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SPECI FI CATI ON "“AFFI NI TY MEMBRANE SYSTEM AND METHOD
OF -USI NG SAME" BACKGROUND OF THE | NVENTION 5.

The present invention relates generally to therapeutic
processes desi ed for the purification of bl ood. Mr epermseniods?
specifically, t f@@%nt I nvention relates to affinity nmenbrane
systens desi gned to renove specific solutes from bl ood. 10

Affinity separations rely on the highly speci-frc bi ndi ng between a
nmol ecul e in solution and an i mobilized | i gand to achi eve a high
degree of purification. Conventionally, separations are perfornmed
on affinity col ums packed with porous beads in which the ligand is
15 .imobilized. Such ligand is |ocated deep in the pores of

t he porous beads. The affinity separat rgc punpi ng t he
protein solution through the packed éd LR & gr:]‘ﬁdal ni ng t he porous

beads. - These col umm systens whi ZETRE e currently used for 20
adsor ptive pl asma treat megy INIAYCHBASRES Byl CAlo Uifirop oF usARseahance
whi ch, in many cases, have %een adapt t her types of
separati on processes, such as |ndus“‘ ‘*"“‘“” ¥ Naturally, the

goal s drivinggthe devel opneffe p,_-esem_of ARvereilor ri a&lmar agema)rmesm
may be quite dlfferent m t hose ciated w
procedure. This her%ﬁ?‘i‘té'r‘:er?ct@cfgﬁe?e?ﬁ??g?%& ag°5dggfea’hp Fﬂ& of

whi ch, while bléodtacMone speicd fLaal Xy ovheR1asgpt nKé§§| %ﬁlates to
E)Qd'sor ptive PLag IR i epbfiBrine OBys¥amat hosi difedExts agempot edlpecific
VI ces )

"solutes from blood.

10 Affinity separations rely on the highly specific
binding between a molecule in solution and an immobilized
ligand to achieve a high degree of purification.
'cOnéentionally, separations are performed on affinity
columns packed with porous beads in which the ligand is

15 immobilized. Such ligand is located deep in the pores of
the porous beads. The affinity separations proceed by
pumping the protein solution through the packed bed
containing the porous beads.

These column systems, which are curren;ly used for

20 adsorptive plasma treatment, are based on devices and
adsorbance which, in many cases, have been adapted for
other types of separation processes, such as industrial
separation. Natnraily, the goals driving the development
of an industrial separation process may be quite different

25 from those associated with a therapeutic procedure. This
difference can result in an adopted technology which, while
efficacious, is far from optimal. See Kessler, “"Adsorptive
.Plasma Treatmeht: Optimization of Extracorporeal Devices
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-2- and Systens, " Bl ood Purification, Vol. 11, pp. 150-157
(1993) (hereinafter Kessler, "Adsorptive Plasma Treatnent").

A variety of goals have been postulated for the desi gn and

optim zation of extracorporeal systens for 5 pl asma treatnent. One of
the primary gGghgyigisd 0 mnim ze t he anount of cost | YPOITUSATIIE467
usual 'y an antibody, utilized to capture the target nol ecul e. By
m nim zing |igand quantity, the -8ost per treatnent can be
reduced substantially. Another goal is to mnimze system vol une,
10 which in turn mnimzes the inpact of the procedure on the

patient. Such volume mnimzation can reduce both acute reactions
and chronic effects such as protein loss. See Kessl er, "Adsorptive
Pl asma Treat nent, " dms993) - rketin

per specti ve, otaﬁrghr deS| rabl € cha fi stg?csﬂdf g% aH? T y
device are that it{3RP3ddbprginaiter Kegylesd Asisongt v FlasnaTe@ataant Dhat |t
requ:jr ebl ittle amcnlralﬁrgtyhadiﬂwﬂsma&p%@éﬂ Ogsbstulated for :H%S
noted above, curregi.;ther ut ces,

remove targeted molec esgigg(;ng ‘Etng%[é untis Eﬁgxa”?&fﬁéa vﬁytsﬁeBBrof&‘
beads. A ninber oflagimsativemtresids eQF%tOf the prigiarly gbebe idevpcminimiZeor

i nstance, the capiny %mbﬁh@ bf costly Lida¢ QQYAIQ‘?SahSaAdL'th?d £y 51 QY

intraparticle dlfquI for Iargetar et Solutes, and
hi gh pressure 8?%5 e \Fhe %ﬁfaﬁ%r %/Jrecﬁ}dlreat esBY "‘Sgé‘“?dé’ﬁ 8}’Ela£’é‘l
"A 25 Mat hematquzamitifdyal yihe ofcostf | pety Meabtmerer Bi @aepasat | peduced

Chem cal Engi neer '%s%QhEQQPmV()lAnoéger lﬂ%al%s Ry p\%ﬁﬁli‘égﬁgteﬂ voldmed92)

(herei naft(ilr Suen & Etzel t hemat | cal

di f f usi on- 1% t ed "HHEHr PR BRET SRASMLERT (Foef i-'&‘?a(ﬁf‘t ofisghe procedure on the

patient. Such volume minimization can reduce both acute
reactions and ;hronic effects such as protein loss. See

Kessler, "Adsorptive Plasma Treatment,™ p. 150 (1993).

~ From a marketing perspective, other desirable

15 characteristics of an affinity device are that it be easily

scaled up and manufactured, and that it require little

ancillary hardware for operation.

As noted above, current therapeutic devices which are

utilized to remove targeted molecules consist of columns

20 packed with porous beads. A number of disadvantages exist

with these devices. For instance, the capture rate in

these devices is limited_ by slow intraparticle diffusion,

especially for large target solutes, and high pressure

drops with higher flow rates. See Suen & Etzel, "A

25 Mathematical Analysis of Affinity Membrane Bioseparations,"

Chemical Engineering Science, Vol. 47, No. 6, pp. 1355-1364

{(1992) (hereinafter Suen & Etzel, "Mathematical Analysis")

Such diffusion~-limited adsorption leads to inefficient use
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- 3- - of expensive ligand since’ significant anmounts of |igand
may be inaccessible to target sol ute. Aside fromthe
probl ens associated with diffusion- limted adsorption, ot her

di sadvant ages al so exi st. In 5 order tolimt the size

separ ati on deviwe#7/48§o colums are usually enpl oyed, 3§?ﬁggﬁh%3;
colum for adsorption while target solute is eluted fromthe other.
The use of two columms not only increases tA& cost of the process
but al so increases the treatnment tinme needed to 10- conduct the
separation and solute renoval. WMoreover, the slow flow rates used
to avoi d excess pressure drop across the bed in such colums result
in increased | oading tines. Still further, the

bi oi nconpati bility ofﬁexpeggzve li anﬁu9§#£é35§gﬂf%fﬁénﬂlaﬁéhﬁﬂéCBfCE& may
necessitates the 15 fati on asma fromthe other cellu
conponent s of bet#ﬂ?Qﬂ%§éébbF|Eﬁ ?4§qeﬁtF€*Hﬁﬁn on of the plasna |nto t he
packed bed col um. The blmdiel Frioi thal byosbier aisedciated with didfdiusabar

conponents and plasgﬁﬂ 4%°€%§¥$Bé BEQ?FS§1%F%ﬁ§ntaEQQMQl§§ ﬁxzst. In

pl asmapheresis. Pla per er
filtration o% cenbrdéxupﬂ:ﬂomxt the sj/eetangneost of SepiﬂﬁﬁﬁﬂﬁpH%Ykﬁﬁﬁg G¥8s

menbranes Wi th pore_gigass graqq,t ehshlfly employed)€ (¥iag Obn@l asslumpr oferns
but smaller than thé cellu

ts | th
separ ation of the ad5°r9t1ﬂﬁnﬂﬂ&lecéﬁfpféq%éhql nlgeegrd%gsmg%ﬁggﬁ%ﬁgwgr ©

t he basis 25 of THeNssé Yot rtvei chéumas dtclondy mﬁaﬁeéushﬁr%ﬁsé’s§ tRext
the blood plasm 'Spgggggg £6Y OOl i MendeldsCRheMBrédxment time needed to
10 conduct the separation and solute removal. Moreover, the

slow flow rates used to avoid excess pressure drop across

the bed in such columns result in increased loading times.

Still further, the bioincompatibility of the

substrate material in such columns necessitates the

15 separation of plasma from the other cellular components of
the blood prior to introduction of the plasma into the

packed bed column. The blood is initially separated into
cellular components and plasma components by a process

known as plasmapheresis. Plasmapheresis may be performed

20 by either filtration or centrifugation. Membrane
plasmapheresié uses membranes with pore sizes greater than

the size of plasma proteins but smaller than the cellular
components of blood which allows the'separation of the
plasma. Centrifugation separates components on the basis

25 of density in ‘either a batch or continuous process. Ngxt,
' the blood plasma is pumped through a packed - column to
remove targeted solutes, such as toxins. The treated

plasma is then combined with the cellular components and
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renove targeted solutes, such as toxins. The treated plasma is
then conbined with the cellular conmponents and WO 97/ 48483
PCT/ US97/ 10467 _ - - 4- returned to
the patient. This nultistep process’ is tine consunm ng and utilizes
| ar ge extracorporeal volunmes. The process also requires a great
deal of equiwgenusssand substanti al handling of bl oodPGHESRTHP4?
which |.eads to 5 i ncreased potential for infections. - In
recent years, hollow fiber -menbranes havg_been proposed as an
attractive alternative to porous beads as an affinity substrate. The
| arge surface area present in the fl ow channel s of the fiber wall
elimnates the diffusional 10 limtations inposed by adsorption

associ ated with porous beads. Shifting the rate limting step to the
adsor ption ki neti cs between target solute and nenbrane-bound |igand
al l ows the use ofFe§pER®Rrtqd |TR PAatdsnhnd PoiseMulaissemmrrocess is gfipeci ent

~use of ligand, agoAbhming@ad LEiRLEFESAddge bRtrddrorpor®inNd,din@al. sehute.
Attenpts have been nade tqffornulate affinit systens to

type
faci || tate the r ERGVAT® of 1p8r JRVG TSI (1 e87Fibmical of ppggipmens) and
i nst ance, Shetti gabswintdal haddiRagewf Ngood produstllwilBheh Leads egsoto a

hol | ow fibgr systgRiidsddisohenPial £x0iRERLrRERAs are placed in a specially
desi gned U shaped evi ce. [ evice, plasma solutes are

n the_ ,d (
preferably fiIt%ﬂeﬁF?ﬂﬂFod&ﬁ‘Fhehﬁg}ﬂﬁ5f+ﬁﬁq(ﬂﬁmPFBQanﬁﬁBFaﬁéePnto a
pl asma chanber wheopossdrast &t actxpohive :laeenatcdivevea gorous beadsa@soapti ve

bi ndi ng techni qu : bo t nt.er e
hol | ow fi ber andggf‘eﬂr‘?ts%?’ﬁg@dg‘t?‘t hgﬂg BEIQY S3cfate ared IEHEIGHRLR' chl
flow channels of the fiber wall eliminates the diffusional

10 limitations imposed by adsorption associated with porous
beads. Shifting the rate limiting step to the adsorption
kinetics between target sclute and membrane-bound ligand
allows the use of greater flow rates and potentially more
efficient use of ligand, as all ligand is accessible to

15 bind target solute.

Attempts have been made to formulate affinity type
systems to facilitate the removal of targeted solutes from
blood. For instance, Shettigar et al, U.S. Patent No.
5,211,850, relates to a hollow “fiber system in which

20 sorbent beads are piaced in a specially designed U-shaped
device. In the device, plasma solutes are preferably
filtered through the porous hollow fiber membrane into a
plasma chamber where unwanted components are removed by
adsorptive binding techniqués. Plasma and unbound solutes

25 then reenter the hollow fiber and are returned to the
patient. | o

Parham et al, U.S. Patent No. 5,258,149, relates to
the removal of low density lipoptotein cholesterol complex
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patient. Parhamet al, U S. Patent No. 5,258,149, relates to
the renoval of |ow density |ipoprotein chol esterol conplex WO
97/ 48483 . PCT/ US97/ 10467

- 5- from whol e bl ood. The systemset forth in Parhamet al is
directed to utilizing a mcroporous plasmapheresis nmenbrane ein
an i mmobi |.i zed WPP agent is integral to the nenbr%%'lémswﬁbﬁ?ood
punp is utilized to punp the whol e bl ood 2. into the affinity nenbrane.
Anot her punp, nanely a plasm punp, "is then utilized to draw plasm
t hrough the channel s of the mcroporous fibers and separate sane
fromthe cel lul ar conponents of the blood. 10

SUMVARY OF THE | NVENTI ON - The present invention provides an

i mproved affinity menbr ane device for the renoval of targeted

sol utes from £rdnl @hdle blbde. | TNendyatem it ttberPr &5 GirhamN¥€nhi Ofs
have : di scovygr | L) Ln,an affinity nenprane 15
devi ce must be spe\(ﬁ:%%&??odgg?l%_*efdﬁ o%r M%#edp%%\g}’%é’]‘tagmapheres’ﬁefnfgtpﬁ?ne
adequat el y under t feFsdRagrnireepikizadaffépity) agent iseinragoaboteathe

dﬁvi ce. AI var ijet yneabl rhﬁéﬁr ACblLogd fpdagy is_utiliz@@%aﬁ?bﬂ%!@l}(& %ollensié%'bng
the internal ¢radius,.,|e . pare size,and wal | thickness, st be
consi dered when 20%'nt° ggésiagfnfllr?étgu%%&%ﬁ?ngff i M3 empdnéxaatggycg_gyasma

Li kew se, chuwbul Ly when noilizedfor dravgplasmei thmmugrhwithe chamesls t o

bl ood flow and fl uigk spRar migtEpsrtids Peimdid i 264 Egpéfﬁe same from the

ext racor poreal bl ood (il rcuit to prevent excessive vol unme
cellular components of the blood.

10 : SUMMARY OF THE INVENTION
The present invention provides an improved affinity
membrane device for the removal of targeted solutes from
blood. The inventors of the present invention have
'discovered that the fibers utilized in an affinity membrane
15 device must be specifically designed for the device to
perform adequately under the operating constraints of an
extracorporeal device. A vériety of interacting fiber
characteristics, including the internal radius, length,
pore size and wall thickness, must be considered when
20 designing such an affinity membrane device. Likewise,
carefully controlled operating conditions with respect to
blood flow and fluid shear rate must be utilized in the
extracorporeal blood circuit to prevent excessive volume
changes within the patient or excessive damage to cellular
25 components in the blood. - ‘ _
Prior to the present invention, the inventors believe
that no one has investigated and determined how to
successfully prepare an affinity membrane device that Qould
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changes within the patient or excessive danage to cellular 25 \
conponents in the bl-ood. Prior to the present inventiion, the
i nventors believe that no one has investigated and deterniﬁéd how t o
successfully prepare .an affinity menbrane device that would - WO
97/ 48483 : PCT/ US97/ 10467 VoL
vg 97/48483 be suitable in therapeutic applicatiroTsusemodi | e hol | ow —
fTber nenbranes have been utilized in separation processes and fl at
sheet affinity nenbranes ar e'_vaai | abl e, many t herapeutic applications,
present stringent operating requirenents on a hollow fiber affinity
system t hat have not been addressed in previous work. Pursuant to the
" present invention, an affinity nenbrane device is provided that can be
utilized to treat a nunber of nedical  conditions characterized by
excessive levels of a specific solute in blood. The affiniity
menbbansudeabte doh tthergpesdnt appldettdons. cohibe nwbillored for the
sel egij agge : I ' i ' | asma or bl ood.
The g%%fiée?{ggxgh?qaﬁepgg%%\}éig iﬁﬂgf%r%réf%g{%ﬁ %g\%%gggof t he pr ésen%t
i nvefPdorflat piheetn afGRdaY cPRBEIPRY RASI Ryadhabit et MBBYt and an outl'et
Sor t tﬁefa@élut{jﬁé aﬁpﬁx&hﬁnsbl Paéseher ebeoimgedtdi Up@&ﬁlth.ﬁg t % rrﬁmlalr ane
evice_includes holl.o rs: ,.enc [ e usl ng. e hol | ow
fi befgq‘ﬁéﬁ%meﬁgtrses? Wit °&$‘?a ’lbger} %%Sg?égzi %gs':feg‘r ttg'gﬁaggfrleng bl ood i nt o
pl ashet abgent addeessedirin preyiiferverk ThePposeantal s Rhee | i gand
| MDPtéidtd iQReAPion, iaft BEFO{ityUnbAS A deREc® WL proviigedi gand has an

ALY car Ohe?eatiled EIPQULTEN . B85, N 1 3LagLeq Mol ecule

conditions characterized by excessive levels of a specific

solute in blood.

The affinity membrane device of the present invention
can be utilized for the. seleétive removal of targeted
molecules contained in plasma ox blcocod. The simplified but
effective affinity membrane device of the present invention
has an elongated housing having an inlet port and an outlet
port for entry and exit of blood therefrom. Additionally,
the membrane dévice includes hollow fibers encased inside
the housing. The hollow fibers have pores with suitable
pore size for separating blood into plasma and its cellular
components. The pores also have ligand immobilized on an
interior surface of the pores; the ligand has an affinity

for and, in an embodiment, binds the targeted molecule

present in the plasma being transported into the pores of S
the hollow fibers. In another embodiment, the ligand may |
be an enzyme that can modify and release the targeted
molecule. Notably, the cellular components of the blood do
not enter into the pores of the hollow fibers; whereas, the
plasma is transported into the pores by means of'positive
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present in the plasma being transported into the pores of “the hol | ow

fibers. In another enbodinent, the |igand may be an enzyne that can
nodi fy and rel ease the targeted nol ecul e. Notably, the cellular
conmponents of the blood do not .enter into the pores of the holl ow

fibers; whereas, th plasma is transported into the pores byecreswacs?
posi tive WO B4y, 7/ 284853

PCT/ US97/ 10467 -7- -7- and reverse
filtration in the absence of an external punp for generation of

pl asma flow across the holl ow fi bers. I n an enbodi nent, the
pore sizes range from approximately 0.2 to 0.6 mcrons. 5

In an enbodinment, the hollow fibers have wall t hi cknesses

wi th adequate surface area for attachnment of the ligands to all ow

for the sufficient abdndeverss ftiheration in &hgeslksenns efube. eqvenrdls pamd,

the wal |l thickness ; f gD 8L Sad¥ L Al! NoT N0 E& ihe?d)
approxi mately 300 tfggl%&%ratégaoo?ﬁp%%a. £280 I no an ent;'odi nment ,

the hollow fibers have iR erdfhl embodimeqt, e s PEFeapft#53 neid9P 765C8 140
m crons. apprd¥imfedyeot 2i toedtd edcabsH. provi des a nmethod for the

‘sel ective repoval of tar t§q NMRLSSHagePT eSit hwlg'l{a el2 navéf Jaheod.
Initially, the nmethod includes provi Ing an atfinity rrer’r?)rane (Jievice
made pursuant to tlsbipkeessps with adpayate | SHFfacexpred| 6% ILEIRNNSEE Phto

the inlet port of the 1ighh&shesshabPow Thér ptesmBufidikatbbanding biferhe
transported into the pores of .th | low f] 4D f Ltive
20 and reversetFFF??eof{]i eﬁﬂf?'e I"ll%t %gpgoévﬁ%ﬁg“?%:&ac&ell ?éaffggﬁésg o the
conponents to ent eholhow fiketmlnrefetpbly Nanige Iromhapproximatedyyd0Qqte

nmol ecul es i Rgt he plagHemddfodaused to cone into
In an embodiment, the hollow fibers have internal
diameters of approximately 70 to 140 microns. _
The present invention also provides a method for the
selective removal of targeted molecules present in plasma
15 ~ of blood. Initially, the method includes providing an
affinity membrane device made pursuant to the present
invention. Next, blood is pumped into the inlet port of
the housing. The plasma of the blood is then transported
into the pores of the hollow fibers by meahs of positive
20 and reverse filtration while not allowing the cellular
componenté to enter into the hollow fiber wall. The
targeted molecules in the plasma are caused to come into
close proximity with the ligands for a clinically
significant period of time to allow for the binding or
25 modifying of the targeted molecules. Lastly, jin an
' embodiment, by means of pbsitive and reverse filtration,
the nothargeted moiecules of the plasma are transported
through the pores of the hollow fibers to reunite with the
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close proximty with the ligands for a clinically significant period
of tinme to allow for the binding or 25 nodi fying- of the targeted

nol ecul es. Lastly, in an enbodi ment, by nmeans of positive and
reverse filtration, the non-targeted nol ecul es of the plasma are

transported -through the pores of the hollow fibers to reunite with
t he WO 97/4B4887/ 48483 PCT/US97/10467

PCT/ US97/ 10467 - 8- cellular -
conmponents of the blood and exit the devige t hrough the outlet port.
I n anot her enbodi nent, the non- targeted nol ecul es of the plasm are
reunited with the cel lul ar conponents via a plasma tubing by neans.
of an 5 exi sting pressure gradient. Still further, the
present invention provides a hol | ow fi ber device having speci fied

di mensi ons and transpornsgropertles The hol | ow fi ber device

contains a cehiwliary RPMPENERER g Rfedt Mol PH9PT i AR e"EEcH:hﬁol PoY# 98 ber
10 has a perighsuh vakl ostlretopaditng n lanozher dikedisenphetbé non-

el | nas 2 pLUraldd e e PUARCRXLENSENSnNFLRE LB rdlifice wicUHhEr and

di mensi onal conflgur i'ons ective to separate
bl ood i nto pl asnmecekidlas] |q9ma1bnents vig oRpBhRHs. t%‘ip&?eénefme 9§ fhd
bound to tReir ind,efdialn FléressufﬁJ@EaeQent The peripheral wall has a wall

t hi ckness (a I e agre ngt nsj t equat e
surface area is provi dé&i:"gr f?“ﬁ&?‘ﬁff ac rren?: nthe '}mtigg Jg’%&dtgg gansure
that the |igand captlmes fiheadedpiiice qhaningy specified dimegsiends mintul e.

20 An adyvandage phopdier i¥sasenhel RYEIYW Fdbes ddvaice tontains a
obviates the needm\];fgltudqel Sotf.I o tngégesmpoqﬁro?vsﬁbgése.p Each hollow fiber
10 has a peripheral wall surrounding a lumen. The peripheral

wall has a plurality of pores extending therethrough. The

number and dimensional configurations of the pores are

.effective to separate blood into plasma and cellular

components. The pores have ligand bound to their internal

15 surface. The peripheral wall has a wall thickness (a
sufficient pore length dimension) such that adequate
surface area is provided for the attaphment of the ligand
to ensure that the ligand captures an adequate quantity of
targeted molecule.

20 An advantage of the present invention is that it
obviates the need for a distinct plasmapheresis step
through judicious design of the hollow fiber membrane. As
noted previously, prior embodiments have required contact
with plasma instead of whole blood and conseguently needed

25 plasmapheresis concurrent with the use of the separation
membrane. '

‘Another advantage of the present invention is that

the contacting surfaces of the membrane device are more
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t hrough j udi ci ous design of the hollow fiber nenbrane. As not ed
previously, prior enbodi nents have required contact wth plasm '
i nstead of whol e bl ood and consequently needed 25 pl asmapher esi s
concurrent with the use of the separation menbr ane.

Anot her advant age of Ehe present invention is that t hepEeRiéorbdsn o
surfaces of th e device are nore WD 97/ 48483

PCT/ US97/ 10467 - 9-

bi oconpati bl e t han afflnltytcolunns preV|oust enpl oyed in t he
field. Inproved bioconpatibility will result in |ower conpl enent
activation during treatnent. Still further, an advantage of
the present invention 5 is that it utilizes an inmobilization

chem stry that allows for attachnent of a wide variety of |igands
usi n_gf a ~ si rmiiédoa@atsmreaa;lmiahnedfnm@easmmnﬂwprevmmsy ree\pneﬁe?tﬁn
significant inprovenent er previouys atte t.q.pre inity
menbr anes. The att acﬁﬁ§9¥ 4y roveH b*°c""TQE§E}llt9 seﬁP |n¢8n§?%
can be readily LEQMRLamgntf€#t1Wﬂﬁ§°n durin%ﬂﬁﬂ&éhﬂ%ﬂﬂ. ~of a variety of

I'i gands, as opposed to as&hﬂﬂ'ﬁhrther, aﬁ'éﬂ%@ﬂtage of the presettOiR@éntion
advant age of .the present inve

chemstries tilizetf F35nst g’%‘é‘ zi% “an lm@?%’ét‘éftf?@fﬁamhf{]ﬂ ztg{m'oﬁi%?/'é?
previous attenpts wen attachmengr gef @olwide | vaniedly |of gdigahds tiséng a

i mobi | i zed ligand.g;mnyified, scrﬁmﬂnehubkaeessﬁn 'ﬂQV%@QQSOfrePE‘@sPﬁ@s'Sem
i nventi on IS t at t rovi des significant COSt | rovenents over

avai | abl e affinity Hnifisant dFOFoVeneRts GVer PEEVIOLP| ShF™PES tO PRERALR of
manuf act ure, reductdffinityl imemdanegui r ereat sattachment anbemsi sty ciofy wie
equi pnent f g, use.

(

present invention can be readily utilized for the
attachment of a variety of ligands, as opposed to a single
ligand.

Another advantage of the present invention is that
one of the immobilization chemistries utilized demonstrates
15 greater ligand utilization over previous attempts when

target solute is much larger than the immobilized ligand.

Still furthex, an advantage of the present invention
is that it provides significant cost improvements over
available affinity columns. Cost reductions are realized

20 in ease of manufacture, reduction in ligand requirements,
and simplicity of equipment for use.

Yet another advantage of the present invention is
that it is significantly easier to use than a comparable
affihity column. The invention requires less supporting

25 equipment and less oversight by health-care professionals.

Another advantage of the present invention is that it

possesses improved mass transport properties that can
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Yet anot her advantage of the present invention is that it is

significantly easier to use than a conparable affinity colum. The

i nvention requires |ess supporting 25 equi pnent and | ess oversi ght by

heal t h-care professionals. . Anot her advantage of the present

I nvention is that it possesses i nproved mass transport properties

t hat can WO 97/ 48483 ' PCT/US97/10467

PCT/ US97/ 104670 4453 - 10- resul t

in shorter treatnment tinme, greater utili-a&ti on of costly ligand, or

a conbi nation of both. Mor eover, an advantage of the present

I nvention is that it provides a nenbrane device that is sinplified

yet 5 nore efficient than prior nenbrane devices proposed in the

art. In this regard, the nenbrane device of the present i nvention

uni quel y does not_require the use of an external unp for generating

pl asma 1 ow acr osE1He 1A ISBRFFEDerieafment timetrﬂf%ﬁ?ﬁchFgRb?%ﬁﬁRﬂ,°f

pursuant to the presdy ligeedi icona &6mbinatdenebbngatthed housing is utilized

to encase the hollow woreovet] BET Sc¥AfRIOBE CldHAIShE Yy A eV Se
ce. Un el

filtration within the devi e prior ‘systems, the nvent or s
of the pre¥hilty Prefiden faepbaarg frvica that i sisphpbied yet

dgzi gn i sI rs;)t requﬁfeaciftfacpém&hanp;wf idd wemBrehd Q¥iSes proposedfid tarat i on.
Addi ti ona eat ur an t . e _prL nt . I pvention are
described in, dsmn1l 'gq%%%a?gﬁﬁrékcﬁﬁl FE@E?S%e dev‘ﬁgtgflgﬁed%gﬁﬁﬁﬁﬁi on
of the presentl|y WreEmsiepdueimiedynders not requirgsthe|ysenoft pp extaunags. 20

BRI EF DESCRI PTI Obdlp Eole §¥aMaliidhg plasma flow across the hollow fibers of
the device. Moreover, pursuant to the present invention,

10 an elongated housing is utilized to encase the hollow
fibers and promote the positive and reverse filtration
within the device. Unlike prior systems, the inventors of -
the present invention have discovered that a U-shaped
design is not required to promote positive and reverse

15 . filtration. .

Additional features and advantages of the' present
invention are described in, and will be apparent from, the
detailed description of the presently preferred embodiments
as well as the drawings.

20
BRIEF DESCRIPTION OF THE DRAWINGS
FIGURE 1 is a plan view of one embodiment of the
affinity membrane device of the present invention.
FIGURE 2 is a plan view of another embodiment of the
25 affinity membrane device of the present invention.

FIGURE 3 is a schematic magnified representation .of
a single hollow fiber illustrating the flow of plasma
through the fiber wall by means of positive and reverse
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FIGURE 1 is a plan view of one enbodi nent of the affinity menbrane
devi ce of the present invention. T FIGURE 2 is a plan view of
anot her enbodi nent of the 25 ~affinity menbrane device of the present

i nventi on. FIGURE 3 is a schematic nmagnified representation
of a single hollow fiber illustrating the flow of plasna

through the fi lmwo9msds83 by neans of positive and reverse PCT/USYTIIO4E)

97/ 48483 PCT/ US97/ 10467

-11- filtration that occurs wtkin the interior cavity of the
affinity device. FIGURE 4 is a schemati¢ magnified
representation of a single fiber wall of a hollow fiber illustrating
the flow 5 of the plasma through the pore in the fiber wall and the

bi ndi ng of targeted nol ecul es onto i mmobilized |igands. FI GURE

5 genérally illust [ [ [ |
thg presen%/ I nvent Fﬂ%a{m bdh%rt Gedft£lldenin tBETgFﬁ%DileZEgCa:RV?E*I %% g THE

PRESENTLY PREFERRD2EREENVEIgTSCe - The present invention provides
an affinity menmbrane FIGURECMI €8 desdhpmadit omdgiiPiedspepidsentadaloat 6Ei ous

solutes 15 (tapogl, S0l yigs) [uamblogdy oJ 118 3t ok, TETRS A% deyl,Ce

I s designed for usé THYS ex?racor porea gfood Cl rcul
enpl oyed con&urrenPfytththﬁWerthtthéglap@lﬁ iRere in therpihexsamallf gpd the

purification of BigEefhg cGArga@ted moleculedsticd Ammsbiiealavzendof the
present invention ConSISébeRE 5 generally illustrates the biotin-avidin

immobilization scheme of the present invention.

10 DETAILED DESCRIPTION OF TEHE
PRESENTLY FREFERRED EMBODIMENTS
The present invention provides an affinity membrane
device designed to remove specific, deleterious solutes
15 (target solutes) from blood. The affinity membrane device
is designed for use in an extracorporeal blood circuit and
can be empioyed concurrently with other therapeutic
processes for the purification of blood, such as
hemodialysis. The device of the present invention consists
20 of hollow fiber membranes having specified dimensions and
transport properties, ligands immobilized to the pore
surface of the membranes, and a housing to encase the
hollow fibers and allow appropriate entry and exit of blood
and filtrate; In a preferred embodiment, the ligand is
25 attached to the membrane with a specific immobilization
chemistry for optimal function. '
In use, the zmmobxlized llgand binds or modzfxes a
specific target solute, thereby effecting removal of such
solute from blood passing through the lumen of the hollow
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20 of hollow fiber nmenbranes having specified di nensions and

transport properties, ligands imobilized to the pore. surface of the
menbranes, and a housing to encase the hol | ow fi bers and al | ow
appropriate entry-and exit of bl ood - and filtrate. 1In a preferred
enbodi nent, the ligand is 25 attached to the menbrane with a specific
I mobi |1 zat i Qg - chem stry for optimal function. PCT/USY7/10467 USeE,
the i nmobi | i 269 Hségnd bi nds or nodifies a specific target solute,

t hereby effecting renoval of such _q550l ute from bl ood passing through
the lunmen of the holl ow V\d%?/ 48483 :

PCT/ US97/ 10467 - -12- fibers.
The positioning of the Iigands as well as the uni que i mMmmobilization
chem stry utilized in the present invention results in an affinity
menbr ane device with I mproved retention of ligand activity, system

flexibility, 5 gipstandargezpbsOniafingesbr ahe Mhgafdetas i well arsl the

potenti al for overall,. . increase fJ.CLENCY ; tabl ¥not Beedddfd Nity
nmenbr ane devi ce BR*¥ife °sbé'r+t"'z|a%%/§rr§lt ?%%Ilcslé:%ypg%ﬁf%\gegpto ¢ Bee “treat a
number of nedi caineenidn oneswkts ath eppz@dfhpity membEARSsAEVAFY YRR of a

specific solute iphloefdretntion of 1igdridldEeivityl,| ugsten eslexibeboyg) ment
of the affinity menbr ane

artinmty 57 peamsercieagyot % ITBERTR AERSEAF g et s FOESRE I o

of a variety of EafgeverhlblincreasednefficidncFor Betaiplye, the affiphky device.

could be utili Zeﬂeﬁ@rim\é@i{:g‘%fd%ﬂﬁi§%s$5t invehtReR RIntba (tildzel, thbet a

2-m crogl obulin, tlr.'reTTaT}:Jn%glr?LBrlpjbc-zlrnSéf medical conditions characterized by
excessive levels of a specific solute in blood.

10 Figure 1 illustrates an embodiment of the affinity
membrane device of the pr.esen'c invention. The affinity
membrane device can be utilized for the selective removal
of a variety of targeted solutes from blood. For example,
the device could be utilized to remove low density

15 lipoprotein ("LDL"}, beta 2-microglobulin, immunoglobulins,
autoantibodies and the like.

The membrane device 10 has an elongated housing 12

defining an interior cavity 13. The inlet port 14 is
connected to an inlet conduit 18 and allows the entry of
20 blood into the affinity membrane device 10. After the

affinity membrane device 10 acts on the blood, the treated

blood is then exited from the system through outlet port 16
connected to outlet conduit 20.

The membrane device 10 also includes a multitude of

25 . hollow fiber membranes' 22, actually a bundle of membranes

that make up a hollow fiber membrane filter, encased in the

interior éévity’ ‘13 of the elongated housing 12. As

detailed further below, the hollow fiber membranes 22 have
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aut oanti bodi es and the |ike. . The nenbrane device 10 has an

el ongat ed housing 12 defining an interior cavity 13. The inlet
port 14 is connected to an inlet conduit 18 and allows the entry of
20 bl ood into the affinity nenbrane device 10. After the

affinity menbrane device 10 acts on the blood, the treated

then exited fromo®#esssy st em through outlet port 16 conﬁ%%wggh@@
outlet conduit 20. The menbrane device 10 al so includes a
mul titude of 25 hol | ow fi ber nenbranesl®2, actually a bundl e of

menbr anes that make up a hollow fiber nenbrane filter, encased in
t he interior cavity 13 of the elongated housing 12. As
detailed further below, the hollow fiber nmenbranes 22 have WO
97/ 48483 PCT/ US97/ 10467

-13- agres W th suli gggy e J3l.aqd
t hat passes througﬁofﬁ% nﬁgﬁr%%éﬁﬂgg Bﬁ%g 3 g§§3£84 s éﬁld&;éﬂa Fﬁﬁﬁgr
conponent s. The thhtspasseepgdhinpugd thpmmk{qa@es 22 inge|piasme @@ﬁpéﬁénts

of the bl ood and, @glgﬁwl %1“ Mném:s |Iﬂ§t|@g§gﬁla fgecgws_-aeug t franiglthkehe
pores in the malls of [ 1ow,fi o ape 22

Due to the transneﬁﬁ?éﬁﬁabrégg'ﬁ?%e%i hPh t an%n s gERRRISALNY the
plasma ultinately ﬁumusttnﬂﬂdﬂIﬁMnghouhethrough ther peres itheehmlwad 16f of he

hol I ow fi ber nenbr@ggshggﬁéuu}lggr memgfgﬂystg§ with the cellular conponents

of the bl ood. I n hi s re&g to the axi al res;Hre dro ane

within the fiber sD“‘t e the ﬁé‘ﬁﬂf’ N RESAFME S\ Ut oftion

| engt h of thevgexi te, 16he ﬁ&ﬁsmaruiﬂinheelpoflomslbaq*ansnswbhamee

pressure is pOSItIV%regayglggepLfoy 5§ flOWARBM EXDPP hénbranes 22 and
10 reunites with the cellular components of the blood. In

this regard, due to the axial pressure drop within the
fibers, the transmembrane pressure varies along the length
of the device 10. Near the inlet port 14, transmembrane
pressure is positive, causing plasma to flow from lumen to
15 . the shell space of the elongated housing 12. Near the
outlet port 16, transmembrane pressure is negative, thereby
causing plasma to then flow from the shell space back to

the lumen.
'An alternative embodiment of the present invention
20 that also allows for the effective transport of the plasma
through the pores is illustrated in Figure 2. Figure 2,
where the features similar to Figure 1 are identified by
like numbers, illustrates an embodiment of the present
invention utilizing a plasma outlet port 23. Unlike the
25 embodiment depicted in Figure 1, the plasma in this device
exits out through outlet port 23. However, similar to the
embodiment of Figure 1, the axial pressure gradient within
the affinity membrane device creates the filtrate (plasma)
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15 the shell space of the elongated housing 12. Near the outl et
port 16, transnmenbrane pressure is negative, thereby causi ng plasma
to then flow fromthe shell space back to t he | unen. An,
alternative enbodi nent of the present invention 20 that also allows for
the effective transport of the plasm through the pores is

il lustrated whobihdsgse 2. Figure 2, where the feat urrEI/SOTHMEN tO
Figure 1 are i1dentified by | i ke nunbers, illustrates an enbodi nent
of the present ' invention utilizinge plasma outlet port 23. Unlike
the 25 enbodi nent depicted in Figure 1, the plasma in this device

exits out through outlet port 23. However, simlar to the

enbodi ment of Figure 1, the axial pressure gradient within t he
affinity menbrane device creates the filtrate (plasmg) WO

97/ 48483 _ PCT/ US97/ 10467

- 14- fFIRY RTERSS the Relldy §ibs&fs. Demictq dFhendegsigngafothe he
device 10, the dewnsneny,anechedr axdnsnembisne PQdelsisuge is pbBEeyghout
t he device. The ou 23 1 ne d he. out] et conduit 20
via a plasma condu%%i*ag?‘%%&eﬁ%yd%vggg' cltaﬂ%I S\E/l\ne%\egt tpﬁétn%%-’tsarcﬁéipf?ﬁt | ®2ul es
of the plasma to behe outlet gafdudd W% lviehe ddiasmrarcopduponeéht s tberelne

E' ood by3ma65354 al.]_.c]zvﬁfng?lrth%_x:nlifni-![ﬂﬁr@ét%‘iﬁlﬁcﬁegﬁﬁéé leaE - the plasfma lto be
igures 3 an speci fic il lustr e principle of .pl asma
separation and sol ﬁ?‘g”'r%%o\‘}%/ﬁh & euffﬁ“?‘«?ﬁ ?ﬂ%‘ﬂ’@"fg of thg Riegd bBYnPedRs on.
Figure 3 illustratet an sixigkénhpiepgure gradifenter 24 . of the affinity

devi ce. It specificalibhres 3 andi 4 |dpsbi fl&1yNE1 BENFaRET e YriRkasi@
fromthe cellul ar ngonent.s of éhe bl ood ‘i n S_he af fi rll ty menbrane

CcO j
devi ce of of plasma separation and solute removal as utilized in the
10 present invention. Figure 3 illustrates a single hollow
fiber 24 of the affinity device. It specifically

illustrates the separation of plasma from the cellular
components of the blood in the affinity membrane device of
the present invention.

15 The hollow fiber 24, only one of the bundle being
depicted here, has a central lumen 28. Whole blood, which
was removed from a patient, passes from the inlet port of
the device through this lumen 28 to the outlet port of the
device. The wall 26 of the fiber 24 has a series of

20 openings or pores 30 through which plasma, toxins, drugs or
other solutes having diameters smaller than the pores 30
can pass into the wall 26 of the fiber 24. Other cellular
components, such as red blood cells, white blood cells and
platélets are of a size that they do not pass through the

25 pores 30 and remain in the lumen 28 of the fiber 24.

The plasma'comPOnents flow into and out of the_hollow
"fiber 24 by means of positive and reQerse filtfation.

Initially, as the blood to be treated is transported into
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t he present invention. 15 The hol |l ow fiber 24, only one of the
bundl e bei ng depi cted here, has a central |unmen 28. Wol e bl ood,

whi ch was renoved froma patient, passes fromthe inlet port of

the device through this lunen 28.to the outlet port of the devi ce.
The wall 26 of the fiber 24 has a series of 20 openi ngs or_pores 30

t hrough whi ch wy@emmass oxi ns, drugs or ot her sol utes haR§T{Ysa710467
di aneters smaller than the pores 30 _,£an pass into the wall 26 of the
fiber 24. Qther cellular conponent s, "such as red blood cells, white
bl ood cells and pl atel ets are of a size that they do not pass

t hrough the 25 pores 30 and remain in the lunmen 28 of the fiber 24.
The pl asnma conponents flow into and out of the holl ow fi ber 24 by
means of positive and reverse filtration. Initially, as the blood

to be'treated is traRSpembesnd device, the pressuM® o/ 4848Blood inside of
PCT/ US97/ 10467

: -15- e
menbr ane devi ce, tﬁ@epp‘éjs]s‘m élg?rt%"?e “BHERY ﬁlr?s?fnaet%fpass from t':ll?ee ﬁig ?%V\Z/S
fi ber ‘24 causes pl &yneohvegtism frowardhcthaimall2gf the intigriepnea¥itnrer,

towards the wall ofjnt Bend NtREHE! Wrk¥ ©fe shell of itheOéIvHgareudfious ouar ds
t he shell of the eIongated hou ear ,t he out].et rt of the

Re B ? T{‘en PRE" dev Re, Brdssule
device, theSpressdPgh. near The; RUCIRE RBFY off f FB&r IREHEHanE 24P T 16 er
t han the pr dsside ahet h@llloasfibeut siegbrate t B¢ fisbdowerhathaat thee
wal | of the interi rzeggml%yzf £ HraH burblée MAYR €988r (that dd awe

back into the [ une . . The glasna that flows bac§ t hroygh the
wal | 26  of waid Pf Hdte IRTHECTEANItYleat B DrreTYYFf i WP RILLATE HEER
| i gands i MMEhiokiszBack Giritle thar famen @8.t he pores 30 of the fiber 24.

Ther ef or e; Eae treated p&ﬁénalgéhgﬁyﬁgtyfﬁgugiEé%k\@hEGuEQethe wall 26 of

the fiber 24 has been treated or modified with the ligands
immobilized to the surface of the pores 30 of the fiber 24.
Therefore, the treated plasma is safely reunited with the
cellular components in the lumen and exits out through the
15 outlet port. A patient's blood is allowed to recirculate
through the device until the concentration of the target

solute is sufficiently reduced.
Ligands bound on the surface of pores 30 act on the
plasma to remove targeted solutes from the plasma or, in
20 another embodiment, to modify such targeted solutes. The
manner in which the ligand is immobilized to the pore
surface of the affinity membrane depends on the type of
ligand (e.g. antibody, antigen) as well as the membrane
material being utilized. A selective immobilization scheme
25 should be utilized such that the greatest amount of target
solute can be caﬁtured_by the membrane with a minimum
amount of ligand. As those skilled in the art can

appreciate, some general'concerns that should be considered
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cellular conponents in the |unen and exits out through the 15 out | et
port. A patient's blood is allowed to recircul ate t hrough the
device until the concentration of the target solute is sufficiently
reduced. - Ligands bound on the surface of pores 30 act on the
pl asma to renove targeted solutes fromthe plasma or, in 20 anot her

enbodi nent , t‘gor;q;j%&?( such targeted sol utes. The MERCEASHTN046NI ch
the ligand is Inmobilized to the pore surface of the affinity :
menbr ane depends on the type of ldagand (e.g. antibody, antigen) as
wel | as the nmenbrane material being utilized. A selective

| mobi | i zati on schenme 25 shoul d be utilized such that the greatest
anount of target solute can be captured by the nmenbrane with a

m ni mum amount of |igand. As those skilled in the art can
appreci ate, sone general concerns that should he consi der.ed _
WO 97/ 48483 are the use of gentle reaction e -?f‘f0489r the

-16- o mm&heatu&e, ahe (romtl estabdddtyorto Cpindiiidl@gic_ fard the
| mobi |'i zati on, {1 Bd % 5}’ %.Qd FUM%P&Q% e@@gd chemica®! MEL19SHs
e 5| [ recte

condi tions, and t em cal to maintain
integrity of an o MAEn$ALB. imtegrity of a"PlﬁCé:&aﬁts’fFf't he present invention,

ahva“ ety Q»}‘ g I ﬁw&bbbhi&?t it@Nn dheC hpitedens Qﬁurledt:benpt al ivadety adft ach
t he i gands_t qQ .the sur W,

menbr anes. n a:dmo% &d.zfa 1??16 ech?x;gglxeg 9&{1%3 uE?ﬁﬂ%l ltg au:Q htrae
detailed in the prigends it e @ﬁrfamw;!mmwsmn ther@?hb% ?b‘?er

activated nenbrangsmiited.bPe dhddBidnOrediSéhe improvied linobliliatyorlevice

of the present invention
P methods detax?ed in the present invention, immobilization

10 methods for activated membranes could be modified for use
in the affinity device of the present invention. For
example, some activated membranes are commercially
available for direct immobilization of protein ligands.
Notably, however, all of these membranes are available in

15 flat sheet form only.. Examples include: Immobilon™
(available from AV Millipore Corporation, Bedford, MA):
Immunodyne™ (available from Pall Biosupport Corporation,
Glen Cove, NY); and UltraBind™ {available from Gelman
Sciences, Ann Arbor, MI).

20 As set forth in more detail below, the present
invention sets forth improved immobilization techniques
that provide significant advantages over prior procedures.
In one preferred efnbodiment. an avidin/biotin complex is
utilized for immobilization of the ligand to the pore

25 surface. Alternatively, a polyethylene glycol
immobilization - technique <can be wutilized either
independently or in conjunction with an avidin/biotin

complex.
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exanple, sonme activated nenbranes are comercially avai |l abl e
for direct immobilization of protein |igands. Not abl y, however, al
of these nmenbranes are available in 15 flat sheet formonly.
Exanpl es i nclude: | rmobi | on[ err] ' (avail able fromAV MIlipore
Cor poration, Bedford, MA); | mmunodyne[err] (avail able & ;ﬁ%&w

Bi osupport Cor p¥@aT/#&s83 d en Cove, NY); and U traBind[efr
(avail abl e from Gel man Sci ences, Agn Arbor, M). 20 As
set forth in nore detail below, the present i nvention sets forth
I mproved i mobilization techniques . t hat provide significant '
advant ages over prior procedures. In one preferred enbodi nent, an
avidin/biotin conplex is utilized for inmmobilization of the Iigand
to the pore 25 surface. Al ternatively, a polyethylene

gl ycol i mobi | | paliké otheehmiyguems cahat Mmve uttilized serbérer

I ndependently or i,n_conjuncti ] I ghn/ DLOtd R : o C

VIO 97/ 48483 locd LUNET BRadhd Rn3hn&y) Q:hg Pfé’%&&/ Ué\éeﬁtf&kggmﬁé(ly
-17- utilizem| }igangshimmopidiaed diFacthnre §he| surd@ceoprhetie

located in a plasrgpEiamheto Lo eaegbtéd\luit@d £ifdnlUdley plasma. Ulhd izes
| i gands i nmpbilized direc

| tly on the surface, of the., . pores, 30 t
renove targeted sSifEEd PB\é]tfﬂ'é pf ag"r%‘?“]’%e generally, SF%’dgﬁ)sor"?*?%% i%’e
Fi gure 3 general | Wl icpidst arehémmobibized to thegsndface eof nbirhibPe3e” 39- t he

surface of the por‘l‘?-éi.s?’%:oc_edure IBESoHIPCEQM:SﬁsnOéh'éDFHééd ey 65 Bbﬁbélﬁsd
for a sorbent material |located in the external glasna chanber, . it

-t .
i ncreases the ef f MAtEFERLlof 199AFeS| i ¢ WEnpEETETIAIceBEIHIR 1 GaMPeEe| |15
decreases the tredintxriasesnehe &fficiengrnals Yhrecsehute removadnprheeporas

through Whil%h the v&lﬁsg@ Me%ls§§n&ecqugm time. With ligands present
on the pores through which the plasma and plasma components
are being directly transported, an increased probability.
exists that ligands will interact with the targeted solutes
and thereby result in a greater utilization of the costly
15 ligands.

The principle of solute removal utilized in the
present invention is illustrated in Figure 4. Figure 4 is
a magnified representation of a single pore 32 in the fiber
wall 34 of a hollow fiber'membréne. When the plasma passes
20 thrduéh the wall 34 of the fiber membrane, specific
targeted mblecules 36 come in contact with ligand 38
immobilized on the surface of the pore 32. Effectively,
the ligand 38 binds the targeted solute 36 such that the
targeted solute 36 is removed from the plasma. The plasma
25 is allowed to pass. through the fiber wall 34 for a
clinically significant amount of - time to remove

substantially all targeted sclute 36 from the plasma.
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are being directly transported, an increased probability exi sts that

| igands wll interact with the targeted sol utes and t hereby result

in a greater utilization of the costly 15 | i gands. _ The
principle of solute renoval utilized in the present invention is
illustrated in Figure 4. Figure 4 is a magni fied representation of a
singl e pore S&Oiggf fiber wal | 34 of a hollow fi berprcmussrass? \When .
t he plasma passes through the wall 34 of the fiber nenbrane,
specific targeted nol ecul es 36 comd8n contact with |igand 38

I mobi lized on the surface of the pore 32. Effectively, the |igand

38 binds the targeted solute 36 such that the targeted solute 36 is .
renoved fromthe plasna The plasma 25 is allowed to pass through the
fiber wall 34 for cllnlcally significant anount of tine

to renove subs nt tarageted sal fromthe plasma

WO 97/ 48483 l;I‘%v.a AS‘H&(« % i)er Mefbrate o Hﬁ%@?‘%ﬁg@%ﬂ&g’}&

The hol l ow fi ber reidanxageohsihempdesefit blpednidopparible material which

advant ageously madg Qi) (3l aad mepaewlbfemkeraeahmdm during tréfemddss, in
| ower conpl enent act] vati on d%ﬁlng trea uita

1 i le fiber
materials are celyifaRde Cet é’l“éen% ch arg) ]IS tfiacecate,
pol yacryl onigrile, poxydu¢ﬁeneLV|p@dyaqﬁydoh:ﬁrxle, ethyberd Amisy]l alcohol

pol ymet hyl met hacryl al gy mer. pO' y&é&ﬂﬁeunylmethaepymepyl ensowehlﬂaleose
acet at e, regenerated cey

_ pol ycar bonat e, gﬁ&h{lene
pol yvi nyl al cohol , polvpropyésnyw AyLEHiase AcehAESt hEedsnaFatedngehlrieRs
fibers nust 10 bayeaabsiibtahl e ppoeystrgleaeal | owpbheviayiageotiolnl asma
conponents, inClLmﬁr¥&vfﬂ¥l%k§gr§&4L@ﬁﬁhtﬁéwf¥ﬂ@h tW%émﬂohiow fibers must

10 have a suitable pore size to allow the passage of plasma
components, including targeted solutes, through the walls
of the hollow fibers. At the same time, such porxe size-
must also be able to prevent blood cells and platelets from
entering into the pores of the walls. Suitable pore sizes

.15 {diameters) in the hollow fibers can range from
approximately 0.2 to 0.6 microns.

' Pursuant to the present invention, an affinity
membrane device is provided that contains hollow fiber
membranes having specified dimensions and transport

20 properties. As noted above, a variety of factors must be
considered in designing a hollow fiber device that will be
suitable for use in therapeutic applications. The
inventors of the present invention have discovered that the
fibers utilized in an affinity membrane device must be

25 specifically designed for the device to perfo:m adequately
under the operating. constraints of an extracorporeal
device. The interacting fiber characteristics, including
‘the internal r&dius, length, pore size and wall thickness,.
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of the hollow fibers. At the sane tine, such pore size “nust al so
be able to prevent blood cells and platelets from entering into the
pores of the walls. Suitable pore sizes 15 (diameters) in the hollow
fibers can range from approximateldyy 0.2 to 0.6 microns.

Pursuant to the present invention, an affinity menbr an ¥I7[3§GJIS
provi ded t hat OWABH#MS3 hol | ow fi ber menbr anes having s 9 :

di mensi ons and transport 20 properties. As noted above, a variety of
factors nust be considered in desrgdtng a hollow fiber device that
wll be suitable for wuse in therapeutic applications. The

I nventors of the present invention have discovered that the : fibers
utilized in an affinity menbrane device nust be 25 specifically
designed for the device to perforn1adequate|y under the operating
constraints of an extracorp he nterac

characteristics, | r‘f‘ti’isl'jdlbr‘?g 1"a‘?“‘"‘te"ltf‘u’é ?’ﬁ‘?eerr nteﬂ c}et m Ieng%ﬁg pore s1'ze
and wal | thi ckness fiber membranes.\WD 97/ 48483

PCT/ US97/ 10467 The inventors determined tﬁ%9su1table dimensﬂaﬁi 310
evaluated in order to determ ne suitable holl ow

fi
The inventors det erarihgddovhElbay MeBPEAng ﬁ’éﬁk?%rﬂasﬁgr on °°mp“t§rh8f’?€€}’f3ber
menbrane devisce bagedof: Euﬁ@ﬂm&d%u. nasialdvegopéd to dAscrihmitthe pedEbrmance
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‘Uniike other 10 praposed: sYS{ e nbifoh BB hSnbAfe It STk Redobiut t he
10 proposed systems, the inventors have determined how the
various interacting characteristics of hollow fibers must
be formulated to produce a suitable hollow fiber membrane

device.

The dimensions of a hollow fiber affinity membrane
15 device are to a great extent determined by the amount of
target solute which must be removed from the patient.
Design of a device to satisfy these criteria results in a
membrane with dimensions (length, inner radius, fiber wall
thickness) which are uniquely suited to therapy with
20 affinity membrane devices. While membranes used for
| affinity-based therapy also effect the separation of plasma
from cellular components of blood, their primary function
is to participate in the removal of target substances by
providing a substrate of maximal surface area onto which
25 ligands can be bound. This function greatly determines the
optimal dimensions of.such membranes 'and distinquishes

their design from that of membranes designed purely for

separation purposes.
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various interacting characteristics of hollow fibers nust be
formul ated to produce a suitable hollow fiber nmenbrane devi cé.

The di nensions of a hollow fiber affinity nmenbrane 15 device are to a
great extent determ ned by the anount of target solute which must be
renoved fromthe patient. Design of a device to satisfy these
criteria reSLwd§§¢d&m§ menbrane with di nensi ons (| engtbcTrussracss?
radi us, fiber wal t hi ckness) which are uniquely suited to therapy
with 20 affinity menbrane devices. _,\While nmenbranes used for
affinity-based therapy also effect the separation of plasma from
cel lul ar conponents of blood, their primry function is to
participate in the renoval of target substances by provi ding a
substrate of nmaximal surface area onto which 25 | i gands can be bound.
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On the contrary, thicker dvant

eous, for
menbranes in affinity d89|c§§e §°Pgﬁﬁr9' 'thickef membrart’A1M
advantageous for membranes in affinity devices, as the

10 membrane itself provides the substrate for the attachment
of ligands which will bind target solutes. Since the
membrane area available for the attachment of ligands is g.
function of the fiber internal radius, thickness and
length, providing adequate surface area for the

15 immobilization of ligands in the device by increasing the
membrane wall thickness is impertant. Such increase in
wall thickness will allow the maximum binding or modifying
of the target solute while minimizing the volume of the
blood ~compartment of the device. In terms of the

20 association kinetics between the target solute and ligand
for any given filtrate flow rate (depicted by the arrows in
Figure 3), thick membranes provide maximum residence times
for the target solute in the pores or "spongy matrix" of
the membrane. As a result, this increases the likelihood

25 that the target will contact and be captured by immobilized
l;gand.

' "The dxmensxons of ‘a hollow fiber affinity membrane
device are also determined by the filtrate flux required to
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10 menbrane itself provides the substrate for the attachnent of

| i gands which will bind target sol utes. Si nce the menbr ane area
avai l able for the attachnment of ligands is a function of the fiber:

i nternal radius, thickness and- | engt h, providing adequat e

surface area for the 15 I mobi lization of ligands in the device by
I ncreasi ng the wo974848henbrane wal |l thickness is inportant. THM6Ease
in ) wal I thickness will allow the maxi mum bi ndi ng or nodifying

of the target solute while mninizing the ¥Wiume of the bl ood
conpartment of the device. In terms of the 20 associ‘ation

ki neti cs between the target solute and |igand : for any given
filtrate flowrate (depicted by the arrows in Figure 3), thick
menbr anes provi de maxi mum resi dence tinmes for the target solute in
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lux requi . 2
distribution and the pl asma concentration Qf t targef solute, and
tlhe tlre;t Iment tim © cemrﬁﬁ”?h@%ﬁ’é?ﬁﬁf” ?he g Iﬁfggﬁsﬁth}‘Br "?g‘f’ﬁ?'ée

flux through sur facebhascbéen Wessiribhd prdvioasdyf | Bes 2ygmegr redaly

concentration pol arégaldfanetat fsh Gdllaridhtidie ndRER" 882 the riltSHtbaggupas

been described previously. See %}/_dne¥.et al , . .
10 in cross-flow microfiltration of particulate suspensions,"”

Chemical Engineering Communication, Vol. 47, pp. 1-21

{1986) (hereinafter Zydney et al, "Concentration

Polarization Model”). The flux is dependent on the shear

rate of blood through the device, the length of the device
15 and the degree of polarization of cells.

A hollow fiber affinity membrane device that has been
designed to provide sufficient target capacity and adequate
filtrate flux for clinical effectiveness must
simultaneously satisfy a number of system constraints based

20 on physical considerations.

In a hollow fiber membrane device, the shear rate for
the flowing £fluid must not be . great enough to damage
components of the flowing fluid, notably red blood cells
which are sensitive to shear effects. . Since the shear rate

25 in a hollow fiber device is determined by the blood flow
rate, the fiber internal radius, and the number of fibers,
these parameters may be limited by the constraint on the
system shear rate.. '
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"A concentration polarization nodel for the filtrate qux 10 I n
cross-flow mcrofiltration of particul ate suspensions,’ - Chem cal
Engi neeri ng Comruni cation, Vol. 47, pp. 1-21 (1986) (hereinafter
Zy.dney et al, "Concentration Pol ari zati on Model"). The flux
I s dependent on the shear rate of blood through the device, the

l ength of th %@@315 and the degree of polarization opcEebdracss?

A hollow fiber arfinrty nmenbrane device that has been designed to .
provi de sufficient target capacity and adezmate filtrate fl ux
for clinical ef fecti veness nmust - simultaneously satisfy a
nunber of system constraints based 20 on physi cal considerations.

In a hollow fiber nmenbrane device, the shear rate for the fl ow ng
fluid nust not be great enough to danage conponents of the flow ng

fluid, notably red bl ood cells which are sensitive to shear effects.
Since the shear rate 25P100odfloyifg, FBﬁP‘qube?hedeij"l?é‘ 8 getOrAPHediB§Tt he
. bl ood fl ow membeané haedidecrexpar bemds raadieczeasedirt pressaiper adbng

fibers, (NERE DRILTGY BhE ITiesD® taBraRdibY, 1R fRfiRid e N eORniBe

system shear rate
PCT/ US97/ 10467 axial pressure drop is limited. ogye to material and

Bl ood flow g t hr egghpiaéet | woneiddrt Joalsl. ow fiHer constraifEnimaane J.dmfi:ce

experiences a dec%egégﬁégﬁrem %isé{; efo%' Qnger ailnternﬁ] a%égé Oif::.ber}e lleﬂgﬁg due

practice, the mag pressure drop i
to material and 5and naq@#mnﬁhﬁlbebhslderatlons. Thi s constralnt may

limt accept abl eryad U 1A e{bdL memBlah& Adeviad, Usil 4Ry fionghh,
and nunber of fi be{'nzough the pores in the wall of the membrane experiences

10 a decrease in pressure along the axis of the pore. In
practice, the magnitude of this transmembrane pressure drop
is limited due to material and equipment considerations,
and this constraint may limit acceptable values for the
fiber wall thickness.

15 Still further, convection-dominated transport 1is
preferred over diffusion-dominated transport in a hollow
fiber membrane device. Convective transport facilitates
delivery of target solute uniformly throughout the spongy
matrix .of the membrane in such a manner as to optimize the

2-0 interaction between unoccupied binding sites and target
solute. Notably, a design of affinity membranes in which
transport is dominated by convection results in a more
efficient device (i.e., the therapy may be conducted in the
shortest possible time). The relative contribution of

25 convention and diffusion can be expressed by the system
Peclet number, for wh:.ch values greater than 40 indicate
that t'ransport is dominated by convection. See Suen &
Etzel, "Mathematical Analysis." '

SUBSTITUTE SHEET (RULE 26)



In a hollow fiber nenbrane device, filtrate fl ow ng t hrough t he

pores in the wall of the nenbrane experiences 10 a decrease in pressure
along the axis of the pore. In practice, the magnitude of this

t ransmenbr ane pressure drop is limted due to material and equi prent
consi derati ons, . and this constraint may limt acceptable val ues for
t he fi hewOWwaMs4ss hi ckness. 15 Still further, FCTUSINI0467
convection-dom nated transport is prgferred over

di f fusi on-dom nated transport in a hollow fi ber menbrane devi ce.
Convective transport facilitates delivery of target solute uniformy
t hr oughout the spongy matrix of the nenbrane in such a nmanner as to
optim ze the 20 i nteraction between unoccupi ed binding sites and target
solute. Notably, a design of affinity nmenbranes in which transport

i(s domi nﬁt edhby convect i OnME:EﬁM}dzsdji.ﬂ a’:lhlaimn.ew fiber affifnfikgi metibiael Gevice,
I.e., the therapy nducted in sho st OSSI le.ting).
The relative contri bﬂ%‘{‘lnbl% 8?“’2’5’ °°n%10‘?1evzean PO x'é‘lar'\(dl t’Ftt% %sj'c tl Siee©
expressed by the systtéwa device pad| cubseavently omaMhunihcealmtgﬁeater on

than 40 indicate ce rcama{aaéa&maeert ot EREhSEd e%abymmseshbanas £ 568r

S & Et zel , "

Puc'er?usg7/ 104675 z€ ’wall\]{atth?.gﬁ;xlegg, ngfL ).y:.ntex:na%:gradlus, \é\ober Zéllgréxlgt and
Mor eover, in a hol | owutibeer o&f £ibedsy magnbe aocomsteaioed. manuf act uri ng
consi derat i ons may limt thg pQYShGQioé'Zfasﬁr membrah&€ Q@Wi&@ a@?hd for
subsequently nmay place constraints on ertaln paraneter

exanpl e, paraneters SXGFageTPPERRL Fherapyy) $°'tar?1 G ERCOTRTSA, ?’ﬁ?@f’n‘éﬁ’lume _
radius, fiber |engt h,memdbe stricthynhizitell fobhqasieny safecpnstQomiseqdently,

In a hollom&Ofiber flber Lgff tﬂ%%%BSSG,IEQ%Qr Iﬁ%ernal radius, fiber length,
and number of fibers may be limited by this constraint.
Aside from designing an optimal fiber membrane, the
binding chemistry must be carefully chosen and optimized
{as described elsewhere) to obtain the highest binding

15 capacity possible. This will result in the most efficient
use of the membrane and ligands.

' If the device is configured as in Figure 1,
sufficient length of the fibers, in addition to that needed
for adequate capture of target solute in the forward

20 diréctiqn {plasma from lumen to shell-side), must be
included so that the plasma can return to the lumen of the’
fibers and exit the device. The length of fiber which must
be added is dependent upon the permeability and thickness
of the membrane polymer used.

25 For a given set of therapy requirements, it is
possible that the design parameters of a single device
operating in single pass mode cannot satlsfy the therapy
requirements subject to the system constraints outlined
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extracor poreal therapy, total extracorporeal blood vol une wll be
strictly limted for patient safety. Consequently, 10 fiber wall :
t hi ckness, fiber internal radius, fiber |ength, : and nunber of fibers
may be limted by this constraint. Asi de from designing an
optimal fiber menbrane, the bi ndi ng chem stry nust be carefully
chosen and ORké Bh4s385 (as described el sewhere) to obt ®arAse¥1d#sYhest
bi ndi ng 15 capacity possible. This will result in the nost efficient
use of the menbrane and |i gands. -24- If the device is configured
as in Figure 1, sufficient length of the fibers, in addition to that
needed - for adequate capture of target solute in the forward 20
direction (plasma fromlunmen to shell-side), mnust be i ncl uded
so that the plasma can return to the lunmen of the fibers and exit

t he device. The | ength of _fiber which_nust be. added is .dependent
upon the perrreabial%lciq'f'andIPhisc"I?r?escsases’ D A - F%ﬂ%"eproﬁ lOr ®d. 25
For a given set ofembrangpdericgiepeniedicalily pduting thepgesogptesolntte t he
desi gn paramet er i iy SiHEHaPydMayCRl1low theOBEVBEé NBoi-BatlHiF) erp@sspyOde
cannot satisfy the therapx {ehin Q3 renent s SUt{J ect to the sggt.em _
constrai nts outl i:ﬁéﬁureme ts within the system constraints. In © er to

PCT/ US97/ 13467 avwMido7A/me488pting the therapy during regeneratiocml4-two

above. I n such . r € i '
c%?ﬁ%}seﬁa?i ﬁ& e?ﬁal%fye& AN B hde:, sgu thaFEORE A&

devi ce by perijodic e farget solute ur i n% t hera may
al l ow the devi ce Ri%apPFsMPHFYy fRAute” while,(the o AFREE i hP d?ﬁ%°¥§¥t em
constraints. |n sugiveraeibn. avoid interrupting the therapy during
regeneratlon, two By way of example and not limitation, the inventors
10 calculated appropriate hollow fiber dimensions for various
target solutes using the following equations which

represent the requirements and constraints described above.

The quantity of target solute to be removed is
15 governed by the therapeutic requirement:
guantity to be removed = V{(C,-C,)
where: V = volume of distribution of target
solute
C,= initial concentration of target
20 _ solute
C, = final concentration of target
solute
The total capacity of the affinity membrane device is equal
to the specific capacity (C,) times the membrane volume:

total capacity - [(rod) 2-rz] nLNCp

25 where: r = radius of hollow fiber
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devi ces may be enpl oyed during treatnent, so that one can bi nd or

nodi fy solute while the other is undergoing regeneration. i
By way of exanple and not |[imtation, the inventors 10 cal cul at ed
appropriate hollow fiber dinensions for various target sol utes using
the follow ng equations which represent the requirenments and
constrai nts deswoishves#sihbove. . EXAMPLE OF SPFYPRE(I67

DI MENSI ONS The quantity of ta£9et solute to be renoved is 15-
governed by the therapeutic requirenent: ~“°7 quantity to be
renoved = V((err]-Clerr]) where: V = vol unme of

di stribution of target ' ' sol ute

Cerr] =initial concentration of target 20

sol ute : Cf =final concentration of t ar get
solute The total capacity of dhe ahhitrhdss BETR6RIGW dEMeRe Wad lequal

to the specific capacity (Cerr]) tiireﬂs_Nénggl?ngJ{ %gglg‘gl HIEs "
n ere:

total capacity . [(r.d)[err]-r[err]]
r = radius of hollow fiber N = WOmB¥r 4%/ 88llow fibers

PCT/ US97/ 10467 , 295 . .
t £ t mbrane device
d = thi ckness of hoF Sm/FfE%E vﬁﬁqulremen for a nity me

. . \ . lhﬁz %tepq]t.h of
hol | ow fi ber S dimensions is that the_ totaberaBRhy | 86\/ 5Psar ithity .
membrane device must be greater than the quantity to be
removed:

[tz-a) 223 mzwe, > vicqc (1)

The volumetric flowrate (Q,) required to achieve the
final target concentration within a treatment time (t) 1is

10 - calculated from a mass balance on the target solute.
' Assuming complete solute adsorption in a single pass

(i.e. a perfectly designed membrane), this requirement is

given by:
. -V cf
15 Assuming that flow through the membrane is

concentration polarization limited, the désired filtrate
flowrate can be predicted from the following relationship
{See Zydney et al, "Concentration Polarization Model."):
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The first requirenent for affinity nmenbrane device 5 di nensions is

that the total capacity of the affinity menbr ane devi ce nust be
greater than the quantity to be renoved: ) [(
r+d)[err]-r[err]] nLNC > V(([err]-Clerr]) (1) " The
volunetric flowate (Qerr]) required to achieve the final target
concentrati Ongxdrsdgza treatment tine (t) is 10 cal cul arewusympu6z NBSS
bal ance on the target sol ute. Assum ng conpl ete sol ute
adsorption in a single pass -+ (i.e.-@86perfectly designed nmenbrane),
this requirenent is gi ven by: [err]
(2) 15 Assum ng that flow through the nenbrane is
concentration polarization [imted, the desired filtrate flowate
can be predicted fromthe follow ng rel ationship (See Zydney et al
"Concentration Polarization Mdel."): WO 97/ 48483
PCT/ US97/ 10467 % . ie[ln 0.95 e.,] - 26‘-3a)
R c, H
[z|rn
Where: B« 2.0x10‘-—5 {3b)
r
and: Q = Inlet blood flow rate
H = Inlet blood hematocrit

(Units of B are consistent with L and r expressed in cm.)
The specific capacity (C,) for a given target solute’
5 is maximized by appropriate selection of the ligand which
binds the target, the membrane material, and the chemistry
employed for attaching the ligand to the membrane.
The remaining design parameters which appear in
equations (1) through (3) are the device dimensions r, d
10 and L and the number of fibers (N). As previously
discussed, these design parameters are subject to a number
of constraints.
One constraint on r is the maximum permissible wall
shear rate, given by:

: 40 ;
maximum wall shear rate = —— < 2500 s {4)
nriN

15
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[err] (3a) VWere: [err]

(3b) - and:’ Qerr] = Inlet blood flow rate

H = I nl et bl ood hematocrit (Units of B are consistent with.
L and r expressed in cm) - The specific capacity (Cerr]) for
a given target solute 5 I's maxi m zed by appropriate selection of the
li gand which woom4se$d Nds the target, the menbrane material, RGTIOIRHE0467
chem stry enpl oyed for attaching the Iigand to the nenbrane.

The rerfmai ni ng desi gn paraneters whi ch appé&&’~in _ equations (1)

t hrough (3) are the device dinensions r, d 10 and L and the nunber of
fibers (N). As previously di scussed, these design paraneters
are subject to a nunber of constraints. One
constraint on r is the maxi num perm ssi bl e wal | shear rate, given

by: - maxi mum val b Shedl (As@rzih€'éd - <i25199e Hailbm peftﬁssible 15

axial pressure drop: .

8n, Lo, )
maximum pressure drop —_— < 1000 mmHg (5)
nr

where p, = blood visocity
L is constrained by the above-mentioned pressure drop
5 limitation as well as the following prac'tical constraint on
the overall physical size of the device:

‘Nri(z-d)2 < 78.5em? {6)

The thickness (d) is constrained by the above
constraint as well as the Peclet number constraint and the

transmembrane pressure constraint:

10
vd
— > 40
D (7)
Where D is the diffusivity of the target solute and
the filtrate velocity v is given by:
Ve ot (8)
2urNL
The transmembrane pressure drop can be determined
using the Blade-Kozeny equation for packed beds. (See

15 Bird, Stewart, Lightfoot, "Transport Phenomena," (1960)).
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-27- Anot her constraint on r is the nmaxi num perm ssible
axi al pressure drop: maxi mum pressure drop = J[err] < 1000 nmHg
(5)- where [err] = blood visocity - L is constrained by
t he above-nenti oned pressure drop 5 limtation as well as the foll ow ng
practical congy @#@§gon the overall physical size of pbeusemioss:
N[err](r-d)[er#? < .benjerr] (6) The t hi ckness,
(d) is constrained by the above consig-aint as well as the Pecl et
nunber constraint and the transnmenbrane pressure constraint: 10
[err] > 40 (7) Wiere Dis the diffusivity of the
target solute and the filtrate velocity v is given by:

v = [err] (8) The transnmenbrane pressure drop

can be determ ned . usLn% t he Bl ade- Kozeny equation for packed beds.
(See 15 Bird, StRb@rguatight$+ddas $oFL8¥8hort Phenonena,” (1960)).
150vdp, (1 - €)?

22
Dpe

AP

(9)

transaeabrane ©

Where: p, = the filtrate viscosity
D, = the pore diameter of the membrane =
0.25 microns
5 . € = membrane porosity = 0.7

Using the above equations for the design requirements
and constraints, the inventors determined that the hollow
fibers of an affinity membrane device should have wall
thicknesses of approximately 300 - 3500 microns and

10 ~ internal diameters of approximately 70 - 140 microns.

In addition to determining the optimal design process
for design of suitable hollow fiber membranes, the
inventors of the present invention have also determined an
improved method of attaching ligands'to the surface of

15 pores in an affinity membrane device. The improved method

| results in increased efficiency of the device, greater

utilization of the ligands, membrane standardization,

simplicity, marketing flexibility and system flexibility.

Membrane standardization refers to the ability to

20 standardize the immobilization process for use with a wide
variety of available ligands. _

As noted above, the prior development of solute
removal devices, either in the form of membranes or bead
columns, has focused on the removal of a single target
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WD 97/ 48483 _ _ _ PCT/ US97/ 10467
- 28- This equation is as follows: [err] ) (9)
Where: [err] =the filtrate viscosity Derr] = the

pore di aneter of the nenbrane = 0.25 mcrons 5

[err] = menmbrane porosity = 0.7 Usi ng the above equations for
t he design reqwywd egass * and constraints, thexi nventors"g?f‘@ R
that the hollow fibers of an affinity_genbrane device should have
wal | ~ thicknesses of approxinately 300223500 nicrons and 10 '
internal diameters of approximately 70 - 140 microns. In
addition to determning the optimal design process for design of
suitabl e hollow fiber nmenbranes, the i nventors of the present

i nvention have al so determ ned an i mproved net hod of attaching

ligands to the surfagg,gteld hPOLES ¢ 0 h
i mproved met hod lregultvsufn mcreai%é ?%?t{%ﬁé&§ﬂ§@héaaﬁggsﬁyﬁﬁuzeﬁ ©

greater ut|I|f&@ﬂéanT°Y?kaﬁyijﬁﬁd§°rﬁ%ﬁﬁF&h 1%t%ﬁﬂﬂﬁﬁﬂﬁféf?%nPdlr of
sinplicity, marketingnitleexsbi bhdyigmoresly spuestidrexidf l[appticability Morintes

standardi zati on ref eng g%brtggrégtl' éﬁr%o 2c’Immob§§§9§%¥dH Z@hkeh€stries for

i mobi | ization process use” w t
5 coupling ligands to a support matrix were very specific and

were not readily transferable for use with other ligands.

Pursuant to the present invention, in an embodiment,
an immobilization procedure is utilized that incorporates
avidin dnd biotin. A specific immobilization chemistry is

10 employed to couple avidin to the membrane surface. This
process can be standardized for use with a wide number of
available ligands. System flexibility is retained in the
attachment chemistry by linking biotin molecules to the
ligand.

15 The unique avidin/biotin immobilization chemistry of
the present invention proceeds as follows. One or more
molecules of biotin are covalently attached to a ligand.
Avidin is covalently attached to the membrane pore surface.
The respective attachment of the avidin and the biotin can

20 be conducted using known technigues in the art. Then, the
biotinylated ligand is caused to react with a membrane
containing immobilized avidin, thereby resulting in the
immobilization of the biotinylated ligand to the membrane.

Figure 5 graphically illustrates "the use of an

25 avidin/biotin complex to immobilize ligand and capture
target solute. Biotinlyated Iigand 40 is bound to the
avidin 42 that is 1mmobilxzed on the pore surface 44 of the
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vari ety of avail able |igands. As noted above, the prior

devel opnent of solute renoval devices, either in the form of

menbr anes or bead colums, has focused on the renoval of a single
target - WO 97/ 48483

PCT/ US97/ 10467 - 29- sol ute.

Wth such focus,  devel opers generally optim zed their Pﬁ@ﬁo‘@yst em
for a speC|f| VO PTBAR target pair of i nterest and ignored questions
of applicability to other | i gand-target pairs. | mobi |i zation
chem stries for 5 coupling ligands t0”& support matrix were very
specific and were not readily transferable for use with other

| i gands. Pursuant to the present invention, in an enbodi nent,
an immobilization procedure is utilized that incorporates avi din and
biotin. A specific immbilization chemstry is 10 enpl oyed to couple
avidin to the rrenbrm:saéfame illidtrated therp) ogrsbictinhatedanigardi aed

for use with a wde nurrb v ablell d e fI b|||ty
is retained in the ched a?'fea h'f‘r%nfa%f{’rrﬁ 1Y Q?Q E‘oljﬁeg%?éot ?h gfysécul es
to the | i garmhasin®@ solution. The uni que avi d| n/biotin i mobilization

chem stry of the REESSTY, k¥ HsuQBikY Qeesﬂs-baa:&ﬁlémex Smxmrtsrmre'
nol ecul es of biotin are coval ent g\?/' attac d f\é/l din.s

fg a
coval ently aft acheP¥FPIERE e MFARAE Hhr e ﬁr*%teéa&:%n %et’fﬁgnr RLHEG A
attachnment of the aviiatin atsl the itgongestink2own noheoraiailet edimmalinom

techni ques in the a{Ete:a-ElEQQn t(h@ 1015MDj otblewéa{ e@grbt&and ang Cﬁi"ﬁ?ﬂl to

react with a nmenbra contalnlnglmml i zed avidin, t erec}/
resulting in the M°re°"|e|‘?rr05'|"?|‘i°d’(q SATBRL 19T BEFEES AL APYAEF TP dife
menbr ane. very rhppdirand; gneplfiocmédy iisl hnsifeated hhevidecentremes
10 of pH, temperature, organic solvents and other denaturing
agents. For instance, the biotin-avidin complex can

withstand temperatures up to 80°C, and pH ranging between

2 and 13.
With respect to the attachment of blotin to a ligand,
15 many biotin derivatives, which are commercially available,
allow biotin to be covalently coupled to a ligand through
a number of functional groups. For instance, biotin can
be coupled to specific sites within a protein ligand,
_ including specific amino acid residues containing a
20 terminal amine (lysine), an imidazole group (histidine), a
phenol group (tyrosine) or a sulfhydryl group {(cysteine).
In addition, biotin derivatives are available for coupling
to carbohydrate groups  present in either sugars or
mammélién proteins, Such chemistry is effective for
25 coupling biotin to, for example, immunoglobulin G (IgG) at
a site which- does not interfere with antigenic binding.
This chemical flexibility provides a number of potent1a1
methods to attach biotin to a ligand and increases the
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25 avidin/biotin conplex to immobilize |igand and capture :
target solute. Biotinlyated ligand 40 is bound to the avidin 42
that is imobilized on the pore surface 44 of the WO 97/ 48483
PCT/ US97/ 10467 - : - 30- ) menbr ane.
As illustrated there, the biotinlyated |igand 40 then is free to
capture a targewsbmsisacul e 46 froma pl asma sol ution. FPCTMUSIT/10467
Not abl y, the resulting avidin-biotin conplex_gxhibits 5 significant
stability. The interaction between avidin ant biotin is the
strongest known noncoval ent, bi ol ogi cal Interaction (K =
|O[err]Merr]) between protein and |igand. Mor eover, the bond
formati on between biotin and avidin is very rapid and, once forned,
S unaffected by wide extrenmes 10 of pH, tenperature, organic solvents
and other denaturing Ghances 3&%‘@ Sa subPibld NREAIME willNebbi Qlviaiiawiéli For
conplex can thstan eratures up to 80[err]C, and pH ranging
bet ween 2 andlﬁga“ds of mtereStWth respect to the attachment of

biotin to a ligand, 15 Thanutithohmentepifvatvidés, whwechtar é tsormeyedudiary
avai | abl e, al | ‘Q‘up.EQ}é n toOEbﬂeM’aﬁ‘xl B} HadeOyRb etk S @nd Efﬂ?@ﬂartdﬂxﬁugh

a nunber of functlona nstance, biotin can be .coupl ed
to specific si®es witaf nlag"mdot ei AViddands 2 tetrameRicyi RECEHLi FRE aer?ick‘
aci d residues contai d1@ca1rdlis cabenm net BiRdimg( lugsitee)fowan nalietadelse of

group (histidine), a I
(cystei ne). wogdm piER Sfhali Hoi YL OTIAE diledptl) ECEdondlityD
coupl i ng to ceesenpdiat eagh om‘ﬁsﬂlﬁr E9dREul S dITEF - §B§’ér§“"6?b"hze"

avidin retains some ability to bind biotin. Generally,

10 nonspecific immobilization of proteins to solid matrices
results in the inactivation of some portion of the protein
on the surface either through reaction with the protein's
active site or stearic shielding of the active site from
target molecules in solution. Given the symmetry of the

15 avidin molecule, immob‘:i_.lization to a solid surface will
inactivate one or more potential biotin binding sites;
however, it also guarantees that one or more binding sites
will remain active and | free to bind biotin or a
biotinlyated ligand. '

20 The final step toward the preparation of an active
affinity membrane is the formation of the avidin-biotin
complex. Preferably, this formation occurs by reacting a
membrane containing immobilized avidin with a solution
containing biotinylated ligand. This reaction occurs

25 rapidly and can be conducted under mild conditions, such aS
in dialysate buffer at room tempera.ture; Uniéuély, since
this reaction step is simple and sttaightforwaid,_ the
inventors believe it is conceivable that an end us'er could
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manmmal i an pr ot ei ns. Such chemstry is effective for 25 coupling

biotin to, for exanple, immnoglobulin G (1g3 at a site which does
not interfere with antigenic binding. This chemical flexibility
provi des a nunber of potenti al met hods to attach biotin to a |igand
and increases the WO 97/ 48483

a suitable nethod will be available for | i gands of interest.

The attachnent of avidin, due to its nol egylar structure, to a
menbrane surface insures the efficient use 5 of ligand. Avidin is a
tetraneric protein and each nol ecul e i s capable of binding up to
four nol ecul es of biotin with equal affinity. This multiple
functionality present in each avidin nolecule insures that

i mobi | i zed -avidin retains sone ability to bind biotin. General |y,
10 nonspeci f i c3G4HYSISR| 37 AVEEH" GeMPranei et bhe diioginntateddigand of
results in the inagidiwat.ion of sone portion of the proteln on the

surface either through r acth r ot ei active sit

t
stearic shielding of thé cﬁ g’igl?’te%r?) ow end Pﬁ?ﬁ%t ERo) AL S nf e
sol ution. G ven t heembnamesr yobf anheafifinity adeviiae npketides, ﬁngnbfi¢§nni on

to a solid gurface;d¥ddtages oved TEQUrVQSIEté?ﬁe omsﬂaéefm\t Rl ehmplpéiiy

bi ndi ng sites; owever, i nor e bj ndi ng
sites will ?%nﬁp‘ﬁ a‘tﬁ"cﬁésan&k‘f"r"e 5P8°B| r??b?‘b‘iuﬂ‘%’fe’bt Tavencion
biotinlyated Ii garpjroﬁﬁies increasqdie SystHm stfexibidity t hengr eperbramn of
an active A}L zgﬁm ang st heuigﬁé@tlﬁ}mst henavindiRe iy i n
conpl ex. Preferab this formati on occurs reacting a menbr ane
contai ni ng i mobi | § géﬁf%%ﬁ*&?n mFPFF%?H&oW&tFBﬁ present ifvention, the end

10 * user could be supplied with a single avidin membrane and a
" variety of solutions containing different biotinylated
ligands. Then, depending on the condition to be treated,
the user can activate the avidin membrane with the
appropriate ligand and flush away excess ligand with saline

15 or dialysate.

In addition to its role in the chemistry of
immobilization, évidin also acts as a hydrophilic spacer
between the ﬁembrane surface and the immobilized -ligand.
The use of a molecular spacer to physically separate the

20 solid matrix surface from the éctive site of the ligand is
known in immobilization chemistry. In this regard,
molecular spacers have been relatively short aliphatic
chains (4 to 10 carbon atoms in length), which may be
adequate to fac111tate surface Lnteractzons or interactions

25 anolvxng small lxgands or target solutes. However, these
short chains are - relatlvely ineffective when the
interactién involves one or more macromolecules. On the
other hand; the use of longer aliphatic chains undesirably
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containing biotinylated ligand. This reaction occurs 25 rapidly'and

can be conducted under mld conditions, such as I n"di al ysate buffer
at room tenperature. Uniquely, since this reaction step is sinple
and strai ghtforward, the i nventors believe it is conceivabl e that
an end user could WD 97/ 48483

PCT/ US97/ 10467 wo 97/48483 o . - 32-  PCT/R8710460 €
an avidin nmenbrane with the biotinylated Iigand of choi ce.

The ability to allow end users to activate e menbranes of an
affinity device provides significant 5 advant ages over prior systens.
Aside fromthe sinplicity of the process, this aspect of the present
i nvention provides increased system flexibility and :nenbrane
standardi zati on, which further results in marketing flexibility.

~Pursuant to the presealtépyetid OydrbpoititiOof thélaRimbeané dsbersaenpl itads,
with a single avidin rane . rLely. olutions_¢ I nin
di fferent biotinylat eg@{'?;,zaﬂ;g ?Pg%%asm ﬁ%rf%%aé%%nld’%aéﬁéﬁtrﬁg é%ggﬁ%%d?g
be treated, t hanusepreead aewobal 23 hionaPrgcadwesbridnalwor haghe dual
appropriate ligand andoféuss ayaypaseLSmolegaldl habh wdebsNokd exhilit the
di al ysat e. toJdts role in the chemstry of

5 i l n ac{gi[tisonf
i mrobi | i zat i on, > avi di AARLPATESa8F PHPF SBAFFT T spacer bet ween t he
nmenbrane surface and the infrobrdstzeichsitbgaes. avidin willle segweohrsa ansidcabae
spacer to physically ggpadat1bb81£0 howevsP) Iadpeeér{aim_satisa%ﬁﬁnfcaﬁmc_sms-mg

active site of the ligand, is, known . .i.n, inpobilization ¢ egl,st rx.

In this regard, avidip) i3 Fhg donidys LN EabiRh mRoser, byy aVAgip when

al i phatic both ligand and target are relatively small. In this
10 situation, a saturated monolayer of avidin can be the

limiting factor regarding the specific capacity of the

membrane for binding solute. However, in most situations,

either the ligand, its target molecule, or both are

sufficiently large such that avidin's saturation limit is
15 not the limiting factor to membrane capécity. . .

In the present invention, the inventors disclose a
second improved method of attaching ligands to the surface
of pores in an affinity membrane device. The improved
method results in increased efficiency of the device,

20 greéter utilization of the ligands, and enhanced device
capacity.

As noted above, the use of a molecular spacer
facilitates molecular interactions between immobilized
ligands and target solutes. Relatively short aliphatic

25 chains (4 to 10 carbon atoms in lengﬁhi are ineffective for
interactions involving one or more mac:omolécules,'but
longer aliphatic chains undesirably alters the
hydrophobicity of the membrane surface. '
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chains (4 to 10 carbon atons in |ength), which may be adequate to

facilitate surface interactions or interactions 25 I nvol vi ng snal

| i gands or target solutes. However, these . - short chains are
relatively ineffective when the i nteraction invol ves one or
nore macronol ecules. On the ot-her hand, the use of | onger

al i phatic chai i rably WO 97/ 48483 o
PCT/ Us97/ 1046770 oGS - 33- P ers the
hydrophobi city of the nenbrane surface. Thyg. utilizing avidin in
the present invention not -only provides an inproved i mmobilization
procedure, it also has a dual role as a spacer nol ecule that does
not exhibit the 5: di sadvant ages of prior spacers. I n nost
i nstances avidin will serve as a suitable spacer nol ecul e, however,
a potential disadvantage of using avidin is the density limtation

i nposed by avidin when Pursuanfotp theyprdsent iraregbiony enr eh adnbealiventnl | .
In this 10 si tlaat h.ﬁﬁob:.ﬁ:.ﬁétt Whabedcdming! axey ¢

limting factor re Qg‘ﬁhe sl tcccaEaC|t t%&l%?g hae fgkgﬁa&Fgﬁssfor
bi ndi ng sol ute. YH° ¥F? at'F&ls, also kneyn nas iprlystyyhdnets
target nol ecul e, opxdeh aréolyethyleaufﬁlytdwudg/d augeable herdiat bﬁﬁbdhn S
saturation |gmt I@e%éra11¥n9étﬁm I5ioMah “ﬂscf e on! thﬁgbrf!‘e 5l },gé g

In the present invention,.the inventors disc
met hod of attachi nd™PPBahiRed otPhe”?ur'f‘%a“e s“rfﬁ‘Fepdi‘ﬁéé‘gl n~a aﬁP&Fﬁ-Ifncty
menbrane device. ifinebiljmanied chemzstrpetfxnie&esuéékidgnréﬁﬁiﬁﬁﬁ@edctxve

efficiency of the @%xage,t@ pigadd Q3 Qhedbddd Zast'a%sgag%,g@é, 'R 209

enhanced device
mol ecul ar spacer coupled to the polyethylene glycol using a suitable

10 chemistry. The unique advantages of polyethylene glycol as
a molecular spacer include its hydiophilic nature and its
biological inertness, both of which are quite beneficial in'
a device that contacts blood or plasma.

By way of example and not limitation, a simple method

15 of immobilization of a heterofunctional PEG will now be
described. The heterofunctional PEG can be obtained from
a2 commercial vendor and has an amino terminus at one end
and a carboXxy terminus at the other. The heterofunctional
PEG can be immobilized to the surface through its amine

20 terminus using any one of a number of Suitable
immobilization chemistries which react with amino groups.
As described above, these methods include those which
utilize cyanogen bromide, N,N'- carbonyl diimidazole, and
the like. After blocking of remaining reactive groups, the

25 ligand of interest iS'covélently coupled to the carboxy
terminus of the heterofunctional PEG using a suitable
chemistry. One such reagent that facilitates the formation
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facilitates nol ecul ar interactions between i mobilized | i gands and

target sol utes. Rel atively short aliphatic 25 chains (4 to 10 carbon
atons in length) are ineffective for i nteractions involving one or
nore macr onol ecul es, but | onger al i phatic chai ns undesi rably
alters t he . hydr ophobi city of the nenbrane surface.

97/ 48483 WO 97/48483 PCT/ US97/ 10467 PCT/USI10467
-34- . Pursuant to the pres i nvention, in an

enbodi nent, an i nmobilization procedgge is utilized that

I ncor por at es pol yet hyl ene glycol (PEG also known as

pol yet hyl ene oxi de). Pol yethylene glycol of a suitable chain
length, 5 general |y between 50 and 250 carbon atons, is govalently

i obilized to the nmenbrane surface using a specific i mobi | i zati on

ph;am' s't:y_. Af t gr bl ol a@meraﬁ'ﬁatislnaeaﬁéénve carboxylsbi'@.ﬁ: afnﬁeiah' ?ﬁﬂlda afs 1-
interest is subseque coval e C G yet hyl ene

gl ycol using a sui ta%}tm}iog 34 dglrt%“eeéihgf’?vm"fﬁgﬂlﬁ gm&d%ﬁﬂ&%’ges of

pol yet hyl ene glycol as The ammobitidadioppaneshoinalsicig | PRG hirds oevieiral
nature and its adbh9£%§a| i PSE | msusPQ;f' aﬁf X‘é#e?d%l?rfo%“lﬁcﬂecular

beneficial in evi ce that cont act s asnh

By way of exanpl e an&eﬁ F‘1|9ﬁqﬁﬁﬁfoﬁteélglﬁﬁFEF?ﬁﬁQﬂﬁﬁ 1+ thesurface and
i mobi lizati on of a ladfloewef maltiplel 1d3EEBing| bfndardpe macromol@desntesbed. thbe

het er of unctional PEGggaRapg, obt xpe@uErO@Qp rlencea'&ﬂﬁﬁEQﬁEalanHEHMBLQQQn

has an amino termnus at one end . a car boxXy term nus
other. The het erof ufBERdRRFY, for eﬂPEE#EantmﬁaRqﬁ%GBFFlQédaY¥¢¥WKPQQJPF&Eé
through its amno 20the &REIBIUISLDLSI DfterARYiofNCawayl fRomNUERET meRbrane

suitable 10 | MORLEEZAL! YheCPRIMGVehEP WRh&le] TR b3 Tha 0y QRS
limited by the available surface area on which LDL
particles was bound. By extending long, flexible molecular
chains from the membrane surface, the antibody was
projected away from the membrane in such a way that may

15 allow stacking of macromolecular targets. Neighboring
chains may be of the same length, but by extending to
varying degrees, a partially coiled chain bound to LDL may
not interfere with LDL bound to a nearby chain which is
fully extended.

20 While avidin also projects the antibody away from the
membrane surface, a long, flexible spacer may more
effectively project the antibody into the flowing liquid
and enhance the kinetics of binding as well as the
capacity. '

25 "Notably, while the PEG approach appears to possess

o many advantages, the éhemical approach usihg PEG inherently
may not have the chemical flexibility of the avidin-~biotin
scheme. As such, use of both PEG and an avidin-biotin
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As descri bed above, these methods i nclude those which utilize

cyanogen brom de, N, N - carbonyl diimdazole, and the like. After
bl ocki ng of remaining reactive groups, the 25 ligand of interest is
covalently coupled to the carboxy - term nus of the heterofunctional
PEG using a suitable chem stry. One such reagent that facilitates
the formation WO 97/ 48483 PCTUS97/10467
PCT/ USQ7/ 10467 © 7748483 35 of amide
bonds between a carboxyl group and an an1ng is 1-

et hyl - 3- (3-di met hyl am nopr opyl ) car bodi i m>8a. The

I mobi | 1 zati on net hod usi ng PEG has several - advantages. First, the
use of an extrenely long nolecular 5 tether reduces steric
interference at the surface and allows nmultiple [ayering of |arge
macr onol ecul es at the surf ace. In our experience wth the
avi di n- bijot in compmbﬂntﬁé’t)ﬁfg_ﬁﬁyewrﬂgr@flé.h@l or Qﬁeggehosn aé/n%ﬁjtld’échio
proj ecte ti interacti fromthe nmenbrane
surface, but the oa\r}gsg{; %‘%‘%;&et °°3F£?éuat %gr%?é/ SsPppp immobilized { o

by the avail abl e mﬁaeemaweaarm Mf@neLDLThe avidipablocieschvas sraynds By
extending long, f |t%hbt!|ﬁlrmb&°é§ ¥escribed a‘BQ@é Eor ufﬁld Eﬁﬁobff ARG
om f

surface, t?e ant i body g&g ] ected away rane in
such a way fhat may 15 BY "%MIQ5N3§?E Mo RohatiRiFatdent ar etrgTjmental
Nei ghbori ng reshatss deyomstmitinge some | exgihplabut bmm&b@xmyﬂtagnto

varying degrees, Qegﬂﬁig 4 Ywfli | £ %Cgﬁa é\}ﬁnd ﬁgté'bqu rr%ﬁefsel Iexam>§> Le

interfere with LDL_bound to a near tended.
20 Wi | éléwemfealvésup‘fm%ei%h@t&ﬁw bwfom? o oﬁacthéheet |
menbrane surfacemembrah@sigas bdppasdd eto Spalltw fib¢r MRmBranes. These

10 examples are being incorporated herein to demonstrate the

improved immobilization schemes developed pursuant to the .
- present invention. The following examples differ primarily
' in the material employed in the attachment chemistry: (1)
avidin; (2) streptavidin; and (3) polyethylene glycol.

15
EXPERIMENTAL EXAMPLE 1
Sheep immunoglobulin G (IgG) directed against human
apolipoprotein B (apoB) and isolated by affinity
chromatography was oxidized with sodium metaperiodate
20 (Sigma Chemical Co., St. Louis, MO). The reaction was

quenched with glycerol, and the reactants separated from
oxidized IgG by gel permeation chromatography. Oxidized
1gG was biotinylated by reaction with biotin-LC- hydraz:.de
(Plerce, Rockford, IL).
25 ' Avidin' (Pierce) was imnobilized to Immobilon AV
menbranes: ' (Millipore)  following the  diffusional
L ' J.mmobn.l:.zatn.on ' procedure in  the 'manufacturer's
instructions. Unreacted sites were éapped with'nonfat dry
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effectively project the antibody into the flowing liquid and enhance

the kinetics of binding as well as the Capacity. 25

Not ably, while the PEG approach appears to possess many advant ages,
t he chem cal approach using PEG inherently - may not have the chem cal
flexibility of the avidin-biotin _ schene. As such, use of bot h PEG
and an avi di n- biwet 97r8483 WD 97/ 48483 /US91/10467
PCT/ US97/ 10467 - 36- conpl ex
toget her may be beneficial. |In such an appB®ach, avidin woul d be
coupl ed to PEG which has been i mobilized to the nmenbrane surface.
The avidin-biotin chemstry is then utilized as described above for
ligand i mobilization. 5 By way of exanple and not limtation
experi ment al results denonstrating sone exenplary

I mobi |i zation techni ques, wi | | ven. y
exanpl es i | Imidekr PLUTERT oS Wﬁﬁgbl|$%ﬂﬁifgﬁ§ ?)Wﬁ%% ni8 imm§$¥§i et
nmenbranes as ODDOSEﬂhdmalhO&éththbesednnﬂomaaekutlonThemxaxning biekimplatedar e

bei ng i ncorporated in t gt bilized! P8’ EN€Umembrane was
I rmobi i zation scherr]iéis‘f;ede\/"It ope ggrsga§?& ?11 e pA I nve

resent
The fol | owi ng exanpldstedimined Bremethe )Fha"‘?e in ???"{tl’rénrrﬁgé?fr%?"‘éenpﬁto&tal
the attachnmenty chempsdnoetrefd) The densidy GENIgE Apssl4Bpicapedi pl wembiRe

pol yet hyl ene gl ycol . céS EXPERI MENTAL EXAMPLE 1
Sheep |nnunoglobulln gCD di rected agai nst human otein

ol i,po
B (apoB) and isol at edSthyic sembrarg capacity @HFO‘FPA'{EGQ‘FHET%& g BQ?EﬁC’Z’ed

with SOdIUﬂ]ﬂEtaper|6¥k¥H% membranes in a solution of human plasma containing
an excess of apoB. After extensive rinsing with buffer
10 (phosphate buffered saline, pH 7.4), apoB was eluted from
the membrane with 0.04 M citrate buffer at pH 2.9. The
amount of apoB present in the elution puffer was determined
by a total protein aSsay (commercially available from
BioRad).
15 The capacity of the resulting membrane was 31 ug apoB

per ml membrane volume.

EXPERIMENTAL EXAMPLE 2
Preparation of oxidized IgG was as described in
20 Example 1. Streptavidin (Pierce) was immobilized to

Immmobilon AV membranes (Millipore Corporation, Bedforxd,
MA) following the diffusional immobilization procedure in
the manufacturer's instructions; Unreacted sites were
capped with nonfat dty milk solution (1% w/w). Membranes
25 containing immobilized streptavidin were immersgd in a
solution containing biotinylated IgG. The amount of IgG
smmobilized to the membrane was determined from the change
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20 (Sigma Chemcal Co., St. Louis, M. The reaction was

quenched with glycerol, and the reactants separated from oxi di zed
"1 gG by gel perneation chronmatography. Oxidized | gG was biotinyl at ed
by reaction with biotin-LC hydrazide ' (Pierce, Rockford, IL). 25
Avidin (Pierce) was imobilized to Immobilon AV ° menbr anes

(Mllipore) Job@ws"g the  diffusional I Mmobi | | »atrs97/10467
procedure in the manuf acturer's instructions. Unreacted .

sites were capped with nonfat dry -3g- WO 97/48483
PCT/ US97/ 10467 -37- ' m |k

solution (1% w w) . Menbranes containing i nmobilized avidin were

i mersed in a solution containing biotinylated | gG  The amount of

I gG i mmobi li zed to the nmenbrane was determned fromthe change in
sol ution absorbance at 280 5 nanoneters. The density of 1gG was 143
[err]g per m nenbrahesolution Hﬁémnce at 280 nanomStatsc mhebdaneicgpatity

was det erm ned by 'Pcé'bat'ﬂ.n o;n tg S§méN @ solution of human
3R "3 t

pl asma cont ai ni ng er ext ensive rinsing with
buffer 10 (phosphat @mmﬁé@@al |°tfe 5|§P|“?¢4) membreaS2BRGEEY f FBf

the menbrane wi th Op0dsrdMhdd 23l GebeifiRid dh Pkbmpld 1.Thehe capaciayooift thé
OB Presenl Lt Sl Bkl % S5 AR pog m wbioBah8 g1 el oI
capacity of the resulting nenbrane wwmw per m
menbrane vol ure. Preparation of oxidized IgG was as described in
Example 1. Héterqfunctional poly(ethylene glycol} (NH.-
PEG-COOH available from Shearwater Polymers, Huntsville,
10 AL) was immobilized to Immobilon AV membranes following the
dot immobilization procedure in the manufacturer';
instructions. Unireacted sites were capped with

.....

ethanolamine (7% v/v). The immobilized poly(ethylene
N glycol} ("PEG") was reacted with adipic dihydrazide in the
15 presence of l-ethyl 3(3-d1methylam1nopropyl) carbodiimide
(YEDC") to create a functional site for attachment of
oxldlzed IgG. Oxidized IgG was coupled to the PEG-
hydraz;de spacer, and the resulting schiff base was reduced
with sodium cyanobo:ohydride. The membranes were rinsed

20 with distilled water and 1 M NaCl sclution prior to use.
Dynamic membrane capacity was determined by flowing
a solution of human plasma through a membrane disc hqlder
(availabié from Amlcon) containing a stack of membrane
discs. The volume of" human plasma supplied to the membrane
25 dzscs contained an excess of apoB. The number of membrane
dxscs in the stack ranged from 5 to 20. The amount of apoB
bound to the membrane was determlned from the difference in

plasma apoB concentration between the sample effluent from
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EXPERI MENTAL EXAMPLE 2 Preparati on of oxidized 1gG was as
described in 20 Exanple 1. Streptavidin (Pierce) was imobilized
to | mmobi | on AV nmenbranes (M I Iipore Corporation, Bedford,

MA) followi ng the diffusional immobilization procedure in t he

manuf acturer's instructions. Unreacted sites were ed with
nonfat dry m | kwoorddn (1% ww) . Menbranes 25 cont ai ni nﬁgf’ﬁﬁ%ﬂpﬁ"zed
streptavidin were imersed in a - solution containing biotinylated -
| gG. The amount of 1gG - i mobi | i zed"3% t he menbrane was det er ni ned
from the change WO 97/ 48483

PCT/ US97/ 10467 - 38- in

sol ution absorbance at 280 nanoneters The density of | gG was 1.39
ng per m nmenbrane vol une. Determ nation of static nenbrane

capacity was ngi,p&g}e%nast%sgﬁi 's'ama@”mﬁme"- colent2Baebh Yo of

the 5 resul ti ng rre rane was [err] g apoB m  nenbrane vol ung,
EXPERI MENTAL EXAMPLEPSB in plasma was %ﬁ&%??%r’rﬁd-rh GxFa‘F'Fe’EHadGa\ﬁfééya?t

described in (Evammel. fieher oBoslntingeal pakyfisdiny| ertoryoyacidn,
(NH- - PEGCC?—! avai | bI e Lievm Shearwat er Polymers, Huntsville, 10
AL) was immobilized pdis menbranes foll ow ng the dot

i mobi | i zati dh procedur erhe m:apahety rRfn khacreswlting membraness raggefofsom

Unreacted - sites pe§e vo GARBEMg apdd I@er ml °f" Qgeh@aghamaeme(j% v/iv).
L8 TS5 B2 T T e ke (55”bdd o bl e
1- et hyl - 3( 3- di et hykasanigy opelrraimr bmﬁucnideconditxons("@weyctetreze#eabﬁe a
functional site fOfeQLEQQN@& v@fls of a specific solute in blood. As noted
10 previously, the affinity membrane device of the present
invention is designed for use in an extracorporeal blood
circuit and can be employed concurrently with other
therapeutic processes for the purificatioen of blood, such
as hemodialysis. The immunoadsorptive therapy available by
15 using the present invention can Serve as a beneficial
treatment scheme for ‘certain medical conditions.
Specifically, the present invention may be utilized to
treat medical conditions that are associated with the
presence of a specific molecular entity in plasma for which
20 removal remedies the condition on either a temporary or
permanent basis. In addition to the identification of a
molecuia: target in plasma, the use of the present
invention for the treatment of such conditions is premised
on the ability to identify suitable ligand capable of
25 binding and removing such molecular _tafget; from plasma.
By way of example and not limitation, examples of
medical conditions that may be treated pursuant to the
présent invention include hypercholesterolemia, transplant
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oxi di zed 1gG Xxidized 1gGwas coupled to the PEG hydr azi de

spacer, and the resulting Schiff base was reduced ' w th sodi um
cyanobor ohydri de. The nenbranes were rinsed 20 with distilled water
and 1 M NaCl solution prior to use. ' Dynam ¢ menbrane capacity
was determ ned by flow ng a solution of human plasma through a
menbr ane di sc“}bcyg (avail abl e from Am con) cont ai np@gygorrbagk of
menbr ane I'SCs. The volune of human plasma supplied to the

menbr ane 25 di scs contai ned an excess.gf- apoB. The nunber of nenbr ane
discs in the stack ranged from5 to 20. The anount of apoB bound
to the nenbrane was determned fromthe difference in pl asma apoB
concentration between the sanple effluent from WO 97/ 48483
PCT/ US97/ 10467 - 39- t he hol der
and the initial sanple. The concentration of apoB in plasm was

deternined with a ¥biRRTIONg assesiated with IgGyeaid abp¥, fGoodpasBoedys nger

Mannhei m  Cor por adyrdkome, sydﬁudilanapglsbahu\g Sand systemi€ £ARACI LY
_of the resulting ngwar}nea orsggged%rhom 03 apoB per ni
of menbrane vol une ﬁrfe%ﬁ?elcrﬁ?éiﬁl:%ﬁs A58 FSGFEI’é%zeé’

met hod for hy anntagningrextess hexdilsalbf z@mbicifbanssolutar antkloged by
excessive | gvel s ofoa Spe@kEhﬁl%Q' utepaRiBheed. Asu??e@dnl0  £aBi9Y aq.us' Y

the affinity menbrane device present ~invention is designed
for use in an ext rrﬁéﬁﬁ’;’f&” SF%%?!“ are cichatpetenidedanabe BRPFOITENT
concurrently wth iotdmsased 1evetllserquelm cdgnsitcesdepopostdine (@pu)f,i cgdd on
of bl ood, such remoégiigfnuﬂi%hy§bﬁs I@eaﬁngyﬂﬂﬁgﬁgrQEEXEhéJF”fgp’the

avai |l abl e by 15 using t resent invention can serve- as benefici al
medical condl ion.

10 Pursuant to the present invention, the affinity

e membrane device may not only be utilized to remove target
o solute from a patient to be treated, but it alsc may be
o employed concurrently with other separation processes (e.g.
hemodialysdis). In this regard, certain . therapeutic

15 applications can advantageously be utilized for patients
who are currently receiving hemodialysis therapy for End

Stage Renal Disease (ESRD). Such therapeutic applications
include, for example, the extracorporeal removal of LDL,

beta 2-microglcébulin, and IgG for .allogenic transplant

20 recipients. These patients are ideally suited for
extracorporeal therapy since many already undergo
extracorporeal hemodialysis therapy for three to four hours

three times a week. Moreover, many of these patients have
already undergone surgery to create an access to their

25 vascular system that will allow ‘use of high blood flow

rates (>200 ml/min).
“The -ability--to employ the present  invention
concurrently with a  hemodialysis procedure naturally
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treatnent schene for certain nedical condi ti ons.

Specifically, the present invention may be utilized to treat nedical
conditions that are associated with the presence of a specific

nol ecul ar entity in plasnma for which 20 renmoval renedi es the condition
on either a tenporary or permanent basis. In addition to the

I dentificati on WO 97/48483 mol ecul ar target in plasma, the us e PGITUSHE10467

pr esent i nvention for the treatnment of such conditions is prem sed
on the ability to identify suitable |igand etpabl e of 25 bi ndi ng and
removi ng such nol ecul ar target from pl asma. By way of exanple
and not limtation, exanples of nmedi cal conditions that nay be
treated pursuant to the - present invention include

hyper chol esterol em a, transpl ant WO 97/48483

PCT/ US97/ 10467 | ections

associ ated with | gG BFOYifi9s egsrptadane In ge“eralsmﬁﬁﬁrpmﬁfs’t é'wl?\e apies
vasculitis, and sys4qeite deHilpased time eroptitemansusromacthef pahdent,

conditions is char ac%g%.(kfﬁdgled;ca),:gté\és&?ﬂélakg'ﬁ?‘ﬂ:wﬂ)&%e§§séxﬁ‘é‘§l ScOsfand to

specific solute in b exa pat1 ent
suffering fam | i 880 the eaRipmRentho|ansk él“&Péﬁ? ama‘i”ézaéhaﬁjéd‘tseﬁsfeﬁlaged
possessi ng S I nﬁiﬂﬁiseda{:ewab&unizl aveeansi t;yl Iipepypieing (.ﬂuDL)sgluté]e

renoval of which acts, as e;fEe_g QF#E@ tj.%B Ul‘?: hemodtt-ﬂgﬁj |n|?

condition. 10° mc"ﬁ'ursuan resent nven
menbr ane devi ce may hotrease pe u-‘c\quaééd QfGaFEﬁb‘&e ttiaﬁgand no ad§é|'=at=eal

froma patient to beré @ﬂ%ntQUtott rakRO idBVinkRrred oveeNdndycsbove that

concurrently with ot her s oces £, I al ysis).
In this regard, C@??%ﬁ gBeuth%go 1a§yéls§¥reatment fgggf}
10

Because implementation of affinity membrane therapy
requires access to the bloodstream, it may be particularly
suited to patients who regularly underxgo extracorporeal
blood treatment such as hemodialysis. Furthermore, as
discussed below, dialysis patients suffer from several
15 medical conditions which may -be ameliorated by treatment

with affinity membrane devices. For patients in whom blood
access is not readily available, usage of affinity membrane
therapy would be limited to those medical conditions for
which the benefits of treatment outweigh the risk of blood
20 access. - Examples of such non-dialysis applications are
discussed in greater detail below.
By way of example and not limitation, an example of
a method illustrating the use of the affinity membrane
device of the present invention will now be given.
25 Prior to initiation of dialysis, surgery is performed
to create a permanent blood access site' (either a synthetic
arteriovenous graft or an anastomosis, i.e., a surgical
joining of an artery and a vein). Dialysis is typically
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15 applications can advantageously be utilized for patients who

are currently receiving henodi al ysis therapy for End St age Renal

Di sease (ESRD). Such therapeutic applications i ncl ude, for exanple,
t he extracorporeal renoval of LDL, beta 2-m crogl obulin, and 1gG for
al I ogeni c transplant 20 reci pi ents. These patients are ideally
suited for W%mm?t racorporeal therapy since many alr egXsyisasar 90
extracor poreal henodi alysis therapy for three to four hours three .
times a week. Moreover, many of these patieznts have al ready
undergone surgery to create an access to their 25 vascul ar system t hat
wll allow use of high blood flow rates (>200 m/mn).

The ability to enploy the present invention concurrently with
a henodi al ysis procedure naturally WO 97/ 48483

PCT/ US97/ 10467 -41- provi des

advant ages. |n gen®f5FOrmsd u3ing b tHarnesideaprredure, with.sapaeatrdiisased
time commtments fifom ¢ihdrawadndnd return ofeHlbdd NMERe GAHEiIREEHOdealcet 9s
provi de vascul ar a a ; son I h | p t.and 1nvolve,

medi cal risks asso%icigf'g g&j éé};?\lsﬁ FRER h%l'{b éégjégg%r' gg@e%%.ls RRFMEG B¢ i ng
the sol ute Sakb08| 259ng HELGy &dentesth\_ftthen dirinsiemidicaipsi sTheao

increase in gveral blbb@al seshtiddayulatedOadibdidihgnNeb the patiled@Uis’ @RRALS Of
a, henodi al ysi s

isk is i d . e t jated wt
[ eatmont i 1serf.  pgeiEosodtitits Babme .  pusfRdEiatyRLsr sledth 1R BhoRed anc

t her apy  reqéPr 8beadérbvzear; athe Blowdmtecaf) 200-9R0 nig/miar uséogaal y
suited to patientspakpst£0UlcAplidp UNBEESPsLEhE AGHRAL €Al membrane d¥WARE is
treatment such as Q%ngglrgle Sv!tist'h thguéia eyrzrg%r' €its abslood flow rate is equal

10 to the patient's prescribed blood flow rate for dialysis.

- To minimize variations from normal dialysis procedure, the

affinicty device is operated for the patient's wusual’

dialysis treatment time, which is typically for three to

four hours three times a week. Depending on the amount of

15 target ligand to be removed, the affinity device may be
used during some or all of the dialysis procedures.

By way of example and not limitation, examples of
medical conditions of dialysis patients that may be
improved by affinity membranes are amyloidosis,

20 hypercholesterclemia, and transplant rejection.

Long-term dialysis patienté suffer from joint pain
and other symptoms of amyloidosis which are believed to be
caused by long-term accumulation of beta-2 microglobulin in
joints and other tissues. Beta-2 microglobulin is a low

.25 molecular wéight-protein that is normally shed from the
cell membranes . of all. nucleated' cells in the body.
- Normally, the kidney plays a critical role in removing

i

excess beta-2 microglobulin from the plasma. In the
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di scussed bel ow, dialysis patients suffer fromseveral 15 medi cal
condi tions which may be aneliorated by treatment wth affinity

menbr ane devi ces. For patients in whom bl ood access is not readily
avai |l abl e, usage of affinity menbrane “therapy would be limted to

t hose nedi cal conditions for whi ch the benefits of treatnent

out wei gh the riwg ofthssd 0od 20 access. Exanpl es of such neQETUSHIINSY S
applications are di scussed in greater detail bel ow By -
way of ‘exanple and not limtation, an exanphe of a net hod
illustrating the use of the afflnlty menbr ane device of the present
I nvention will now be given. 25 Prior to initiation of dialysis,
surgery is perforned to create a pernmanent bl ood access site (either
a synthetic arteriovenous graft or an anastonobsis, i.e., a surgical
joining of an artery and a vein). D alysis is typically WO

97/ 48483 absence of kidney function, th&@l/asmad7/ toédGéntration of
-42- rfo ' : : r,Qgegur

i nes for vv| Ad ?gﬁv\g r]f(%g }’Qxaﬁﬁgg* o &%hg&a f| n| tsb gg‘slélgc?tf\ss

pl aced in series windymahevakiug. yzérmg@nalﬂmq §°p??’?Fé‘G"—&FNFaU335 tragspetfe

al ong wit Ih t hg reStofgfaeﬁﬂ-ez Gilﬁ&:ﬁ&l&b\ﬂlﬂnCﬂhio valTlileus Fissued! o®bx alalysz.s
anti coagul at accordi.ng.to the.patient usua _ I
% EBr o8 n§31 5‘%" a1t Fade 'g’m% %%%1 q#"l ow

regime. During dial urrpe er a
rate of 200-500 ni /trieatmshhg with an affépity at‘lt-‘mraﬁm'pWOB&at}'%“Fﬁe the

affinity rrenbrane %Wc‘é%t&:?txon of bé{h-?erxdx%‘io&’l&ﬁhﬂzhxe A &JrﬁéZQd’laslnfaS b|PDOd

flowrate is equal patient's rlbedb 0

di al ysi s. 'Fr?‘ﬁﬁrnPﬁFE%gﬁaﬁﬁaéWoﬁgn??'gﬁﬁa%gPﬁa'f “HII sf" S ep)ré%%g%ﬁ

t he af fi ni tfrate\dlasmastopehat bikssues, t Ard maqse#tl:rs leséaFo rem"al
10 from the tissue.

Cardiovascular disease, not renal disease, is the
leading cause of death of dialysis patients. In the
general population, a high LDL concentration is known to be
a risk factor for cardiovascular disease.  Since a

15 substantial fraction of dialysis patients have high LDL
levels, the inventors believe dialysis patients' high risk
of cardiovascular morbidity and mortality is in part
attributable to their high LDL levels. In patients with
high LDL values, periodic removal of LDL by treatment with

20 an affinity membrane during dialysis will reduce the LDL
concentration, thereby reducing the risk of morbidity and
mortality.

The typical kidney transplant recipient is maintained
on dialysis for several months while waiting for a donor

25 . organ to become available. For allogeneic transplants
{i.e. human organs for human recipients), removal of
immunoglobulin G (IgG) may reduce ‘the incidence and/or
severity of acute organ rejection, thereby improving
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dialysis treatnent tine, which is typically for three to f our

hour s
three tines a week. Dependi ng on the anpbunt of 15 target ligand to be
renoved, the affinity device may be used during sone or all of the
di al ysi s procedures. By way of exanple and not limtation,

exanpl es of
| nproved by

nedical conditions of dialysis patients that may be

QEI menbr anes are anyl oi dosi s, 20 pcT/US97/10467

hypercholesteﬁ%ﬁ enla and transpl ant rejection. Long-term
dialysis patients suffer fromjoint paingg. and ot her synptons of
anyl oi dosi s which are believed to be caused by long-term
accunmul ati on of beta-2 mcroglobulin in joints and other tissues.
Beta-2 mcroglobulinis a low 25 nol ecul ar wei ght protein that is
normal |y shed fromthe cell menbranes of all nucleated cells
in the body. Normal Iy, the kidney plays a critical role in
renovi ng averedd gwefh- surNivadglrasesin Thoem tbe of asmuaffiniuy t he
WO 97/ 48483 membrane which removes IgG 1nmPGI/H§9 /1%4§Zr to

-43- entration of

bet a-2 mi crogl obi53%5§

val ue. A high pl

AR RiantarR Pdde FFgue tne oG iapel e o

asnspdantaticl,i ahecabgesedudingpahe risk of Otrdedpladt

i1f¥8lj 2% the timey@iny|

m crogl obuki n intQ %@Ehg s tissues. For dialysis 5 patients, periodic

renoval of beta-

2 mcro obulin by - treatment with an affinity

menbr ane woul d reduce Fﬁé Pat"e“tscbﬂc‘éﬂ‘i‘htﬂeé'ﬁab?n%éﬂé’ﬂﬂ aFee®y| sbmatn in

t he pl asna. A availableyer tenpmay ph&eeascoaeenthat|5mb¢uyﬁniaheduge

transport QB PLAGI ! @ Ll d185Y68ae A0 (ROFSIR) ¥nb8REL P deToval
10 fromthe tis cul ar edse, not re
di sease, is the dual lumen catheter in the subclavian vein). The lumen

10

15

20

25

side of the affinity device is connected to a peristaltic
pump and primed with saline. After the lumen side is
primed, the filtrate port will be opened to allow priming
of the shell side. The filtrate line will then be clamped
while the device is primed with bloed. To prevent blood
clotting, anticoagulant may be added as a bolus (by syringe
or pump) at the start of the procedure and/or continuously

.throughout the procedure (by a pump). Because the blood

flow rate will be limited by the capacity of the temporary
access, the maximum blood flow rate will range from 100 to
300 ml/min. For operation in the embodiment of the present
invention depicted in Figure 2, the filtrate port will be
opened after the blood £ills the lumen side. Plasma and
blood concentrations of the target will be reduced as
described above. The procedure time and the frequency of

use will depend on the amount of target ligand to be .

removed.
By way of example and not limitation, examples of
three medical conditions of patients not on dialysis for
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| eadi ng cause of death of dialysis patients. In the gener al

popul ation, a high LDL concentration is known to be a risk  factor

for cardiovascul ar disease. Since a 15 substantial fraction of

g!a:ys!s patients hﬁvehhigh LDL | evel s, the inventors believe
lalysis patients' high risk of cardi ovascul ar norbidit

nmortality is i nWPRm4s483 attributable to their high LDL | evwgvﬂo“"

patients with hi gh LDL val ues, periodic renoval of LDL by treatnent

with 20 an affinity nenbrane during diat4psis will reduce the LDL

concentration, thereby reducing the risk of norbidity and nortality.

The typical kidney transplant  recipient is nmaintained on dialysis

for several nonths while waiting for a donor 25 organ to becone

avai |l abl e. For all ogeneic transplants i .e. human organs for

human reci pi ents) renpya

i nci dence and/or sé&é??f@yoF“ﬂ%ﬁ?%F%?béﬁuLInecP&%ﬁgi?HS%% cgd6eine

| mprovi ng hypercholesterolemia, transpSeBSTteHETELSHERN] ng[g.g:.myne
WO 97/ 48483 disease. | PCT/-US97/ 10467

et The most severe form of hypercholescarélemia is
5 homozygous familial hypercholesterclemia. Left untreated,
this disease normally proves fatal by age twenty. Whereas
milder forms of hypercholesterolemia may not warrant
invasive extracorporeal blood treatﬁent, patients with
homozygous familial hypercholesterclemia have previously
10 been treated with complicated and expensive affinity coclumn
systems. Compared to affinity columns, affinity membranes
offer the potential advantages of simplicity of operation
and reduced cost. With the use of the affinity device, the
inventors anticipate that reduced LDL levels will lead to

15 increased life expectancy.

Like dialysis patients, other organ transplant
recipients can benefit from removal of immuncglobulins
prior to transplantation. As was discussed above, removal
of . immunoglobulin G {IgG) prior  to allogeneic

20 transplantations may reduce the incidence and/or severity
of acute organ rejection, thereby improving overall graft
survival rates. - Given the tremendous shortage of human
organs for transplantation, xenotransplantation (e.g. use
of pig organs for human recipients) is currently under

25 investigation. Removal of the subclass of immunoglobulin
M responsive'for hyperacute rejection (xenoreactive IgM)
may be a key aspect of the success of xenotransplantation.
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overal | graft survival rates. Thus, use of an affinity menbr ane
whi ch renoves lgG immediately prior to transpl antation w Tl
reduce the IgG level at the tinme of transpl antati on, thereby

reduci ng the risk of transplant 5 rejection. For patients
i n which permanent bl ood access i s not avail abl e, tenporary access

to the bl 00?&57?&933 established at a suitabl e | oggris®ioded. by
i nsertion of dual -l umen catheter in the subclavian vein). The .

| umen 10 side of the affinity deviceggs connected to a peristaltic

punp and prinmed with saline. After the lumen side is prinmed, the
filtrate port will be opened to allow primng of the shell side. The
filtrate line will then be cl anped while the device is prinmed with
bl ood. To prevent bl ood 15 clotting, anticoagulant may be added as a
bol us (by syringe or punp) at the start of the procedure and/or
conti nuously t hlaughotibinmhmepr dieernss ( Ispch p&ep)sysBemagsel eprs bl ood

flowrate wll thg papa&id Yad¥ello % %ﬁ@@&@{é’ his A6&ESS,
t he maxi mum bl oo 4I€(§v‘\3§1§g°§¥\?\n I ? rgan % romelo s301:0o mlsm n. For

operation in the SHdcti netlte FULEhEuE e%ferﬂympt"‘“s °F n?/'éfrﬁ"flﬂ’ﬁ‘“ﬁﬁpijbf%%ls‘? n
Figure 2, the filddyat Bepattribltedeto the acptomsl aft eutbhetidabicsfiéd s the

lunen side. Pl assn;??c%.r}(Ic tstsnbeéjl:QO Qlﬂfgf':i&?to'fofﬁnme Egﬁpfﬂ&eyfoﬂxéé be

reduced as procedure tine an frequency of
25 use wll d@qmn&heﬁEtwO&ﬁﬁah?dJ&rs ta'?*ga FERCYRE P65 rroantibodiespyed.
By way of exanpl ea&m:.ﬂomhurm t &dniplexegXBpphee of an affihlhitpemembrzméd

ggq-?b'tslgg?iogf];?patvbc?ung uce tgéa;%ﬁdt%mgognd compiécatmgafafgﬁgglmmune

diseases. For autoimmune diseases which target the kidney,

10 for example Goodpasture's Disease and systemic vasculitis,

e removal of autoantibodies would slow down progression of

- renal disease, ‘postponing or preventing the need for

e dialysis.

: It should be understood that various changes and

15 = modifications to the presently preferred embodiments

described herein will be apparent to those skilled in the

art. Such changes and modifications can be made without

departing from the spirit and scope of the present

invention and without diminishing its attendant advantages.

20 It is therefore intended that such changes and
modifications be covered by the appended claims.
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which affinity nenbranes nmay be enpl oyed are severe

hyperchol esterol em a, transplant rejection, and autoi nmune di sease.
The nost severe form of hyperchol esterolema is 5 honozygous famili al
hyperchol esterol em a.” Left untreated, this disease normally proves
fatal by age twenty. Whereas m | der forms of hyperchol esterol em a
may not warrantwo97/48483 | nvasi ve extracor poreal blood treat ment? FY7ap6L
wth honmozygous famlial hyperchol esterol emi a have previously 10
been treated with conplicated and expensive4@-finity col um - syst ens.
Conpared to affinity colums, affinity menbranes of fer the potenti al
advant ages of sinplicity of operation and reduc ' use
of the affinity device, the inventors anticipat gmﬂm"l"lmmm"m

|l evels will lead to 15 i ncreased |ife expectancy. * ¢ L M qjke

di al ysis patients, gan transpl ant reci pients can benefit
fromrenoval of i I ns _ . prior to transplantation. As was
- di scussed above, renoval 1. An Fffinigwumemgboang i devige ytigdzed fidrorthe to

al | ogenei c 20 U rdsddeank o drva 1 NEY ta@gHERd ldd ebGLd SRBACaAMH Qh SEYENA tY
of acute organ reject , thereb%/. i.nproving overall graft survi val
rates. Gven the tr 8s SR sd'é‘@‘of human organs for

transpl antati én, xenotranapl @icagaded (hogsingchaving anofindie§ @ogansendoran

human reci pi ents) i SoflidiebkY #WH@nt29 and dX1¢CSEi PRSdPLtherBEPENAI Of the

subcl ass of i mmnogl obulin .M responsive .for hyperacute rejectio
(xenoreactive | gV *&?éﬁr%eféy?{e%/ SRgef dn (thE SpEEERRl (gavity, the

xenot ranspl ant ati on.hollow fibers hW@iRY/g&rEE3 with suitable pore sizes for
PCT/ US97/ 10467 separating blood into plasma éﬁ%@teliular components, the

10 pores having ligands immobilized to an internal surface of
the pores, the ligands having an affinity for the targeted
molecules in the plasma,

wherein the cellular components of the blood do not
flow into the pores of the hollow fibers and the plasma is:

15 transported into the pores by means of positive and reverse
filtration in the absence of an external pump for
generating plasma flow across the hollow fibers.

2. The device of Claim 1 wherein the pore sizes
range from approximately 0.2 to 0.6 microns. '

20 3. The device of Claim 1 wherein the hollow fibers
have wall thicknesses with adequate surface area for
attachment of the ligands to allow for the sufficient
bihding of the targeted molecules. _

4. The device of Claim 3 wherein the wall

25 thicknesses of the hollow fibers ranges from approximately
300 to 3500 microms.

$S. The dévice of Claim 1 wherein the hollow fibers

have internal diameters of approximately 70 to 140 microns.
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I n aut oi nmune di seases such as system c | upus eryt hemat osus, a

patient” devel ops anti bodies to his own cells. The nultitude of
synptonms of aut om mmune di sease may be attributed to the actions of
aut oanti-bodi es on 5 specific tissues or accunul ation of immune

conpl exes forned fromthose autoanti bodi es. Thus, renoval of

aut oant i bodi esyg 97, and/ or i mmune conpl exes by use of an afptirnisyyi0467
menbr ane woul d reduce the synptons and conplications of autoi nmune

- di seases. For autoi mune di seases which target the Ki dnes,L—LO——f-QL—

exanpl e Goodpasture's Di sease and system c%fasc

tis
o o o ntre=s o o ers I |||||| mﬂ’mu"ll

shoul d be understood that various changes and 15 modi fi cations ‘to t he
presently preferred enbodinents described herein will be apparent

to those skilled in the g, Theaagn%% eha9as gge{rpcm{ %%ngnsfc&{] Je

made wi t hout departing from t Tt and scope o
i nvention and wi t hcie BPﬁFn‘? makgrizl Sétlﬁﬁﬁﬁfhrftmﬁdﬁhﬁﬂgé@% C%lStln‘BtOfol s

therefore intendeckelilhabsesuaiziacboagns palyulfone, IBlivhaicedtbRsr De;
gg¥?b§87?{022$ app%ﬂﬂﬁﬂe%k?bfﬁyl alcohol COPOQQQe%EQggfﬁggthyﬁgeefifRxlace:
8 polyamide; polypropylene; cellulose acetate; regenerated
cellulose; polycarbonate, polyethylene, polyvinylalcohol;
and polyvinylchloride.
7. -The device of Claim 1 wherein the ligands are
immobilized to the surface of the pores with an
10 avidin/biotin molecular complex.
R 8. The device of Claim 1 wherein the ligands are
immobilized to the surface of the pores with polyethylene
- glycol.
"’ 9. The device of Claim 1 wherein the ligands are
15 enzymes that modify the'targeted molecules and release the
targeted molecules once they are modified.
10. The device of Claim 1 wherein the elongated.
housing has a single outlet port and a single inlet port.
. . 11. The device of Claim 1 further comprising a plasma
20 conduit attached to the elongated housing that allows non-
targeted molecules o¢f the plasma to reunite with the
cellular components by means of an existing pressure
gradient.
12. A method for the seélective removal of targeted
25 molecules present in plasma comprising the steps of:
~ | ' providing a hollow fiber membrane device having (a)
an elongated housing with a single inlet port and a single

outlet port for entry and exit of blood therefrom; and (b)
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1. An affinity nmenbrane device utilized for the sel ective renoval of
targeted nol ecul es tontained in plasm of blood conprising: 5

an el ongated housing having an inlet port and an outlet port for
entry and exit of blood therefrom hol | ow fi bers encased in
the internal cavity, the hol | ow fi bers havi ng pores mﬁé?nﬁgiiﬁﬁée
pore sizes forwo09748483separating bl ood into plasma and cel |l ul nts,
the 10 pores having ligands imobilized to an internal surface of

t he pores the ligands having an affinity_ger the targefed““’”‘"’ﬁ%TEEﬁles

in the plasng, wherein the cellular conpo “do
not flowinto the pores of the hollow fibers anamﬂg\ﬂ“’m“m“
transported into the pores by neans of positive and re L w5 *
filtration in the absence of an external punp for generating plasma
flow across the hollow fibers. 2. The device of Caiml

wherein the pore sihmaow fibersr encsdd dnsidetbei kausdng, Otize tholdos fihearsns.
20 3. éfiég J;kﬁ'gﬁﬂtégi@rﬁﬁﬂé 5B e HOfd OWebhREE Sng blood

have wal l thlcknesses adequa surface area-

or
attachment of the I§F@ndRiashrl ?’&Ev £8 ‘E]H’é STAMPCBEBRE hg P5E5di MY 36 t he
targeted nol ecul es.1igands bound té. ahhdntleviale oirf@cai w3 theermines,hehsal |

25 hi ck f b f .
300 to 5568 eifgﬁ CIQBEQ% RQL£R¥IJQS§¥H?nlggg§§r {#Hqgggaﬁeé&nﬁﬁfiahles

vi ce aim 1 wherein the
hol | ow fi bers plahm@e I nternal dianmeters of approximately 70 to 140
m crons. WO 974 48A4SSorting blood into the inlet port of the
PCT/ US97/ 10467 , - 48-
- 48- housing:;

causing the plasma of the blood to flow into the
10 pores of the hollow fibers by means of positive and reverse
filtration while not allowing the cellular components to
flow into same; ' , '
contacting the targeted molecules in the plasma with
the ligands for a clinically significant period_of time to
15 allow for the binding of the targeted molecules to the
ligands; and
causing non-targeted molecules of the plasma to
reunite with the cellular components of the blood.
"13. The method of Claim 12 further comprising causing
20 the non-targeted molecules to flow back through the pores
of the hollow fibers by means of positive and reverse
filtration to reunite with the cellular components and exit
the device through the outlet port.
'14. The method of Claim 12 further comprising causing
25 the non-targeted molecules to reunite with the cellular
components via a plasma conduit by means of an existing

pressure gradient.

SUBSTITUTE SHEET (RULE 26)



6'. The device of Cdaim1l wherein the hoIIowfibers' are nmade of

material selected fromthe group consisting of: cel l ul ose’
triacetate; polysulfone, polyacrylonitrile; et hyl ene/ vi nyl al cohol
copol yner; polynethyl nethacrylate; 5 pol yam de; pol ypropyl ene;

cel lul ose acetate; regenerated cel l ul ose; pol ycarbonate,

pol yet hyl ene; Q@,@“ﬁyl al cohol ; and pol yvi nyl chl ori de. pcTus9e7/10467

7. The device o alm1 wherein the ligands are i robilized to the
surface of the pores with an 10 - avi di pibi oti n nol ecul-ar—conpiex:

8. The device of Caim1l wherein the Iigangs are ' b bl he
surface of the pores with polyethyl ene gl ycol . ”"mmmmu"mte
device of Caiml1l wherein the |ligands are 15 enzynes L i n
targeted nol ecul es and rel.ease the targeted nol ecul es once they are
nmodi fi ed. 10. The device of Claim1l wherein the el ongated

housi ng has a singl e outibet TRarhewivdl afSCIyine 12 iiireiar the pore sizes in 11.
The device of Claiynl furfher_comyrisi | as . ndui,t _attached
A R A LA [ e

to the el ongated housing

plasma to reuni t erhgrnoms.t he _ cellular conmponents by neans of an
existing pressure — 16.0mAdi Chbtnod of Clain 122 Angeiad tRe theLL
sel ective renova , targete ecyl.es present_in plasma.co | Si ng
the steps off o Shadi@ledSglofiine, nallpd kit 5BRG sach REBEER BETEL T g
(a) an el ordRA e BS0Qimireaginsh a single inlet port and a single
outlet port for entry ang, exht Réctidded NARCHbOMerdid . €Rd hollow fibers VO
97/ 48483 . , .PCT/US%Z/&O@F? .
- 49- have internal diameters of approximately © 140 microns.
18. The method of Claim 12 whexein the holle fibers
10 ~ are made of material selected from the group consisting of:

LY

cellulose triacetate; polysulfone; polyacrylonitrile;.

ethylene/vinyl alcohol copolymer; polymethylmethacrylate;

polyamide; polypropylene; cellulose acetate; regenerated

cellulose; polycarbonate, polyethylene; polyvinylalcohol:;
15 and polyvinylchloride.

19. A hollow fiber membrane comprising:

a plurality of elongated hollow fibers, each fiber
having a peripheral wall surrounding a lumen, the
peripheral wall having a plurality of pores extending

20 therethrough, the number and configuration of the pores
being effective to separate blood into plasma and cellular
components, each pore having ligand bound to an internal
surface and having a length dimension such that adequate
surface area is provided for the attachment of the ligand

25 to ensure that'thé'ligands capture substantially all target

molecules.
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hol | ow fi bers encased inside the housing, the hollow fibers havi ng

pores with suitable pore sizes for separating bl ood into plasnma and
cel l ul ar conmponents, the pores having | i gands bound to an internal
surface of "the pores, the 5 | i gands having an affinity for the targeted
nmol ecul es in pl asma; transporting blood in n
part of the WO ITH#ME3I nQ; ' causi ng the plasma of E’?’ﬁ}éﬁg’r’@ﬁ& to
flowinto the 10 por es of the holl ow fibers by neans e and
reverse filtration while not all ow mpit-he ceIIuI onents to
flow into sane; " contacting the targeted . ENE,"MM!

pl asma with the ligands for a clinically S|gn|f|0= m"‘me
to 15 al low for the binding of the targeted nolecules to the s

l'i gands; and causi ng non-targeted nol ecul es of the pI asrra to

reunite with the cellul ar ,gonppRens o9f ffbhe'?: bI od. o of ﬁéaﬁﬁ‘nl?a‘f*beé:teé‘ﬂ the

nmet hod of Caim 12 further conprising ca

mol ecul es to flow beﬂ,ﬁéiﬂhﬁéﬁbt’r'atlﬂehﬁﬁr%s“-hmkness cfangheg hstdrowpbirbaisa byly
means of positive amdby @eeBS60 micronsfiltration to reunite with the

cel lul ar conponents and e t he_devi ce through the outlet port.
14. The method of O aim 1é&fu?‘f'ﬁerf°lé8ﬁ‘pf’&§ gf aim 19 yherein the

non-t ar get ed #ol eculbesllioy £ébews chaniet hnthm&ﬂeld.uahat:ers of appecoRpmAEAlE 10 a

a plasma conduit by ¢ggns flcsdhseXi sting pressure gradient.
WO 97/ 48483 PCT/ US97/ 10467
- 50- . 22. The hollow fiber membrane of Claim 19 wherein the
hollow fibers are made of material selected from the group
consistidg of: cellulose triacetate; polysulfone;
i0 polyacrylonitrile; ethylene/vinyl alcohol copolymer;

polymethylmethacrylate; polyamide; polypropylene; cellulose
acetate; = regenerated cellulose; polycarbonate,
polyethylene; polyvinylalcohol; and polyvinylchloride.

23. The hollow fiber membrane of Claim 19 wherein the

15 ligand is bound to the pores with an avidin/biotin
molecular complex. _

24. The hollow fiber membrane of Claim 19 wherein the
ligands are immobilized to the surface of the pores with
polyethylene glycol.

20 25. A method for reducing concentration levels of a
target solute in a patient suffering from a medical
condition characterized by excessive levels of the target
solute comprising:

removing whole blood from the patient;

25 . providing a hollow fiber membrane device having (a)
an elongated housipg with a single inlet port and a single
outlet port for enhry and exit of blood therefrom; and (b)
hollow fibers encased inside the housing, the hollow fibers
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15. The method of Claim 12 wherein the pore sizes in t he hol | ow
fibers range from approximately 0.2 to 0.6 m crons. 16.
The nmethod of Cdaim 12 wherein the wall 5 - thicknesses of the

hol | ow fi bers range from approxi mately 300 to 3500 microns.

17. The method of C aim 12 wherein-the hollow fibers have i nternal

di aneters of W;ﬂél{gﬁtely 70 to 140 m crons. 1$cTAIR®igRé Od

of Claim 12 wherein e hollow fibers 10 are made of material selected

fromthe group consisting of: cel lulgse trlacet-a{—e—'—pm—ywr‘f’(iﬁe

pol yacrylonitrile; et hyl ene/ vi nyl alcohol copol .
pol yret hyl met hacryl at e; pol yani de; pol ypropyl e ﬁ‘mﬁ“““‘“ﬂ““m‘ ate;
regener at ed cellul ose; polycarbonate, polyet hyI s *

pol yvi nyl al cohol ; 15 and pol yvi nyl chl ori de. -19. A hol | ow
fi ber menbrane conpri sing: a plurality of elongated holl ow

fibers, each fiber having haplugakitperofplporzls wxicbnding cthedienpreughpethet he
peripheral wal | havipg.g @nwgJ?ﬂ.f%u%tpea%% exd eﬂ]%'eggeg&fcftxv LT RbEQreN.

t he nunber and confl uration e pore i Ve Xt
separate bl ood i nt oPpPed idtenBleama BPércenular %}Pﬁaﬂ’é‘fﬁ's theRergsohaviegi ng
| i gand bound to an Lbgsmdsil bound to Sanf iweerad [avitage act eoRé hpdreBNStipd

such that adeguate 1yqanas SHEJARP 4 SEARLPY OVbAhS YorklE LEGEOTENT 0]

the ligand 25 nsure that” t |gan capture su yal
t ar get nmol eBypema; WD 97/ 48483

PCT/ US97/ 10467 : transporting the blood thivlgh. the hollow fiber
membrane device for a clinically significant period of time
to substantially lower the concentration level of the

10 target solute from the plasma and to form a treated blood
product; _
infﬁsing the treated blood product into the patient;
26. The method of Claim 25 wherein the ligand is a
polyclonal antibedy.
15 27. The method of Claim 25 wherein the ligand is an
autoantigen capable of binding autoantibodies.
' 28. The method of Claim 25 wherein the ligand is an
enzyme.
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- 20. The hollow fiber nmenbrane of C aim 19 wherein the . peri pher al

wal | has & thickness ranging from approxi mately 300 to 3500
m crons. 21. The holl ow fi ber nmenbrane of C aim 19 wherein
the 5 hol l ow fibers have internal dianeters of approximtely 70
to 140 m crons. 22. The holl ow fi ber nmenbrane of _Claim 19
wherein the wo 9748483 | ow fi bers are nade of material sel ect RCYVPHH1042
group consisting of: cellulose triacetate; pol ysul fone; 10
pol yacrylonitrile; et hyl ene/ vi nyl al cohol copol yner;
pol ynet hyl met hacryl ate; pol yam de; pol ypropglfepe; cellul ose
acet at e; r egener at ed cel | ul ose; pol ycar bonat e,
pol yet hyl ene; - pol yvi nyl al cohol ; and pol yvi nyl chl ori de. . - 23.
The hol I ow fi ber menbrane of O aim 19 wherein the 15 ligand is bound
to the pores wth an avidin/biotin mol ecul ar conpl ex.
24. The hollow fi ber nmenbrane of Caim19 wherein the | i gands are
i mobilized to the surface of the pores mﬁﬁggg; l pol yet hyl ene gl ycol
20 25. A nethod for reducing c *at+on l-evel s of a
target solute in a patient suffering { om a nedi q@ condi tion
characterized by excessive |evels of ' 13 sol ute conpri sing:
renovi ng whol e bl ood frol4the patient providi a holi®w
fi ber nmenbrane de ving (a) ousi Nng M e
inlet port and a ?I?&(Bﬁ . n MA| exi t bﬁé%é%
therefrom and (b) | ow iceTs F cased ins elthe ho , the
hol | ow fi bers B {
PCT/ US97/ 10467 18 P 52 50
— )
. 22
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having a plurality of pores extending therethrough, the nunber and

configuration of the pores effective to separate " blood into plasm
and cel lul ar conponents, the pores having | i gands bound to an
internal surface of the pores, the 5 | i gands having-an affinity for the"
target solute in the pl asng; - transporting the bl ood

t hr ough t he holwewrkisber menbrane device for a clini cal MGT/US97/10467
significant period of tine to substantially |lower the concentration.
| evel of the 10 target solute fromthe plasma and to forma treated
bl ood product ; infusinqzzﬁg treated bl ood product into
the patient. : 26. The net hod of im25 wherein the ligand is
a pol ycl onal anti body. 15 * 27. The nethod of Caim 25
wherein the ligand is an aut oanti.gen capabl e of binding :

aut oant i bodi es. 28. The.nmethod of C aim 25 wherein the |igand
iI's an enzyne. :

. PLASMA 32
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