support is defined by three solid fibers or three sheets of a planar support
member (for cxample, a planar membrane). However, it is understood that a plurality of sokid
fibers or planar support members may together define the solid support. The volume disposed
between the fluid contacting inner surface 118 of the housing and the exterior surface of the
solid fiber(s) or the planar support member(s) together define the inner volume {or fill volume)
112, In countrast to the embodiment shown in Figure 14, the solid fibers or planar support
members, because they are not hollow, do not define an IC3. In this embodiment, at leasta
portion of solid support 128 is disposed within housing 118 between fluid inlet port 114 and
fluid exit port 118,

089} During operation of this SCD cartridge, the floid sample of interest is introduced
into housing 130 via fluid inlet part 114 into the inner volume (ECS) 112, The fluid then
passes along the surface of solid support 128 {along the exterior surface of the solid fibers or
planar support, or a combination of one or more solid fibers with one or more planar supports)
in a plane substantially parallel to the plane of the solid support 120 and then exits inner
volume 112 via fluid exit port 1318, During movement of the body fluid along solid support

128, activated leukocyics and/or platelets are sequestered.

[6698] The SCD cariridges shown in Figures 1C and 1D are similar to the SCD cartridge
shown in Figure 1B, In Figure 1C, the fluid inlet port 114 and fluid outlet port 118 arc located
at opposite sides of the housing (i.e., are contralateral}. In Figwre 1€, housing 110 has a first
end and a second end opposite the first end, where flaid inlet port 114 is configured to permit
fluid flow through first end and fluid outlet port 118 is configured to permit fluid flow through

the second end.
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{6891} The SCD cartridge can be configared in any of a variety of ways {0 sequester cells,
for cxample, leukocytes. As will be discussed in more detail below, the SCD cartridge
preferably is designed with & particular subject and indication in mind. For example, the
surface arca of the solid support should be sufficient to sequester a portion of the activated
feukocytes and/or activated platelets o be effective without sequestering too many legkoeytes,
which potentially can cause life-threatening leckopenia, neuiropenia, or too many platclets
resulting in thrombocytopenia, or blecding diathesis. Furthermore, it can be important to
choose a housing with an appropriate inner volume depending upon the subject to be treated.
For example, in the case of infants, children and severely ill, hemodynamicaily unsiable
patients, it is important to choose housings with lower fill volumes so that less body fluid needs
to be extracted from the subject in order to contact or bathe the solid support. It is understood
that the SCD cartridge can be configored 1n any of 8 variety of ways to sequester cells, for

example, leukocytes, and to have the appropriate inner volume,

18692} The solid support can be defined by any number of surfaces, for example, 1, 2,3, 4,
S, 14, 26, SO, 100, or more different surfaces. Depending upon the subject and the indication to
be treated, the surface arca of the solid support is greater than about 0,09 m?, is greater than

about 0.1 m" | is greater than about 0.2 m’, greater than 0.4 m”, greater than 0.6 m’, greater than

A ‘ ; ) . 2
(1.8 o, greater than 1.0 mz, greater than 1.5 mz, or greater than 2.0 m™

18653] The surface area of the solid support can be in the range of 0.1 m” t0 10.0 m”, or 0.1
m’ 10 5.0 nr. More specifically, the surface area of the solid support can be in the range from

0.1 m° to 0.4 m’, from 0.4 m* t0 0.8 m°, from 0.8 m” to 1.2 o, from 1.2 m” to 1.6 m?, from 1.6
ot to 2.0 w7, from 2.0 m? 10 2.4 o', from 2.4 mt’ to 2.8 m’, from 2.8 m” 10 3.2 nt’, from 3.2 m’
to 3.6 7, from 3.6 o 10 4.0 v, from 4.0 v’ 0 4.4 w0’ from 4.4 P 10 4.8 m, from 4.8 o’ 1o

5.2 17, from 5.2 m’ to 5.6 %, from 5.6 m” t0 6.0 nr’, from 6.0 m” to 6.4 m’, from 6.4 nv° 10 6.8
m?‘,, from 6.8 m> t0 7.2 m?', from 7.2 m" t0 7.6 m?‘, from 7.6 m” to 8.0 m?’, from 8.0 m” {0 8.4 mz,

N ; 2, o @l g ad o - 2 ) o w2
from 8.4 m” 1o 8.8 mz, from 88 m 3 9.2 m", fom 9.2 o 10 9.6 m7, or from 9.6 m” o 10.0 m",

18694} As 2 general guiding privciple, it is contemplated that when treating subjects having
a body weight less than 50 kg the surface arca of the solid support preferably should be in the
range of the from 0.4 m” to 0.8 m’, when treating subjects having a body weight greater than 50
kg but less than 100 kg, the surface area of the solid support preferably should be n the range

of the from 0.8 m” to 1.6 m”, and when treating subjects having a body weight greater than 100
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kg the surface area of the solid support preferably should be in the range of the from 1.6 m” to
5.0 m”. It is understood, however, that when therapy s initiated, if the patient shows symptoms
of developing leukopema and/or neutropenia, the SCD cartridge can be replaced with g

cartridge with a lower surface area to avoid sequestering too many leukocytes and/or platelets,

895} The housing of the cartridge is not Himited to a particular set of dimensions {e.g.,
fength, width, weight, or other dimension) in order to achicve a particular fll volume.
Depending upon the sabject and the indication to be treated, the TV can be less than 300 cm’, or
less than 150 car’, or less than 100 ent’, or less than 80 ¢m’, or less than 60 cny’, or less than 40
ey, or loss than 20 cor’. In cortain embodiments, the TV is in the range of from 10 em’ to 150
cm}’, 75 em’ to 150 cm‘z’, 20 et to 80 cmg, or 15 emt’ 10 120 em’. In the case of mfants,
children, and severely i, hemodynamically unstable patients, the fnner volume can be less than
40 cm’, for example, in the range from § cm’ to 50 cn’, from 1 em” to 20 cnr’ or from 5 cm’ to
30 e,

1
}

(8896} In certain embodiments, the SA/IV ratio is in the range from 25 cm™ {0 2,000 em’,
25 em to 1,750 em’, 25 om to 1,500 em’', 25 em’! to 1,250 cm‘iﬁ 25 e to 1,600 cm‘jﬂ Z25
em’! o 890 cm"Jg 80 em™ 0 2,000 cm"l, 80 em™ to 1,750 cat’, 80 oot to 1,500 cnt, 80 cm” to
1,250 cm™, 80 em™ to 1,000 ent, 80 cm™! o 800 em™, 100 e’ t0 2,000 e, 100 em ™ 1o
2,000 cm™, 100 em™ 1o 1,750 em”, 100 em™ to 1,500 e, 100 e’ to 1,250 e, 100 em™ 1o
1,000 crn™, 100 ema™ 10 800 cov’, from 125 e 10 2,000 em™, 125 em” 10 1,750 cm™, 125 et
"0 1,500 em’, 125 em 10 1,250 em™, 125 e 10 1,000 em™, or 125 cm to 800 em', 150
em” 10 2,000 cnt™, 150 em™ to0 1,750 ent™, 150 em™ t0 1,500 em™, 150 e to 1,250 em™, 150
em” to 1,000 em™, 150 cm™ 10 800 con’, 200 cor to 2,000 em™, 200 em 1o 1,750 e, 200
ey to 1,500 e, 200 em™ 1o 1,256 cm“]ﬂ 200 em” to 1,000 cm“l, 200 cm’ to 800 em™, 200
em’ 1o 600 cmt!, from 300 em! o 2,000 e, from 300 cm™ to 2,000 ¢nt’, from 300 e to
1,750 ent, from 300 em™ to 1,500 e, from 300 em™ to 1,250 em™, from 300 em™ to 1,000
em”, 300 em” 0 800 em™!, from 400 em™ to 1,200 cox’, from 400 ero 1o 1,000 em”, from 400
em” to 800 em’!, from 500 cm™ to 1,200 cmy?, from 500 e 10 1000 cm™, or from 500 em™ 1o
800 cm™.

8097} The housing of the cartridge can be fabricated from a variety of materials, but the
material that defines that fluid contacting swrface in the mer volume should be biccompatible.

The SCD cartridge can be constructed from a variety of materials including, metals such as
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titaniuom, or stainless steel with or without surface coatings of refractory metals tncluding
titanium, tantalum, or nichium; ceramics such as alumina, silica, or zirconia; or polymers, such

as polyvinyichloride, polyethylene, or polycarbonate.

8088} The solid support can be defined by flat surfaces (e.g., sheets), curved surfaces (e.g

30

i

hollow tubes, hollow fibers, solid tubes, and solid fibers}, patterned surfaces {e.g., z-folde
sheets or dimipled surfaces), Urregularky-shaped surfaces, or other configurations to scquester
cells. It is understood that the solid support can be defined by a variety of materials, which can
inchude, for exanple, hollow fibers, solid fibers, planar support members {for example, planar
membranes) or a combination of two or more of the foregoing (for example, a combination of
hollow and solid fibers, a combination of hollow fibers and planar support members, or a
combination of solid fibers and planar support members). In certain embodiments, the solid
support is substantially parallel (o the plane of fhuid flow within the SCD cartridge from fluid

inlet port 114 to the fluid exit port.

[8099] Diepending upon the embodiment, the sofid support can comprise a membrane. The
term “rocrobranc” 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 can be porous (e.g.,
selectively porous or semi-porous) such that it is capable of fluid or gas flow therethrough. Itis
understood that the torm “porous”™ as used herein to describe a surface or membrane includes
gencrally porous, selectively porous and/or semi-porous surfaces or membranes. Morcover,
additional surfaces that can facilitate leukocvte 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,

681601 Rt is understood that the solid support is not Hmited to a particular type, kind or size,
and may be made of any appropriate material; however, the material should be biocompatible.
For exaople, a surface of the solid support may be any biocompatible polymer comprising one
or more of nylon, polyethylene, polyurethane, polyethylene terephthalate (PET),
polytetrafluoroethylene (PTFE), CUPROPHAN (a cellidose regenerated by means of the
cuprammoniym process, available from Enka), HEMOPHAN (a2 modified CUPROPHAN with
mproved biocompatibility, available from Enka), CUPRAMMONIUM RAYON (a variety of
CUPRQOPHAN, available from Asahi), BIOMEMBRANE {cuprammonium rayon availabie

from Asahi), saponified celhiose acetate (such as fibers available from Teijin or CD Medical),
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cellulose acetate (sach as fibers available from Toyobo Nipro), cellilose (such as that are
regencrated by the modified cupramonium process or by means of the viscose process,
avatbable from Terumo or Textikombinat (Pivna, GDR) respectively), polyacrylonitrile (PAN),
polysulfone, polyethersuifone, polyarylethersulfone, acrylic copelymers (such as acryloniirile-
NA-methallyl-sulfonate copolymer, available from Hospal), polycarbonate copolymer (sach as
GAMBRONE, a fiber available from Gambro}, polymethylmethacrylate copolymers (such as
fibers available from Toray), and ethylene vinyl copolymer (such as EV AL, 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 frregular
thickness. In some embodimerds, surfaces may include sibicon, for example, siicon
nanofabricated membranes (sce, e.g., U.S. Patent Publication No. 2004/0124147). In some
embodiments, surfaces may inclode polysulfone fibers. Other suitable biscompatible fibers are
known in the art, for example, in Salem and Mujais (1993} DiaLysis Taerary 2D Ep., Ch. 5

Dralyzers, Eds. Nissensen and Fine, Hanloy & Belfus, Inc., Philadelphia, PA.

{68161  Any technique or combination of technigues that facilitate sequestration {for
example, binding) of the leukocytes and platelets can be used, including, for example,
biological, chemical, mechanical and/or physical techniques. In some embodiments, biological
or chemical technigues for sequestration can be used. Such techniques include using tissues,
cells, biomolecules (for example, proteins or nucleic acids), or small molecules to sequesier
fleukocytes. In one embodiment, for example, the fluid contacting support of the solid support
in the ECS can further comprise a cell adhesion molecule attached thereto to facilitate

sequestration,

[B8162]  For cxample, when a leukocyie is activated, selecting are produced by the leukocyte.
This altered selectin production can facilitate binding between the leukocyte and other
feukocytes. In turn, the binding between leukocytes can increase selectin prodaction in the
additionally bound leukocytes, yvielding exponential binding of leukocytes. Thus, selecting may
be usetil to enhance sequestration.  Proteins, protein complexes, and/or protein components
known to bind leukocytes include CDils, CD1ib, CDile, CDI1R, CB29, CD34, Chd4,
CD49d, CD54, podocalyxin, endomucin, glycosaminoglycan cell adhesion molecule-1
(GlyCAM-1), mucosal addressin cell adhesion molecule-1 (MAJCAM-1), E-selectin, L-
selectin, P-selectin, cutancous lymphocyte antigen {(CLA), P-selectin glycoprotein Hgand 1

{(PSGL-1)}, leukocyte functional antigen-1 (LFA-1), Mac-1, leukocyte surface antigen p150,95,
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lenkocyte integrin CR4, very late antigen-4 (VLA-4), lymphocyte Peyers patch adhesion
molecule-1 (EPAM-1}, intraceliular adhesion molecule-1 (JCAM-1), intracellular adhesion
molecule-2 (ICAM-2), intracelluiar adbesion molecule-3 (JCAM-3), inactivated C3b (C3b1),
fibrinogen, fibronectin, peripheral Iymph node addvessin (PNAd), endothelial vascular adhesion
protein 1 {VAP-1}, fractalkine, CCL19, CCL21, CCL2S, and CCL27. Other large molecuies
known to bind leukocyies include hyaluronic acid, glycosaminoglycans (GAGs), and
fucosylated oligosaccharides and their precursors. In certain embodiments, small molecules or
adherents used to sequester a leukoceyte can fnclude, but are not Hmited to, peptides, such as
peptides comprising the amine acid sequence arginine-glycine-aspartic acid (RGD}, and
molecules comprising sialic acid. Accordingly, any of these materials can be used to enhance

sequestration,

168183} During use, any of these biological or chemical materials may be bound to the fluid
contacting surface of the solid support and/or the fluid contacting surface of the cartridge
housing to facilitate or enhance sequestration. Aliernatively, or in combination, any of these
materials may be used with other additional technigues to facilitate sequestration. For example,
materials may be used to bind leukocytes in solution, causing them to agglomerate and to
merease their overall size relative 1o the size of a single leukocyte. The agglomerated

feukocytes then can be captured with a membrane having a particelar pore size.

[66164] it should be understood that the sequestration techuiques described herein also can
apply to platelets. In the case of platelets, similar biclogical, chemical, mechanical and/or
physical technigues as described above may be used to sequester platelets. In certain
embodiments, agents used to sequester platelets inciude one or more of glycoprotein [be
{GPlba), glycoprotein Hb (GPHD), glycoprotein Tla (GPIHa), CD41, CD6Y, von Willchrand
Factor, fh-integrin macrophage antigen-1, selecting such as P-selectin, and a cell-adhesion

molecule.

[86185]  In additfion, sequestration can also be facilitated and/or enhanced by the control of
certain mechanical forces that ceour within the SCD cartridge. For example, leukocytes may
be scquestered on one or more surfaces of {or in) a passageway or passageway region {e.g., the
outside of a porous hollow fiber) by wilizing a flow rate and device configuration that
minimizes shear force between the levkocytes and the surface(s), allowing the teukocytes to

associate with the surface(s). For exanple, the housing is configured to create a low shear
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force environment to permit the cells of interest, for example, loukocytes, platelets, ete, to be
sequestered on the solid support as body fluid traverses the inner volume.

[B8166] More specifically, the cartridge is configured to facilitate shear forces between the

flowing cells (for example, leukocytes or platelets) and the sequestration surface(s) less than

W

1000 dynes/cmz, less than 300 dynes/cmz, less than 100 dynes/cmz,, less than 80 dynes/cmz, less
than 60 dynes/cm’, foss than 40 dynes/em’, loss than 20 dynes/cm’, less than 10 dynes/em”, or
less than 5 dynes/em” when a biological fluid enters the cartridge housing through fhuid inlet
port 114 and exits the cartridge housing through the fluid cutlet port 118, for example, at a flow
tate in the range of 10 mL (cm’Y/minute to about 8,000 mk. {cor’ Y/minute ot from 50 mL/minute
10 to about §,000 ml/minute (for example, 1,000 cm’/minute). As a result, the fluid inlet port 114
and the fluid outiet port 118 are dimensioned to permit a flow rate through the housing in a
range from 16 ml/minute (o 8,000 mi/minute or from SO mb/minute to 8,000 mi/minute. For
exaraple, when treating cerfain inflammatory disorders, for example, inflaromatory responses
during cardiopulmonary bypass, it is understood that treating large flow rates can be tolerated,
15 for example, up to 7000 mi/minute. That said, when freating inflammatory responses
associated with other indications, for exanple, chronie heart failure or acute decompensated
heart failure, slower flow rates should be used, for example, less than about 500 mL/manute,
from about 180 mi/minute to about 500 mL/minute, and from about 200 mL/minute to about
500 mL/mivute. As a result, the inlet port 114 and the outlet port 138 are dimensioned to
20 permit a desived velume of body fluid to pass through the SCD cartridge housing in a given
amount of time. 1t is understood that the fluid inlet port 114 and the find outlet port 118 each
have an internal diameter of no less than 0.1 cm to 2 om, or 0.2 ¢m o 1 om, or have a cross-
sectional surface area of no less than 0.01 cm?’, no less than 0.1 cmz, ng less than 0.2 cm?‘_, 1no
fess than 0.4 cmzﬂ no less than 0.6 cm?‘, no less than 0.8 cmz, no less than 1.0 em’, no less thao
25 2.0 em’, or no less than 3.0 cm®. In certain embodiments, the inlet port, the outlet port, or both
the inlet and outlet ports have a cross-scctional surface area of 0.01 em” to 1 em?®. The distance
hetween the fluid indet or fluid cutlet to the nearest end ot the housing {distance A), can be such
that A divided by the length of the housing is between 0.01 and 0.25. 1t 15 also understood that

the plane of the inlet and/or outlet port can range from 5 degrees to 90 degrees (e, is

(43
<

perpendicular) to the plane defined by the longest dimension {(usually the length) of the

housing.
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[80187] In certain embodiments, the fluid inlet port 134 and the fluid cutlet port 118 are both
disposed on one side of the housing 116, for example, as shown in Figures 14 and 1B.
Alterratively, as showrin Figure 1C, the fluid inlet port 114 and the fluid cutlet port 116 can

be disposed on opposite sides of the housing 116, Other orientations of the fhud inlet port 114

(]

and the fluid outiet port 116 are also envisioned. For example, 1f the housing comprises a fivst
end and a sccond cnd opposite the first end, the fluid inlet port can be configured to permit
fluid flow through the first end and/or the fluid outlet pert can be configured to permit fluid
flow through the sccond end. One such orientation s depicted i Figure 113, in which thad
infct port 114 permits tluid flow through the ieft end of housing 116, and fluid outlet port 118

10 permits the fluid to exit through the right end of housing 116.

681681 It is understood that the size and shape of the housing of the SCD cartridge may be

designed to provide the appropriate fill volume and to minimize turbulence when a fluid is

passed through the SCD cartridge. Furthermore, it 18 understood that the size, shape and

composition of the solid support located within the SCD cartridge may be designed 1o provide
15 the appropriate surface area and to minimize turbulence when a fluid is passed through the

SCD cartridge.

[#0182] By way of example, when solid {ibers are used to creale the solid support in the
cartridge, if a cartridge having a total surface arca of 1.8 m” to 2.5 m” is desired, the cartridge
can be designed o contain about 43,000 fibers when the fiber leongth is 26 ¢ and the fiber

20 diasmeter is 5O um, or about 22,000 fibers when the fiber length is 26 ¢m and the fiber diameter
is 100 pwm, or about 11,000 fibers when the fiber length is 26 cm and the fiber diameter 1s 200
pi, or about 43,000 fibers when the fiber length is 13 cm and the fiber diameter is 100 pm, or
about 22,000 fibers when the fiber length 18 13 con and the fiber diameter is 200 um.
Alternatively, if the cartridge having a total surface area of 3.6 m’ to 5.0 m” is desired, the

25 cartridge can be designed to contain about 87,000 fibers when the fiber length is 26 ¢m and the
fiber diamcter is 50 pm, or about 43,600 fibers when the fiber length is 26 ¢ and the fiber
diameter 1s 100 pm, or about 87, 000 fibers when the fiber length is 13 ¢m and the fiber
diameter 1s 100 pm.
[G8114]  In condrast, and by way of example, when planar support members are used to create

30 the solid support, if a cartridge with a total surface area of 1.8 m” to 2.5 m” is desired, the

cartridge can contain, for exampie, a plurality of sheets having an average thickness of S0 um
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and an average width of 5 cm {(for example, about 115 sheets of a membrane about 12 cmin
length, or 63 shects of membrane about 26 cm in length). In contrast, if a cartridge with a total
surface area of 3.6 m” 5.0 m’ is desired, the cartridge can contain about 125 sheets of
membrane having an average thickness of 50 pm, an average width of 5 cm, and average length
of 26 cm. The sheets may be placed within the cartridge such that, in certain embodiments, the

spacing between the sheets is about 50 um or 100 pm

[668111] In certain embodiments, the cartridge can be designed such that the solid support
{for example, the fibers or planar supports that constituate the solid support} is disposed within
the housing at a packing density from 20% 1o 63%, 20% to 60%, from 30% to 60%, or from
40% to 55%. The packing density should be chosen to minimize the risk of clotting when

blood is passed across the solid support disposed within the IV of the housing.

[80112] o certain embodiments, for example, when hollow fibers are used in the SCD
cartridge, the SA/TV ratio preferably is at least 80 ey’ or more. Excmplary SCD cartridges
with a SA/IV ratio greater than 80 emt! include the F-§ 0, F-60, F-70 and F-R0A cartridge,
which are available commercially from Fresenius Medical Care North America, Waltham, MA,
LS. AL or Renaflow cartridges (PSH series) from Baxter (Deerfield, 1, US A These
cartridges have been approved by the USFDA for use in acuie and chronic hemodialysis. The
F-80A cartridge, for cxample, has a solid support {defined by the exterior surfaces in a bundle
of hollow fibers) with a surface area capable of sequestering levkocytes and/or platelets of

about 2.5 m?, has an inner volume of about 250 mL, and a SA/TV ratio of about 100,
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[G8113] In cortain erobodiments, exeroplary cartridges can have the features set forth in

Tabile 1.

TABLE &
9801
2 2.5 25000 250 100
3 1.28 12500 123 100
4 2.5 25000 123 266
5 2.5 25000 109 236
5 2.5 25000 04 267
7 5 50000 93 536
3 S 50000 125 401
9 6.7 67300 125 537
16 16 160000 125 800

[668114] In certain cmbodiments, in particular, for pediatric uses, exemplary cartridges can

have the features set forth in Table 2.

TABLE 2
- 1.5 cm case; 200um fibers 1708 g
2 - 1.5 cm case; 100um fibers .35 3500 9 392
3 - 1.5 emocase; 7Spum fibers 0.47 4709 9 530
4 — 1.5 em case; SOum fibers 0.7 7000 9 784
5 - 2.5 em case; 200um fibers (.49 4900 25 199
6 - 2.5 em case; 100um fibers 0.98 9800 25 399
7 - 2.5 cm case; 75um fibers 1.30 13000 25 526
% - 2.5 ¢m case; S0pm fibers 1.96 19600 25 797
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[80185] In certain embodiments, a system can achieve sequestration by subjecting the
leukocyics, platelets or cells of intergst to a series of cartridges, for example, 2, 3,4, 5,6, 7, 8,
9, 10, or more cartridges (e.g., hollow fiber cartridges), cach comprising one or more
sequesiration passageways, OF passageway regions, so as to increase the length of the region
configured to sequester the leukocytes and the residence time of the leukocytes therein, Inany
of the aforementioned embodiments, the devices are configured to accomplish sequestration of
feukocytes in a manner permitting inhibition of release of a pro-inflammatory substance from a
feukocyte and/or deactivation of a leukocyte betore, 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 secquestration and during transport through a passageway,

passageway region, or entive systemn of the present vention.

1#6186]  In some embodiments, the SCD cartridges or fluid circuits incorporating the SCD
cartridges are configured to sequester the leukocytes for any desired amourd of time, for
example, from 1 1o 59 seconds, from 1 to 59 minutes, from | to 24 hours, from 1 to 7 days, one
or mare weeks, one or more months, or one year or more, In some embodiments, the devices
are configured to sequester leukocyies for an amount of time sufficient to permit the subseguent
mhibition of release of a pro-inflammatory substance from the leukocytes and/or deactivation
the leukoeytes. In certain embodiments, leukocytes and/or platelets are sequestered within the
SCE cartridge fora time (eg, atleast 1,2, 3,4, 5, 6,7, 8,9, 10, 15 minutes or at least an hour)
sutficient to deactivate the leukocyte and/or inhibit the release of a pro-inflaromatory

substance.

[@8117] It is understood that the fhuid contacting surface of the solid support can sequester
{for example, bind) activated leukocytes and/or activated platelets during operation. In certain
embodiments, the fluid contacting surface can preferentially sequester (for example,
preferentially bind) activates leukocytes and/or platelets relative to unactivated or deactivated

fleukocytes or platelets.

[68118]  In certain embodiments, leukocytes from the subject are treated over a period of at
least 2 hours, at least 4 hours, at least 6 hours, at least 8 hours, or at least 12 hours. In other
embodiments, leukocytes from the subject are treated over a period of 2 to 24 hours, 2 10 12

hours, 4 to 24 hours, or 4 to 12 hours.
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[668119] It is understood that the SCD cartridge, once fabricated should be sterilized prior to
use. Sterility can be achieved through exposure to one or more sterilizing agents, scparately or
in comabination, such as high temperature, high pressure, radiation, or chemical agents such as
ethylene oxide, for example. The SCD cartridge preferably 1s sterilized once it has been
packaged, for example, after it has been hermetically sealed within an appropriate container or
packaging {i.e., the cartridge is terminally sterilized). The packaging may conprise plastic, and
may be cntircly plastic or may comprise a pouch defined by plastic adhered to a planar support,
for example, a paper support. The sterilization process preferably achieves a sterility assurance
tevel (SAL) of 107 or less; i.e. the probability of any given unit being nonsterile after the
process is ne more than 1 in 10°, More proferably, the sterilization process achieves an SAL of
no more than 107, no more than 107, or no more than 10°%. Furthermore, it is understood that
the cartridge may comprise a cap sealing fhid inlet port 114 and/or a cap scaling floid exit port
118. Caps disposed on the fluid inlet and outiet ports may help preserve the sterility of the
inner volume of the cartridge prior fo use, and can be removed before the cartridge s connected
mto a system with a fluid Hue that facihitates the flow of a body fluid from the subject to the
cartridge and 8 fluid line that facilitates the flow of the body fhuid from the cariridge back to the

subject.

881281  In certain embodiments, the cartridge comprises a label disposed on (for example,
adhered to) an outer surface of the rigid housing. The label may comprise a8 lot number or bar

code for wdentifying and/or tracking the cartridge.
2 System Configurations

[G8123] It is understood that the SCD cartridges can be used in a variety of different fluid
circuits depending upon the indication to be treated. See, for example, U.S. Patent No.

8,251,941 and Iniernational application WOZ012/051595.

[66122)  In some embodiments, find circuits incorporating the SCD cartridge optionally can
also perform other blood treatments. For example, fluid circuits optionally can forther inchude
additional devices that can filter, oxygenate, warm, or otherwise treat the blood before or afier
the blood enters the SCD cartridge. Moercover, the SCD cartridge and/or additional devices ina
system can inchide 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

exarple, xenographic or allographic renal colls such as renal wubule cells). In certain
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embodiments, the SCD cartridge is free of such additional components. For example, a SCD
cartridge may be frec of cells such as xenographic or allographic celis {e.g., xenographic or

allographic renal cells). These basic principles are described in move detail below.

[681231  The fluid circuits are configured to accomplish selective eytopheresis. In basic
form, the system includes s SCD cariridge, a fluid connection for blood to flow from a blood
source (for example, a subject, such as a patient) to the SCD cartridge, and a thaid connection
for treated blood to flow from the SCD cartridge to a receptacie (for example, back to the
subject). The SCD cariridge acts to sequester cells, for example, foukocytes, such as activated
leukocytes, and facilitate inhibition of release of a pro-inflammatory substance from the
leukocytes and/or deactivate the leukocytes., Sequestration of leukocytes can be achieved using
the SCD cartridges described hereinabove. Inhibition of the release of a pro-inflammatory
substance from the leukocytes and/or deactivation of the leukocyies can be achieved by any

technique described in Section 3 below,

[68124] The leukocyies may become activated within the subject as result of a primary
patient condition or secondary to other types of medical intervention, for example, during
passage through a hemofilter (for example, as described hereinbelow, with reference to Figares
2C and 2D). The activated leukocytes then enter a SCD cartridge wherein the activated
leukocytes are sequestered. In the case of the circuit in Figure 2B, replacement fluid equal to

the volume of the ulirafiltraic produced optionally is provided to the subject.

[80125]  In other words, in the SUD cartridge, the activated leukocytes from the blood are
sequestered, for example, by temporarily adhering to one or more surfaces inside the cariridge.
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 cartridge that bind
leukocytes, for example, activated leukocyies, or by setting blood flow within the device to
provide low shear stress on leukocytes, allowing then to associate with one or more surfaces
mside the SCD cartridge. These sequestered leukocytes then are exposed to an agent, for
example, ciirate, to deactivate the leukocyites or inhibit their release of pro-inflammatory
substances. The cartridges can also be used to sequester and deactivate other cell types, such as

platelets.

1#6126] It is believed that calciom chelators, for example, citrate, lead to a low Cy

cuvironment in the cartridge thereby inhibiting release of a pro-inflammatory substance from
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the leukocytes and/or deactivating the leukocyics. Pro-inflanmmatory substances may inclode
destructive enzymes and/or cytokines from the leukocytes. This inhibition and/or deactivation
leads to an amelioration of the inflaramatory state of the levkecytes. In this way, the SCD
cartridge sequesters leukocytes, for example, neutrophils and monocyies, and mhibits release of
a pro-inflammatory substance from the leskocytes and/or deactivates the leudocytes, for
exarple, with citrate and/or a low-Ca; environment. The scquesiration and inhibition and/or

deactivation of platelets can be achicved in a similar fashion.

(86127} It has been demonstrated that the addition of a calcium chelator, e.g. citrate, t0 a
device of the present invertion including a bousing containing bollow fibers that sequester
leukocytes can improve myocardial function 1n a subject with myocardial dysfunction
subseqoent to infiltration by inflammatory tmmune cells. Accordingly, it is contemplated that
the SCD cartridges of the mvention can treat a variety of conditions associated with myocardial
inflavunation, such as chronic heart failure and acute decorapensated heart failure by directly

treating blood from the subject. After treatment, the blood is retirned to the subject.
2.4, Single Device System

681281  As mentioned, a system can contain a SCD cartridge to accomplish selective
cytopheresis and, optionally, other blood treatments without additional treatment devices o the
system {sec Figures 2A-2B). 1o one embodiment, such a SCI cartridge is shown
schematically in Figure 1A, During operation, leukocytes and/or platelets are sequestered
within the SCD cartridge, for example, at the external surface of the hollow fibers, and exposed
to an agent, for cxample citrate, capable of inhibiting release of a pro-inflammatory substance
from a leukocyte and/or deactivating a leukocyte. The agent can be infused inte a line
upstream of the fluid inlet 114 or may be infused into the 3CD itself via a port. Alternatively,
or in addition, the SCD cariridge can be prepared with the agent prior to its use. Flow rates in
the ECS arc chosen tn the ranges described heretn such that there is a low shear force (inthe
ranges described herein) at the surtace of the fiber to allow leukocytes to associate therewith.
In this way, inhibition and/or deactivation of the leukocyies and/or platelets is achieved or
initiated. Then, the blood in the BECS exits the SCD via fluid cutlet 138, which enters into an

outflow line.

[68129] Figure ZA shows an exemplary SCD cartridge 188 of Figure 1A in an excrplary

fluid cirenit. Body fluid, for example, bloed, from a subject enters a blood line and is moved
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through that line via a pump 284. 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 nlet 114 and exits the SCD cartridge 186 at outlet 118, Blood lines at the inlet 114
and outlet 118, respectively, are attached using blood line connectors with locking mechanisms
256. Leukocytes are shown sequestered in the ECS 112 at the external surface of the solid
support 128, which is depicted as a single hollow fiber. A blood cutflow line from the outlet
118 returns blood to the subject. Another agent, such as calcium {e.g., calciunm 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. In certain embodiments, the ICS can contain xenographic or
allographic cells, for example, renal wubule cells, cultured in a monelayer on the lining of the
1CS 122 of cach fiber to further aid in treatment of the blood. However, in other embodiments,
the ICS is celi-free. In one embodiment of the circuit of Figure 2A, the lomen 122 of SCD

cartridge 108 can be filled with saline.

16681308}  The circuit of Figure 2B includes the same components as Figure 2A and operates
in the same manner, except that Figare 2B wtilizes a SCD cartridge 188 in which ultrafiltrate is
produced. The SCD cartridge 188 contains a plurality of porous membranes, which arc hollow
fibers. The huminal space within the fibers is the ICS 122 and the surrounding space outside
the solid support 128 (depicted as hollow fibers) and within the SCD cartridge housing 118 1s
the BECS 112, Body fluid, for example, blood containing feukocytes enters the inlet 114 and
moves tdo the ECS 112 surrounding the hollow fibers and exits at the outlet 118, Levkocyte
sequestration and inhibition and/or deactivation can be achioved as described above., However,
in this SCD, only the ICS inlet is capped with end cap 138, The ICS outlet 128 is not capped.
Accordingly, depending on the characteristics of the porous hollow fibers (e.g., permeability
and pore size), a portion of the blood in the ECS 112 can pass across the hollow fibers, and into
the ICS 112 as ulivafilivate (UF). A tube can be connected to the ICS outlet 128 for collecting

ultrafiftrate (UF), which may be discarded as waste.

[86131]  Flow rates and membrane characteristics for the embodiments shown in the circuits
of Figures 2A-2B with the SCD of Figare 1A 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 SCD cartridge shown in Figure 2B) may inchude, for

example, flow rates from about 5 mi/minute to about 58 mi/mingte. In the case of the circuit
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in Figure 2B, replacement fluid equal in volume to the eltrafiltrate waster produced can

optionally be added to the subject.

2.8, Selective Cytopheresis Inhibitory Device as part of a Hemodialysis oy

Hemaofiliration System

1368132}  As mentioned, in some embodimends the SCD cartridge can be part of 2 system with
other devices for treating blood. For example, the SCD cartridge can be a partofa
hemofiltration systom, a hemodialysis system and/or a hemodiafiliration system that includes
one or more filtration cartridges separate from the SCD cartridge within the system. When
describing the part of the system that is not the SCD, the term “hemofiltration” can refer to
hemodialysis, hemodiafiltration, hemofiliration, and/or hemoconcentration, and “hemofilter”
can include a dovice {e.g., a cartridge) for performing one or more of hemodialysis,
hemodiafiltration, hemofiltration, and/or hemoconceniration. The hemofiltration cartridge(s)
can be configured to be in parallel or series with a SCD within an extracorporeal blood circunt,
and associated blood punmps and tubing can be used to move the blood through the

extracorporeal circuit.

[#8133]  For example, as shown in Figures 2C and 2B, blood flows from a subject through a
blood line. The blood is moved through the blood line via a pump 284. A leukocyie inhibiting
agent (e.g., ciirate} can be nfused into the same bloed line at a port 286, optionally with 2
pump before entering a conventional hemofilter 266, The blood then flows through hollow
fibers 262 in homofilter 268. Dralysate 1s infused into the ECS surrounding the hollow fibers
262 and within the housing of hemofilter 268, and dialysis occurs with solutes being removed
as “waste” from the blood across the hemofilter filiration membrance 262 (the hollow fibers)
and into the dialysate. The dialysate flows in a counter current fashion relative to the bloed,
and the dialysate is moved with a dialysate pump 264, Additionally, molecules and fluid from
the blood can pass across the hemotilter filtration membrane 262 (he hollow fibers) as

ultrafiltrate, depending on the pore size through the membrane.

[80134] The exemplary system of Figure 2C shows a circuit with the SCD cartridge 168 of
Figure 14, in which the ICS inlet and outlet ports have been capped with end caps. Blood
exits the hemofilter 268 and enters the SCD cartridge 168 at the inlet 134, The blood then is
processed through the SCD cartridge, which sequesters leukocytes on the solid support 128

{(depicted as hollow fibers) and inhibits release of a pro-inflammatory substance from a



(]

10

}

26

Nl
W

30

}

WO 2013/106108 PCT/US2012/059614

- 3G -

lenkocyte and/or deactivates a levkoceyte in the manner described for Figures 2A-2B, above.
The bloed lines into and out of the SCD cartridge 166 arc attached using a connection with a
locking mechanisie 286. The blood then is returned to the subject via a blood outtlow line
from the outlet 138, Another agent, such as calcium, can be nfused at a port 288 on this blood
cutflow line in order to prepare the blood for re-emtry into the subject. In certain embodiments,
the intracapillary space (ICS) of the SCD can contain xenographic or allographic cells, for
exarple, renal tubule cells, cultured in a monolayer on the hining of the Jumen of cach fiber to
further aid in treatment of the bloed. However, in other embodiments the ICS is coll free. In
certain crubodiments of the fluid circuit shown Figure 2C, the ICS 122 of the SCD 188 is filled

with saline and the cod ports of the 1CS are capped with end caps 138 and 132,

881351  The circoit of Figore 2D includes the same components as Figure 2C and operates
in the same manner, except that Figure 2D utilizes a SCD cartridge 188 that produces
ultrafiftrate (i e, the 1CS outlet port is not capped with end caps). The flow of body thud (e.g.,
blood} through the SCD cartridge 188 is described above in the context of Figure 2B,
Additionally, SCD cartridge 186 functions as described above, in the context of Figure 2B, As
noted above, SCD cartridge 180 has ouly the ICS inlet 126 capped with ond cap 138, The ICS
outlet 128 1s not capped with an end cap. Accordingly, depending on the characteristics of the
porous hollow fibers, a portion of the biood in the ECS 112 can pass across the hollow fibers,
and into the ICS as ultrafiltrate {UF). A tube can be connected to the ICS outlet 128 for

collecting ultrafiltrate (UF), which may be discarded as waste,

[68136] Without wishing to be bound by theory, it is contemplated that the flow geometry in
these embodimenis of the SCD system (and those shown in Figures 24-2D and 3A and 3B)
allows leukocytes 10 exist in a low shear force envirommaent in the ECS of the SCD cartridge
and, therefore, associate with one or more internal surfaces in the SCD cartridge, for example,
the hollow fibers. Conversely, in a typical use of a hemofiliration cartridge (for example, the
first deviee 260 in the circuits of Figures 2C and 2B), blood flow through the small diameter
fumens of the hollow fibers yields a higher shear force (than that in the SCD) that prevents
association of leokocytes with the hollow fibers and sequestration of leukocvies within the
device. Accordingly, a hemofiltration device baving the conventional flow circuit supporting
its operation reversed (7.e., blood flowing outside the hollow fibers rather than jnside the

hollow fibers) can act as a SCD to sequester potentially damaging and circulating activated
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leukocyies. These sequestered leckocyies can be treated with a leukocyte inhibiting agent (e.g.
ciirate).

{88137 Further, it is contemplated that the inflammatory response of sequestered leukocytes
18 inhibited and/or deactivated in the presence of low Ca; (caused, for example, by citrate)
before, during, and/or afier sequestration. The low-Ca; environment may inhibit the

nflavunatory activity of, or deactivate, the leukocytes.

[86138] In cortain embodiments, the circuit of Figure 25 can be modified such that the
dialysate produced by hemofilier 268 can be introduced into the ICS of SCD cartridge 168 via
ICS inlet 126. Alhhough the ICS can be cell free, 1t is undersiood that this system optionally
also can inchude cells within the 1CS 122, for example, renal tubule cells. The raie 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/mimste to about 500 mL/ mimste.
Alternatively, the blood flow rate through the extracorporeal circuit, through the lumens of the
hollow fibers in the hemotilter 268, and through the ECS 112 of the SCD cartridge 186 can be
about 120 mL/minute. The ultrafiltrate can be moved at rates in the ranges described herein,
for example, at flow rates less than aboot 50 mL/minute, from about 5 mL/mimste to about 50
mbL/minute, and from about 10 ml/minute to about 20 mL/minute. Alternatively, the
ultrafiftrate tlow rate can be maintained at 15 ml/minute. Optionally, a balanced clectrolyte
replacement solution (e.g., a solution containing bicarbonate base) can be infused into the
bloodhine on a 1:1 volume replacement for ultrafiltrate produced. The fluid (e.g., sltrafiltrate)
and biood {or leukocyte-containing fluid) can flow in the same direction or in opposite

directions.

[6813%9] I this and other embodiments, the blood flow configuration through the SCD
cartridge is opposite the blood flow configuration through a typical hemofilivation 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 SCD cartridge. This
gnconventional blood flow configuration through the SCD cartridge allows for a lower shear
force within the ECS at the exterior surface of the hollow fiber relative o the higher shear force
within the lumen of the hollow fibers of a hemofilter, thus facilitating sequestration of

feukocytes in the ECS ofthe SCD. Conversely, the blood flow through the interior of the
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hollow fibers of the hemofilter prohibits leukocyte sequestration due to high shear force created
by blood flowing through the small diameter lomens of the hollow fibers. For example, the
passage of blood within the intevior of a hollow fiber of a hemofilter can create a shear force of
1.5 x 107 dynes/em® whereas blood flow through the ECS of certain embodiments of a SCD
creates a shear force of 1 dynesfcmz, or about 10° less shear force. For comparison, the shear
force at a typical arterial wall is 6 to 40 dynes/cm’ and the shear force at a typical vein wall is

D e . P2
1-5 dynes/em”. Thus, a capillary wall has a shear stress of less than § dynes/c™.

[60148]  Accordingly, use of the SCD cartridge uses a sufficiently low shear force at a
surface in a region of a passageway configured to sequester leukocyies to be able to associate
leukocytes with that surface and sequester leukocytes, such as activated leukocytes m the
region. For example, in some embodiments a shear force of less than 1000 dynes/car’, or less
than 500 dynes/cm’, or fess than 100 dynes/cm’, or less than 80 dynes/cm’, or kess than 60
dynes/co’, ot less than 40 dynes/em’, or loss than 20 dynes/om’, or less than 10 dynes/cnt’, or
fess than 5 dynes/eny’, is useful at a surface in the passageway region configured to sequester
lenkocytes. It should be anderstood that these shear forees may be useful in any of the SCD
embodiments described herein. In certain embodiments, having two devices, such as a
hemotilter and a SCD, the difference in shear force between biood flowing in the hemofilier

and blood flowing in the SCD can be at least 1000 dynes/cm?.

[#0141] o these and other embodiments, so long as the unconventional flow configuration is
followed (i.e., blood flows cutside of the hollow fibers, rather than inside the hollow fibers) to
yield the requisite shear force, the SCD can be comprised of a conventional {e.g., Model F-
SOA, 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 extracorpercal perfusion
circuit of this or any other embodiment 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 15 currently in use for chronic dialysis.

[68142] In one excmplary system, the system includes tubing leading from a subject (8 blood
linc) with a bag of a citrate solution infused into the tubing by an infuser. A fust F-40
hemotilter cartridge (Fresenius Medical Care North America, Waltham, MA, U.8.A) is
connected with the biood 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 1CS) inside the cartridge, from
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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 couniercurrent
manner with respect to the blood flow. A dialysate/ultrafilivate 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 onc 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 an F-80A-based cartridge (Frescuotus
Medical Care North America, Waltham, MA, U.8.A ), which operates as a SCD cartridge. The
blood flows through the ECS of the F-80A-based cartridge and exits the cartridge at a side port
cutlet. Aoy ultratiltrate that is prodoced in the F-80A-based cartridge coters the ICS and exits
through an end port. The other end port of the cartridge is capped. Substantially noe blood
cells, platelets, or plasma cross from the ECS to the ICS, and feukocyies adhere to the exterior
of the hollow fibers for some period of time. Blood exiting the F-BOA cartridge enters tubing
where a calcium solution 15 infused into the blood using an mfuser. Finally, the tubing returns
the processed blood to the subject. In certain embodiments, 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 puraping and infusion rates can be manually changed in view of bedside
readings of electrolytes and white blood colf counts. An i-8TAT" handhetd monitoring device

produces these readings from a small amount of blood withdrawn from the subject.

[60143] It is contemplated that the risk of using such a system is similar to the risk
associated with hemodialysis treatment and includes, for exampie, clotting of the perfusion
cireuit, 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 idontity these problems during treatmoent with alarm systems and 1o
mitigate any clot or air embolism to the subject with clot filiers and air bubble traps. These
pump systems and blood tubing sets are FDA approved for this treatment indication.

[80144] As mentioned above, infusion of a leukocyte inhibition agent, for example, citrate,
can be local to the SCD, regional, or throughout the system. In this or any embodiment, citrate

can also be used as an anti-clotiing agent, in which case perfusion throughout the system would
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be usetul. Chnical experiences suggest that if clotting occurs within a hemofiltration system, it
is initiated in the first dialysis cartridge. Anticoagulation protocols, such as systemic hepario 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

[661458)  As shown in Figures 3A-3B, a SCD cartridge can be used within a cardiopulmonary
bypass (CPB) circuit (o treat and/or prevent mflammatory conditions sccondary to surgeries
{e.g., bypass surgery). Figures 3A and 3B show the SCD cartridge of Figure 1A in exomplary
CPB systems. CPB 1s used to divert blood from both the left and right sides of the heart and
tangs. 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-systenic
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 requived during CPB. Optionally, cardioplegia can
be delivered through a special pump and tubing mechanism. A standard CPB systom has
several features that can be broadly classified into three subsystens. The first subsystem is an
oxygenating-ventilating subsystem that supplics oxygen and removes carbon dioxide from the
blood. The second subsystem is a temperature control system. The third subsystem mehudes

in-ling monitors and safety devices.

[86146]  As shown in the embodiment of Figure 34, blood is moved via a venous cannula
386 from a subject into a blood line 318, Blood flows through the blood Hine 318, passing a
recirculation junction 328, which is connected to a SCD outflow line 338, The SCD outflow
hine 336 contains blood treated by the SCD deviee 166, The blood in the blood line 316 mixes
with the SCD-treated blood and continues to a venous reservoir 38§ and onto an oxygenator
368 where the blood is oxygenated. The oxygenated biood then flows from the oxygenator 368
1o a junction 370 with a SCD nflow line 388, Here, where a portion of the blood in the blood
line 314 is diverted to the SCD 108 via the SCD milow hne 388 for treatment by the 3CD
cartridge 148, The flow of blood through the SCD inflow line 388 is controlled by a pump 382,
The SCD cartridge 188 is designed to sequester select cells associated with inflammation, for
example, leukocytes or platelets. Blood containing leukocytes enters the mlet 114 and moves
mnto the ECS 112 {sec in Figure 1A) surrounding the hollow fibers. Leukocytes are

sequestered in the device, for example, on the fluid contacting surface of solid support 128 (see
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in Figare 1A) (i e, the exterior surface of the hollow fibers). Flow rates at pomp 382 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 to allow leukoeytes to associate therewith. Blood in
the ECS 112 {sce in Figure 1A) exits the SCD via outlet 118 and enters the SCD outflow Hne
338, Atjunction 378, a portion of the blood in the blood line 338 also continues to an arterial

filier/bubble trap 398, before being returned to the subject at an arterial cannula 395.

[80147]  Although no agents need be added o the blood, in one embodiment, a citrate feed
335 and citrate pump 336 add citrate to the blood in the SCD inflow line 388 and a calcium
feed 348 and calcium pump 346 add calcium to the blood in the SCD outflow line 338, Citrate
{or another leukocyte inhibiting agent described herein) is added to the blood Hlowing mnto the
SCD cartridge 188 from the citrate feed 338 to inhibit and/or deactivate cells associated with
inflanymation, such as leukocytes. Calctum can be added back into the blood to prepare the

blood for recntry wto the subject.

[60148] The circuit shown in Figure 3B is different from the circuit of Figure 3A in that &t
does not recirculate blood within the circuit, for example, at a recirculation junction 328 (see,
Figure 3A). Rather, as shown in Figare 3B, blood 1s moved via the venous cannula 306 from
a subject into the bicod line 318, where the blood flows directly to the venous reservoir 358 and
onto an oxygenaior 360 where the blood is oxygenated. The oxygenated blood then flows from
the oxygenator 368 to the junction 370 with the SCD inflow line 386, Here, a portion of the
blood in the blood line 31§ is diverted to the SCD cartridge 168 via the SCD inflow line 388
for sequestration of leukocytes by the SCD cartridge 188, as described above for Figure 3A.
Blood exiting the SCD cartridge 188 cuters the SCD cutfiow line 338 and mixes with
oxygenated blood at junction 386. After blood from the SCD cariridge mixes with blood in the
blood hne 316 it continues in the blood line 318 to the arterial filter/bubble trap 398, before

being returned to the subject at the arterial cannulda 398,

[66149] A citrate feed 338 and curate pump 336 to add citrate to the blood m the SCD
inflow line 380 and a calcium feed 345 and calcium pump 346 to add caleium to the blood in
the SCD ocutflow line 338. As described for Figure 3A, citrate or any other leukocyte
inhibiting agent is added to the blood from the citrate foed 335 1o inhibit and/or deactivate cells
associated with inflammation, such as leukocyies. Calcium can be added back into the blood to

prepare the blood for reentry into the subject.
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2.0, Additional Features of Selective Cytopheresis Inhibitory Devices

(8815081  In some embodiments, the SCD cartridges are configured for treating and/or
preventing a certain disorder. It is understood, however, that a number of different

contigurations can be used to treat and/or prevent a particular disorder.

{80151} Moreover, the SCD cartridge can be oriented horizontally or vertically and placed in
a temperature controlled cuvironment. The temperature of a SCD cartridge containing cells
preferably is maintained at about 37°C to abowut 38°C throughout the SCDYs operation to ensure
optimal function of the cells in the SCD cariridge. For example, but withouot hmitation, a
warming bianket may be used to keep the SUD cartridge at the appropriate temperature, I
other devices are utilized io the system, different temperatures may be needed for optimal

performance.

[B8152]  In some embodiments, the SCD cartridges and/or the fluid circuits incorporating the
SCD carridges ave controlied by a processor {e.g., computer software). In such embodiments,
a device can be configured to detect changes in activated leakocyte levels within a subject and
provide such information to the processor {e.g., information relating to feukocyte levels and/or
increased risk for developing an inflagunation disorder). In some cmbodiments, when g cortain
activated leakocyte level is reached or 4 subject is deemed at a certain risk for developing an
imflammation disorder {e.g., SIRS}, the subjoct’s blood is processed through a SCD for
purposes of reducing the possibility of develeping an inflammation disorder, In some
embodiments, the fluid circuit can automatically process the subject’s blood through the SCD
n response to these meastrements. In other embodiments, a health professional is alerted to
the elevated leukocyte level or increased risk within the subject, and the professional initiates

the treatment.

[668183] Itis contemplated that the cartridges of the present invention can be included with
various kits or systems. For example, the kits or systems may include the SCD cartridges of
the present invention, leukocyte inhibiting agents (e.g., calcium chelating agents, such as
citrate), allographic cells (e g., renal tubule cells), or other parts. Additionally, the SCD
cartridges may be combined with various surgical instroments necessary for implanting the

filtration device 1nto a subject.



W

16

ot
o

Nl
W

30

}

WO 2013/106108 PCT/US2012/059614

- 46 -

4. Inkhibition and/or Deactivation of Cells Associated with Inflammation

[68154] The SCD cartridges arc configured, and the methods of the present invention when
performed inhibit release of a pro-inflammatory substance from leukocytes and/or deactivate
feukocytes, such as activated leukooytes, in a subject’s blood such that an inflammatory
responsc within the subject is prevented and/or diminished. Various technigues can be used.
For exaople, in some embodiments, the SCD cartridges and the fluid cireuits incorporating one
or more of the SCD cartridges can inhibit release of a pro-inflammatory substance from a
leukocyie and/or deactivate a loukocyte by exposing the leukocytes {e.g., sequestered activated
and/or privaed leukocytes) 1o leukocyte inhibiting agents. A leukocyie inhibiting agent can be
bound, covalently or non-covalently, to a fhiid contacting surface of the SCD cartridge, for
example, a hollow fiber. Additionally or alternatively, a leakocyie inhibiting agent can be
infused info the SCD cariridge or a circuit incorporating a SCD cartridge before, during, or

aftor sequestration of the leukocytes, for example, at or near a membrane surtace.

[88155] The present invention is not Himited to a particular type or kind of leukocyie
inhibiting agent. Leukocyie inhubiting agents include, for example, snti-inflanmatory
biological agents, anti-inflanmmatory small molecules, anti-inflammatory drugs, anti-
mflammatory cels, and anti-inflammatory membranes. In some embodiments, the levkocyte
inhibiting agent is any material or compound capable of inhibiting activated leukocyte activity
ncluding, but not limitted te, nov-steroidal ardi-inflagunatory drags (NSAIDs), anti-cytokines,
imatindb mesylate, soratenib, sunitinib malate, anti-chemokines, immunosuppressant agents,
serine leukocyte inhibitors, nitric oxide, polymorphonuclear levikoeyte inhibitor factor,
secretory leukocyte inhibitor, and calcium chelating agents. Examples of calcium chelating
agents include, but arc not lnited to, citrate, sodium hexametaphosphate, ethylene diamine
tetra-acetic acid (EDTA), tricthylene tetramine, dicthylene triamine, o-phenanthroline, oxalic
acid and the like. The leukocyte inhibiting agent can be any protein or peptide known to inhbibit
feukocytes or immune cells including, but not imited to, angiogenin, MARCKS, MANS,
Complement Factor D, the disulfide C39-C92 contaming tryptic angiogenin fragment
LHGGSPWPPCQYRGLTSPCYK (SEQ ID NO: 1) and synthetic homologs of the same; the
agent also can be those proteins, peptides, and homologs reported by Tschesche ef ¢f. (1994) 1
BIOL. CHEM. 269(48): 30274-80, Horl er af. (1990 PNAS USA R7: 6353-57, Takashief al
{2006) Am. J. RusPirAT. CHLL aND MOLEC. BIOL. 34: 647-652, and Balke ef ol. (1995) FEBS

Lrrrers 3710 360-302, that may facilitate inhibition of release of a pro-inflammatory substance
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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-inflaramatory substance from the
leukocyte and/or deactivate the leukocyte. The leukocyte inhibiting agent can be in solution or

tvophilized.

W

[68156] Any amount or concentration of leukocyie inhibiting agent can be used to mhibit the

release of pro-inflanunatory substances from a feukocyte and/or deactivate the leukocyte. The

lenkocyte inhibiting agent can be introduced nto a passageway, passageway region, device,

device region, or system region of a system by any methods known in the art. For exampie, the

leukocyte inhibiting agent can be infused at a port. The amount of lenkocyte inhibiting agent

10 mnfused in a passageway can be sufficient to inhibit release of a pro-intlammmatory substance
from a leukocyte and/or deactivate a leukocyte sequestered within the same passageway or
within an adjacent passageway. In some cmbodiments, a leukocyte inhibiting agent, for
exaraple, citrate, can be nfused foto the system, a region of the system, or one or more devices
within the system, including devices that perform other fumctions and do not sequester

15 leokocytes. More particularly, the leukocyte inhibiting agent {e.g. citrate) can be infused
upstream from, into, or downsiream from a passageway that sequesters leukocytes.
Alternatively, the leukocyie inhibiting agent can be contained in one or more passageways,
passageway regions, devices, or system regions within a system. For example, a loukocyte
inhibiting agent can be bound to a surface in the passageway configured to sequester

20 leukocytes, or in another passageway, in an amount sufficient to inkibit release of a pro-

mflammatory substance from the levkocytes and/or deactivate the lenkocytes.
{88157} The inhibition of release of a pro-inflamamatory substance from a leukocytc and/or
deactivation of a loukocyte can occur temporally before, during, and/or after sequestration of

the leukocyte. Moreover, the leubocyte can remain inhibited or deactivated for a period of time

Nl
W

following sequestration. In certain embodiments, a leukocyte can be inhibited or deactivated
during the period of time that the leukocyte is exposed to a target concentration of a leukocyte
inhibiting agent or is exposed to a target concentration of Ca; (typically from about .20
mnol/L to about 0.40 mmol/L) that results from exposure to a levkocyte inhibiting agent sach
as citrate. The period of time that the leukocyte is exposed to the target concentration of

30 leukocyte inhibiting agerd o target concentration of Ca; can precede, inchude, and/or follow the

period of time that the leukocyte 1s sequestered. Tn certain embodiments, the feukocyie can
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continue to become or remain inhibited or deactivated for a period of time following exposure

to the leukocyte inhibiting agent.

[B8158] The time of exposure to the leukocyte inthibiting agent can vary depending upon the
agent used, the extent of leukoeyte activation, the extent of prodoction of pro-inflammatory
substances, and/or the degree to which the inflammatory condition has compromised patient
health. Exposure can be, for example, from 1 1o 39 seconds, from 1 to 59 minutes, from 1 10 24
howrs, from 1 to 7 days, one or more weeks, one or more months, or one year or more. In
certain embodiments, the leokocytes treated (for example, are permitted to be sequestered by
the cartridge and/or exposed 1o the lenkocyte inhibiting agent {(for exanple, a calcium chelating
agent) over a period of at least 2 hours, at least 4 hours, at least 6 hours, at least § hours, or at
feast 12 hours. In certain embodiments, the leukoeytes from the subject are treated over a

period of 2 t¢ 24 howrs, 2 to 12 hours, 4 to 24 howrs, or 4 to 12 howrs.

166159]  The leukocyte inhibiting agent can be applied to the system before or during
operation the system. In certain embodiments, the leukoeyte inhibiting agent is applied during
operation of the system and the amount of leukocyte inhibiting agent applied o the system is

monitored.

[681608]  In some embodiments, 8 loukocyte inhibiting agent can be titrated into the systom
(e.g., at a port 286 as shown in Figures 24-20 or from a feed 335 and pump 336 as shown in
Figures 3A and 38). The titration can be adjusted relative to a monitored blood characteristic.
For example, citrate can be titrated into the system to keep the Ca; in the blood at a certain
level, for example, at a Ca; concentration of about (.2 to about 0.4 mmoel/L. Any type of citrate
that 1s biclogically compatible can be used, for example, 0.67% trisodium citrate or 0.5%
trisodium citrate. See, e.g., Tolwani et af. (2006) Crid. J. AM. SCC. NppuroL. 1: 79-87. In
some embodiments, a second sohition can be added into the system following inhibition of the
release of pro-inflanunatory substances from 2 leukocyte and/or deactivation of the leukocyte
{e.g., at port 258 as shown in Figures 2A-21}, or from a feed 338 and pump 336 as shown in
Figures 3A and 3B}, to readjust the blood for reentry into the subject. For example, in
embodiments in which a calcium chelating agent is used as the leukocyie inhibiting agent,

calcium can be added back into the blood before reentry into the subject.

#8161}  In onc cmbodiment, a 1800 mL bag containing a citrate solution, for example ACD-

A {Baxter Fenwal, Chicago IL; contents per 100 ral.: dextrose 2.45 g, sedium citrate 2.2 g,



(]

10

26

WO 2013/106108 PCT/US2012/059614

- 49 -

citric acid 730 mg, pH 4.5 - 5.5 at 25° C) can be attached to an infusion pump and then attached
to an arterial line (outflow from subject to devices) of the system {e.g. at port 286; the ocutflow
from a subject in a CPB situation is called a venous line, and infusion occurs from, for
example, the feed 338 and pump 336). A negative pressure valve can be employed 1o facilitate
citrate pump function {infusing mto a negative pressare arca proximal to the blood pump). The
initial rate of citrate infusion can be constant, for example, about 1.5 times, in mEL/hour, the
blood flow rate, in mb/minute {e.g., if the blood flow rate 18 sbout 200 mi/minute, then the
initial constant rate of citrate infusion may be about 300 mL/hour). In addition, a calcium
chioride infusion at a conceniration of about 2 mg/mL. may be added near the venous port of
the system (e.g., port 258 of Figures 2A-2D); the snalogous location in the CPB situation s
shown as a feed 338 and purop 336 in Figures 34 and 3B). The nitial calcium infusion can be
set at 10% of the citrate infusion rate {e.g., 36 mL/hour). The Ca; can be monitored
continuously or at various times, for example, every two hours for the first eight hours, then
every tour hours for the next sixteen hours, then every six o cight bowrs thercafter, The
monitoring can be increased as needed and can be monitored at more than one location in the

system, for example, after citrate infusion and after calciom infusion.

881621  Exemplary citrate and calcium chloride fitration protocols are shown in Table 3 and
i Table 4, respectively. In this embodiment, the target Ca; range in the SCD s from asbout
(.20 mmol/L to about 0.40 mmol/L, with the Ca; target concentration achieved by infusion of
citrate (e.g., ACD-A citrate solution). As this is a dynamic process, the rate of citrate jnfusion
may need to be changed to achieve the target Ca; range in the SCD. The protoco! for doing so

is shown below, with infusion occurring at the infusion points described above.
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TABLE 3

Citrate Infusion Titration Guidelines

if cireuit ionized Ca' s less than .20 then decrease the rate of ¢itrate infusion by

mmaol/L S mbi/howr

2

. N N PR iy ~ ~ B 1 ET ~ ~ e .
if circutt ionized Ca™ s .20 - .40 mmo¥L | then make no change to the rate of citrate
{Optimal Range) mfusion

>

I circuit tonized Ca™' is 0,41 - 0.50 mmoVEL | then increase the rate of citrate infusion by
5 mi/houor

If circuit ionized Ca™ is greater than 9.50 then mncrease the rate of citrate infusion by
mmol/L 10 mE/howr
TABLE 4

Calcium Infusion Titration Guidelines

If patient tonized C greater that then decrease of CalCl infusion by
ey o

.45 moolL 16 ral/bour

. . ~ . F ~ 27 . = o~ ey —y > . 1

If patient 1onized Ca™ is 1.45 mmol/L hen decrease the rale of Cally infusion by

(maximum aflowable amount} S mil/hour

1f patient jonized Ca™ is 0.9 mmol/L then increase the rate of CalCl, infission by

(minimun allowable amount) S mb/howr

I patient ionized Ca™" is less than 0.9 mmoVll. jthen administer a 10 ma'ke CaCl, bolus and

increase the rate of Call, infusion by
10 ;l/hour

Defaunit Range (preferved target level) 1.0 — 1.2 mmel/L

[80163] It should be understood that the deactivation techmiques described herein also can
apply to platelets. In certain cmbodiments, agents used to deactivate a platelet and/or inhibit
release of a pro-inflanunatory substance from a platelet include, but are not Hmited to, agents
that inhibit thrombin, antithrombin 11, meglatran, herudin, Protein C and Tissue Factor
Pathway Inhibitor. In addition, some leukocyte inhibiting agents can act as platelet inhibiting
agents. For cxample, calciom chelating agenis, such as citrate, sodivm hexametaphosphate,

cthylene diamine tetra-acetic acid (EDTA), tricthylene tetramine, dicthylene triaming, o-
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phenanthroline, and oxalic acid can deactivate a platelet and/or inhibit release of a pro-

inflaromatory substance from a platelet.

[B8164]  In light of the foregoing description, the specific non-limiting examples presented
below are for illastrative porposes and not intended to limit the scope of the invention in any

Way.

EXAMPLES
Example I, Treatment of Inflammarion Associated with Acate Sepsis in an Animal Model

[B81658]  Activated loukocytes, especially neutrophils, are major contributors 1o the
pathogenesis and progression of sepsis as well as other chinical mflammatory disorders. This
example describes ir vive experiments that evaluate the effect of different SCD cartridges on
leukocyte sequestration and deactivation. The results demonstrate that the choice of a
particular SCD cartridge can have a profound effect on the pathogenesis and progression of
sepsis in 3 large animal model. In particalar, the results demonstrate that a SCD cartridge
having a larger sequestration area is more effective than a SCD cartridge having a smaller
sequestration arca in alleviating complications associated with sepsis and in prolonging

survival,
(1} Methods and Materials

A - Animal Model

[88166]  The efficacy of the SCD cartridge in treating inflaromation was evaluated in a well-
established porcine model of acute septic shock. (See, e.g., Humes ef /. (2003) Criv. CARE

My, 31:2421--2428.)

[B8167]  Pigs weighing 30-35 kg were utilized.  After administration of anesthesia and
mtubation, the pigs underwent placement of an arterial catheter and a Swan-Ganz
thermodilution catheter {which were connected to transducers) to monitor arterial blood
pressure, cardiac output, and contral venous pressures. An ultrasonic flow probe was placed on

a venal artery for continuous assessment of renal blood flow (RBF).

[00168]  To induce septic shock, the pigs received 30 x 10" bacteria/kg body weight of £,

coli into their peritoneal cavities. To better replicate the human clinical situation, the antibiotic
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Ceftianione {160 mg/kg) was administered 15 minutes after bacteria infosion. Dhring the first
hour following bacteria infusion, all animals werg resuscitated with 80 mL/kg of crystalloid and
80 ml/kg of colloid.  All treatment groups received identical volume resuscitation profocols,

No animal received vasopressor or inotropic agents.

186163]  Immediately after bacterial administration, the animals were connected 1o an
extracorporeal circuit containing a standard continuous renal replacement therapy (CRRT)
hemofilter and a SCD device, as depicted in Figure 4. The hemofilter was a Fresenius F-40
hemofiltration cartridge (Fresentus AG). The SCD cartridge (CyvtoPherx, Inc.) was connected
to the blood port of the hemofilter through its side port vsing a special blood line connector.
Two types of SCD cartridges were fested. The first type of SCD cartridge (bascdon a
Fresenius F-40 hemofiltration cartridge) had a membrane surface arca of 1.0 i facing the
extracapillary space, which had an ECS fill volume of 130 mi.. The sccond tyvpe of SCD
cartridge (based on a Fresenios F-80A hemofiltration cartridge) had a membrane surface area
of 2.5 m’ facing the extracapillary space, which had an ECS fill volume of 250 ml.. The F-40
and F-80A SCD cartridges cach contained polysulfone hollow fibers with an inner diameter of
200 pm and a wall thickness of 40 um. The pressure drop across the SCD was 70-75 mmHg,
Either the Gambro AK-10 or the Fresentus 2008H dialysis pump system was utilized for these

experiments. Extracorporeal blood flow was regulated at 100-150 mL/miuv.

[881708] A balanced electrolyte replacement sohition (Na 150 mEqg/L, Cl 115 mEg/L, HCOs
38 mEg/L., Ca 2.5 mEg/L, and Mg 1.6 mEqg/L in Dextrose 5%) was infused into the blood fine
on a 111 volume replacement basis for the net ultrafilrate which would exit the cireuit. T
addition, continwous vohime resuscitation with normal saline at 150 mb/h was employed to

maintain mean arterial pressure and cardiac output in the treated animals.

166171}  As aconirol, one group animals (n=3) umderwent extracorporeal blood perfusion in
a circuit contatning the hemofilter alone but without the SCD device. These animals also
received regional citrate infusion and were referred to as the conventional citvate (Con-clirate)
geoup. A sceond group of antoals was treated simdlardy to the SCD group with citrate but
without bacterial infusion. These animals were referred to as the non-septic control (NS-

control} group.
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C - Anticoasulation Process

{68172  The anticoagulation process was a critical variable in this series of experiments. One
group of animals referred 1o as the SCD-heparin group (SCD-H, n = 12), received systemic
heparmization to maintain patency of the extracorporeal circuit with targeted activated clotting
times {ACTs) of 2006300 sec and treated with a SCD cartridge based on the Fresenius F-40
cartridge with 2 membrane surface arca of 1.0 o’ facing the extracapillary space. A second
grovp of antmals referred to as the SCD-citrate, F-40 group (SCD-C, F-40; n = 13) were treated
with SCI cariridges based on the Fresenius F-40, cartridge with 2 membrane surface area of
1.0 m” facing the extracapiflary space reccived regional citrate anticoagufation (Pinnick, RV, er
al, (1983 N ENGL. 1 MED., 308(5): 258-261; Lohr, LW, ef o, (1989} Am. I Kipnpy Dis.,
13(23:104-107; Tobe, S.W. er ol (2003) J. Cryr. Canry, 18(2): 121-129). In addition, a third
group of animals also received regional citrate anticoagulation and were treated with SCD
cartridges based on the Fresenius F-80A, with a membrane surface area of 2.5 m’ facing the
extracapillary space (SCD-C, 2.5; n=3). Regional citrate coagulation was achieved by mfusing
citrate dextrose-A (ACD-A, Baxter) pre-hemofilter at a rate of 2.5-5.0 mM citrate per 1000 mbL
whole blood. This esseuntially lowered 1Ca concerdration w the cireuit to 0.2-0.5 mmol/L.
Calcium chloride was infused inte the venous return of the circuit to maintain systemic iCa

values of 1.1-1.3 mnol/L. iCa levels were monitored using an iISTAT reader {Abbott Labs).

D - Compleie Blood Counts. Serum Chemistries, and Svstemic nflanymation Parameters

[86173] Complete blood counts and serum chemistries were measured with a Hemavet
automated analyzer {Drew Scientific) and a VET Test automated analyzer (1DEXX,
respectively. Serum myeloperoxidase (MPO) activity was measured using a modified o-
dismisidine assay containing 4-aminobenzoic acid hydrazide as a potent and specific inhibitor
of MPO (Fietz 5, ef af., (Z008) RES. VET. SCL, 84(33:347-353). Cytokine concentrations,
including 1L.-10, 1L-6, 1L-8, 1L-10, TNF-g and IFN-y, were measured with commercially

available enzyme-hinked inmnunosorbent assay (ELISA) kits from R&D Systems.

E - Assessment of Leukocoyte Aciivation

{88174 FITC-conjugated anti-porcine CD11b antibody (SeroTec) was added to pre-chilled
peripheral blood. Red blood cells were lysed and the remaining leukocytes were fixed by

addition of a FACS lysing solution (Becton-Dickinson). Cells were collected by centrifugation
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and resuspended for flow-cytometric analysis. CD11b expression was quantitatively assessed

as mean fluorescent intensity (MF1T) with an Accuri flow cytometer.

[88175]  Peripheral blood moenonuclear cells (PBMCs) were isolated from the venous blood.
Maononuclear cells were isolated using standard Ficoll-Hypagoe gradient techmique (Humes e/
al. (2003) Crat. Cary Mub. 31:2421-2428). These cells were then incubated for 24 hours in
culture plates containing RPMI-1640 medium supplemented with antibiotics in the absence or
the presence of 1 pug/mi of lipopolysaccharide (LP3). The supernatants were collected and
cytokine concenirations measwred. The ratio of stimulated to unstimulated cytokine

concenitrations in the supernatants was then calculated.

F - Lung Histolosy and Immunchistochemistry

1668176}  Lung samples were harvested post-mortem from septic pigs treated under SCD-
citrate or SCD-heparin conditions. Two vandom sections from cach of the 5 lobes of the lungs
were processed for eryosections. Frozen lung samples were cuot at 5-pm thickness and fixed
with 4% paraformaldehyde on ice for 10 minutes. Tissues were stained with hematoxyhin and
eosin for light microscopic examination, or for CD1 b evaluation; nonspecific adsorption was

mintmized by incubating the section in goat sergm in PBS for | hour.

186177 For evaluation of CD11b expression, lung sections were incubated with primary
anti-CD1 Th antibody at recommmended dilations for 1 hour at room temperature. This was
followed by meubation with an anti-mouse IgG AlexafloorS94 conpugate (1:200 dilution) at
room temperature for 30 minutes, and counterstaining the nuclel with DAPL. Image] software
{Abrarotf, M.D. (2004} Biophotonics International, 1 {7 36-42) was used to quantify the
percentage of CD1 b-positive areas in random 10x images taken with fixed capture settings.
Cell number normalization was achicved by determining the porcentage of DAPI-positive arcas
in the same picture. The results were expressed as the ratio of percent CD 1 ib-positive arca by

percent DAP[-positive ares.

{3 - Cell Elution from SCD Cartridees

[#0178]  Prior to disconnecting the circuit, blood was retumed to the pig by perfusion with
replacement fluid. The SCD exiracapillary space (ECS) was then continuously flushed with
replacement fluid until the pertusate fluid was free of visible blood. After draining off the

replacement fluid, the cartridge was either fixed for histologic processing (Humes, H.D. er al,
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{2010) BLOOD PURIFICATION, 29:183-190} or exchanged with a stabilization buffer containing a
calcium chelating agent. Adherent celis were mechanically removed from the SCD eluent for
analysis. To ensure that all cells adherent to the device were cluted, several cartridges were
digested after clution with a DNA isolation buffer (SDS and proteinase K). The DNA extracted

in this manner, on average, was less than 5 percent of the ehited DNA from the cartridge.

H - Statistical Analvsis

{88179  Group comparisons at multiple Hime points utilized ANOV A with repeated
measures. Otherwise, comparisons between groups used Students’ T test, paived or unpaired, as

appropriate. Statistical signmificance was defined as p < 0.05.
{i%} Resuits and Discussion

A - Observations of Cardiovascular Parameters

[G8180]  The porcine model of septic shock was utilized to evaluate the effectiveness of SCD
cartridges having different membrane surface areas combined with either systemic heparin or
regional citrate anticoagulation. Specifically, one group of animals (SCD-H) was treated with
systemic heparin aoticoagulation and either an F-40-based SCD or an F-80A-based SCD
cartridge. A second group of animals was treated with regional ciirate andicoaguiation and an
F-40-based SCD cartridge (SCD-C, F-40). A third group of animals was treated with regional
citrate anticoagulation and an F-80A-based SUD cartridge (SCD-C, F-80A)}. A fourth group of
animals received citrate without a SCD device (con-citrate).

681811  As indicated in Table § and Figure SA, the intraperitoneal administration of
bacteria induced a rapid and profound decline in mean arterial pressure (MAP) in all four

groups of animals. This decline was progressive and ultimately fatal,
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[80182]  Cardiac outputs (CO) were also assessed. As depicted in Figore 5B, CO was
significantly higher (p < 0.02) in the SCD-C groups. This incerease in CO was not due to
differences in left ventricolar filling pressures, since polmonary capillary wedge pressures were
stmilar in all three groups. Rather, the mercase in CO in the SCD-C groups was associated
with fower levels of systemic vascular resistance (SVR; p < (.03; Figure 5C) and pubonary
vascular resistance (PVR; p < (.001; Figure 5D3). Notably, the SCD-C, F-30A group
consistently showed the most improvement in cardiac out and also had lower SYR, PVR, and

renal vascular resistance (Figure SE) when compared to the other groups.

{81831  As a quantitative measore of the systemic capillary leak induced by bacterial sepsis,
changes in hematocrit (HCT) were assessed. As depicted in Figure SF, the SCD-H group bad
a higher rate of HCT increase, reflective of larger rates of volume loss from the fntravascular
compartment. In comparison, HCT levels plateaued after 6 hours n the SCD-C groups.
Notably, the SCD-C, F-80A group showed the most protection to the bacterially activated

systemic capiliary leak.

[80184] Renal parameters were also assessed. As shown in Figure 6, the SCD-C groups
exhibited much better renal function than the SCD-H group as reflected in the lower BUN {p <
(.02} and serum creatinine lovels (p = 0.007). Renal blood flow (RBF) was also mmch better
preserved in the SCD-C, F-80A group as compared 1o the SCD-H group (p < .05).

Furthermore, the SCD-C, F-80A group also exhibited must higher urine output (p < 0.05).

[B8185]  The improved cardiovascular and renal parametors observed with the SCD-C groups
transiated to longer survival time. As shown in Figure 7, the citrate-treated animals sirvived
8.8 + 0.4 hours compared to 6.4 + (.3 hours for the SCEB-H animals (p = 0.0002). Notably, the
SCD-C, F-80A group had the longest survival times (11.5, 10, and 9.5 hours), as shown in

Figure 8.

[86186]  QOunly those animals treated with a combination of the SCD device and citrate
exhibited maproved cardiovascular parameters and organ function. The Con-citrate group of
animals treated with a single hemofilter cartridge with citrate anticoagulation but without the
SCD device demonstrated similar cardiovascular parameters as the SCD-H group, with a
average survival time of 6.5 = 0.5 hours. Thus, both the SCID cartridge and the citrate

anticoagulation protocol were required to provide a survival advantage. Furthermore, it was
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found that the surface area for sequestration can have a profound effect on alleviating

complications relating to sepsis and in prolonging survival time post infection.

B - Observations of Leukocvie Sequestration and Activation

{88187} To asscss the sequesiration of activated leukocytes along the SUD membranes, the
SCD cartridges were processed for histologic evaluation at the conclusion of the porcine sepsis
study. The Hght microscopy findings depicted in Figure 9 clearly showed leukocyte
attachment and aggregation along the outer surface of the SCD membrancs. To determine the
amount and type of adherent levkocytes, the devices were processed and cells cluted off the
membrane at the end of the treatment period. The number of white blood cells (WBCs) eluted
off the SCD-H and SCD-C, F-40 cartridges were 6.44 + 3.4 x 10" and 1.72 + 1.20 x 10° cells
(Figure 184) (p < 0.05), respectively, indicating that citrate anticoaguiation reduced the
nmurmber of adberent levkocytes. Furthermore, the distributions of eluted cells were 79 = 5%
neutrophils and 21 + 4% monocytes in the SCD-H group as compared to 35 + 4 neutrophils and
30 + 5% monocytes in the SCD-C, F-40 group (Figare 188). Swrprisingly, an average of 1.88
+1.21 x 107 cells were ofuted off from the cartridges of the SCD-C, F-80A group (Figure
18A), which was about ten fold lower than the average number of chuted cells from the SCD-C,
F-40 group. Thus, even though the substantially larger meombrane surface area of the F-80A
might have led to increased retention of leukocytes, the SCD cartridge’s efficiency in
deactivating leukocytes apparently led to a dramatic reduction in leukocyte retention by the end
of the procedure. An average of 8 x 10° cells were eluted from the cartridges of non-septic
control animals (n = 2}, suggesting that most of the cells that were sequestered in the cartridges
of the SCIx-H and SCD-C groups were activated levkoeytes. The SCD-C group had fower than

2 x 10 colls eluted from fumens of the cartridges with fuminal bloed perfusion.

1801881 In order to determine whether the SCD cartridge with citrate anticoagulation can
mfluence the activity of neutrophils in the systemic circulation, biomarkers of neutrophil
activation were assessed. Activated neutrophils release various enzymes in response to
imvading microbes or Hissue wjury. Since the dominant enzyme released from neutrophil
granules s myeloperoxidase (MPO) (Klebanoft, 5.5, ef o/, {2005} Leuxoc. BioL. 77(5): 594-
625}, blood MPO levels reflect the level of neatrophil activation. As depicted in Figure 114,
plasma MPO levels in the SCD-C groups were significantly lower compared with the SCD-H

group, reflective of a lower lovel of activated neutrophils. Furthermore, the SCD-C, F-80A
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grovp showed the lowest level of MPO. Systemie circulating neutrophil activation was also
assessed by measuring the amound of CD11b expression on circulating noutrophils. CDl1ibisa
membrane profein fnvolved in the adherence of leukocytes to activated endothelivm at the site
of inflammation (Fan, 8.T., ef af, (1993) J. IMMUNOL., 150(7): 2972-2980). As depicted in
Figure 11B, the amount of CD11b expression on circulating neutrophils was dramatically
decreased in the SCD-C groups compared to the SCD-H groups (p = 0.03), indicating a lower

level of noutrophil activation.

180189}  To further assess the immunomodulatory effect of the SCD cartridge and regional
citrate coagulation, systemic cytokine levels were evaluated. Serom levels of various cytokines
melading 1EL-15, 1L-6, TL-8, TL-10, TNF-u and IFN-y were not significantly different between
the SCD-H and the SCD-C groups, although the pro-inflanmmatory eytokines 1L-1P and IL-8
appearcd to be slightly bigher in the SCD-H group. Since the SCD device also sequesters
monocytes, PBMCs were isolated and assessed for cytokine release. Prior to sepsis induction,
PBMC release of TNF-g and TL-8 in response to LPS were 2.1 + 1.8 and 6.5 + 2.8 pe/10° cells,
respectively, in the SCD-H group: in the SCD-C group, the release was 5.1 £ 0.9 and 187 £ 8.1
pe/10° cells, respectively. At 6 hours post sepsis, PBMC release of TNF- i and 1L-8 in
response to LPS was significantly lower o the SCD-C groups as compared to the SCD-H group
(p < 0.05) (Figures 12A and 12B). These results indicated that the overall pro-inflammatory
cytokine profile in the septic state was dampened in the SCD-C groups. Again, it appeared that
the SCD device having a membrane surface area of 2.5 m” had the greatest immunomodulatory

effect.

{86198} Previous studies have reported that the lung was the first organ fargeted for
activated leukocyte sequestration and infiltration afier endotoxenda or sepsis {Welbourn, C.R.
et al., {1992}, BR_J SURG., 79(10): 998-1003; Andonegul, ., er af., (2009), J. CLIN. INVEST.,
1I9(7): 1921-1930). Thus, we evaluated the effect of the SCD device and citrate
anticoagulation on the sequestration of activated leukocytes in fung tissucs. As demonstrated in
Figure 13, a significant decreasce in CD 1 ib-labeled cells in the lung was observed in the SCD-
C group compared to the SCD-H group. Further, a histomorphometric analysis showed that the
ratios of percent CD1 Eb-positive area by percent DAPI-positive arca in the SCD-C group and
SCD-H group were 0,114 £ 0.21 versus 0.334 = 0.052 (p = 0.007}, respectively (Figure 14).
Together, these results indicated a reduced lang sequestration of activated leukocytes in

animals treated with the SCD device and citrate.
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{88191}  White blood cell (WBC) kinetics may also provide insights into the manner in
which the SCD device may influence leukocyte response to infection. To determine the
kinetics of the circulating pool of leukocytes in the SCD-H and SCD-C groups, absolute WBC
and neutrophil coumts were measured (Figure 15). Both the SCD-H and SCD-C, F-40 groups
reached a nadir of 1125 =+ 240 and 1094 + 166 nestrophils/mm” at 3 hours post sepsis

nduction, respectively. These groups did not reach absolute neutropenia {defined as counts
below 500} due to an increase o inmature neutrophils from the bone marrow, as determined by
manual examination of blood smears, begimning at 3 hours post sepsis induction. Notably, the
SCD-C, F-80A, group consistently cxhibited a low neotrophil count reaching a nadir of 457 +
77 at 6 howurs. This was duc to a markedly dindnished release of tomature neutrophils from the
bone marrow, suggesting that the SCD deviee with a larger surface area may function to alter
the kinetics of bone marrow release of immatore neutrophils. The Con-citrate F-40 group had a
similar decline and rebound of leukocyte counts as the SCE-H F-40 group, whereas the NS-
control animals tended to have noutrophilia, with neutrophil counts rising from approximately

4,000 to 14,000 over the 8-hour evaluation period.

[801982]  Under septic conditions, activaied neutrophils have an increased lifespan with a
delay in apoptosis. The apoptotic potential of the circulating and adherent leukocyies isolated
from the SCD-C groups was assessed. As shown in Figure 16, the SCD-C, F-80A group had a
higher number of apoptotic circolating neutrophils as compared to the SCD-C, F-40 group,
suggesting that this SCD device with the larger membrane surface arca decreased the activation
state of circulating neutrophils. On the other hand, the SCD-C, F-80A group had fewer
apoptotic SCD-cartridge-adherent neutrophils, suggesting that this SCD device selectively
sequestered activated neutrophils thus removing them from the circulating pool.

[80123]  Together, the above results demonstrated the efficacy of the SCD device combined
with citrate in ameliorating cardiovascular instability, reducing renal dysfunction, and
mmproving survival time 1o a porcine model of septic shock. More importantly, these results
demonstrated that a SCD cartridge having larger sequestration area is more effective n

alleviating the complications associated with sepsis.
Example 2. In Vitro Studies of Leukocyie Sequestration and Deactivation

{88194}  This example describes in vifro experiments to evaluate the effect of the SCD

device on leukocyte sequestration and activation.
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{1} Metheds and Materials

A - in Vitre Assessment of Leukocyte Interaction with the Membrane of a SCD Cartridee

{81931 A custom microscopic flow chamber system was set up to enable microscopic
anafysis of leukocyte interaction with the SCD membrane. The flow chamber counsisted of a
polycarbonate housing with an inlet and outlet for perfusion. A polysulfone membrane was
affixed to the polycarbonate block with a gasket which directed shear flow. The thickness of
the gasket (100 wm) along with the length (2 cm) and the width of the channel (1.5 oy
determined the volume of the flow chamber. Microscopic imaging was accomplished through
an optical window made up of a cover glass affixed to the bottom of the polycarbonate block.

Either isolated blood or purified leukocytes were used for this study.

198196]  Isolated blood was prone to activation from excessive handling. Thus, 5 ml. of
fresh heparinized porcine blood was minimally manipulated prior to the flow chamber study.
Briefly, leukocytes were flaorescently labeled using 50 pg/mi of Hoechst 33342 dve. Further,
the leukocytes were activated by adding 1 ug/od lipopolysaccharide (LPS) directly to the blood
samples. Similarly, 125 plb. of Anticoagulant Citrate Dextrose Solution USP (ACD) Formula A
(Baxter) was added to 5 mL of isolated blood and ionized calehum lovels were measured prior
to microscopic flow analysis with i-stat EG-7-+ cartridges. Blood passed through the flow
chamber at a rate of 20 pl/min with calculated shear forces between 1-10 dynes/em®. For cach

wsolated blood sample, sequences were acquired in triplicate.

1861977 Microscopic analysis of cell capture events was accomplished using either a Zeiss
Axiovert 200M or Axio-Observer epifluorescence microscope equipped with a microscope
stage-top incubator to control environmental temperatare and CO; content. Fluorescence
images were acquired with gither a Zeiss MRm3 or an Ieel camera at a frequency of 1
frame/second for 5 minutes, for analysis of leukocyte/membrane interaction, and at 1
frame/minute for | hour sequences, for analysis of long term leukocyte attachment. Frame by
frame evaloation of leudiocyte rolling, attachment and detachment of leukocyics was carried out
to determine the total nomber and duration of these phenomena. An attachment event was
defined as when a leukocyte appearcd in the same location for multiple frames within a
sequence. Detachment was defined as release events associated with previously defined

attached leukocytes. Rolling evenis were defined by identifying the same leukocyte in multiple
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sequence frames within a sequence where the leukocyte was not in same exact location, but in

close proximity to the prior location.

B - Assessment of In Vitro Leukocovie Activation

{80198]  Heparinized human whole blood was added to tubes with or without
bipepolysaccharide (L.PS) (10 pg/ml.) or formyl-Methionyl-Leucyl-Phenvlalanine (fMLF, 50
nM}. Citrate anticoagulation was achieved by adding citrate dextrose solution (ACD) to the
tubes (Damsgaard, C.T., (2009} §. IMMUNOL. METHODS, 343{2): 95-101; Wutzler, 8., (2009 L
TRAUMA, 66{5): 1273-1280}. The release of H.-6, 11.-8, or 1L.-10 was measured using
commercially available ELISA kits from R&D Systems. The release of elastase was measured
using a commercially available ELISA kit from Bender MedSystems, The release of
lactoferrin was measured using a commercially availabie ELISA kit from EMD Chemicals.
The 1Ca levels were measured using an I-STAT reader and were confirmed to be <0.25 mM
and 1.25 mM in the citrate treated or nontreated samples, respectively. Samples were
imcubated for various times at 37 °C and $% CG,. CD11b activation was measored using an
FITC-conjugated mouse anti-human antibody {AbD Serotech) and evaluated on an Accuort C6

flow cytometer,
({8} Results and Discussion

A - Observation of Leukocyvte Parameters

801997  To assess the interactions of leukocytes and the SCD polysuifone membranes, a
customized flow charoher with video microscopy was set up. The addition of citrate lowered
blood 1Ca level from 1.32 4 0.05 mmoV/L 10 0.32 £ .05 mmol/L. Analysis of leukocyte
aitachment events confirmed that LPS activation of the levkocyies in the absence of citrate
signiticantly increased leukocyte attachment to polysulfone membranes during shear flow (p <
0.05, Figare 17). In citrate-treated, low ionized calcium flow chambers, a statistically
significant decrease in levikocyte attachment was observed {p < 0.05), suggesting that leukocyte
adhesion to polyselfone membranes may be ionized calciom dependent. These results were
consistent with the ex vivo data in the above-described sepsis poreine model, in which cifrate-
treated membrane cartridges had fewer adherent leukocytes at the end of the stadies. In
addition, preliminary analysis of 1 hour sequences demonstrated far foewer pevsistent levkocyte
adhesion events for LPS and cutrate treated blood compared 1o bloed treated with LPS only.

However, there was an observed increase in rolling events for the LPS and citrate treated blood.
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This suggested a catch and release phenomena when leukocytes interact with the polysulfone

membrane in the presence of citrate.

[B0288] Experiments were carried out to assess the effects of citrate-promoted reductions in
blood iCa on levkocyte activity. Specifically, an in vitro whole blood assay system was
utitized {Damsgaard, C.T., (2009) J. IMMUNOL, METHODS, 340(2): 95-101; Wutzler, S, (2009)
I TrAUMA, 66(5): 1273-1280) to assess the effects of lowered bloed iCa levels on leukoceyte
cytokine production (IL-6, IL-8, IL-10) and the release of preformed inflammatory proteins
from neutrophil exocytotic vesicles (lactoferrin, elastase). The resulis are summarized in Table
6.

TABLE 6 — Effect of citrate on lenkecyte activation parameters

eparin BREESE RIET 3. 0.07

Citrate G.38+0.15 G.01:0.01 1.67 % 029% .94+ 0.148 7.32 0474
Stimulated

(LPS, DML

Heparin 6542+ 1977 3418+ 6.06 3.744:0.04 12424 1.08 524054 53.4343.12
Citrate 28.99 +7.60* 345+ 2307 2.06 = (.847 343+ 0.18§ G.91 £ 9.28%* 2872 £ 2958

*n < 0.05; Tp < 0.02; Frp < (G.005; §p < 0.002, a3 determined with paired -test between heparin and citrate grovps.

[80281]  As shown in Table 4, lowering iCa with citrate inhibited the release of cytokines
{IL-6, 1L-8, IL-10) and neutrophil exocytotic proteins, suggesting that a low iCa environment

promoted the deactivation of leukocytes.
Example 3. Use ¢f SCD Device During Cardiopulmonary Bypass Surgery

802827  Systemic Inflasynatory Response Syndrome (SIRS) can occur in association with
cardiopulmonary bypass {CPB) surgery, resulting in muitiple organ dysfunction (MOD).
Activated neutrophils have been implicated as major inciting factors in this process. This
example describes in vitre and in vive experiments that evaluate the effect of SCD cartridges
for use during CPB surgery. The results demonstrate that the usage of SCD cartridges may
dismupt the systemic leakocyte response during CPB sorgery, leading to improved outcomes for

CPB-mediated MOD.
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(f) Background

1802837 Leukocytes, especially neutrophils, are raajor contributors to the pathogenesis and
progression of many chinical inflammatory disorders, including systemic inflammatory
response syndrome {SIRS), sepsis, ischemia/reperfusion injury, acate respivatory distress
syndrome (ARDS) and acute kidney injury (AKD). Cardiac surgical advances have been
dependent upon the techniques for cardiopulmonary bypass (CPB). Tt has been recognized that
a systemic inflammatory response occurs in asseciation with CPB, resulting in multiple organ
dysfunctions (MOD) following surgery. Multiple tosolts during CPB have been shown to
nitiate and cxtend this fnflavwoatory response, including artificial membrane activation of
blood components (membrane oxygenator), surgical travma, ischemia-reperfusion injury to
organs, changes in body temperature, blood activation with cardiotomy suction, and release of
endotoxin. These insults promote a complex inflammatory response, which inclades leukocyic
activation, release of cytokines, complement activation, and free-radical generation. This
complex inflarnmatory process often confributes to the development of acute hung injury, acute
kidney injury, bleeding disorders, altered bver function, newrologic dysfunction, and ultimately

MOD.

[#8284]  The mechanisms responsible for MOD following CPB are numerous, interrelated
and complex, but growing evidence suggests a critical role in the activation of circulating blood
leukocytes, especially neutrophils o the development of ARDS in CPB-induced post-punp
syndrome. Sequestered and activated neutvophils migrate into hung tissue, resulting n fissue
imjory and organ dysfonction. The tmportance of activated leukocytes and microvascular

dysfunction has also been demonsiraied to be important in acute kidney injury.

[88285]  In this regard, the use of leukocyte depleting filters within an extracorporeal blood
circeit during CPB has been developed and evaluated in proclinical animal models and clinical
studies. While filters remove leukocyies in vifro, they do not appear to consistently deplete
leukocyte concentrations in vivo. The majority of papers reported no significant reduction in
circulating leukocytes, a conchision similarly drawn by meta-analysis. Acknowledgement of
“filter cxhaustion,” a progressive decrease in levkocyte reduction efficiency during CPB has

een repeatediy observed during experimental evaluation.

166266]  The instant invention utilizes a biomimetic membrane called the selective

cytopheretic device (SCID) and regional citrate anticoagulation to promote a decrease in
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activated leukocyies in animals and patients suffering from acute inflammation. Early pre-
clinical and clinical resulis, suggest that the device ameliorates the MOD effects of SIRS and
impacts the mortality ratc of muitiorgan failure in intensive care unit (JCU) pationts. Results
described herein demonstrate that the SCD reduces the circulating level of neatrophils and

reduces markers of neutrophil activation, both /r vifro and in vive.

(¥} Methods and Materials

A - Seleciive Cytopheretic Device (SCEh

1802877 The SCD tested was a polycarbonate housing containing porous polysulfone hollow
fibers with an mner diameter of 200 pm, a wall thickness of 40 pm, and a molecular weight
cutoft of 40 10 SO kDa. Blood flow was directed to the extracapillary space (ECS). The SCDs
used had outer membrane surface area (SA) of 2.2 m” and 2.6 m’, and surface arca/inner
volume (SA/IV) ratios of 486 cm™ and 508 e, respectively. The SCDs were supplied by

CytoPherx, Inc. {Ann Arbor, M),

B - /n Virre Blood Circuit Studies

180288] [ vitre blood circuit studies were initiated to compare two leukocyte reducing
membrane systems, the Pall Leukogard LGB (Ann Arbor, Mi) and the SCD device in a serics
of 10 paired studies. Fresh, heparinized bovine blood (§-6L) was collected in a 7L silicone
drain bag (B Braun Medical Inc. Bethichem, PA) with 90,000 1U sodium heparin (Clipper
Distributing LLC, Samnt Joseph, MO) and divided evenly into two identical drain bags, which
served as veservoirs for two separate blood circuits, each to test the respective device. The in
vitro blood circuits utilized FDA approved Tygon lines (Cole-Parmer, Vernon Hills, ILy. The
circuits were sot up to monitor feraperature with type T thermocouples, and pressure
measurements with a 4 channel 90XL (Mesa Labs, Lakewood, CO), pre- and post- device
during perfusion. Both blood reservoirs were warmed in the same water bath (34.5°C) to
msure identical heating behavior, and a bandbeld [R-pyrometer was cmployed to measure
mternal temperatores (approximately 31°C) within each device tested. Peristaltic blood purops
{Fresenius 2008H, Walnut Creek, CA)Y maintained a constant flow rate of 300 mL/min in both
circuits.

[68289] Blood samples were obtained every 15 minutes to measure total white cell,

neutrophil, and platelets as previously described, as well as for other assays. For plasma
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myeloperoxidase (MPQO) and free homoglobin (Hgb) analysis, blood samples were immediately
cooled and centrifuged free of celis. Plasma hemoglobin concentration was chemically
determined using a colorimetric assay with 3,3, 5,5, tetramethylbenzidine (TMB), and MPQ
was measured by ELISA. At the end of the experiment, the circuit was disconmected and
normal saline flushed continuously through the extracapillary space (ECS) of the SCD until
fiaid was free of visible bload, and then the SCE was cluted to quantify adherent cells as

previously described. A similar process was also conducted to ehute LGRB filtors.

C - In Vive Cardiopulmonary Bypass Model

1802187  Wisconsio calves (100-110kg) were premedicated with atropine (0.04 mg/kg), and
ketamine (25 mg/kg) administered by intramuscular (IM) injection, and then anesthetized with
S ug/kg of thiopental. After intubation with an endotracheal tube (Mallinckrodt Company,
Mexico City, Mexico), ventilation was established with a volume cycle ventilator. Anesthesia
was matdained by continuous infusion of § mg/kg/h of thiopental and 20 ug/kg/h of fentanyl
Muscle relaxation was indaced with (.2 mg/kg of pancuronium followed by intermittent
reinjections at 0.1 mg/kg. Polyethylene monitoring lines were placed in the external jugular
vein and the fomoral artery and vein, Median sternotormy was performed. A 16 10 20 am
Transonic perivascular flow probe was placed on the main pulmonary artery, and Millar
microtip pressure transducers were placed in the pulmonary artery and left atrium. Prior to
nitiating cardiopulmonary bypass, bascline pulmonary artery pressure and flow rate and left
atrial pressure readings were taken for determination of cardiac output. Afier systemic
heparinization (300 U/kg), an 18F Medironic DLP arterial canmula was placed in the left
carotid artery and a 24F Medtronic DLP single-stage venous cannula was placed in the right

atrium,

{86213} The CPB circuit was primed with | 000 mL of lactated Ringer’s solution and 2§
mEq of NaHCQO;. The circuit consisted of a Sarns roller blood pump, 8 Medtronic Affinity
hollow fiber oxygenator with integral heat exchanger, and a cardictomy reservonr. A
Medtronic Affinity 38-pum filter was placed in the arterial imb to capture particulate debris.
The left ventricle was vented using a 12-Ga Medtronic standard aortic root cannula with vent
line connected to 2 Sarns roller pump and the cardiotomy reservoir. Cardiopulmonary bypass
was initiated, veniifation was discontinued, and systemic perfusion maintained at 2.4 L/min/or’
body surface area. Moderate perfusion hypothermia (32°C rectal temperatore) was used, and

mean aortic pressure kept at 60-80 mmHg by modification of flow and intravenous
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phenylephrine infusion (0-2 ug/kg/min). The ascending aorta was cross clamped. CPB was

maintained for 255 minutes,

{88212} Three groups of amimals were evaluated: CPB circuit without SCD, CPB circuit
with SCD, and CPB circut with SCD with citrate/caleivim regional perfusion to provide a low
ionized calcium (iCa) blood environment only along the SCD circuit. The SCD circuit blood
flow was contrelled at 200 mb/min with an AK 12 blood pump system {Gambro).
Citrate/calciom infusion was based upon well developed clinical protocols for citrate regional

anticoagulation, as provicusly described.

{B80213]  Sumlar to the in vitro blood circuit studies, for all sample times systemic blood was
used to assess CBCs. The SCD or LGB was routinely removed at T = 225 minutes, with a final
blood sample taken 15 minutes after removal io ovaluate post therapy dynamics. Total manual
white cell counts were determined using the Unopetie system {BD Bioscicnces) and manual
differentials were determmed from blood smears after ethanol fixation and Wright stain
{Richard-Alicn Scientific). After each study, if a SCD or LGB was used, adherent cells were

ciuted and quaniified as previously described.

D - Statistical Analvsis

180214]  Analysis of variance (ANOVA) was conduocted for all studies with statistical
significance of p < 0.05.
(FFF} Resulis and Discussion

A - In vitro blood circuit studies

{80215}  The temperature of the blood was similar between the SCD and LGB circuits
throughout the study, averaging 31.1 + 0.4 “Cand 31.1 + 0.3°C, respectively. The pressare
profile across the devices were 92.0+ 49.1 and 29.2 + 16.2 mmHg for pre- and post- SCD with
a pressure drop of 62.9+ 394, and 98.8 £ 71.5 and 40.1 & 17.1 pre- and post- LOB, with a
pressure drop of 31.3 £ 3.9 mumHg. The variability in pressures was related to differences in

the hematocrit of blood in the circuit, which averaged 311+ 3.9%.

180216]  The total white ccll counts for the LGB circutts dropped by greater than 50% within
the first 15 mimstes and remained steady to the end of the experiment. This decline is largely
the result of a more than an 80% drop in circulating neutrophils. The SCD circuits showed a
substantial, but smaller drop in total white cells and veutrophils during the experiment, with the

neutrophil counts declining between 4056 and 60%. Differcntial white biood cell counts from
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cach device were evaluated. Monocyie and eosinophil concentrations also declined, but due to
their low percentages in circulating biood, accurate quantification was chalicnging. A
substantial decline in the number of platelets was observed, with the SCD and LGB in
particular, displaying a relative platelet reduction of greater than 80% at 15 mimutes. However,
in both cases the platelet count rebounds to a level equivalent to approximately 50% of the

platelet counts cnumerated prior to beginning the experiment.

B - n vitro blood cireuit device elution

(862171 The total number of cells eluted from LGB and SCD were counted. Twice as many
cells were recovered from LGR than the SCD. The percentage of neutrophils, monocytes, and
eosinophils in the closed circulation loop that were recovered from each device were
calculated. The total mmnber of cach leukocyte popolation recovered from each device was
divided by the total nomber of each leukocyte population present in blood prior to the initiation
of cach experiment. The Mean = SEM for neutrophils, monocytes, and cosinophils are shown
for 10 SCD and 10 LGB, Neutvophils outnumbered monocytes roughly 2 to 1, while
cosinophils were present at a variable and much smaller number and percentage from both

leukocyie filters. More neutrophils and movocytes were climinated from LGB versus SCD.

{88218  Total cell numbers remaining in the blood at the termination of each experiment
were added to the cell numbers cluted from the device and compared with the number of cells
present in the blood sample at the beginning of the experiment. The difference in these
mumbers is reported as the “change of total cell number” and is most hikely to indicate the
number of cells destroyed during the four hoor circulation experiment. Significantly more cells
were unaccounted for in the circuits employing the LGB than in the case of the SCD

{P<0.05). The data arc presented as the roean £ SEM of 10 paired cxperiments,

C - In vitro blood circuit blood bigcompaiibility

1902197  Neutrophil released myeloperoxidase (MPO) activity was assayed as the mean +
SEM for SCD (N=R)}, and for LGB (N=10) in pg/ml. Plasma MPO activity was significantly
higher for the LGB relative to the SCD, with a peak at the fist sampling time after cireuit
mitiation {7.45 + 3.02 pg/mL) and continned to be clevated for the remainder of the
experiment {p < 0.035), SCD circuit MPO valucs remained below 0.4 ug/ml. at all tioes. Free
hemoglobin (Hgb) in plasma, a measure of hemolysis is also assessed, as the mean + SEM for

LGB (N=10) and SCD (N=10) in mg/mb., with a peak at the first sampling time after circuit



W

16

ot
o

o]
wh

WO 2013/106108 PCT/US2012/059614

- 71 -

mmitiation {0.06 + (.04 mg/mL) and elevated levels throughout. SCD circuit free hemoglobin

vafues remained below 0.005 mg/mL at all times.

D - I vive bovine calf model of CPR

[806228] Systemic white blood cell (WBC) counts are assessed for the CPB in vive bovine
studies. In the CPB No SCD control group, WBC increasced above the baseline level counts
after 90 minutes and peaked with vearly double the baseline WBC. For device treated groups,
WEC counts decreased in the fivst howr of CPB. In the SCD heparin treatment group, following
this initial redoction, the WBC gradually increased afier 60 minutes, and throughout CPB, with
a sharp raise after removing SCD (reutinely at t = 225 min) for the final measuroment 15
minutes thereafter, Similar results were observed when LGB was placed in the circuit rather
than the conventional arterial line filter (data not shown). In SCD citrate group, WBCs were

fow throughout CPB, and even after the SCD was removed.

166221}  Quantification of the neutrophil population during cardiopuhmonary bypass {CPB)
surgery without a SCD showed an approximate S-fold rise in the systemic levels. SCD
treatment with only systemic hepario coagulation during CPB dramatically reduced the
systemic neutrophil concentration during the first 120 min, but was followed by a steady rise
vntil SCE removal (routinely at t = 225 min), with a larger increase 15 mimites after SCD
removal, SCE with regional citrate during CPB resulied in a systomic neutrophil concentration
approximately 75% lower than the pre-SCD level, which persisted throughowt CPR, and

remained low 15 minutes after SCD removal.

1862227 At the conclusion of SCD therapy, SCD were thoroughly washed and bound
leukocyies were ehuted and eoumerated. On average 8 x 107 and 1.63 x 10 leukocytes were
eluted from the SCD employmg regional citrate or systemic heparin, respectively. Eluted cells
were of the granulocytic lineage independent of the use of regional citraie, on average
consisting of approximately 80% neutrophils, 20% monocytes, and variable amounts of

costnophils, typically < 2%, similar to distributions reported in in vifro blood cirenit studies.
Preliminary resalts from the quantification of immatire neutrophils by mamial counts
demonstrate a trend of low counts for the SCD-Citrate group at the end of 240 minutes of CPB
{230, 0 per ul, o = 2) wheras SCD-Heparin (1630, 6300, 1390 per ul,, n=3), No 8CD (160,
2660 per pl, n=2) and LGB (1760, 3880 per ul, n=12) groups all have cases of increased

amounts of immature neutrophils.
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E - Discussion

1862237 CPB promotes SIRS often reselting in MOD. This inflammatory disorder arises
from multifactorial processes, but circulating leukocyie activation is postulated 1o play 2 central
role. Therapeutic mterventions directed toward leukocyte depletion during CPB have been
gvaluated both in pre-chinical and clinical studies. The results have been inconsistent with

regards to reducing circulating leokocyite counts and alleviating progression o MOD,

188224  Anin vitro tost circuit was developed to assess leukocyte depletion in a circulating
heparinized blood circuit between 31°C and 34.5°C and comparable blood flow rates of 300
mb/min. When integrated into the blood cireuit, both the LGB and SCD prompted a sigoificant
reduction in circulating white blood cell and neutrophil coumts with the LGB group having a
greater effect {o lower WBC counts compared to the SCD. This reduction in leukocyte counts
in the LGB group compared to the SCD group was duc to both a higher degree of sequestration
m the device (chuted celis), and a higher degree of destruction of feukocyics (by roass balance).
Destraction of celhular elements within the blood was reflected in the higher free hemoglobin
and MPO levels in the LGB versus SCD. Platelet dynamics with over an 80% reduction within
the first 15 minutes followed by a recovery to 50% of the pre-study plateiet concentration, arc
suggestive of rapid initial phase of platelet binding to circuit components, followed by

subsequent release.

180228]  To further assess the influence of the 5CD to lower circulating loukocyie counts, a
bovine mode] utilizing CPB was examined. CPB performed without SCD demonstrated a
small, but not statistically significant reduction of WBC counts in the first 60 minutes of CPB
perfusion most likely due to non-specific attachment along the artificial membranes and blood
tabing of the perfusion circuit. After 60 minutes, the WBC counts jncreased two-fold, and
neutrophils increased up to five-fold relative to starting values. When the SCD was placed in
the circuit utilizing systemic heparinization, leukocyte reduction was achieved for 2 hours, but
led to a large increase in neutrophils at later time points and following SCD removal. When the
SCD perfusion circuit was regionally perfused with citrate to lower ionized calcium to 0.25 to
0.40 mM, leukocyte and neutrophil counts remained low throughout CPB, even after removal

of the SCD {routinely at t = 225 min) for the finai measurement 15 minutes after SCD removal.

[80226]  The WBC and neutrophil kinetics in these bovine studics also provide tnsight into the

manner i which SCD treatment may mfluence the leukocyte response to CPB. The number of
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steutrophils sequestered n the SCDY was approximately 10° cells, 2 small percentage of the
circelating and marginated pool. However, the magnitude of neutrophil release from bone mamow
and marginated stores in response to the systemic nsult of CPB was blunded with SCD, especially
with regional citrate infusion, suggesting that SCD-C treatment may alter the kinetics of neutrophil
apoptosis and/or signals required for recruitment of neutrophils from marginated or bone marrow

pools.

662277  Further, the finding that the number of loukocyies eluted from the SCD during citrate
infusion was 10-fold less than in the heparin condition, while maintaining lower leukocyte
concentration in blood suggests that the low-iCa environment may promote the adhesion of activated
leukocytes, followed by release after a time period of sequestration and deactivation. The kinetics of
this “catch and release” phenomenon is supporied with published and ongoing studies utilizing in
vifro shear chambers. These i vitro and ex vivo studics suggest that the SCD devices of the
mvention may amchiorate the retural progression of SIRS by blunting the systemic leukocyte
response leading to improved cardiovascular stability, respiratory performance and renal function.
This study demonstrates a preventative therapeotic approach to ameliorate CPB promoted leukocyte
response and lessen progression to MOD. The i vitro and ex vive data provided herein

demonstrates the safety and efficacy of the SCD for CPB applications.

Exampie 4. Exemplary SCD Cartridge for Use in Treating an Inflammatory Condition in a

Subject

[88228] To demonstrate the efficacy of the SCD cartridges of the invention, subjects {{or
example, porcine animal model or a human subject) with various mflammatory conditions may
be treated with 2 SCD device isted below in Table 7 using the protocols described above to

mprove cardiovascular and/or renal parameters.
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TABLE 7 - Exemplary SCD Cartridges

e
2 2.5 25000 250 100
3 1.25 12500 125 100
4 2.5 25000 125 200
Al 2.5 25000 109 236
6 2.5 25000 54 267
7 S 56060 93 536
8 5 50000 125 400
9 6.7 67000 125 537
19 19 100030 123 B0

{66229}  The SCD cartridges of the invention may also be adapted for treating small subjects
{for example, pediatric patients) with inflammatory conditions. Table 8 depicts various SCD

cartridges that may be usctul in such applications.

TABLE 8 —~ Exemplary S8CD Cartridges

2 - 1.5 cm case; 100pm fibers (.35 35040 G 392
3 - 1.5 cm case; 7Sum fibers (.47 47040 9 530
4 - 1.5 ¢m case; SOum fibers .70 7000 9 784
5 - 2.5 cm case; 200pm fibers (.49 4900 25 199
6 - 2.5 cm case; 100pm fibers (.98 G800 25 399
7 - 2.5 ¢ case; T5um fibers 1.36¢ 13000 25 526
8 - 2.5 ¢m case; S0um fibers 1.96 19600 25 797
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Example 5, Treavment of Chronic Inflommuation Associated with Chronic Heart Fodlure in

an Animal Model

[88238)  Chronic heart failire (CHF) is recognized as associated with chronic systenyic

mflammation, especially monoeyte/macrophage activation (Conraads ef /. (2003) J. Heary

W

LURG TRANSPLANT, 24(7): 854-593. This example describes in vivo experiments that evaluate
the cffect of SCD cartridges on the chronic inflammatory state associated with CHF. This
example firther deseribes experiments that assess the acute and chronie effects of SCD
cartridges on the cardiovascular and renal functions in an animal model of CHF. The results
demonstrate that the SCD improved cardiovascular parameters and altered the pro-

10 mflammatory phenotype of monocytes.
{I} Methoeds and Materivis

A - Animal Model

180231 The efficacy of the SCD cartridge in treating chronic inflammation and in

mproving cardiorenal functions was evaluated in a canine model of CHF.

15 {88232} CHF inthis model is induced by multiple secquential intracoronary embolizations
with polysiyrene Latex microspheres (approximately 90 um in diameter) that lead to loss of
viable myocardium. The model manifests many of the sequelac of CHF in homans mmcluding
profound systolic and increased systemic vascular resistance (SVR) and decreased cardiac
output {CO) (Sabbah er o/, {1991} An. J. PHYSIOL. 260: H1379-84). The model also possesses

20 the nearly entire spectrum of cellular, biochemical and molecular abnormalities that have been
shown to ocour during the development of CHF (See e.g., Kono et ol (1992) CIRCULATION
86{4): 1317-22; Imai ef ¢l (2007} I AM. CoLL. CARDIOL. 49(21): 2120-28; Morita ef al. {2006)
AM. 1. PIYSIOL. HEART CIRC. PHYSIOL. 290(6): H2522-7). Further, long-term therapy with

ACEKE inhibition, beta-adrenergic blockade, aldosterone blockade and angiotensin- 1 receptor

b
N

blockade in this model elicits benefits that are identical to those reported in human patients
with CHF (Morita ef ¢l. (2002) CARDIOVASC, DRUGS THER, 16(5): 443-9; Sabbah ef ¢/ (1994)
Circulation 89%{6): 2852-9; Suzuki ef ¢l (2003) BR. J. PHARMACOL. 138(2}: 301-9; Suzoki et al.
(2002) Circulation 106{23): 2967-72). Accordingly, this model provides the ability to predict

efficacy of new therapies for treatment of CHF.
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1882331  Three groups of animals with advanced CHF were utilized for this study: one groap
was treated with the SCD cartridge and systemic heparin anticoagulation to maintain patency of
the extracorporeal circuit (SCD-H; 0v=2}; a sccond group was treated with the SCD cartridge
and regional citrate anticoagulation (SCD-C; n=3), which provided patency and the additional
therapeutic benefit associated with low iCa environment within the extracorporeal circuit; and a

third group was treated with a cartridge without any hollow fibers (sham control, 0=3).

188234]  In all studies, extracorporeal circuits (see Figure 18) were maintained for 4 houors,
and then discontinued with the removal of the circoit and its blood volume for 2 hours.
Hemodynamic and ventricular function parameters were measured at basclincand at 2, 4, and 6
hours after mitiation of SCD (heparin or citrate) therapy or with sham control. Blood samples
were obtained at baseline and at 2, 4 and 6 hours for the assessment of various biglogic

parameters.
(¥} Results and Discussion

A - Observations of Cardiovascular Parameters

[86235] The canine model of chronic heart failure was utilized to evaluate the effectivencess
of SCD cartridges having with cither systemic heparin or regional citrate anticoagulation.
Specifically, one group of animals (SCD-H) was treated with systernic heparin anticoagulation,

and a second group of animals (SCD-C) was treated with regional citrate snticoagulation.

186236}  As depicted in Figure 19A, Left ventricular (LV) ejection fraction (EF} increased in
the SCD-C group within 5 minutes of starting treatment. Further, LV EF of increased
substantially n the SCD-C group from 34 % + 2.3 % to near normal values of 48 % + 3.7 %
while the SCD-H and sham control did not change. In particular, the SCD-C group increased
to near norreal BF values at 2 and 4 hours of treatment and was sustained during the 2 hour post
therapy. This effect was not due to a decline i systemic vascular resistance which was similar
in all groups. Stroke volome (SV) also increased within § minutes of starting treatment and
increased from 26.7 = 4.9 t0 35.3 = 7.3 mL in the SCD-C group (data not shown). The SCD-H
group showed a decline in SV of from 26 + 1.4 t0 25 = 2.1 L. after 4 hours of treatment to 20

mb following 2 howurs post treatment.

1902377 Cardiac output {CO) was also assessed (Figure 198). CO ncreased within 4 hours

of SCD-C treatment from 2.40 £ 815 t0 2.77 £ 0.95 L/min, and this clevation was maintained
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for 2 hours post-treatment. In comparison, SCD-H treatment resulted in a decline in CO from
2.22 % 0.5 t0 1.97 = (.03L/min within four hours of treatment, and further reduced to 1.56

L/min during the 2 hour post-treatment period.

{88238  Systemic vascular resistance (SVR) showed a modest decline in both the SCD-C
and SCD-H groups with bascling values at 2985 + 215 and 2898 + 62 t0 24135 £ 847 and 2599 +
76 dynes/sec/om” at 4 howrs of therapy, respectively (Figure 18C). At 2 hours post-treatment,
SVR 1n the SCD-C group returmed to baschine levels, while the SVR in the SCD-H group was
stightly elevated compared to bascline. No episodes of arrhythmias or hypotension were

observed during the treatment period.

{88238  Ventriculograms demonstrated the SCD-C to convert viable but non-contracting
myocardium into contracting myccardivm. Exemplary ventriculograms arc shown in Figure
2% in a dog mode! before (Figure 21A) and after (Figure 218) treatment. The red line depicts
the border of the left ventricular diastolic sithouettes {most relaxed state during filling)
overlayed on the left ventricular systolic image {most contracted state) demonstrating
significantly improved contractitity of the left ventricle (black arrows), especially at the apex of
the left ventricle, after therapy (Figure 218 versus Figore 21A). The results are consistent

with the resuits of increased cardiac output following SCD-citrate therapy.

180240  The renal offects were also substantive. Urine volume increased immediately within
the first hour of SCD-C treatment and continued to be higher than SCD-H treatment for the
entive 4 hours of treatment {see, Figure 284A). The fractional excretion (FE) of sedium nearly
doubled in the SCD-C compared to SCD-H increasing from 2.2 + 0.8% to 5.3% + 0.8 % (see,
Figure 28B) and FE of urea went from 59 % + 3.1 % 1o 81 % = 11.3 % (see, Figure 28C). No
adverse events of arrhythnyia or hypotension were observed during treatment. Total urine
sodivm excretion {see, Figure 28D) was also increased during the 4 hours of SCD-C treatment

compared to SCD-H.

180241} Collectively, these data indicate that SCD-C treatment significantly tmproved

cardiac coniractility and fimction.

B - Observations of Leukocvie Sequestration and Activation

1902427 Vo cvaluate the effect of SCD intluence on the activation process of circulating

monocytes, a variety of biomarkers were measured in isolated peripheral blood monocytes after
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LPS stimuolation at various times during the treatment periods with established methods (Simuns
et af. (1999 AM. 1. PRYSIOL. 277 H253-60). As indicated in Table 9, SCD-C treatment
resulted in a decline in LPS stimulated monocyte release of 116 and TNF-o, demonstrating an

mmunomodulatory effect of SCD-C treatment on the systemic pool of circulating monocytes.

TABLE 9 - LPS stimulated Cytokine Release by Iselated Monocytes (MNC)

L6 (ng/10° MNC/24h) 2.10 £ 0.30

TNFa {ng/10” MNC/24hr) | 6.53£0.53 | 2.88 £ (.27 | 408 + 1.82

8062431 To assess the sequestration of activated leukoceytes along the SCD membranes, the
SCE cariridges were processed at the end of the treatment period and the types of adherent
leukocytes were determined using established methods (Ding er af. (2011 PLOS OnE 6(4):
¢18584). The namber of eluted cells in the SCD-C and SCD-H groups were 1.06 x 107 and 7.2
x 10 leukoeytes, respectively. The types of leukocytes were 68% and 80% neutrophils, 28%
and 16% monocyics, and 4% and 4% cosinophils in the SCEB-C and SCE-H groups,
respectively. Of note, the ratio of cluted monocyies to neutrophils was four times greater than
the baseline ratio of circulating monocytes to nevtrophils. Specifically, the mumber of
monocytes eluted from the SCD membrane after 4 hours of SCD-C therapy was 90% of the
hascline absolute number of crenlating monocytes. These results indicate that replacement of
the circulating systemic monocyies may have occurred from the mobilization of a non-
circulating monocyte pool, most likely the spleen (Swirski ef ol (2009) SCQIENCE 325(5840):
612-6). The results also suggest that SCD-C treatment affocis the circulating pool of

leukocytes and altors the pro-inflammatory phenotype of monocytes.

180244] The change in inflammatory parameters was associated with dramatic increases in
EF and CO in SCD-C treated CHF animals compared to SCD-H controls. Collectively these
data suggest that SCD-C treatment reduces the cardiodepressant state of chronic inflammation

assoctated with CHF.
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Example 8, Case Study of Subject with Acute Decompensated Heart Failure After

Undergoing SCD-Citrate Therapy

[88245] A 45 year old male patient presented with acute decompensated heart failare. In
particular, the patient presented with longstanding systolic heart failure (ejection fraction of
about 20%) after gaining 18 pounds of weight in two weeks. The patient had a history of
diabetes, sleep apnea, chronic kidney disease, atrial fibrillation and implantable cardiac
defibrillator (ICD) placement. The subject has increasing shoriness of breath being unable to

wallk 10 yards and increasing lower exiremity odema.

{80246  The patient was treated with intravenous dobutamine infusion and a Lasix
(furosemide, a high potency diuretic) drip with persistent oliguria. The patient’s blood urea
nitrogen { BUN) value and serum creatine (Scr) value were 64 and 3.38 (bascline Scr 1.5},
respeoctively. A transocsophogeal echocardiogram (TEE) was performed, which showed that
the subject had a pulmonary capillary wedge pressure (PCWP) of 30 (normally less than about
18), a cardiac index (Cl, a measure of cardiac cutput per weight of an individual) of 1.4
{normally m the range of 2.5-3.0}, a cardiac output (C.0O) of 3 L/minute on Milrinone
(normally greater than 5 L/minute), and an cjection fraction {EF) of 10%. The patient was
started on therapy with continuous venovenous hemofiltration (CVVH) with SCD-citrate for
about 5 days with the SCD cartridge being changed once every 24 hours, The fluid output was
measurcd on each of the five days of SCD therapy and then for three follow-up days post SCD

therapy, and the results arc summarized in Table 18,

TABLE 19

575 1,000 925 1,020 1,230 540 138 390 500
Iy -3,071 +269 | 5,837 | -4,449 | -1,466 | 1,994 1,809
available

1802471 Net fluid balance represents the sum of wrine volume and the volume of ultrafiltrate
removed by the CVVH minus the fluid (e g., saline) added back to the patient. The resulis

show that on day 1 of the treatment the net fluid balance was -3,071 ml., which peaked at about
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-5,837 mL on day 3. On day 2, the sabject was partially rehydrated before removing additional
fluid. During the five days of therapy on the SCD with regional ciirate, the net {fluid balance
decreased by 14.5 L. During the follow-up days the patient was rehydrated. These findings
demonstrate that the SCD device with regional citrate was able to remove fluid from the subject
that was not possible without the SCD cartridge. The SCE therapy improved the
cardiovascular performance of the patient resulting in fluid removal not readily attained with

currendt therapy.

INCORPORATION BY REFERENCE

{88248} The entire disclosure of cach of the publications and patent documents referred to
herein is incorporated by reference in its entirety for all purposes to the same extent as if cach

mdividual publication or patent document were so individually denoted.

EGQGUIVALENTS

{88249} The invention may be cmbodied in other specific forms without departing from the
spirit or essential characteristics thercof. The foregoing embodiments are theretore to be
considered in all respects illustrative rather than Houting on the imvention described herein.
Scope of the vention is thus indicated by the appended claims rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

clatms are tntended to be embraced therein.

164256]  What is claimed is:
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1. A method of treating a subject baving or at risk of developing chronic heart failure, the

method comprising:

(a) extracorporeally sequestering activated leukeocytes and/or activated platelets prosent
in a body fluid of the subject in a cartridge comprising

{1} arigid housing defining an foner volume (I1V), a fluid inlet port and a fluid outlet
port, wherein the inner volume is 1o fluid flow connmunication with the fluid inlet port

and the fluid outlet port, and

(ii} a solid support disposed within the housing and defining a fluid contacting surface
with a surface area (SA) capable of sequestering activated leukocytes and/or activated
platelets, if present in a body fluid entering the housing via the fluid inlet port, wheren
the SA/IV ratio of the cartridge is greater than 80 cm™’ or is in the range from 25 cmy to
2,000 cot’, and the body fluid is introduced into the housing via the flaid infet port
vnder conditions that permit sequestration of the activated leukocytes and/or activated

platelets on the fluid contacting surface of the solid support; and

{b) treating the sequestered leukocytes and/or platelets to inhibit release of a pro-
mflammatory substance or to deactivate the leukocytes and/or platelets thereby to treat or
prevent chronic heart fathire.
2. The method of claim 1, wherein the SA/IV ratio of the cartridge provided in step (a) is
greater than 80 em™.
3. The method of claim 1 or 2, wherein the SA/V ratio of the cartridge provided in step
{a) is greater than 150 ey’
4. The method of any one of claims 1 or 2, wherein the SA/IV vatio of the cartridge
provided in step (a) is in the range of from 80 cm” o 1,500 cor’,
5. The method of claim 4, wherein the SA/IV ratic is in the range of from 150 em™ to
1,500 em™.
6. The method of any one of clatms 1-4, wherein the solid support is disposed within the
housing at a packing deusity in the range from 20% to 65%.

7. The method of any one of claims 1-6, wherein the solid support compriscs a membrane.
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8. The method of any one of clatms 1-7, wherein the solid support comprises a planar
support member.

9, The method of any one of claims -8, wherein the solid support comprises a fiber.

10. The method of any one of claims -9, wherein the SA of the cartridge provided in step

(a) is in the range of from 0.1 m” to 10.0 o’
11, The method of claim 10, wherein the SA of the cartridge provided in step (a) is in the
. 2 ~ 2

range of from 0.1 m" to 5.0 m".
12. The method of any one of claims 1-11, wherein the nmer vohime of the cartridge

. . L. Ay 3
provided in step (a) is less than 300 cmr.
13 The method of claim 12, wherein the nner vohume of the cartridge provided in step (a)
is less than 150 ey,
14. The method of any one of claims i-13, wherein the inmer volume is in the range of from

10 et to 150 cm’.

e . . . .. - 3

15. The method of claim 14, wherein the inmer velume is in the range of from 75 e 1o 150
cov.

16. The method of claim 14, wherein the nner vohume is in the range of from 15 em” to 120
o,

17. The method of any onc of claims 1-16, further comprising permitting the body floid to

exit the cartridge via the fluid outlet port at a flow rate in the range of 10 om’/minute to 8,000

cm /minute.

18, The method of any one of claims 1-17, wherein the solid support is substantially

paralie} to the direction of tlaid flow within the cartridge.

19, The method of any one of claims 1-18, wherein, in step (b), the leukocytes and/or
platelets arc treated with an inmunosuppressant agent, a serine leukocyie mhibiior, nitric
oxide, a polymorphonuclear leukoceyte inhibitor factor, a sceretory leukocyte inhibitor, or a
caleium chelating agent, wherein the calciom chelating agent is one or more of the group
consisting of citrate, sodium hexametaphosphaie, cthylene diamine tetra-acetic acid (EDTA),

tricthylene tetramine, diethyiene triamine, o-phenantivoline, and oxalic acid.
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20. The method of any one of ¢laims 1-18, wherein, in step (b}, the levkocyvtes and/or
platelets are treated with a calcium chelating agent.

21, The method of claim 20, wherein the calcium chelating agent is citrate.

22 The method of claim 20, wherein the calcium chelating agent is introduced into the
body fluid of the subject prior 1o step (a).

23 The method of any one of claims 1-22, wherein the leukocytes and/or platelets are
treated over a period of at least 2 hours, at least 4 hours, at least 6 hours, at least § hours, or at
least 12 hours.

24, The method of any one of claims 1-22, wherein the leukocyics and/or platelets from the
subject are treated over a period of 2 10 48 hours, 2 1o 24 hours, 2 to 12 hours, 4 to 48 hours, 4
10 24 hours, or 4 10 12 hours.

25, The method of any one of claims 1-24, wherein the subject has myocardial dysfunction

secondary to inflammatory cell penetration of heart tissue.

26. The method of any onc of claims 1-25, wherein the subject has received a heart
fransplant.

27, The method of any one of clatms 1-26, wherein the body fluid is blood.

27 Tt thod of am fel 1-26, wh the body floid is blood

28, The method of any one of claims 1-27, wherein the treatment involves improving a

myocardial function in the subject relative to the myocardial function prior to treatment,
wherein the myocardial function is selected from the group consisting of left ventricular
ciection fraction, cardiac cutput, systeric vascular resistance, left ventricular stroke volume,
aortic pressure, left ventricular pressure, peak rate of change of left ventricular pressure during
isovolumic contraction and relaxation, left ventricolar end-diastolic pressure, myocardial
oxygen consumption, and coronary flow reserve.

~

29. The method of any one of claims 1-28, wherein the increased myocardial function is
maintained for at least 6 hours afier termination of the treatment in step (bl

36. The method of claim 29, wherein the increased myocardial function is maintained for at
least 24 hours after termination of the treatment in step (b,

31 A mcethod for treating a subject having or at risk of developing an intlanmatory

condition associated with chronie heart faiture, the method comprising:
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{a) providing a cartridge comprising

(i) a rigid housing defining an inner volume {1V, a fluid indet port and a thaid
outlet port, wherein the inner volume 15 n thid flow commumication with the fluid mlet

port and the fluid outlet port; and

(i1} a solid support disposed within the housing and defining a fluid contacting
surface with a surface arca (SA) capable of sequestering an activated leukocyte and/or
an activated platelet, if present in a body fluid entering the housing via the fluid inlet
pott, wherein the SA/IV ratio is greater than 80 cm™ or is in the range from 25 ern™ 1o
2,000 em™; and
(b) imtroducing a body fluid from the subject into the housing via the fluid inlet port
under conditions that permit sequestration of an activated leukocyte and/or an activated

platelet on the fluid contacting surface of the solid support.

(ad
SV

The method of claim 31, further comprising

(¢} treating the levkocyie and/or platelet sequestered in step (b} to reduce the risk of
developing inflamumation agscciated with the chronic heart failure or to alleviate inflammation
associated with the chronic heart failure.

33. The method of any one of clatms 31 or 32, wherein the leukocyte and/or platelet is
sequesiered for a time sufficient to deactivate the leukocyte and/or the platelet.

34, The method of any one of claims 31-33, wherein the leukocyte and/or the platelet is
sequestered for at least one minute.

35, The method of any one of claims 31-34, further comprising the step of returning the
leukocyie and/or the platelet produced in step (¢} back to the subject,

36. The mocthod of any one of ¢latms 31-35, wherein, in step (¢}, a calcium chelator
deactivates the leukocyte and/or the platelet.

37. The method of any one of claimus 31-36, wherein the SA/IY ratio of the cartridge
provided in step (a) is greater than 80 cm™.

38, The method of any one of claims 31-37, wherein the SA/IV ratio of the cartridge

rovided in step (a) is greater than 150 cmm™.
S &



]

52 [\l

N

6

N2

WO 2013/106108 PCT/US2012/059614

39, The method of any one of clatms 31-37, wherein the SA/AV ratio of the cartridge
provided in step (a) is in the range of from %0 em™ 0 1,500 con’,
40, The method of claim 31-40, wherein the SA/IV ratio is in the range of from 150 cm™ to

1,500 em.

41. The method of any one of claus 31-40, wherein the sohd support comprises a
membrane.
42. The method of any one of claims 31-41, wherein the solid support comyprises a planar

support member.

43, The method of any one of claims 31-42, wherein the solid support comprises a fiber.
44, The method of any one of clairs 31-43, wherein the SA of the cartridge provided in

step {8} is in the range of from 0.1 m’ 16 10.0 m™.

45, The method claim 44, wherein the SA of the cartridge provided in step (a) 1s in the

~ 2
range of from 0.1 o to 5.0 m'.

46. The method of claim 45, wherein the SA is in the range of from 0.1 m’ to 0.4 m’, from
0.4m to 0.8 mz, from 0.8 m 0 1.2 mz, from 1.2 m to 1.6 mz, from 1.6 ot to 2.0 mz, from 2.0
mito 24 m°, from 2.4 m® t0 2.8 m’, from 2.8 m’ t0 3.2 m°, from 3.2 m® t0 3.6 m’, from 3.6 m’
to 4.0 m®, from 4.0 m® t0 4.4 o, from 4.4 m° to 4.8 m°, from 4.8 m’ 10 5.2 ) from 5.2 m” to
5.6 0y, from 5.6 o t0 6.0 m, from 6.0 o’ 0 6.4 v, from 6.4 M to 6.8 m’, Fom 6.8 10 7.2
m, from 7.2 m’ to 7.6 mg, from 7.6 m° to 8.0 mz, from 8.0 m” to §.4 mg, from 8.4 m” 1o 8.8 m2,

~ N 2 N A o4 P - 2 ~ N A S P
from 8.4 m” 10 9.2 m?, from 9.2 m’ t0 9.6 m", or from 9.6 m” to 10.0 ot
47. The method of any one of claims 31-46, wherein the inner volume of the cariridge
. . o - 3
provided in step (a) is less than 150 ey’
48. The mocthod of any one of claims 31-47, wherein the inner volume is in the range of

from 10 ¢’ to 150 om’.

. - R ) R . .. oy 3
44, The method of claim 48, wherein the inmer velume 1s in the range of from 75 e 1o 150
cov.

50. The method of claim 49, wherein the inner volume is in the range of from 15 em” to 120
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51. The method of claim 50, wherein the mer vohume is in the range of from 20 ey to 80
3

crm’.

52. The method of any one of claims 31-51, further comprising pernyitting the body fluid to

exit the cartridge via the fluid cutlet port at a flow rate in the range of 10 om’/minate to 8,000

e /dnute,

o - . . .. 1, . - N
53, The method of claim 52, wherein the flow rate is in the range of 50 cm /minute to 8,000

3 .
CInY /Inuie.

54. The method of any one of claims 1-53, further comprising measuring the myocardial

fumction of the subject prior to step {a).

55. The method of any one of claims 1-34, further comprising measuring the myocardial

function of the subject aticr step (b).

56.  The method of any one of claims 1-55, wherein the activated leukocytes and/or

activated platelets bind to a fluid contacting surface of the solid support.

57. A cariridge for usc in a method of treating chronic heart faihure in a subject in need
thereof, the cartridge comprising (1) a rigid housing defining an tnmer volume (1V), & fluid inlet
port and a thud outlet port, wherein the mmer volume is in flind flow commumication with the
fhuid inlet port and the fleid outlet port, and (i) a solid sapport disposed within the housing in
fluid flow communication with the inner volume and defining a fluid contacting surface with a
surface arca (SA) contigured for sequestering activated lenkocytes and/or platelets, if present in
a body fluid entering the housing via the fluid inlet port, wherein the cartridge has a surface

arca {SA) to inner volume (IV) ratic greater than 80 ¢y’ or in the range from 25 em™ to 2,000

1
H

cot .

58. The cartridge of claim 57, wherein the SA/IV ratio is greater than 80 cm™.

59, The cartridge of claim 57 or 58, wherein the cartridge is disposed within sterile
packaging.

60, The cartridge of claim 59, wherein the sterile packaging comprises plastic.

61. The cartridge of any one of claims 57-60, wherein the cartridge comprises a label

disposed on an outer surface of the rigid housing.
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62. The cartridge of any one clatms 57-61, wherein the cartridge forther comprises a cap
scaling the fluid inlet port and/or the fluid outlet port.
63, The cartridge of any one of claims §7-62, wherein the surtace area configured for

sequestering activated leukocytes and/or platelets binds the activated leakocytes and/or

platelets.

64. The cartridge of any one of claims 57-63 for use in the method of any one of claims 1-
55,

63. A calcium chelating agent for use in a method of treating a subject having or risk of

developing chronic heart failure, wherein the method of treating comprises administering the
calcium chelating agent to extracorporeally sequesiered activated leukocyies and/or activated

platelets in a cartridge recited in any one of claims 1-63,
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Figure 15
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FIGURE 18
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