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Mark R. Etzel CROSS-REFERENCE TO RELATED APPLICATIONS Priority is hereby claimed to
provisional apPIRSABEASERrial No. 60/830,917 filed July 14, 2006, which is ineofosaeettiesain by
reference. BACKGROUND Viral clearance is essential for manufacturing safe, biotechnology-derived
10pharmaceuticals such as monoclonal antibodies (mAbs), recombinant proteins, fusion proteins, sera
and media, and the like. Regulatory agencies worldwide mandate removal of viral contaminants from a
host of products headed intAEXYOREBITEEMNARGBR AESArORdiRABCANOMIRUEESScComplicates their
separation from biopharmaceutical intermediates aﬁ?‘%&s%g?% viral particles (due to their size) bind
only to the surface of 15 chromatography beads. Virus par icles are too large to enter the pores of
conventional chromatographic beads. Thus, the binding capacity of conventional chromatographic

beads for viruses is much sm@ gé&ﬁﬁ#ﬁ@ﬂ@%%m% ?@tﬁﬂl@ ' ﬁgvithin the pores.

Chromatographic beads themselves are arelatively expensive commercial 20product. To operate at
peak levels, the bead®mousy havierebyeriameatyonpomasiismerspphasticie Sié!itNcontBd3ationy whitled

tightly-controll re size. As a consequence, chromatographic beads are designed for regeneration
so that they caejr(ll]|l l?é)l @%@‘2% g?/lé?ﬁrﬁ%hnyc%r i i%?ggf)hr? rgf/%?)e%q&%%(%lgﬁ' manufacturing costs down). While

this approach does, in fact, keep material costs in check, it is not without drawback. Most notably,
when the BACKGROUND
Viral clearance is essential for manufacturing safe, biotechnology-derived
10 pharmaceuticals such as monoclonal antibodies (mAbs), recombinant proteins, fusion
proteins, sera and media, and the like. Regulatory agencies worldwide mandate removal
of viral contaminants from a host of products headed into commercial markets. The
nanometer-scale of viruses complicates their separation from biopharmaceutical
intermediates because the viral particles (due to their size) bind only to the surface of
15  chromatography beads. Virus particles are too large to enter the pores of conventional
chromatographic beads. Thus, the binding capacity of conventional chromatographic
beads for viruses is much smaller than it is for impurities that can enter and bind within
the pores.
Chromatographic beads themselves are a relatively expensive commercial
20  product. To operate at peak levels, the beads must have a very nearly monodisperse
particle size, in combination with a tightly-controlled pore size. As a consequence,
chromatographic beads are designed for regeneration so that they can be re-used over
many purification cycles (to keep manufacturing costs down). While this approach does,
in fact, keep material costs in check, it is not without drawback. Most notably, when the
25  beads are to be recycled, the virus-ligand binding must be reversible. In short, once the
beads are loaded to their full capacity of virions, the beads must be cleaned of the virus
particles. Resin cleaning and lifetime validation costs (while cheaper than purchasing
new chromatographic resin for each separation) are considerable.
There remains a long-felt, and unmet need, for a virus-trapping medium that has

30  both high-efficiency and high-capacity for trapping virus particles, and 1s also sufficiently



25 beads are to be recycled, the virus-ligand binding must be reversible. In short, once the beads are
loaded to their full capacity of virions, the beads must be cleaned of the virus particles. Resin cleaning
and lifetime W&Y@¥§3W&833ts (while cheaper than purchasing new chromatodeptis2p83i#73d24each
separation) are considerable. There remains a long-felt, and unmet need, for a virus-trapping
medium that has 30both high-efficiency and high-capacity for trapping virus particles, and is also
sufficiently WO 2008/008872PCT/US2007/073324 low in cost that it can be implemented as a
one-time, dispasaltecosedhanitfoar dmovpignérat ¢ antaniaaitios) diopodalalo gicdipnoductsnSiHIMARY
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Adsorptive membranes are also cheaper to manufacture than are controlled-porosity, monodisperse

beads. Adsorptive membranes for viral ¢l stlﬁ?i | @hm to allow the membranes to be

disposable. Thus, ligand candidates fo%@@%h O@)\?e% ?ﬁ\are rejected due to their

irreversiblé binding cﬂaranteﬁstti@sbanesi,daalemindkiafe&fof yirall abeprian crertinghadsaovpiivele for
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accelerating tmﬂla\xatlmbnhtynbtahempbatﬂmspmdnjetsT(htlsiSlgeraitbaodréamrtbmrct&mnél’tbgsa,phe present
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micro- porous er membran gan Immo ne. The |gan diménsioned
and conflgure(fctovrret\/dmbiycanmaglemtmelyvblnd:mbm and simultaneously to have a pKa

suficientl high to rengl bagic protelns (ncluding pntivodies n geperel A MaRs gl pbggies i
particular) via electrostatit |
bind virus particles under a range of conductivities and pH values.
One distinct advantage of the present invention is that by establishing bracketed
15 generic conditions for viral clearance by disposable membrane adsorbers, developers of
new mAbs (and other biologics) will be able to cite project results in lieu of performing
costly and time-consuming validation studies, thereby freeing resources and accelerating
the availability of therapeutic products to US health-care consumers.

Thus, the present invention is directed to a disposable, virus-trapping membrane

20  comprising a disposable, micro-porous filter membrane and a ligand immobilized on the
membrane. The ligand is dimensioned and configured to irreversibly and selectively bind
viruses and simultaneously to have a pKa sufficiently high to repel basic proteins
(including antibodies in general and monoclonal antibodies in particular) via electrostatic
charge repulsion. It is preferred that the the ligand is a multi-modal anion-exchange

25  ligand and that the ligand has a positive charge at pH 7. The ligand also preferably has a
pKa of at least 10.0.

The filter membrane itself may be fabricated from any suitable, non-reactive
material. Preferably, the membrane is fabricated from a polymeric substrate material, for
example a polymer substrate selected from the group consisting of polyvinylidene

30  difluoride, polytetrafluorethylene, polyamides, polyamide-imides, polysulfones,

polyethersulfones, and polyphenylsulfones.



charge repulsion. It is preferred that the the ligand is a multi-modal anion-exchange 25ligand and that
the ligand has a positive charge at pH 7. The ligand also preferably has a pKa of at least 10.0.

The filter meM{bRAPEMREET2 may be fabricated from any suitable, non-reactivePGiEigstah7Rrsserably, the
membrane is fabricated from a polymeric substrate material for example a polymer substrate selected
from the group consisting of polyvinylidene 30difluoride, polytetrafluorethylene, polyamides,
polyamide-imides, polysulfones, polyethersulfones, and polyphenylsulfones. WO
20081008872PCT/LI200pvéréd8a4hat thit ligpieierdaddhaboe ighoonisgireé¢nsiprichang-configured to

yield a log-reduction.value (L f at least 1.0 far neutral viruses disposed in a solution comprising up
20 50 nint oo, SRR DAL o b AT s NG SRSt AR RGeS
dimensioned amgsl toditfigimiech ko rielehartogreRelatsitrarp valuso(kRV3a0f all: [easdabpdeforrag uiiltiituses
disposed in a splution comprising up o 50 mM salt and more preferably up to 150 rrjiM salt. The
igand may be SEUERE FoTFE RO RES SRR (ot g EprNBT BLEA L o least
2-arninobenzirgiddgpleuisa-diarsynaipbydr xpEpase ctisiZsaminoeiisyavisg: and agraatine.

Tris(2-aminoethy) mige and atMe are most 10preferred. The invention is also directed to a
correspondingf%é?ﬁ?) yo‘f’%é?nag’@@ &Mbranes described herein to trap viruses, thereby removing

them from a solution. THuisgdhe invebEcslistalba sliiebtegéamonaiboskaifremIMog wypssmhiiwn a
soluion suspegled f conIg g YLses: SR04 GOTR S0 ANaclng 2 selgon suspected o
containing
aminoethyl)amine, and agmatine. Tris(2Z-aminoethyl)amine and agmatine are most
10 preferred.

The invention is also directed to a corresponding method of using the membranes
described herein to trap viruses, thereby removing them from a solution. Thus, the
invention is also directed to a method of removing viruses from a solution suspected of
containing viruses, the method comprising contacting a solution suspected of containing

15  viruses with virus-trapping membrane comprising a disposable, micro-porous filter
membrane and a ligand immobilized on the membrane, wherein the ligand is
dimensioned and configured to irreversibly and selectively bind viruses, and has a pKa
sufficiently high to repel basic proteins present in the solution via electrostatic charge
repulsion.

20 As noted earlier with respect to the membrane itself, in the method it is preferred
that the solution is contacted with the virus-trapping membrane for a time sufficient to a
yield log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in the solution
when the solution comprises from 0 to about 50 mM salt, and more preferably still to a
yield log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in the solution

25  when the solution comprises from 0 to about 150 mM salt. It is still more preferred that
the solution is contacted with the virus-trapping membrane for a time sufficient to a yield
log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in the solution
when the sofution comprises from 0 to about about 50 mM salt, and more preferably still
to a yield log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in the

30  solution when the solution comprises from 0 to about 150 mM salt.



15viruses with virus-trapping membrane comprising a disposable, micro-porous filter membrane and a
ligand immobilized on the membrane, wherein the ligand is dimensioned and configured to irreversibly
and selectiv® BIg/WBEZes, and has a pKa sufficiently high to repel basic pPeBbS2praszRin the
solution via electrostatic charge repulsion. 20As noted earlier with respect to the membrane itself, in
the method it is preferred that the solution is contacted with the virus-trapping membrane for a time
sufficient to a yield log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in the solution
when the solution cormaegdsfrornibtanapoeicSib mhbaalt) eegohona yietaradiffustiHdto( R yisR),

log-reduction vg%g %)hR'\t%n%f %tgl%bsrt 1.(‘)3 J%Or}gutralnvirg%es d\;gpgl?ed in thess&tution 25when the
solution comprlseslf M 08 500t 150 FvCEARTY B LHAHEE preferPr'é)art it thé SOHOR S contacted
with the virus-tragpiied noenikokamne dodaviitopedutiitiefutora yikidtiagve fitetiarenblizad lokoratat least
5.0 for neutral }/AEIIIS(?S Qdilstgostel intt%% o&yﬁ';?ﬁ:v(vhen ,L?%,%P\Alﬁlg E ri?_es fliggi ?to about a;grut 50
RIM salt, and more ﬁr ‘F/era%lfy StlG an?/iel og-?é%ﬂc lon va ueE( %‘ol} %'t“i‘ea O fOPREl A X iruses
disposed ifi thexZiBbietibomvhekethe salutidingofiinmisss, frony, Pdbyrbatdudbdhyibhs@RTRND other
2008/008872PCTI/LIS 2 07{073324 The filter emb)r%Qeé prelferabfly corxépriseﬁépo )@)/ir%lidene difluoride
(PVDF), althodtPRIRST B YABFS P ABM RS BorbHoRdib Ry -pBIae: RRESHISHErane material
now known or geetapsditoibe filehdiuBirAtviesfiigd tembeane materials include (without limitation),
PVDF (e.g., "KYN AR FLEX"(r)-brand PVDF, commercially 5available from Arkema, Inc., King of
Prussia, PA), polytetrafluorethylene (PTFE), other fluorinated polymers., polyamides (e.g., nylon),
polyamide-imides, polysulfones, pBlyeHcDEGORERT POl hie ML DRoes/ [avGhthe like. BRIEF
DESCR”?EION OF TH%[?I?SA ;/Yglrlélﬁlsciepicting breakthrough curves predicted using Eqn. 1 for various

values of the dimensionless number of transfer units “n.” Larger values for “n” yield

sharper breakthrough curves.

Fig. 2 is a graph depicting breakthrough curves predicted using Eqn. 5 as a

function of the fraction unmixed volume (“x), where 1, is the system mean residence

15 time.

Fig. 3 is a graph depicting experimental breakthrough curves for a non-binding
tracer superimposed upon fitted curves using Eqn. 5 alone and Eqns. 5 and 6 combined.

Fig. 4 is a graph depicting an experimental breakthrough curve for alpha-
lactalbumin superimposed upon a fitted curve using Eqn. 1.

20 Fig. 5 is a graph depicting log reduction in value (LRV) as a function of
throughbput for the bacteriophage X174 in 25 mM Tnis, pH 8.1, at a flow rate of 3,400
membrane volumes per hour.

Fig. 6 is a graph depicting the calculated decline in LRV versus the throughput
parameter (T) for an adsorptive membrane for trapping viruses when adsorption is

25  reversible (r = 1) and irreversible (r = infinity). Irreversible adsorption is desired for
virus removal because the LRV is greater at any given throughput, and the throughput is
greater at a given LRV when adsorption is irreversible rather than reversible.

Fig. 7 is a schematic diagram of multi-modal ligand binding.

Fig. 8 is a graph depicting the log reduction value (Y-axis) of "MUSTANG"® Q-

30  brand membrane filters as a function of throughput (X-axis) and salt concentration (¢ =0



10Fig. | is a graph depicting breakthrough curves predicted using Eqn. 1 for various values of the
dimensionless number of transfer units "n." Larger values for "n" yield sharper breakthrough curves
Fig. 2 is a gMPRBAIERTE breakthrough curves predicted using Eqn. 5 as aKGRAIR2A0G038 2 action
unmixed volume ("X"), where Tsys is the system mean residence 15time. Fig. 3 is a graph
depicting experimental breakthrough curves for a non-binding tracer superimposed upon fitted curves
using Eqgn. 5 alone and Egns. 5 and 6 combined. Fig. 4 is a graph depicting an experimental
breakthrough cuvieNaf ol phatacialimivhitystpesinrapdSédmipo iNadite d" STDETUSHG' Bgra ke2dieged is a

graph depicting lqg reductign | e%LPN as. a fungtion of throughbput for the. bacteriophage ifiX| 74
in 25 miVvI Tris&%%?i, rg\)tf a ﬁ(?\kﬁra 2’8 E:?t Enaes}n?ﬁrﬁashoéq\e/‘(})vllt?rﬁé% p;geergk%t)xl?rr.n p E]e 1I'—%, %ﬁ%ﬁg'graph
depicting the calculatBg dedlindistdgRivhviasies ngehttrapgtipubHeacmietend Tisfed anlatiso?ptivend
membrane for fapping vijses When ALSOIRIONs 15 [VRISible (. L and RV eraiblg (1 inlaly).
Irreversible adsorption Is desired for vitus removaFbecause th TRV ig greater altnariy given
throughput, ankxtirepllerd tighgettils greater at a given L.R.V when adsorption is irreversible rather than

reversible. Fig. 7 is a,scheypatic diagram pf multi-modal liganci binding. . Fig. 8 is a gra
depicting the log redu%ﬁb?l{ga'lﬁea(‘gggé?s)o%P“i\%Ajﬂ%%hpén%)WFaﬁggﬁngfn Sr'atfl%)?ﬁ'grsmﬁn 3 function of
throughput (X-@disjising st momobiiratioings rd0adMa@ria©(8/0688vVe R U8 200W (93324 nfdiNaCl; -

ik, New vorkd SR A P A o b o R BaTSit ISR g o S
, : . ; gr epicting the capaci )?osf ®ach
ligand listed insdlalj¥e =2 GardihN 801 ;cukion O dyRavaCh megdtivahyMMaQbd protein (bovine serum
albumin,l%SA). See Example 2 for details.
DETAILED DESCRIPTION
Most chromatographic separations utilize columns packed with beads. The bead
diameter is an important factor: small beads result in fast diffusion times and large
numbers of theoretical plates, but also high pressure drops. Large beads are used in
15 process scale separations to allow for increased flow rates without incurring high pressure
drops and the resulting bed compression and eventual plugging. However, large beads
have long diffusion times, low plate numbers, and low dynamic capacities. In 1988,
membrane chromatography was first introduced as a means to overcome the limitations
of column chromatography (Brandt et al., 1988). Microporous membranes containing
20  immobilized ligands were used as the chromatographic media. Because the membranes
were thin (~ 0.1 mm), pressure drop limitations were not significant. Diffusion
limitations were eliminated because solute was transported through the pores of the
membrane by convection not diffusion. The first devices were hollow fiber membranes
where the surface was activated for affinity hgand attachment.
25 Membrane chromatography has evolved since 1988. Several reviews of
membrane chromatography spell out the evolution of the technology over the years.
(See, e.g., Etzel 2003, Ghosh 2002, Zeng et al. 1999, Charcosset 1998, Roper 1995,
Thommes 1995.). Single-layer and hollow-fiber devices were abandoned because of
poor performance. Affinity chromatography gave way to ion exchange chromatography
30  asthe primary ligand type. Vendor promotion turned away from protein purification to

purification of large biomolecules such as plasmid DNA, viruses, and very large proteins



Fig. 10 is a graph depicting the performance of a virus-trapping membrane containing the immobilized
ligand agmatine to remove a neutral virus (tpX174) from a solution comprising a basic protein (0.5 g/L
ribonucleas®y @3e08i#f8SAt concentrations of salt (= 0 mM NaCl; = 50 mM MNaEUS20050352M/I NaCl).
10 DETAILED DESCRIPTION Most chromatographic separations utilize columns packed with
beads. The bead diameter is an important Factor. small beads result in fast diffusion times and large
numbers of theoretical plates, but also high pressure drops. Large beads are used in 15process scale
separations to(allpse febaneveaseachflow resepwitbeudsingusriogy bighdresaslidiepasading wasulting
bed compressign and eve tualfplﬁgin(?ﬁ HOW%VeI‘, large beads have long_diffusion times, low plate
numbers, and fi %ra%%m‘g%‘éfbé% 8 ThErG8d HEMBFARY Lo RTA phy WaLHBINGAEREd as a
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membranes cqntaining 20 llized, ligands were used as the chromatographijc media. ause the
membranes Wﬂ&% W@%ﬁesgﬁé W%Brﬁ)@%éjodﬁgﬁ/ﬁ%g%%?@ﬁﬁ?b i@?ﬁﬁgﬂ?ﬁi tations
were elimmhated recavseSIolNG Vead taah ppodiessih sad Fatveiporas (G dsaingem Ganeaay, convection not
diffusion. The first i ere hollow fiber membranes.where the surface was activated for affinity
igan attachmOn SR R OFRSE R RAE BB A FoE e BE VBT S e
membrane chromaingraphyspelhegiibhyeselpiigemédirldahogagydevemtite yeaisel(Sdiecle@reEtzel

2003, (ihosh 2002, Zeng et.al. 1999, Charcosset 1998, Roper 1995, Thommes 1995.). Single-layer
and hollow-fib& LEENRY 4B doned because of poor performance. Affinity chromatography gave

way to ion exchange ThremgtagraphgSQasibe i marhrigancsipay\(rideb piamgiehddimel away
f;?g‘e Fgfgeg'lr;] PR e ) s Soanates it thtions e reduced or elimnated leadig 1 fast bnding "
of the solute to the ligand sites on the membrane surface; and (2) low trans-membrane
pressure drop. For the target solute to be captured by the binding sites on the membrane
surface, the solute must flow into the pore structure, diffuse to the wall of the pore, and
bind to the ligand. The result of this process is that the solution passing out of the

15 membrane (the effluent) is less concentrated in the solute than is the feed solution. The
breakthrough curve (BTC) is a plot of the solute concentration in the effluent solution
versus either time or effluent volume. Ideally the BTC is sharp, meaning no solute comes
out in the effluent solution until the membrane reaches saturation, at which point the
solute concentration in the effluent solution is the same as in the feed solution. The

20  extent to which this is not the case is a measure of the impact of slow adsorption kinetics,
slow mass transfer, and mixing in the flow system. The faster the flow rate, the more
likely the BTC will be broad. The following paragraphs present the principles of mass
transfer, adsorption kinetics, and mixing in the flow system in the context of describing
the sharpness of the BTC.

25 A simple algebraic model of the BTC can be derived for the case of irreversible
adsorption in the absence of axial dispersion in the membrane, mass transfer limitations,
and mixing in the flow system (Heister & Vermeulen 1952). This model was derived
from the continuity equation using Langmuir adsorption kinetics as the constitutive
relation:

30



WO 2008/008872PCMIS2007/073324 (> 250 kDa) where chromatography beads have low capacity.
Applications such as viral clearance and purification of gene therapy vectors are examples. Three
primary vendqdp2¢&ierged for membrane chromatography products: MAGFOI&2007p3%oN
(Bedford) MA, USA, "INTERCEPT"g-brand products), Pall Biopharmaceuticals (East Hills, NY, 5USA,
"MUSTANG"(r)-brand products), and Sartorius AG (Goettingen, Germany, "SARTOBIND"8-brand
products). The principles and experimental methods applicable to membrane chromatography are
presented herein to prqvide a mote complete disclosure of the present invention. Two key advantages
of membrane chroma §rqg oyengalumns packed with 10beads are: (I) mass transfer limitations are
reduced or eliminated leading to fast binding of the solute to the ligand sites on the(hembrane surface;
and (2) low trans-membrane pressure drop. For the target solute to be captured by the binding sites on
the membrane surface, the solute must flow into the pore structure, diffuse to the wall of the pore, and
bind to the hgae e TS OF (L BT S AU so RO T LS G BEE B Bmembrane (ine
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plot of the solute concentration in the effluent.solution versus either time gr effluent volume. Ideally the
BiTc /s sharp, MSAFTHG HE LB BRIAAS BUY ORI SRRIHP ISR GRERRL AESIBHAR YOS
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kinetics, and mixing in the flow system jn the context of describing the sharpness of the BTC. 25A
simple algebrait IR RIS B L5y defiv SiSFIY A8 EBIF P ersible adsorption in the absence
of axial digpersion in the membrane, mass transfer limitations, and mixing in the flow system (Heister
&Vermeulen 1952). This model was derived from the continuity equation using Langmuir adsorption
kinetics as the COﬂStitﬂth%F&éﬁQl’Q‘[ 3Q),

1-¢)c, @)

where € is the void fraction of the membrane, and c, is the total ligand capacity of the
membrane based on the solid volume of the membrane. The throughput parameter is a
15 measure of the loading of the membrane. It is the ratio between the amount of solute
loaded into the membrane via the feed solution and the maximum amount of solute that
can bind to the membrane. The dimensionless time is defined by T = vt/L, where v is the

interstitial liquid velocity, L is the membrane thickness, and t is time.

20 The parameter n (number of transfer units) is given by the equation:
I-e)k c L
n= ( 8) acl
&, 3)

where Kk, is the association rate constant of the solute with the ligand. The parameter L/n
25 s the height of a transfer unit, comparable to the height equivalent to a theoretical plate
(HETP) commonly found in the chromatography literature. When n is large, or HETP is

small, breakthrough curves and elution peaks are sharp.



WO 2008/008872PCT/US2007/073324 C=1 14-e(l) where C = c/co, ¢ = effluent concentration, co =
feed solution concentration, n = dimensionless number of transfer units, and T = dimensionless
throughput AXRAReIEHE8TEN in the membrane is typically negligible, and irre\rarsibke@dsosption is often
a good approximation for process scale protein purification, because the equilibrium dissociation
constant is small for tight binding, and co is large. Therefore the ratio co/IQ approaches infinity, and
adsorption is essentially irreversible. The parameter T for irreversible adsorption (co/Kd>> 1) is given

by the equation: 10 Tegktldn (B & Fbttéd)vihengoads iheyeichiiacigniof the BRMBLaAsABH/C is the
total ligand capacity of the membrane based on the solid volume of the membrane The throughput

parameter is aTSMRe%Re 57 thefbaliigBicths SHRTEAREOINE R TatibarddiryeAdndnsrrating &f solute

loaded into the-¢pemebranivieapacifees palwiinnaneidhemad Rt AneLNhal sabig Bad&ar bind to
the membrane. The dimensionless time is defined by T = vt/L, where v is the interstitial liquid velocity,

y /
L is the membf4Re thiBRBEEOEHY (< im L 2BERdBar sifete T B et GREHNLRS @RRNRD GRen by
the equation: o Inct¥eAGhE other parameter values must have a large value. Thus, most

chromatographic membranes use 1on exchange binding (high k,), a high ligand density
(high ¢1), and several layers (high L) to achieve sharp BTCs at high flow rates (high v).
The assumption of irreversible adsorption made in the derivation of Eqn (1) is
valid for values of co/Kq approaching infinity. The practical cut-off for when co/Kq is
10  large enough was determined to be co/Kq > 60, set by the criteria that Eqn (1) fall within
95% of the exact solution at C = 0.1 for finite values of c¢o/Kg4. In other words, the exact
solution for C = 0.1 was used to find T, and then the value of C from Eqn (1) at that T
had to be within 95% of the exact solution.
To eliminate mass transfer effects, the residence time in the membrane (L/v) must
15 be much greater than the time scale for diffusion from the center of the membrane pore to

the wall:

2
Liv>>d? /4D @

20  where d, is the diameter of the pore and D is the diffusion coefficient of the solute. This
situation is frequently not the case when the membrane is thin (small L), the pores are
large (large dp), and operation is at high flow rate (large v). Most membrane
chromatography systems are operated at residence times of 1 to 10 seconds. Membrane
pore sizes of less than 1 um eliminate mass transfer limitations for large proteins when

25  residence times are about I second or ionger. However, some membranes have a pore
size of about 5 um, in which case residence times of about 100 seconds or longer are
required to obtain sharp BTCs for large proteins. For very large biomolecules such as
plasmid DNA and viruses, even longer residence times are needed because D is smaller.
As a rule of thumb, D is approximately proportional to the inverse of the molecular mass

30 raised to the 1/3 power. Therefore, systems separating small proteins such as alpha-



EV(3) where ka is the association rate constant of the solute with the ligand. The parameter L/n is the
height of a transfer unit, comparable to the height equivalent to a theoretical plate (FIETP) commonly
found in the WH}EABISGRADNY literature. When n is large, or HEIP is small, bmeckthsenghmaees and
elution peaks are sharp. WO 2008/008872PC17111 S2007/073324 Equation (1) is plotted for
various values of n in Fig. I, The BTC is reasonably sharp when n = 20-25. Not much is gained by
going to n = 50 and beyond. Increasing n requires a high capacity (c1), a fast association rate constant

(Ica), and a long:tasicancel imeivathe menbeEhedlidy s sdighiad salpdpdepivethiastigaysually the
case, then one or more of the other parameter values must have a large value. Thus, most

a -Mos,
chromatograp i B PR EL g S8 RSrPEREH S h AT MG Wi iy oal ’fi]aa:rl&'aé}gi&%{@% ci), and
several layers (high L) te-achigypiebarpsBie shatRigbriioym (ajeBhighwere sharp Mehassysngtion of
irreversible adc‘sﬂc%rtg‘tion made in the derivation of Eqn (1) is valid for values of co/Kd approaching infinity.

The practical PYGR IR AR RIS N L FRRIGIF AR IR SRR S BIRADLAEE N2t Ahe

criteria that Eqpot )sfadl dyithine99%m of thelexsaeck sedulion abo8< M, hiardiitaspliesiotiepid. In other
words, the exact solugion for. C 0.1 WFS used to find T, and then the value of C from Egn (I) atthat T
had to be withi %‘5190 X 28R L BubEH2)- To eliminate mass transfer effects, the residence

time in the membraneXl-anermaisd, khbe mushlgseatatithaitheltimescalardptabiiis o from te center of

the membrane pare to the wall; LIv'c12,14D(4) 20where dp is, the diameter of the pore and D is the
diffusion coeﬁi%?é)k?ﬂ'&cfﬁq,g%%‘.”ﬁﬁ%maﬁ% Ifs H@HJEWVW&’E&%E’W&H%W@%M&E&% thin

(small L), the pyresraieelangs daigeBin)sangdopertiands afyhighobannrate dasaead oitest membrane
chromato rap%systems re oper t:a,gﬁa,f\ residence times gf | to 10 seconds. Memhrane pore sjzes of

! SMUESTARINE Ty REREPYEI S5 hrotiih& fiASh BisknSRepic® (s APd about

less than'Fpm

| second or longriatdaweyeelsame Mmermboanes Hauethipessestae talonleTddiffnsdieh case
residence times of abgcéjt 100 seconds or longer %e required to optain sharp BTCs for large proteins.

For very large BSHAL0T6 ST SIS RESHIFDR RS AP Teleh Ioherr 8 St ic HiftaE are
needed becausgmPds shiallerdétha Bat€ of dhuidnbh Rpsanproxyiaiewareppidienrktthibeninverse of the

molecular mass J0TISES 2 G L3 BNeT TRSHE 06 YRR IR SEPRIAL L AR BIRIglS sueh as
alpha-
15 diffusion to obtain a sharp BTC
Broad BTCs can result solely from liquid mixing in the pump, tubing, fittings,
membrane holder, stack of membranes, and detector system. For example, if the liquid
flowing through the membranes has different residence times, e.g. shorter times through
the center and longer times through the edges, then it will broaden the BTC. The
20  simplest model found to describe mixing in the flow system in membrane

chromatography is the serial combination of a continuously stirred tank reactor (CSTR)

and an ideal plug flow reactor (PFR) (10):

x—(r/r,,)
C =1-exp(———%),
| -x (5)
25
where Ty is the dimensionless mean residence time in the system, and x is the
fraction PFR volume (X = Tprr/Tys). After the delay time = xtsy from the dead volume,
Eqn (5) can be used to predict the BTC for a non-binding tracer. Prior to that time (T <

XTsys,) C = 0 (Fig. 2). Typically, mixing in the flow system is not a significant factor in



WO 2008/008872PCT/US2007/073324 lactalbumin (14.4 kDa, D 1.1x10-6 cm2/s) can be operated at
higher flow rates than systems separating large proteins such as thyToglobulin (660 kDa, D =
2.5x10-7cmP/R)2008/0088Bw examples illustrate the use of Eqn (4). BTCs wet€ BHap0Aed24
alphalactalbumin and thyrogobulin were captured onto a chromatographic membrane having a 5pore
size dp = 0.65 pm, a stack thickness L = 0.098 cm, and operated at velocity v = 4.9x10-3 cm/s (Yang
et al 2002) On one hand, the time scales for diffusion (4 ins for thyroglobulin and 1 ms for
alpha-lactalbudeiymweiegrthecthapralfahenBhiGHeecasidenge iisreall toepacediboathe Yhlves 20 sht On the
other hand, BIh%s were P[goa \%/rrg)en tf;géggl(g)ﬂb%?%%ya%cgew.red onto a 10chromatographic membrane

e
having a pore Sz80f 0prr1r,e%1 stac ness . 8cm, and operated at a velocity 014 2x10-2cm/s.

In this case, the timeBrafelfowdiffusion@. 15 siy ateshtos tlesadodhe regidemeattine andlyzeniembrane

(L/v - 1.4 s). Even at sidence 14 seconds the BIC was nat sharp for this system, which
indicates that {ﬁsélnlrtg's%%%gﬁrr%}ealfr? ‘t‘hfté"%shrﬁb@{a%ﬁ%“ﬁgf s %0 be mué Sré]ragla?é#tﬁgrﬁgéﬁime scale for
15diffusioh to labtaliansh)drp Bllk@ion eRitvadBRGsbrame resulgsnlely200®).liquid mixing in the pump,

tubing, fittings, membrane holder. stack of membranes, and detector system. For example, if the liquid
flowing through the rhiS S N s R R e B AR comter
and longer tinfé3{RBBOR H®echtged mieerbitnedl BlohdereiiedEd(d, Whe) 20simplestdvatelfound to

e o 5 ST S CTRRESED NS PR

membranes were 140 pm thick and had a pore size of 0.65 um, an internal surface area of

10 155 cm® per cm? of frontal area, and a void fraction of e =0.7. A 7-layer stack of these 25
mm diameter membranes sandwiched between 2 blank membranes upstream and
downstream (11 membrane discs total) was placed into a membrane holder. The blank
membranes aided in flow distribution. Protein solution (0.05 g/L. alpha-lactalbumin in 50
mM Tris, pH 8.3) was loaded into the membrane stack at a flow rate of 1 mL/min, and

15  the absorbance at 280 nm of the effluent solution measured versus time. Mixing in the
flow system was measured by loading a non-binding tracer (0.05 g/L alpha-lactalbumin
in 50 mM Tris, 2 M NaCl, pH 8.3).

The response to loading a non-binding tracer was fit using Eqn (5) resulting in a

fraction PFR volume of x = 0.67 and a dimensionless residence time for the system of Ty

20 =94 (see Fig. 3). To generate this plot from the raw data, the voltage signal from the
detector was determined for the baseline (VgL) using only buffer without protein, and the
feed solution (Vgs) while bypassing the membrane holder. Then the voltage signal from
the BTC was converted to C using the equation C = (V-V)/(Vs-Vo). This conversion
assumes that absorbance is linearly related to protein concentration, which is a valid

25  assumption for dilute protein solutions (¢ < 2 g/L) as was the case in this example (co=
0.05 g/L). The x-axis was obtained by converting time to dimensionless time T (= vt/L)
using the values of v = 4.85x%10™ cm/s (v=Q/eA where Q=1 mL/min,e=0.7, and A =
4.91 cm*) and L = 0.098cm (= 7x140pm).

The values of x and 1, mentioned above were obtained using the SOLVER

30  function in Microsoft Excel software to minimize the sum of the square of the difference

10



(5) 55 where Tsvs is the dimensionless mean residence time in the system, and x is the fraction
PFR volume (x = Tprate,ys). After the delay time = xtsys from the dead volume, Eqn (5) can be used
to predict th&8POFEPIHon-binding tracer. Prior to that time er < xtsys,) C 2OT(ERGIPY0Byiically,
mixing in the flow system is not a significant factor in WO 2008/008872PC1'11US2007/073324
deteimining the shape of the BTC because xr,,y, is small compared to the values of T at the point of
breakthrough, defined as when C = 0.1. The following example illustrates how to conduct an
experiment arfttrrayzbetmodeband tivadatgvdeastakonariomethed)tefsatecfarechgie recst acsarateprotein

(alpha- Slactalpumin iQ){Oa@o?ﬂ'op e@@ﬁﬂ%‘é gg%@g@@(g@gjﬁ%@h %Q%?@r% Fj?%tégggst polyvinylidene

ditluoride membranes (acylimidazole activat ran anes, Millipore, Bedford,
MA) were reacted with 2- amino-ethyltrimethylammonium chloride to make the anion exchange
membranes. These membranes were 140 pm,thick and had a pore size of 0.65 nm, an internal surface
area of 10155 cm2 per cmzzof'fgog@L@%Ta_,n /oid fraction of s = 0.7. A 7-layer stack of these 25
mm diameter membranes sandwighed between 2 blank membranes upstream anc{@ownstream (11
membrane discs total) was placed into a membrane holder. The blank membranes aided in flow
distributioh. Protein solution (0.05 g/L alpha-lactalbumin in 50 mIVI Tris, pH 8.3) was loaded into the

e efflyent solution

membrane stack at a.flow rate of | mL/min, and 15 the absorbanc 28 fqil) fl
alfh tlins ca C%%}ﬁmznue og Tsys, 1S useg a?o%%@ll%q& r&g{ggn%nt- em 8Itﬁté])¥racer (0.05

measured versus time. %ﬂixmg Int ow system ’(7\/a5 measur oal
g/L alpha-lactakingniminiEOami(Frisi pabniNaEly gtk 8n3xcel. Thmgahpomsehtal jaggingeonanbinding

racer was 1t usiig 0% ) estng 1 8 (ol RES YOI 0N RGBT A A denRupes
residence time e syStém ot Fsy&® P & arly :

Frequently, rather than reporting liquid volumes directly, the volumes are

10 normalized by dividing by the membrane volume. This makes the results dimensionless
and independent of scale. The volumes are then referred to in terms of “membrane
volumes.” For example, to normalize the effluent liquid volume and express it in terms of
membrane volumes, divide it by the membrane volume: (effluent volume)+(membrane
volume) = 1. When the system volume is normalized and expressed in terms of

15 membrane volumes, it is equal to: €Ty = 7.2 membrane volumes for these data (Yang et
al. 2002). Ofthis, XeTsys, = 4.6 membrane volumes is the PFR portion, which includes 1
membrane volume for the stack of 7 membranes, and (1-X) €Tss, = 2.6 membrane
volumes is the CSTR portion. One membrane volume equals 0.481 mL in this
experiment. In conclusion, if the value of 1 at the point of breakthrough (C =0.1) is

20  much greater than xT 4 = 6.3 to 6.6, then mixing in the flow system can be neglected.

To ignore mass transfer effects, Eqn (4) must be satisfied. For the experimental
system described herein, L/v = 20 s, and the RHS of Eqn (4) is 1 ms = [0.65x10™
cm)*/4(1.1x10°® cm®)]. Therefore, the time scale for convection in the membrane is
20,000 times greater than the time scale for boundary layer mass transfer to the wall of

25  the pores, and mass transfer can be safely neglected. Based on this calculation, a greater
flow rate than 1 mL/min, perhaps even 200 mL/min, could have been used and still not
have a mass transfer limitation. Thus, although the flow rate used was 125 membrane
volumes per hour, it might have been possible to use 25,000 membrane volumes per hour

without encountering a mass transfer limitation. Column chromatography using beds of

11



20= 9.4 (see Fig. 3). To generate this plot from the raw data, the voltage signal from the detector was
determined for the baseline (Vni,) using only buffer without protein, and the feed solution (Vps) while
bypassing tWOre8b#887@ holder. Then the voltage signal from the BTC wa8€bitweped 3¢t using the
equation C = (V-V0)/(VE5-V0). This conversion assumes that absorbance is linearly related to protein
concentration, which is a valid 25assumption for dilute protein solutions (c <2 wl) as was the case in
this example (co 0.05 g/L). The x-axis was obtained by converting time to dimensionless time T (-=
vtiL) using thepeakgddedds typisBiv epsmats(at=1QsAatase 80 clumn Oclymnsipar ot okiRoawrd L =

0.098cm (- 7“(14‘%@2' gTog‘g ) ?égg)%s%m e%ngn%%m%%ggrgg%{ﬁ%%sﬁe obtained using the SOLVER

30function in Microsoft Excel software to miimize the sum o qa/are of the difference WO
2008/008872PCT/US2eGRp¥TaEa1% dbENE dnrthlp hrdeis k Bruahihe sodiew(ieadt iggdarEkermethioof) Another

D = ar L) EOPA R oL TG e Shec o TN i B A ARy
5  XTsys, which means that mixing in the flow system can be neglected as a factor in
determining the shape of the BTC. The point of breakthrough occurred at 66 membrane
volumes (= €1). The dynamic binding capacity of the membrane is then gtcy or 3.3
mg/mL expressed as mg bound per mL of membrane.

To fit Eqn (1) to the BTC, values of the two unknowns (k; and c;) were assumed

10 temporarily, allowing calculation of T using Eqn (2) and n using Eqn (3). The other
parameter values (g, ¢o, v, L, and 7) are already known. Using the temporary values of T
and N, Eqn (1) was used to calculate C. Then SOLVER in Excel was used to minimize
the square of the differences between the calculated and observed values of C using K,
and ¢, as fitted parameters. The solution found was k,= 1900 M's™ and ¢, = 0.00085 M.

15 The value of n was 14.

The fitted value for ¢; = 0.00085 M is expressed as moles of alpha-lactalbumin
bound per L of membrane solid volume. The solid volume of the membrane divided by
the total volume of the membrane equals (1-¢). Therefore, the fitted value of the
membrane capacity is 3.7 mg/mL when expressed on a mass and total-membrane-volume

20  basis (= (1-g)c;). This value corresponds closely to the value of 3.3 mg/mL determined
from the point of breakthrough as mentioned above. In conclusion, the fitted and
observed binding capacities match, which provides validation of the model and the fitted
parameter values. The BTC was not symmetric. Instead, the BTC first rose sharply
toward C = 0.6-0.8, and then rose slowly toward, but never reached C = 1.0 (see Fig. 4).

25 Successful scale-down and scale-up of membrane chromatography systems
requires an accurate, scientifically based model. Eqns (1)-(6) can be used for this
purpose. To obtain equal BTC performance (C vs. time is the same), the values of n and
T must match at each time point for the small- and large-scale, and mixing in the flow
system (x and T.y) must be either the same or small enough to be negligible. When the

30 same membrane material and feed stream are used at large- and small-scale, parameters

such as ¢y, €, ¢1, ka dp,, and D will most likely be constant. However, v, L, x, and 1, may

12



using x as the only fitted parameter value in Excel. Using this method, rsys = 10.3 and x = 0.638. This
result is also plotted in Fig. 3 and is nearly identical to the first method. Frequently, rather than
reporting liguisl 208vssdirectly, the volumes are 10normalized by dividingP6iI thg2piefBsahe volume.
This makes the results dimensionless and independent of scale. The volumes are then referred to in
terms of "membrane volumes." For example, to normalize the effluent liquid volume and express it in
terms of membrane volumes, divide it by the membrane volume: (effluent volume)=(membrane
volume) CT. Whde thesystdmoaokertte iBavoraielizead amn o Eleyees se chinnbembsant krieradane volumes,

it is equal to: ¢rsys =.7.2 membyrane volumes for these data (Yang et al. 200 F) f this, X "=4.6
membrane voﬁﬁ%@solfs Xemlglfpi{g%rﬁi%vr‘{,s n%leéﬂ haudes S?nﬁgrﬁblparﬁ%a\s/lo rsr%?c')r e gflgéklcg”%x
membranes, &kl oonerayts and2nGxmembthe 8 velsysemissther @SR portighg®he hrenelgrahe volume
equals 0.481 ml..in this experiment. In conclusion, if the value oUtat the point of breakthrough (C =
o1y s zomuch A L S R R ctea

To ignoré masspdraingigaefieats s Eqfd)vinust becsdiisfiedhfoon s @pherinactgl sysierroesciibed

herein, LA/ = Oﬁ\,yag{?ﬁe RIIS of Egn q:ff) is, 1 ms = [0.65x104 (E:Q)ZM(L IXx10-6 ernf)]. Therefore, the
time scale for ¢ofé DGR EMBYANAIRS 35 BB R Med Y ARELSHAI BlE HEX A E R Boundary
layer mass travisfes gerfbamandeal 2odhemnies @ndrmasatiansier can be safely neglected. Based on
this calculation, a grr%%ter flgw ritet an 1 mlﬁ{?r]]}n perhaps even 200 mumin, could have peen used
and still not have a MAL LSRRI HHUST SRABTYRANE APPSR i rane
volumes per houelicotight havedseens pasgibieds usacdmOGemembliasieded| iiripsvas&nlr without
encountering a mass transfer limitation. Colunfn chromatography uii%% bedsgof%rvr\ég
2008/008872PC T EHOtFH P532Y L RS BR A Y SEAN eb%?aﬁ% VAP AP PAEETHY $0 Witithn
volumes per haitro peritivivvies indodéethovekaemppssinitalising toarabiiane: dluaniaigsenny . The
experimental BT f?q.%(lg)ha-ilizic}albuinin is Tho%/.vn in Firci;. 3. The Point of br&egktfl]]roy%h (((f: =.0.1)
occurred at t GSTTHIS VTS RPAGS FEPHISAU B RGP ffigce 1> meastred BV the log rédiciion

value (LRV), which is simply LRV = -Log;o(C). Typical LRV values for anion exchange

column chromatography are LRV = 4 to 6 (Curtis et al. 2003).

15 The assumption of irreversible adsorption made in the derivation of Eqn (1) is

valid for values of c¢o/K4 approaching infinity, as mentioned above. This is a good

assumption for the BTC in process-scale protein separations where the feed solution is

concentrated. In contrast, in viral clearance operations, the feed solution typically

contains very small concentrations of virus (pM to nM). Therefore, depending on the

20 value of Ky, two limiting cases are possible: (1) Co/K4>>1 and irreversible adsorption;
and (2) c¢/Kg <<1 and linear adsorption.
For irreversible adsorption, where co/Ka approaches infinity, the practical cut-off
for when c¢/K4 is large enough was found to be co/Kq >30, determined by setting the
criteria that Eqn (1) fall within 95% of the exact solution at LRV = 4. The mathematical

25  relationship between LRV, T, and n for irreversible adsorption can be derived from Eqn

(1):

n(1-7)
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5xt,", which means that mixing in the flow system can be neglected as a factor in determining the
shape of the BTC. The point of breakthrough occurred at 66 membrane volumes (= et). The dynamic
binding capgeito@fshesmembrane is then etc or 3.3 mg/tnL expressed as MGHEEM HEBRAY. of
membrane. To tit Eqn (1) to the wrc, values of the two unknowns (k2 and ci) were assumed
10temporarily, allowing calculation of T using Eqn (2) and n using Eqgn (3). The other parameter values
(c, co, v, L, and .r) are already known. Using the temporary values of T and N, Egn (1) was used to
calculate C. Then SGuvVERrky ke hay s used tinmindeizedhe sSByavatbfitivecdiffey ncEsduddpeen the

1500 vi-and of U5 Bbes B RN R L e SRR e s

expressed ashgdfes ofalpha-lacta/bumin bound per L of membrane solid volume. The solid volume of
the membrane dividgd By lng (Al YRIWMEA! I0emATRIARG ahale. ek Halelae, s fitied value of
the membrane capacity Is é’ Ing/mL when expressed on a mass %nd total-membrane-volume 20basis
(- (1-e)c,). Thisenalhuaneowkspespio chosal\40) thevamuef &, thaipdminaeteFmihaddfron: the point of
breakthrough as mentioned above. In conclusion, the fitted and observed binding capacities match,
which provides validation of the model and the fitted parameter values. The BTC was not symmetric.
Instead, the RTC first rose sharpfyteward C = 0.6-0.8, and then rose slowly toward, but never reached
C =1.0 (see Fig. 4).%&me§§fUITé:Elé?down and scale-up of membrane chromatography systems
requires an accurate, scientifically based model. Eqns (1)-(6) can be used £8} this purpose. To obtain
equal BTC performance (C vs. time is the same), the values an and T must match at each time point
for the small- and large-scale, and mixing in the flow system (x and t"s) must be either the same or
small enough to be AS§IRABBCRMEAREBOSHME ditesAbeilesiagasacarid e selatreamearat 9ded at

large- angl SMAlSGAIFoRRBITRIBEE membrane. T = 0.0 corresponds to the point where the feed
solution has just started to emerge at the exit of the membrane. T = 1.0 corresponds to
the point where the total mass loaded into the membrane equals the total membrane
capacity. For an infinitely sharp BTC (n = o), T = 1.0 also corresponds to 100%
saturation of the membrane. However, this is impractical. A practical target for
15  operation can be found by examination of Eqn (7). Practically speaking, a LRV =4, in
combination with a large loading capacity is suitable for most applications. For example,
the experiment described herein attained LRV =4 at T=0.08 and n= 10, orat T =0.90
and n = 90. Therefore, it is desirable to have a large value of n because a much larger
throughput (greater T) can be achieved, while still attaining LRV =4. To attain 90% of
20  the saturation capacity (T = 0.9) at LRV = 4.0, Eqn (7) reveals that the 90% saturation
capacity requires attaining a value of n = 92.
From Eqn (3), attaining n = 92 requires a high capacity (c;), thick membrane stack
(L), low flow rate (v), and fast adsorption rate constant (ka,). For example, for the
membrane system analyzed in section 3, the invariant membrane parameters are: k, =
25 1900 M's™, ¢;=0.00085 M, and € = 07. Therefore, to attain the above target (LRV = 4
at T = 0.9) requires L/v = 133 s. This residence time is much longer than the time used in
the experiment (L/v =20 s). This example illustrates a general rule of thumb: it is easier
to obtain a sharp BTC for protein purification than it is to achieve a target LRV for viral

clearance.
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such as co, ¢, cl, Ica clp, and D will most likely be constant. However, v, L, X, and Tmay WO
2008/008872PCT/ U S2007/0 73324 not be constant, because the flow rate, number of layers in the
membranewigokogndstent of mixing in the flow system may increase witPGRAr8zI8itHt7§&e.
However, if L/v is kept constant, and mixing in the flow system is verified to be negligible, then equal
performance at different scales is expected. The impact of potential deviations in 5operating
parameters (co and v), and membrane chromatography device parameters (s, cl, dp, and L) can
then be evaluated u$iogthkdingededsandiosedstovgierr alEarcf rdéians wheaoe wdidormamsedse 0o
sensitive to nar Y/airsiaﬂtlj\(/)g[i @s noted earlier, the potential for contamination of therapeutic proteins
produced in cell culture by Viruses is a regulatory concern. Steps are included in downstream
10processing specifically to meet regulatory requirements; redundant and complementary unit
operations are included that clear any potential viral contaminant from the protein product. For viral
clearance applicatioQSEQerf@g}g@aﬁpggigxme%yxor@g g,bgg reduction value (1_,R.V), which is simply
LAW -Logio(C). Typical ERV valuesifor anion exchange column chromatography gj LRV=4to6
(Curtis et al. 2003) 15The assumption of irreversible adsorption made in the derivation of Eqn (1) is
valid for values of co/IQ approaching infinity, as mentioned above. This is a good assumption for the

BTC in proce&ﬁfeﬁ%"’t‘ﬁ?[ﬂéﬁ%ﬁ%‘%‘i@%?@ ﬁﬂﬂ‘éf‘{%ﬁ*b?E%?Qosr%?.“c\ﬁ‘alﬁe%o&cr?” @tle%alprfg%riﬁst in viral

clearance operations, the feed solution typically contains very small concentrations of virus (pM to

nM). TherefoleR Vepénuing wirtte 2Divatudiaf Kih thnkinsitihgvdasesRve-pbssibiey ¢iy@o/rldeofl and
colKd approatnE e R e R 10 b cone
>30, determineeveysgattiadsonptioniteria tHatdBm Wikl agithith® 5% vof dideaxdaotootioneatllIRM = 4. The
mathen‘&%ticalw)’ LRYV for the linear adsorption case is a function of only n and T, but the values of
LRYV for the linear adsorption case are generally smaller at a given value of nand T.
Only when T = 0 is the LRV for the linear adsorption case equal to the LRV for the
irreversible adsorption case. This is because when T = 0, Eqn (9) reduces to C = exp(-n),
because Io(0) = 1, and LRV = n/In(10), which is the same result as Eqn (7) when T = 0.

15 The definition of T 1s different for the linear adsorption case:

= d -1),
(1-¢&)e, S (10)

where Ky is the dissociation equilibrium constant Eqn (10) can be rearranged to calculate

20 the membrane volumes of feed solution processed at any value of T when © >>1:

_T(-¢)
linear L.
K (11)

ET

We can see from Eqn (11) that the volume of feed solution processed at a given
25  value of T is not related at all to the feed solution concentration for the linear case,
whereas for the case of irreversible adsorption it was inversely related to the feed solution

concentration as in Eqn (8). Also, because K4 >> ¢, for the linear adsorption case,

15



25relationship between 1_,RV, T, and n for irreversible adsorption can be derived from Eqgn (.-T
) LRV1- In( 10)(7) WO 2008/008872PCT/US2007/073324 Eqgn (7) reveals that there is a linear
decline in LiRY wihossreasing T. The slope of this plot is approximately -niRtTYDI204A@ 84y -intercept
is approximately rilln(10). See Fig 6 For irreversible adsorption. Eqn (2) can be rearranged to
find the number of 5Smembrane volumes processed (Et) at any value of the parameter T when T >> 1.
e)c, -co(8) The parameter T in Egn (8) is a dimensionless measure of the relative amount of
10material loabed ghimutleeprssebranex 6F 0.8 goingspdrdse:tiiep dintiehiere thefked salpdion has just
started to emerge at the exit of the membrane. T = 1.0 corresponds to the point where the total mass

loaded into th&Nfembrane eqguals the total membrane capacity. For an infinitely sharp BIC (n4 cc), T =

1.0 also correspond¥ion QGegsatoraterspédiiecrie mbeantgahtovieventtytisinpsdaicalad practical
target for 150peration can b nd,hy examination.of.Eqn (7). Practicglly speaking, Y =4,in
compination WA GERSAING cobbein TEUE A HIBLE B SRR o A e
experimest desgtingd slaminadjaindd dsRiviecdiatd (E/0) O anthe I-RIO0sisudd TxelHH fpd n = 90.

Therefore, it is desirable to ha\g a large value of n because a ml.(li(;h Ialirgqﬁer throughpu%#%rﬂeater T) can

be achieved, WIECENAIHNAMA Tﬁe@@%ﬁfﬁl&?&ﬁ? 6%; OF B MG 5RO LHBIRity Y AFdH ) at 11,RV

= 4.0, Eqn (7)oeveristhaidbrroftesatpaliontem for viral clearance should utilize measuring the
LRV of effluent fractions over time rather than the entire effluent pool, and the trend of
LRV vs. T can be determined to aid in setting allowable operating limits.

10 From a membrane design point of view, we have set the above target (LRV = 4.0
and T = 0.9), but need to set some additional constraints to fully define the problem. For
example, what flow rate and volumetric throughput will be attractive compared to
competing technologies? One approach to answering this question is to take values for
the flow rate and volumetric throughput from the commercially successful viral filtration

15  systems. It should be noted that viral filtration removes viruses by a sieving mechanism,
which is totally different than the adsorption mechanism used in membrane
chromatography. Nevertheless, the performance capabilities of viral filtration
membranes can be used as a target for membrane chromatography systems too. A
commercially successful viral filtration system is the "VIRESOLVE"®-brand filters from

20  Millipore (Bedford, MA). These filters can achieve LRV = 4.0 for the bacteriophage
©X 174 when operated at a flow rate of 150 L/m?-h, a throughput of 300 L/m? and a
pressure drop of 2.0 bar (Millipore Technical Brief 2002). This flow rate and throughput
target corresponds to €Vmin = 4.2x 107 cm/s and &Tmin/Lmin = 30 cm, respectively, for a
membrane chromatography system. One advantage of membrane chromatography is a

25  lower pressure drop. At 2.0 bar, the membrane system analyzed earlier would attain the
target flow rate when L = 6.2 cm based on the reported hydraulic permeability (Phillips et
al. 2005). Therefore, pressure drop is not a limitation.

Eqns (7) and (8) can be used for the irreversible adsorption case, and Eqn (3) to
calculate the minimum L under conditions constrained by meeting the targets for flow

30 rate 8Vamin = 4.2x 107 cm/s) throughput (€ TminLmin = 30 cm), and viral clearance (LRV 4.0)

as set above. The data from above is used to illustrate these calculations. The value of

16



capacity requires attaining a value of ii = 92. From Eqn (3), attaining n = 92 requires a high
capacity (ci), thick membrane stack (L), low how rate (v), and fast adsorption rate constant (ka,). For
example, foViDa0§s&i98%%ne system analyzed in section 3, the invariant meRbrdri@l93itdsters are:
ka= 251900 Ms-t, ci = 0.00085 M, and s 07. Therefore, to attain the above target (LRV =4 T 0.9)
requires L/v = 133 s. This residence time is much longer than the time used in the experiment (L/v =
20 s). This example illustrates a general rule of thumb: it is easier to obtain a sharp BTC for protein
purification th&miit isaded dhimestaheiftpy LRy Jot viral dieapanedanged is found from substitution of

2008/008872R G {JUS200/{0F 3379 g}t{o gq%rl éﬂ%$i?ﬁﬂsﬁﬂ@%ti%%é%?r§]ﬁ{$§éﬁl?%{ﬁ\}&e@ﬂt?%@n(') is not

valid In this case, the BTC Is given =1- exp(-nT)Sexp(-0)/(, ere 101s the
modified Bes<@) filotionitf zare-ofdx. V3 uedsabrsane forthat.rebit vial LR £ dweededaicuiated from

Eqgn (9), in general, when LIRA' =.4 for iven value of n, the corresponding value of T js.smaller in
the linear adsg}%ﬁgﬁ LHAHRTHE | @er}iﬁ%?es 3%&?&03%@‘.“]%“6% P %Hﬂ?a&a&qi‘ﬁ'ﬁeq Y8rsible
adsorptiof cage) offcaed O 1 HroiR¥Wpharthgiispanaesoninbreasenissahindaton, of eniyaand |, but the

values of LRV for the linear adsarption case are generally smaller at a given value of n.and T. Only
when T - 0 is HBIAT Tt K30 BRI EALRe SLF [P IAECE SRBTH Th& Wi el adsorption

case. This is hegavselyhencls<=R, D) redbsesdateck digdenthhecayse d.0Eh wuanskdedRV =
n/1010), which is the same result as Erin (7) when T = Q. 15The definitign of T js different for. the linear
adsorption cod RSV \IRERITE Rh BHBECTETROR SRS e APEAR b e be
rearranged tomaisbiaie Zoihadognbhang stetunTes uf fecldsaiddompstabrsadaapratabierof T when x
>>l: 7O i_()e)Ctmclude: (1) high membrane capacity c,, (2) thick membrane stack L, (3) dilute feed
solution ¢, and (4) fast association rate constant k,. This is in the case of irreversible
adsorption.
The solution is slightly different for the case of linear adsorption. In that case, K4
must be known, Eqn (11) comes into play, and the feed solution concentration does not
15  affect performance. Realistically, the above target (LRV =4 at T = 0.9) cannot be
obtained in the case of linear adsorption because T < 0.9 when LRV = 4 for all
reasonable values of n. Thus, the throughput T is less at a given value of n and LRV, and
the LRV is less at a given value of n and T for the linear adsorption case compared to the
irreversible adsorption case. In the linear adsorption case, a value of n may be chosen
20  and the value of T determined when LRV = 4. The value of L to meet the viral clearance
target is calculated from Eqn (3), and the value of Ly, to meet the flow rate target is
calculated from Eqn (11).
The model can be used to analyze data taken from the literature (13), where the
LRV was measured for a membrane chromatography system similar to the one described
25  hereinabove. The effect of throughput (= 1) on LRV for ¢X174 is shown in Fig. 5. The
feed solution in this experiment was very dilute: 1.5x 107 pfu/mL (cy - 1x10* M). The
membrane capacity was reportedly ¢, = 0.0058 M, measured using tosyl glutamic acid,
and L =0.1 cm, and € =0.7. From these values, the parameter T in Eqn (2) can be
calculated: T =~ 4x10™"". Inessence, T =0, and LRV = n/In(10) from Eqn (7). Therefore,
30  the LRV is not a function of throughput T, and this may be why no dependency on T is
observed in Fig. 5.
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K,, We can see from Eqn (ll) that the volume of feed solution processed at a given 25value of T is not
related at all to the feed solution concentration for the linear case, whereas for the case of irreversible
adsorption Wweoasosvessely related to the feed solution concentration as in BGil/[SROATSY3Bcause Ic >>
Co for the linear adsorption case, WO 2008/008872PCT/US2007/073324 throughput expressed as
ET or T is going to be lower than for the irreversible adsorption case From a regulatory perspective, if
a membrane chromatography product was shown to attain LRV = 4 for a particular feed solution at a
fixed concentration (Ars)ncﬁb:aaeﬁrigmohm’ne:lém};madsram'dﬁ'raiertiﬁnerﬂam)fathemthﬁbméé}shﬂugyexceed 4
for a smaller I&)adln? c 3 sué}ger reosAglg ce t| z I'EﬂteMe noagrll%ﬁlon g/a idation of a
membrane chroma rap y syste forvirabe earance S llize measuring Eh RV of effluent
fractions overpintecatings ﬂumremltig drurfaseﬁl@uwmegmdﬁhefmmw 6f bRkédmoToganddesﬂe{ermmed to
aid in setting alllg]\\/?p its., 10Fr membrane g n yle have set the
above target ("Ii /96[1 &’épg?ngu%ver gm@lé% T S8 Hadht |§Sna cons rsrt\gq(%gully define the
problem.For Bxgaigieryvapatdeswratie aittt vioktl miztiga b rougbh Staséll Beodt®abiivig admipdgeakieon

competing te ie roach to answerjn tion js to take values for the flow rate
and volumetripﬁ‘/{g g"hpufgrerom & EORANE I f/es&%:?s qY %a‘f(fr#f’artmﬁnf%gy e ¥should be
noted that V|r&icﬁ;lﬂnatmaneamﬂ/esoduusssabyra\&é\fmglmmhamsrﬁewrndhﬁegofalj)ﬁ tiffdrénbghan the

adsorption m used |n memb rane chromato p verthe ess the performance
s eﬁl com ts of the assurance gf viry wnclu %ngﬁ P rem g
capabilities o ra |Itra Branes caide Used’as'a arg %o miermirane ciiro phy

systems too. Aqmmmnbma]lyaumcessﬂﬂlbmkrﬁmmncnimthm tha:hméhisEEB@bME’énbeajaﬂaititqrs from

10 and robustness of the virus-removal protocol. In response to the recent plateau of new
drug approvals, the FDA has identified a list of important research goals that can
accelerate the critical path of pharmaceutical development. The modernization of
manufacturing science, including developing improved viral safety strategies, is high on
this list of goals.

15 The nanometer-scale size of virus particles makes separation from
biopharmaceutical process intermediates a challenging manufacturing issue. Virus
particles bind only to the surface of traditional chromatography beads because they are
too large to enter the fine network of pores (Endres et al. 2003; Yamamoto et al. 1999;
Lyddiatt and O’Sullivan 1998). Therefore, the binding capacity of porous beads for virus

20  particles is much lower than it is for smaller molecules that can access the full volume of
the beads. This phenomenon causes an odd problem: the binding capacity of
chromatographic beads is much greater for small impurities, host-cell proteins, and
endotoxins, than it is for the far larger target, virus particles (Yang et al. 2003).

Virus particles bind only to the surface of a membrane too, in the same fashion as

25  for beads. However, membranes have a much larger available surface area than do
beads. For example, micro-porous membranes have an internal surface area of about 1.1
m?/mL (Soltys and Etzel 2000), compared to about 0.11 m*/mL for a column packed with
90 um diameter beads. In short, the surface area of the membrane is a full order of
magnitude great than the beads. Furthermore, the adsorptive capacity of membranes

30 increases with increasing size of the adsorbed particle because the larger particles form a

thicker layer on the membrane surface (Endres et al. 2003). The net effect is that
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20Millipore (Bedford, MA). These filters can achieve LRV = 4.0 for the bacteriophage (pX174 when
operated at a flow rate of 150 L/m2-h, a throughput of 300 L1m2, and a pressure drop of 2.0 bar
(Millipore Taehsiegbiges 2002). This flow rate and throughput target corre $HdS200 74033 = 4.2x 103
ern/s and st",in/L",i, = 30 cm, respectively, for a membrane chromatography system. One advantage of
membrane chromatography is a 25lower pressure drop. At 2.0 bar, the membrane system analyzed
earlier would attain the target flow. rate when L = 6.2 cm based on the reported hydraulic permeability

(Phillips et al 200m)tivherefdrenpsdesire diopvis noigh kajitaiigrior lardeanadhesstcsi@dqaintlatesised for
the irreverS|bIe dso tlo case, and 3) to calculate t r conditions constrained
by meeting the @f}d&{g TRl wﬁlpa?tm \?ﬂgtgm_%i R lff)u? 29 ?%ro%&&nﬁgmnaq‘mm &y cm), and
viral clearancepfidRive b Dihasisedtatmoiee Hdwe dathisomheatatarestsadsentigdlbfaisaig thaabraatsulations.
The value of WO 2 08 008872PCT|t 82007/073324 Lnorll needte totmeet the flow ra hand viral
clearance targe SR YBURd HEM SUbSHTSESA of of tRUF2 %15: Sha T 2 egrﬁ?gelgdﬂc(ffjl%sobta'i% n=92,
which is thenaubstitdtedptite EqmlﬁBémkmngﬁhtErylﬁ(mmqrdlzkmf&@TIVS to solve for Lirdo. The value

of Loon needed to mleet Ihet ltJt tar gund froin sub%#tutlontof stn- anLtnnn = 3t0 cm into the
LHS of B 5(8). 1o L QR S R ST T L e A IR S RICH FAVRUREO& = 0.4 om.
However, thlsmahjﬁa]fﬂxtﬂﬁbﬂ%lOH@dﬂl&&W@’\ﬁlﬁﬂiﬂﬁamﬂ)e t@dg@tpufvhliﬁérﬂlﬁambmhvmmres Loon =0.8

cm. Thus,am mbrane ck thicker than L.oon e d the targets set above. The
principles outft %PW@F (95‘(1 “6’8%%‘88“ %f t?\“e8 Eé %‘I’J ?§ SR oé‘f‘érﬁhy systems for
viral clearanc&edD@mdlabierm;dstplmLpagameiws k@mﬁmﬂ@ wsmg&bmegﬁbtaaeecgﬂmgtysﬂiaa&) thick
case of Mever B dohihl g oo SRS R (L) SRt 1) TSt otk EBGorption.
ption. e solution is'slig ase of line sorption. in
that case, 1CblemhﬁicpelMgpmgeﬁmat(drih)sc&smeaahtﬂpéagfowdlmgmm sohibibh cehee tirgbaiddoes not
15affect perforrirllsatrll)cl:rtled F})le?rl It%trlggtl | v'%r}gll?]b()\ﬁ ts?rrlgc?ea Lllr:%/ and4 lﬁ%:tlme va } %rc])pl%togts are
considerable for beads. These restrictions are absent for adsorptive membranes because
they are disposable and do not need to bind the virus reversibly for viral clearance
15  applications. Because reversible binding is not required, irreversible, tighter-binding
ligands are practical. The higher dynamic capacity of adsorptive membranes reduces the
adsorbent volume, requiring smaller buffer volumes, lower consumption of
pharmaceutical-grade water, and less floor space for buffer tanks and pumps. These
advantages lead to reduced facility costs, a major expense for bioprocessing. The “pass-
20  through-and-dispose” operational mode aiso reduces the required equipment space as
compared to chromatography columns, which eliminates the need for a dedicated room
for this unit operation.
Robust, uniform and predictable viral clearance by membrane adsorbers enables
generic and bracketed validation strategies (Anon. 1997). The FDA defines a generic
25  clearance study as a situation wherein virus removal and inactivation is demonstrated for
several steps in the purification process of a model antibody. These data may then be
extrapolated to other antibodies following the same procedure. A bracketed validation
approach s where virus removal/inactivation is demonstrated for a particular module at
two different values of a given parameter (e.g. 1onic strength, dwell time, temperature,
30  etc.) and may use any values of that parameter falling within that range. Examples of two

matrix/bracket studies of robust viral clearance steps (e.g., low pH inactivation and anion
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obtained in the case of linear adsorption because T <0.9 when LRV = 4 for all reasonable values of n.
Thus, the throughput T is less at a given value of n and LRV, and the LRV is less at a given value of n
and T for th&{(hR948/8@88G2ption case compared to t.he irreversible adsorptioR(CHYE20 B Iear
adsorption case, a value of n may be chosen 20and the value of T determined when LRV = 4. The
value of L to meet the viral clearance target is calculated from Eqgn (3), and the value of Lnuo to meet
the flow rate target is calculated from Eqgn (11). The model can be used to analyze data taken
from the literatuebaild) civiera tgeapRY as readasedbiet m themisranectBomaograp3P8ystem similar
to the one desctj 7 na nr (= (‘?9 f rnfg 87?3 shown in
Fig, 5. The fogt LR A e B B oAb s S i, e
membrane cagrEsRjnaseEpormgisedity thod$BAMo siecasurad ansing dotsythgloiarald wicid safetyL = 0. | cm,

de=07.F T 2 | “Toax 1 0:-11. | ,
ande aré%ﬁ‘réﬁ";esS%?ééﬁifoé&%ﬁ%&?%%‘%g%é%.( A0 iﬁ%ﬁéﬁ%ﬁtéﬁaﬁ%m T Q:ﬁﬁigce

T 0, and laRV On(I 0) from Eqn (7). Therefore, 30the LRV is not
may be why rediedendesicyzo mipastdlesebiete v Brody o Z3ER/PO88T 2RECTWUIRZOO073324
As noted earli(qsgvé{g?.lncé arance is essential in the manufacture of biotechnology-derived products
such as monoclonal antibodies (mAbs). Monoclonal antibody production is currently the fastest
growing segment of e i nbionebhn bisgyanyl aduantagts. 3606 evampk guewghneerdbosess$7 billion in
annual sales if.2 2003). 5Regulatory agencies warldwide. including the United, States Food &
Drug Adminisfg}gﬂ%%ﬁéggﬁ)?rn%%%sgé g% enrﬁoﬁg%rallﬂ‘aré%c?f ¥ra(ehe g%nfggaﬁﬁfaﬁggﬁ%gﬁn%]gﬁs before a new
biopharmace gtioahpeoti ostis apprtyeddidrwennaverdbc Seedieto Regpn@8)e816gur80084 (1998). Key
components of the, rapce of virus safety inclu Recific yir moval steps sugh as filtration, as
well as small-g(():g‘l% %?ll?gI:lSQ %ﬁ%‘t?s%églts%éﬁe ih e(‘:?seeér%iuge c%ﬁg%Ylt\{/gﬁggtggdg r%%ﬁ%setsr?ggesgo&et%ég virus-removal
protocol. In regpobsiegdtbekriremlatdams fndwdrpendepracalemicaresi srsriiesriifieirglist of
important resgarch goals that can Aassaal &Q&i&J.'“EQ##%%Q%RH&@;%%;%%&%% Bg‘ﬁ? e The

0 sare e

modernization of'manufacturing science, including deveroping improved vir ty strategies, is high
on this list of guafsities of a single or multiple products also benefit greatly from the reduction in

cleaning and media lifetime validation costs and decreased use of floor space, buffer

15  components, equipment, tanks and pharmaceutical-grade water.

Table 1 ~ Ligand Panel

Ligand | Aromatic | pKa | Charge at pH 7
AETMA No > 12 +

TAEA No 7.7, 10.5 +
Tyrosinol Yes 10.8 +

One strong anion-exchange moiety (2-aminoethyltrimethylammonium chloride,
20 AETMA) and two multi-modal moieties (tris(2-aminoethyl)amine, TAEA; and tyrosinol)
serve as examples of ligands (see Table 1). One advantage of the present invention is
that the membranes exhibit robust viral clearance, even in the presence of relatively large
concentrations of salt (e.g., 150 mM salt). This is important for achieving robust viral
clearance because many process solutions used in biopharmaceutical manufacture have
25  conductivities in the range of 15-30 mS/cm. Multi-modal ligands are anion exchangers
with secondary interactions such as hydrogen bonding and hydrophobic interactions that

make them more salt tolerant (Johansson et al. 2003). Salt tolerance is measured in
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15The nanometer-scale size of virus particles makes separation from biopharmaceutical process
intermediates a challenging manufacturing issue. Virus particles bind only to the surface of traditional
chromatogra@yW84e8hecause they are too large to enter the fine networP6T S T s et al.
2003; Yamamoto et al. 1999; Lyddiatt and O'Sullivan 1998). Therefore, the binding capacity of porous
beads for virus 70particles is much lower than it is for smaller molecules that can access the full
volume of the beads. This phenomenon causes an odd problem: the binding capacity of
chromatograpéiepeasisnisorthectpgreatemtd (S ghit pdritdg) hodtideaprdkeinss aeapantofoxins, than it
Is for the far lagger (Brget, éf%s, @%f‘?izﬁt@o%@&lﬁi SORRLYIrus Rayhisles rﬁ%d:ﬁé‘lxrt%tPFen yrface of a
membrane too, In the same fashion as 25for beads. 6f1owever, membranes have a mﬁch arger
available surface dreppiharydd bsatmcEdramanpléogrietocporovaunéhibyares hagélah femal surface

area of about rn (So , 0 . l2/ r lymn packed
with 90 pm dia%%qggerﬁlég‘;%g? Iﬁy 3‘%@?1 t ei%%rﬁagc% égrga%agﬁgs éie%rﬁ?rlgﬁn%g%gnt%ﬂnﬁ_re %F I?)tf%r?r{l(z;;;lg%itude
great thar? thefbrarienRudimngacluothet egisphptive vapadityrafcaopdratines G0inndBseswittOkreasing

size of the ad%ﬂfﬁ%dﬁpafthfd@z@re%%ébﬁd@{ PHFUEES;Tof Woﬂ-g}&%ﬁ{iéaé’rﬁm%%@ﬁafg?m%ﬁ@e
surface (Endres et al. 2003). The net effect IS that WO 2008/008872PCT11JS200/1073324
adsorptive methitramesiHavk g lrelatil ehpMgh castEtyideiristaecrigpoinetcetgivdt phaftlessddd a

relatively low ?W%CW)JQEEmgllemﬁl‘?ﬁ&ﬂ%é@%&%ﬁ?%@@s@@ i$ g(act opposite of the situation

for beads. Thus, the relative advantage of using' membranes versus beads increases dramatically as
the particle size to bd'trappetiligendatessimplsis a good example of a ligand rejected for use in

10 protein purification, but which is highly suitable as a ligand for a disposable, virus-
trapping membrane. Johansson et al. (2003) rejected tyrosinol for protein purification
because “results clearly proved that the aromatic anion-exchangers have too strong
secondary interactions to be practically useful.” Nevertheless, “aromatic amines resulted
in higher breakthrough capacities compared to the best non-aromatic anion-exchangers.”

15 Tyrosinol had a 63 % greater dynamic binding capacity than the average of the five best
non-aromatic anion-exchange ligands, and 36 times greater than the Q ligand when tested
in high-salt buffer (23 mS/cm). Tyrosinol was rejected by Johannson et al. because it
exhibited low recovery of bound protein. The fundamental goals for a disposable, virus-
trapping membrane, however, are different from and diametrically opposed to those in

20  protein purification. In virus trapping (as contrasted to protein purification) the binding
protein to the filter medium (especially mAb) must be minimized. In virus trapping, the
binding of the virus to the filter medium is preferably irreversible because there is no
need to recover the bound virus. In contrast, in protein binding, the binding phenomenon
must necessarily be reversible or the desired protein cannot be eluted from the column.

25 Preventing mAb binding can be accomplished by increasing the pKa of the ligand
so that the mAb and ligand are both charged positive during loading. This causes
electrostatic charge repulsion of the mAb from the ligand (Boschetti 2002; Morrow
2004). The virus, in contrast, is either negatively charged or is neutral, and binds to the
ligand. Tyrosinol, for example, meets these requirements. It has a pKa of 10.8, making it

30  positively charged at neutral pH. Most therapeutic mAbs tend to have pl's between 8 and

10. This narrow p/ range is because therapeutic mAbs tend to be human IgG1, orto a
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5makes adsorptive membranes well-suited for viral clearance. Traditional chromatography beads
were designed for protein separations, not virus separations (Lyddiatt 8z O'Sullivan 1998). Adsorptive
membranegypupdliesgtivantage of low cost, small volume, and disposabilRETBERG8] /T B3htrast, were
designed for multiple uses. Process economics thus encourages the recycling of beads, 10often for
hundreds (and sometimes for thousands) of cycles (O'Leary et al. 2001). For bead recycling,
regeneration is essential Therefore the liQands immobilized on the beads must bind their target
reversibly. Resircklkasingxaand lfeiimBvalidatiba Yostdareotansidabaldle fer baaes pé¢hesagesifictions
are absent for,adsorptive membranes becayse,they are disposable gnd do not need to bind the virus
reversibly for{\]/ll?gf)g ggf’fﬁ%é%%ﬁﬁ?cgg%f%a g%%etrj}élénreed\% S‘ﬁ&%’%‘fhgﬁ%‘d%s‘?%%%é‘a% rat E’?’r%g(/ersible,
tighter-bindingHiggetist axe:pabpttbalhidiepnigbars dyaiaicloapacityiol addepiy ervadeniOratestsdduces

the adsorben requiring, smaller. buffer volumes, lower consumption of pharmaceutical-grade

water, and Iegg @éﬁgr]ssi 5] %8?%%@ éﬁ%é‘qom“&‘gh"r‘ﬁﬁ& Vlaﬁlé)‘?é(god%gnﬁa géa[ga%)iyg %&ﬁ%ﬁﬁgﬁriliw

costs, a Major expel@e taubiopsdaktigingls Toeupaashe Pilssenghranddatisposelcopdiatiedalnmiade also

reduces the r%%yired equipment space as com ared to chrgmatof%rr%rghy coIUénns, which eliminates the
r

need for a dedii gﬁveg%%aPor?Hfg e olperdiG it Ol P ISR RN REP RPERR LRGN learance

by membranead ashetiz:bpibiés gener) andinpeletadtuabdatiore stpibgiaso(AnomAlY9TheThe FDA

defines a generic 25clearance S%Jd as a situation wherein viry}a removal and inacti\(gté?r% IS
a

Ve e BURRERRENDFBREREGF Aol HRESOAY FRELE hH Wiy then

demonstrate l%rnseverarflg{béﬁéel
be extrapolatdd dogithier mntihostiesvollovhagithe isarppedioe cher & gdnbrathketednaligiation approach is

where v{réxs rem?val/ina{gti\()atiora is demo .strat% for a particular module at two different values of a
. on nm% (S U I VII[]LIS 1S IIISPOSEl €.
given parameter (e.g.vonic strength, dwell'time, témperature, 30etc.) and may use any values of that

parameter falling witAnstivatman fég. Eixameplesact twiahe ateioracket s udiesnefaroimisbbitadedearance
steps (e.g., lor\{lvo%jclyi t %%t%%ticﬁlglatﬂgc%%igzﬂityy%gg g?égg %@J&ggﬁ{h&%%ﬂ% %?gze% positive to

cause electrostatic charge repulsion of proteins such as monoclonal antibodies that are
charged positive at neutral pH. The other functionality (Y) provides non-electrostatic

15  secondary interactions between the immobilized ligand and the viruses. Both
functionalities undergo only non-covalent interactions with the viruses and proteins. The
moiety is immobilized to the membrane by a linker molecule (L) that by itself may
augment one or both of these functionalities.

For the moiety X, the desired positive charge at neutral pH can be achieved by

20  an amine having a pKa of 7 or greater, preferably a pKa of 10 or greater. Primary

(RNH,), secondary (R,NH), tertiary (R3N), and quaternary amines (RsN") are examples.
For the moiety Y, the desired secondary interactions can come from non-covalent

interactions e.g., Lewis acid-base pairs, hydrogen bonding, hydrophobic interaction,
dipole-dipole attraction, induction effects, and dispersion forces. For example, hydrogen-

25  bonding interactions originate from strong dipole-dipole interactions in which a hydrogen
atom serves as a bridge between two electronegative atoms, typically F, O, or N. Amides
(RC=0ONRH) are an example because the hydrogen that is covalently bound to the N
atom can be shared with the O atom on the acyl group from another amide. Hydrophobic
interactions can originate from non-polar groups such as alkyl moieties (e.g., methyl,

30 ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, isopropyl, isobutyl, and others) and aryl

moieties (e.g., phenyl).
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exchange chromatography) have been described in the literature (Brorson et al. 2003; Curtis et al.
2003). Bracketing and generic validation of robust virus removal unit operations were proposed by the
FDA to stredYRi20MB%3date the overall viral safely assurance strategy foPEIMIERTAZ8834e mADs.
These approaches can eliminate 5redundant testing, impart flexibility during product development, and
spur product development The invention thus has many advantages. For example, using
membranes eliminates labor-intensive column packing and validation, reduces floor space and
equipment requiremédiosthanddmivels Dvbrall dostsue tocdtaedan knkanrsgedatory sidompliance.
Because of el SXRANSENEMeNelAlalion B dan aLe QURR ARG ARCk R snaller firms
and independent academic investigators performing early phase studies with nove antibodies. Large
biotechnologycbermpdfies rhaingrnyetquantitesoh ydsitgythan wildtipie lpldducthailsls Bengiit greatly
from the redugion.jp ceaning:andmedisime slidetansasts and drgiararbiise o lagrspace.
buffer 15components, equipment, tanks and pharmaceutical-grade water. One strong anion-exchange
moiety (25arnimodshgltrinmeldslindentotiethydbisrizlec AOMNETMAY atitetendrethentiodal chowiges

(ris(2-aminoeflylaning. TATA AN ISR saive dn X plasal iaids seeTrble MnQns

advantage of the present invention Is that the membranes exhibit robust viral clearance, even i the
presence of rdlaamel\ igaqescénadaionsofsalie Qicdhd PAR)salt). This is important for achieving
robust viral clearancerﬁ)gcau e many %rocess solutions used ni)rbalr(l)gharma(}%lljthc%ll IgnanL]gagEure have

conductivities in the rang%l%q1 B0 mS/em. Multi-modal |g5?;1en S are gﬁfgﬁaexc%gngé’s With secondaiy

interactions suichi@s hydrddosbordimgrared hydnbpeobit uhteratticatth abdriakeciasmcatiotessalt tolerant
(Johanssgn et al. 2003). Salt tolerance is measured in W0.20118/1103872PCMIS2007/073324
%8 nifra e’O%%/)gF?i? trl_]%ﬁerl(%yaR_{g% I\XK ?’(\BN ei(r:i!?fone 9%{v1n %%ene S;IP{I §r19e

comparison to the € I yAl rapidly loses capacity for some viruses
(e.g., yX174) avbonethgtivitibacttyiets; todipeiptdiessathard heenempetranges o5, droppingfml Glearance

gg&f ?i;,(elogﬁ%’gﬁg‘%@ﬁ%ﬁ‘gﬁ?ﬁ%&% e@.?@{s’ {13 LRV I agadrem A 2RuPMNAS {Riyllies & Lutz
surface area for the internal pore structure is desired, which typically corresponds to fine
pore sizes. However, if the pore size is too small, then the membrane tends to plug with
15  fine particulates present in the feed solution. The pore surface chemistry may be
modified to include polymer coatings or brushes to increase capacity over the base
material of the membrane itself. In this case, the ligand chemistry described above would
be applied to the polymer coating or brushes.

One embodiment of the present invention is to attach separately, but on the same

20  membrane, the two ligand functionalities shown in Fig. 7. That is, ligand X® and Y
could be attached separately at sites adjacent to each other on the membrane surface via
separate linker molecules L. The membrane then has the two desired functionalities: (1)
salt tolerance due to strong non-electrostatic secondary interactions from ligand Y, and
(2) electrostatic charge repulsion of proteins such as monoclonal antibodies due to the

25  like charge from ligand X®.

A broader impact of the invention disclosed herein is to affect regulatory policy
regarding biopharmaceutical manufacture. In short, by applying chemical engineering
principles to regulatory issues of prime concern to state and federal regulators, the results

30  generated can guide public- and health-policy decision-making. A potential major
outcome is regulatory relief for academic centers and small biotechnology firms that are

developing therapeutic mAb products. By establishing bracketed generic conditions for
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5 for anion exchange chromatography for viral clearance operations (Xu and Brorson 2003; Curtis et al
2003). The second ligand, TAEA, is a non-aromatic anion-exchange ligand that is positively-charged at
pH 7, causiyQrEe80tEC repulsion of mAb. TAEA is 25- times more salt tBETARS 20N T8RO ligand
(Johansson et al. 2003). The third ligand, tyrosinol, is a good example of a ligand rejected for use in
10protein purification, but which is highly suitable as a ligand for a disposable, virus- trapping
membrane. Johansson et al. (2003) rejected tyrosinol for protein purification because "results clearly
proved that theiarometicdiipmentiiamgadsonbers, tdev slopag o€ condadbinterhbtiaidetmhitpractically

useful." Nevertheless, "aromatic amines resulted in higher breakthrough capagcities compared to the
best non-arorﬁé%ﬂg%r{%rl?ﬁgfcqégﬁ]gé@%fg%P Fr?gﬁ ggg?gge%o&sga le'%d%?z}agr%l]co i?laér)%ast:apacity than
the average oR#ésefivesbedt hofredbfnatioenfonttlghapgesigandsraing 38dilnisstgrebteertpantibe Q
ligand when t%}\eod in hi(gnfg-sgqlwuffer (23 mS/cm). Tyrosinol was rejected by Johannson et al. because
. L STOC ers. . . . .

it exhibited low recovery oP ound protein. The fundamental goals for a disposable, virus-trapping
membran®g, however, are different front and diametrically opposed to those in 20protein purification. In

virus trapping (as contrasted to protein purificati%%mpmﬁgng protein to the filter medium (especially
niAb) must be minimized. In virus trapping, the binding of the virus to the filter medium is preferably

irreversible because Tlh@r@lk)mg%d_mlmvén?heitxbwidlyim{p.rmidomr_ast?inoprplem binding, the
bincing phenooena - AesesRily b vesshle on e desiad PIOtel sAINOkoE plfinefom the

column. 25Prevent glg m nding can be accomplished by increasing t e ligand so that
the mAb and ligapelcdrthdotreoshangedpoéii®oluring loading. This causes electrostatic charge
repulsion of the rnAb from the ligand (Boschetti 2002; Morrow 2004). The virus, in contrast, is either
negative\y charged or is neutral, and binds to the ligand. Tyrosinol, for example, meets these
requirements.Hkimagpla pKa of 10.82 making it 30positively charged at neutral pH. Most therapeutic

T e e S S B ARTEE B WApBmgos o
conventional adsorptive membrane products for viral clearance cannot remove neutral
viruses from feed solutions having even moderate salt concentrations. Salt tolerance is a

15 critical factor in designing robust viral clearance technologies because many process
solutions used in the fabrication of biopharmaceutical products must contain salt to
minimize product aggregation.

Conventional adsorptive membrane products utilize a quaternary amine ligand for
binding viruses. The "MUSTANG"® Q-brand product is a good example of a

20  conventional filtration membrane that will very readily remove neutral viruses in
solutions that have very small salt concentrations. By way of illustration,
"MUSTANG"® Q-brand membrane will remove a neutral virus (¢X174, pl =6.6) in a
feed solution at pH 7.5, to a seven (7) Log Reduction Value (LRV), but only if the
solution does not contain any added salt (NaCl). See Fig. 8 (-¢#-). But performing the

25  same separation, using the same feed solution that contains 50 mM NaCl drops the LRV
capacity of the membrane to essentially zero. See Fig. 8 (-A-). The same effect is seen
at 150 mM NaCl. See Fig. 8 (-m-). In short, at low salt concentrations the virus passes
freely through the "MUSTANG"® Q-brand adsorptive membrane into the product.
Similar results have been shown by others. For example, when the "MUSTANG"® Q-

30  brand adsorptive ligand was immobilized to a polyvinylidene diflouride (PVDF)
membrane from Millipore, viral clearance of X174 dropped from 6 LRV to less than 1

24



much lesser extent IgG4. Because the V regions of an antibody are a small percentage of the total
molecule, charge is largely determined by isotype. Thus, mAbs are positively charged at neutral pH,
which prevgrisihgiokinging to anion exchange media (Curtis etal. 2003). YTdER00H0Me2dther hand,
can have a variety of pl's and many have negative pirs. 5The multi-modal ligands for use in the
present invention are selected based on the above criteria and outcomes, i.e., it is salt tolerant due to
strong secondary interactions and has a high pKa (e.g., > 10) causing electrostatic charge repulsion of
the mAb TheliB&nd lisinmhabiizadretioa misrowposeets fivanibrane and thie (Biukipo&tdinin@ dodgl flows
through the membrang while ths é’s'éuss'ﬁlg"’}g]%‘?ﬂ ?%fttt‘gn'?'@a{r‘%ilﬂse'm%ré‘?g%‘&loﬁ%twg the bound
virus is dlsposaBIe. RS Shown i lr'—elg. , the'surtace of the membrane contains Ar immobilized
moiety that hasgeatdunctimnatitpnddne the the fhactiacaliitas frocisghaigedspgsitive to cause

electrostatic charge repulsion of proteins such as mo al antjhodies that are charged positive at
neutral pH! The oth Pi%‘uﬁ%?lis)ﬁ%ﬂf@e&)dberg\#&% HohS nggt%'fa‘tliséﬂi gg%&ﬁdafgﬁﬁq?éc.%‘éﬁg}?f et:/\;\éen the

immobilized liganrphangthie viaosempBagh fimstiovaliiasnindesdonofily ation-oadadend irjgesetioms with the
viruses and protei?s %e mo'l[etg is immohilized tol thgz mtembrane béa lirél)%gr moltilcule L) that by itself
may augmenfSRE S BEHY'SFREREFIFLAORZITIL! AV TARIRAATRE BT HRE%FE R Y BALeS charge at
neutral pH casizeepdchieseddoyr 20anasrvfie mawibcaacp K chdroniggedpreiarably arpkKa of 10 or

greater. Primar RMIg)%,/.sec?nda%j FZNﬂl)l" }ertiarX %-%?N%h andu%u%tt%mar amines (R_IN') are
e S

examples. FOrteNisietyV: the GesiEF & oﬁ%f’élrry'? eratiions CarPeornefrom non-covalent

interactions e.g., LeWie acidebaseabaitethyskiogeaochorting (b bigpiaohicntétalstihoutipoteidiaole

attraction, induction effects, and dispersion forces. Fop.example, hydr - 25bonding interactions
originat ror SRS S o e To RS ASHANS T iR A Ty O Skt dLetad Fhridge between
two electronagatéreBtsius]dyiogityenOjrorddu dngidas { Rto @Y hzdmifpetieiap prarysleJeecturse the

hvdogen s oty b o e IO B SRS DR 30 pip aofaoup o
(e.g., methyl,Evaluation of Biotechnology Products Derived from Cell lines of Human or Animal
Origin," published September 1998 under the aegis of the International Conference on
15  Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use (ICH). (This document is widely referenced in the industry as "ICH Q5A.")
However, despite best practices throughout the manufacturing process, viral
contaminations in bioprocessing are essentially stochastic events that can arise at any
point in the process (for example, from contaminated raw materials to contaminated
20  packaging). Thus, it is impossible to predict with any accuracy which virus could be next

introduced into a manufacturing process. Therefore, a manufacturer must be prepared to

remove all viruses, even neutral viruses.

Example 2:

25 To solve the problem of salt intolerance explained in Example 1, eight (8) ligands
were examined (Table 2). These ligands were evaluated using two different function
tests. In the first function test, bovine serum albumin (BSA) in 20 mM piperazine, pH
6.0, with and without added NaCl, was incubated with a functionalized regenerated
cellulose membrane. Bound BSA was then measured using the bicinchoninic acid (BCA)

30  colorimetric method. Function test 1 measured the static protein binding capacity of the

membranes under conditions where the pH was close to the isoelectric point of the
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30ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, isopropyl, isobutyl, and others) and aryl moieties
(e.g., phenyl). WO 2008/008872PCPUS2007/073324 For the moiety L, a chain of atoms or
molecular sybuwaiis@se7be used to covalently link the ligand to the membrat(E&l/ASIKEN Becule may
comprise an alkyl chain of from 1-20 carbon atoms, a carbohydrate chain of from 1-15 saccharide
groups, a dextran chain of from 1-15 saccharide groups, an amino acids chain of from 1-25 amino
5acids, glutaraldehyde, polyethylene glycol, diglycidyl ether, and other linker chemistries known in the
art (Hermangootéin (rishBaAVvialiad A, lanbi Stwmithi BYKteln mhe lpitiateth Affthityl ¥ ig svedkTehaingaginds,
Academic Press, San Diego 2, T mbrane may be any microporous memprane.material
including, but'T r?c%tsﬁrrhslltté\éeto, %eq%ﬁgglet; rTe}élg?l%rég e Céle(if]u?g)%evy%seﬁﬁ?%rgr%lgcxgel ate %ﬁ ated e,
cellulose 10nitretgrgolyetwyleme tipobhprepyieneslpolyethersulfone, polvinylidene difluoride,
polymethylmethacrylate, an carbonate, T ane pore size d%? dis from 0.1 to 10 pm,
and a pore size of ())ﬂg 'tlgt ﬁ?%qéjsrg B|i'=,mn€'|"é)ss ‘%‘}@e%s‘?é*gae@%rr{%?n;’ﬁr%%éﬂ?ﬁt lrgsh(?g Z%r ggg%hreéa for the internal
pore structuréisctesileddvinorbtapisalyflcoyresdendshtd Frve fiar €l Siresl HosyéuehliEDEAqH size is
too small. thepine emplane, #da4 alkd v 15fine Parialiaies pregent i dhe feed polution. The
pore surface chemistry may be mo fied 1o Include p%oalglmer coatings or brus €710 Increase capacity
over the baseehakestahefithe mehavrag.#Salinpthisdaseahesligaalty t hbmidyhetescribed above would
be applied to olymer coating or,brushes. One embadiment of the present jnvention is to attach
separately, bél @# ﬁwé)émsearlnrr%a%r‘rggsng ?3ngé? 18%%30. |ig%%83 f{Fr?c[E ha iﬁgg She v{/%dgnolef—'%. 7. That is, ligand
X4) and Y comlehtbeaattach ¢k gepasetelinaesitethadijigoeht Theashlother grotheimEasbbrane surface via
separate linker molecules L. The membrane then has the two desired fimctionalities: (I) salt tolerance
due to strong non-electrostatic secondary interactions from ligand Y, and (2) electrostatic charge
repulsion of proteins such as monoclonal antibodies due to the
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25like charge from ligand X.

A broader impact of the invention disclosed herein is to affect

regulatory policy regarding biopharmaceutical manufacture. In short, by applying chemical engineering
principles tyvigastaiegizsues of prime concern to state and federal regulaREF/UR2SEII4
30generated can guide public- and health-policy decision-making. A potential major outcome is
regulatory- relief for academic centers and small biotechnology firms that are developing therapeutic
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solutions that have very small salt concentrations. By way of illustration, "MUSTANG"A Q-brand
membrane will remove a neutral virus (pX174, pl =6.6) in a feed solution at pH 7.5, to a seven (7) Log
Reduction WajuRddhNg7but only if the solution does not contain any addedPSaNNRC Iy Bt Fig. 8
(-4-). But performing the 25same separation, using the same feed solution that contains 50 mM NiaC1
drops the LPN capacity of the membrane to essentially zero See Fig. 8 (--). The same effect is seen at
150 inM NaCl. See|Fig. 8 (-1.-). In short, gt low $alt concentrdtions the virug passes freely through the
"MUSTANG"(r) Q-brand adsorptive memprane into the product. Simjlar results have been shown by
others For example, when the"MUSTAN[G"g Q- 30brand adsoprptive|ligand{was immobilized to a
polyvinylidene diflouride (PVDF) membrane from Millipore, viral clearance of (1)X17-1 dropped from 6
LRV to less than 1 WO 20081008872PQT/US2007/03824 ERV when salt concenttration was
increased from 0 to|50-mM salt (I‘%\hiIIipS & Lutz OO§). hé& significance®f these results is that salt
concentrations in the 50 rnM t¢ 150 m1V1 range are ngt uncgmmonjin the piopharmaceutical
processing industryl In these gxamples, the neutral virus (0{14 is u{sed because is one of five model
5non-pathogenic bacteriophage viruses gommonly used in filﬁration studies|to represent the gamut of
physical properties pf potentia| adventitious viruses of danger|to humans (e.g., size, pl, presence or
absencerofa-membrane)in-shertthegixiF4-virusis-an-art-recognized-vigus-fer-modeling viral

clearance of dangerous pathogens. The currentiviral safety assurance stra1"egy for biopharmaceuticals

should preclude 10the presence of viruses in the feed solution. Careful control of cell lines and raw
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materials should also prevent introducing virus into the manufacturing process. See, for example, the
official document titled "Guidance for Industry: Q5A - Viral Safety Evaluation of Biotechnology
Products Dgiiyasdisugseell lines of Human or Animal Origin,” published SR{EMBHN1998Binder the
aegis of the International Conference on 15Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use ([CM). (This document is widely referenced in the industry as "ICH

Q5A.") However, degpite best practices thtoughout the mfanufadturing processd, vifal dontaminations in
bioprocessing are essentidlly stochastic events that can arise at any point in the process|(for example,
from contaminated raw materials t¢ contaminated | 20 packaging). Thus, it is impossible to predict with
any accuracy which virus could be|next intfoduced into ajmanufacturing process. Therefore, a
manufacturer must be prepared to remove all viru es, even neutral viruses. EJ ample|2: 25To solve the
problem pf salt inteleraree|explained # Example 1, erght|(8)-lig nds were exafaings ?E'aq)le 2). These
ligands were eyaluated using two different|function tests.|In the first function test, bovjne jserum
albumin (BSA)|in 20 |niM piperazine, pH 6/0, with and without afded NaCl, was i d with a
functionglized regenerated|cellulose memtﬁrane. ound BSA was then measured ne
bicinchoninic acid (BCA) 30colorimetric method. Function test 1| measured the] sta ein binding
capacity of-themembranes-under-¢conditions-where-thewas-close to-the-iseelegtrig of the WO
20081008872RCIJU$20071073324 protein (pl of BSA - 5.1). In|this function test, the [protein had only
a weak charge|and was sensitive to added salt. This first|function test was designed imic the
binding af agneutral Jirubabwhe@ the charge iswveak. Binction test 2 measured thel LRM far the neutral
virus qiX[L74 using' the o ¥ - = « - T
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5functionalized membranes in flow mode with TE buffer (10 rnM Tris, 1 mM EDTA, p1-I 7.5) with and
without added NacCl. Each ligand was immobilized onto regenerated cellulose membranes having 0.45
pm pore digyaeiessusigigallyl glycidyl ether. The allylated membrane was tHRGTRISIaTS3R4 _astly the
ligand was coupled to the membrane via the primary amine on the | gand. The results are shown in
Table 2. WO 2008/008872PCTIUS2007/073324 WO 2008/008872PCT/US2007/073324 WO
2008/008872PCPUS2007/073324 The first ligand in Table 2 is the traditional strong
anion-exchange moth fi st Atgind etHpabslm2 ik ytenomdnbml shiatidenidi=dddhgngsendirieisting products

such as the "MUST "t %F nd membr ﬁf fro Exam le 1, %ETMA was 'LOt salt
tolerant. It rapfafy(f 0S capaC| 9’ en\lllilrrlr}sg@e‘%i 4?@%@%;1 Sderate’ arftgc,p gﬁtﬁéﬂ%nas e The
other ligands MSSIM@GD&&%@&GMW@M&@&&&M@WQWI Jobhanssomaetnat. (2003)
that targeted ur|f atiol contraste ral clear using a se chr matography
beads. The Jh ans Il%f %l&al% %Pgﬁg §’5It %ﬁ?ﬁ‘%{l‘fﬁ% %‘Flbﬁtrﬁw E)trof hs using
regenerable aldcmmmblm agarose beads. The goal of 10the present work, however, is distinct
because the problenltto b qlved is viral cIe anc§ r& context ofam &Ecwr ggp (kcegss The
process needs to be Qgé’ EHPSOGR HTe CXHBR S oARO I nfﬁlﬁ%tgsp o it S preferred
to use d|sposhbimmea@raln@)ﬂt&ﬁlﬁsm@@&tmdtéhﬁpthﬁibmdmganteﬁa@tswd betireboléhenieys and

b e A BTN i g 7 e dgproces

ligands for purifying proteins using regenerable and reusable agarose beads. The goal of

10 the present work, however, is distinct because the problem to be solved is viral clearance
in the context of a manufacturing process. The process needs to be easy, reproducible,
and validatable. Thus, in the present invention, it is preferred to use disposable
membranes. It is also preferred that the binding interaction between the virus and the
membrane is irreversible. Lastly, in the present invention, the virus is cleared from the

15  process solution selectively; the membrane does not bind the therapeutic protein. In other
words, in the present invention, virus is trapped selectively and irreversibly onto the
membrane, while the therapeutic protein target is not adsorbed to the membrane. The
spent membrane is then disposed to avoid contamination of subsequent batches of the
therapeutic protein product. That is, rather than use a positively-charged ligand to bind

20  the therapeutic protein, as in Johansson et al., the present invention utilizes a
diametrically opposed approach: the positive charge on the ligand is used to repel the
positively charged therapeutic protein, and simultaneously bind the negatively charged
virus, thereby removing it from the processing stream.

As seen in Fig. 9, the capacity of each ligand to bind an anionic dye correlated

25  well with the capacity of each ligand to bind a negatively-charged protein (BSA).
However, viral clearance for each ligand was not as well predicted by the dye capacity or
the protein capacity (Table 2). In addition, salt tolerance of the protein binding capacity
was not correlated well with salt tolerance for viral clearance. In short, the results shown
in Fig. 9 are relevant because they demonstrate that salt-tolerant viral binding

30  characteristics of a membrane are not predictable from the protein-binding capacity of the

same membrane.
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words, in the present invention, virus is trapped selectively and irreversibly onto the membrane, while
the therapeutic protein target is not adsorbed to the membrane. The spent membrane is then disposed
to avoid comamingiiossof subsequent batches of the therapeutic protein prB@Uid{STNaNE3Rdther than
use a positively-charged ligand to bind 20the therapeutic protein, as in Johansson et al., the present
invention utilizes a diametrically opposed approach: the positive charge on the ligand is used to repel
the positively charged therapeutic protein, and simultaneously bind the negatively charged virus,
thereby removing it Fonexthepgdr cessingstraatic. Weaséeh AERIgDBPthendap@ditylbhedshrigand to bind

an anionic dye correlated 25well with th pagity of each,ligand tqg bind a ne y-charged protein
(B, Howe e e e BT RSy gy BOT AR SRRt O e
protein capagityaftatiienXpr DHMH Yy Shlsteldubhe )of Mhe q@rateisabindingncapacity B&S not correlated

well with salt tolerance for.vital ¢ ea;iam?_: . Iglﬁport, t[:l Its shown in Fig. 9 are relevant because
they demonsfr%ﬁ%cha’fvggl%%%rraflr?{ vira ‘&h mg’fﬁg %ﬁeﬁ%t?@g 5?%%18 %%H% §}8aﬁao'{c rédictable
from the PproteinehibdintpciifiRityaoffthel sdincomAaGbiaier WAQREGASIO08BYRP GT/tdE240@ /07 3324
For example, éh n-aromatic ligands TAE }-f nd A all had similar cities,fqr,the dye
i for BoA BOBELCH BT e Eirais R ARE L S A B B T TS ko (oee
Table 2). MoZoVer¢satitatn) spdinoéeofritveoB Sifa L ajpacityc svas sshigitastf 6or TIRER abd- indadf&GM, but salt
tolerance of vi l[n:l nc 5much le fq&]?géh nfor T (Fﬁ« or AGM. F AT aromatic ligands,
salt tolerance(l%é hg %@&@a\%{gityﬁ\;lv%%egi?naﬁar or fﬁlf«gg?rasr@ (%L\? ,agﬁ%hf]ﬁlrgﬁés ?(’)arn see Table
2). In contrasty SAtHaleyanOE€ Bfgaval ctebseance Nyds wigsekttideravdR fandisihtllearfimc&ban, TRP, and
ABE. Further still, O igher salt tolerance for BSA than AGM or TAEA, yet OCT gave a
cubstar iy (S e 15 AP A LR AN S PR e B587E0 b 2 neutra
protein and aprediiohie fdyeheabihot to bind a neutral virus.
The aromatic ligand TYR is a good example a ligand rejected for use in protein
purification because binding of protein was too strong. The TYR ligand, however, is
very well suited for use in viral clearance. As shown in Table 2, in the absence of added
15  salt, TYR exhibited a LRV of 6.4 for virus. Clearance dropped to 2.7 LRV in the

presence of 50 mM salt, and 0.9 LRV in the presence of 150 mM salt. These results were

superior to the AETMA, where clearance was negligible in the presence of salt (LRV =

0.1). These results illustrate the point that the requirements for salt tolerant and

disposable membranes for viral clearance are so different from the requirements for salt

20  tolerant and reusable beads for protein purification that ligands rejected for the protein

purification are desired and superior for viral clearance.

Example 3:
In addition to salt-tolerant viral clearance, another advantage of the present
25  invention is that basic proteins, such as a monoclonal antibodies (mAbs) are not bound to
the membrane. This is accomplished by increasing the pKa of the ligand so that the mAb
and ligand are both positively-charged during loading. This causes an electrostatic
charge repulsion of the mAb from the ligand, yet has no adverse affect on the ability of
the membrane to bind virus. Most therapeutic mAbs have pl's between about 8 and about
30 10. This narrow pl range exists because therapeutic mAbs tend to be human IgG1, or to a

much lesser extent [gG2 and IgG4. Because the V regions of an antibody are a small
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predictive for the ability to bind a neutral VIRIS. The aromatic ligand TYR is a good example a
ligand rejected for use in protein purification because binding of protein was too strong. The TYR
liaand, howg¥esedsnrrravell suited for use in viral clearance. As shown in FablES20¥i/#iéabsence of
added 15salt. TYR exhibited a TRY of 6.4 for virus. Clearance dropped to 2.7 LRV in the presence of
50 mM salt, and 0.9 L.RV in the presence of 150 mM salt. These results were superior to the AETMA,
where clearance was negligible in the presence of salt (LRV 0.1). These results illustrate the point that
the requirementseinngabificlernanilancl eisizoshirgernadateranesddaryil Bleasanee drbusonai{tarent from
the requirements for s?llt 29tole[1ant and reusablel b%dshméprotein .rifécation that Iigﬁagds rejected for
the protein p&?ﬁiggﬁ%rﬁ r& HESHERBRY g&bg%rr FoP Virdi R ED! ﬁgrﬁ?ﬁet%?ﬂluogoe iGH1&6
salt-tolerant viredialé@uaticet alnativs) adantagerofithetheekemt, 2ainy e nticietis dhivoasit proieins, such
as a monoclonal antibodieésv(erpAqlse? ar& ntot b updl_tlo the membrane. This is accomplished by
increasing thén%?%'aa(r)? ﬂ%ﬁlba €6t Hhe™Ab And ligand are both positively-charged during loading.
This cauSes an eleckGdthtiorchangel e prdsiothedetheynikiméraom tihddigapdsisiet bhsrgo adeatse affect on
the ability of thﬁ gnembrz%ne to bigd girusl. N st thef@e{)ey}i% én?Ps h%ve ptist etwet n bqut 8 and about
3010. This né)rrov?(ﬁur%engg SIS B CAUSE thErapetiti€ mAbs (end 10 be ﬂurﬁa"ﬁelg& S8 to a much
lesser extentEg@Rpded, |g Gidp Bebh ) ae die poragiarg ok encdntiindysandrassmaglpify @embrane
2008/008872PCT/US2007/073324 percentage of. the total molecule, charge is determined largely by
isotype. Thus‘?’?‘ﬁ,&/#sr I5pE° éﬁ&%‘ﬂ&‘f‘gﬁfgﬁé%ﬁ‘&e&w é’f’%’t&’tﬁg egl-ﬂ'\/\'}h?cﬁ“iﬂ%\r/%el’s E?‘r?oi?ﬁﬂ(io anion
exchange magiada uitisnetkrk2008)1 VieuSpsaondieather Alancrbgate. aa/&sietyodiifiover pi's, and many
are neg%ivelg char.ged % neutral pH.

omprising the neutral 'virus X174 and 0.5 g/L of the basic protein ribonuclease A, bott
dissolved in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5), with and without added
NaCl, was loaded into the membrane. The results are shown in Fig. 10. Viral clearance
was not reduced by the presence of the basic protein. For example, compared to a viral
clearance of 5.5 to 6.0 LRV without the basic protein and without and with added salt
15  (Table 2), the viral clearance for AGM was not reduced at all after adding the basic
protein (LRV = 6.0, Fig. 10). The significance of this example is two-fold: it

demonstrates salt-tolerant virus trapping of the present invention and simultaneous

repulsion of basic proteins by electrostatic charge repulsion.
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5AGM, for example, meets these requirements. it has a positive charge at neutral pH because the
guanidine moiety has a pKa of 12.5. According to the methods of Example 2, a disposable,
micro-porowsQramenessted-cellulose virus-trapping membrane was fabricattdI¢bseemnitg ke ligand
AGM immobilized on the membrane. The basic protein ribonuclease A (pl 9.5) was used as a mAb
surrogate. A feed solution 10comprising the neutral virus (pX | 74 and 0.5 giL of the basic protein
ribonuclease k both dissolved in TE buffer (10 mM Tris, 1 inM EDTA, pH 7.5), with and without added
NaCl, was loaded into the membrane. The reSUBL-HASO&MRIMYn Fig. 10. Viral clearance was not
reduced by the presence of the basic protein. For example, compared to a viral clearance of 5.5 to 6.0
LRV without thedpasioysrotew dandendthiirehhalfetith addetosait Bi¢Tablo gy adradts Paramde for AGM
was not redutedndtelll bives aftingahe@basionglddeigifl Ried 2Reg18, Fig, 10)74hesgnifRS8nce of this
example is two-fold: it demonstrates salt-tolerant virus trapping of the present invention and
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filter membrane comprises a polymer substrate selected from the group consisting of polyvinylidene
difluoride, polytetrafluorethylene, polyamides, polyamide-imides, polysulfones, polyethersulfones, and
polyphenylsulfones; and a ligand immobiliz % membrane, wherein the ligand is selected
from the group consisting of tyrosinol, tryptophanol, octopamine, 2-aminobenzimidazole,
1,3-diamino-2- hydroxypropane, tris(2-aminoethyl)amine, and agmatine, and further wherein the ligand

is dimen qsqgg“;ﬁ figured to: (a) irreversibly and selectively bind viruses and repel basic
proteins; (ﬂ; ave a pKa sufficiently high to repel basic proteins via electrostatic charge repulsion; and
(c) yield a log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in a solution

comprising 50 ril_l\_/l salf g ‘éﬁBﬁ’e’ﬁ'UiﬁE’@-if’r‘Qﬁﬁ‘i’ﬁ@H{éﬂﬁ)gr@%%%;tg{ﬁerei_” the Ii_gand isa multi-r_n_odal
anion-exchange ligand. 3.The virus-trapping membrane of Claim I, wherein the ligand has a positive
charge at pH 72 disposable, micro-porous filter membrane, winettee filter membrane comprises a
polymer substrate selected from the group congistirpolyvinylidene difluoride,
polytetrafluorethylene, polyamides, polyamide-insdpolysulfones, polyethersulfones, and
polyphenylsulfones; and
a ligand immobilized on the membrane, whereinlitiend is selected from the group
consisting of tyrosinol, tryptophanol, octopamiB@eaminobenzimidazole, 1,3-diamino-2-
hydroxypropane, tris(2-aminoethyl)amine, and agneatand further wherein the ligand is
dimensioned and configured to:
(@) irreversibly and selectively bind virusesl aapel basic proteins;
(b) have a pKa sufficiently high to repel basiotpins via electrostatic
charge repulsion; and
(c) yield a log-reduction value (LRV) of at leds0 for neutral viruses

disposed in a solution comprising 50 mM salt.

2. The virus-trapping membrane of Claim 1, whetbaligand is a multi-modal

anion-exchange ligand.

3. The virus-trapping membrane of Claim 1, whetbaligand has a positive

charge at pH 7.

4, The virus-trapping membrane of Claim 1, whetae ligand has a pKa of at least
10.0.
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4.The virus-trapping membrane of Claim 1, wherein the ligand has a pKa of at least 10.0. 5.The
virus-trapping membrane of Claim 1, wherein the ligand is dimensioned and configured to yield a
log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in a solution comprising 150 mM
salt. 6.The virus-trapping membrane of Claim 1, wherein the ligand is dimensioned and configured to
yield a log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in a solution comprising 50
mM salt. 7.The virus-trapping membrane of Claim 1, wherein the ligand is dimensioned and configured
to yield a log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in a solution comprising
150 mM salt. 8.A disposable, virus-trapping membrane comprising: a disposable, micro-porous

filter membrane_.comprising.polyvinylidene difluoride; . a ligand immohilized on th
membrane. wherein e To SERRE VA G Shac s R R e B e
octopamaosfigeaatriohdeizi midaztd ittt iaahiad iR Vateagd b pdne nerig(2! amisestHidpashaenamnd

agma}tineS ﬂ‘%%%@%ﬁ@%mw g (a) irreversibly and selectively binds viruses and repel basic

proteins; 8) Is a multi-modal anion-exchange ligand; (c) has a pKa of at least 10.0, whereby basic
proteins are repelled from the ligand via electrostatic charge repulsion; and (d) is dimensioned

and configured go yieldradQgriedHeHon y fheetrRNe 6f eldrast WhEpRRYLR Y dRfe sirhRsedia 2
solution comprising 50 mM salt. _ _ _ _
configured to yield a log-reduction value (LRV)aifleast 5.0 for neutral viruses disposed in a

solution comprising 50 mM salt.

7. The virus-trapping membrane of Claim 1, whethaligand is dimensioned and
configured to yield a log-reduction value (LRV)aifleast 5.0 for neutral viruses disposed in a

solution comprising 150 mM salt.

8. A disposable, virus-trapping membrane compgisin
a disposable, micro-porous filter membrane cosnpgi polyvinylidene
difluoride; and
a ligand immobilized on the membrane, whereinitfend is selected from the
group consisting of tyrosinol, tryptophanol, octopae, 2-aminobenzimidazole, 1,3-diamino-2-
hydroxypropane, tris(2-aminoethyl)amine, and agneatand further wherein the ligand:
(@) irreversibly and selectively binds viruses aepel basic proteins;
(b) is a multi-modal anion-exchange ligand,;
(c) has a pKa of at least 10.0, whereby basitepre are repelled from
the ligand via electrostatic charge repulsior an
(d) is dimensioned and configured to yield ateduction value (LRV) of at

least 1.0 for neutral viruses disposed in a saiutimmprising 50 mM salt.
9. The virus-trapping membrane of Claim 8, whethmligand is dimensioned and

configured to yield a log-reduction value (LRV)aifleast 1.0 for neutral viruses disposed in a

solution comprising 150 mM salt.
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9.The virus-trapping membrane of Claim 8, wherein the ligand is dimensioned and configured to yield
a log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in a solution comprising 150
mM salt. 10. The virus-trapping membrane of Claim 8, wherein the ligand is dimensioned and
configured to yield a log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in a solution
comprising 50 mM salt. 11. The virus-trapping membrane of Claim 8, wherein the ligand is
dimensioned and configured to yield a log-reduction value (LRV) of at least 5.0 for neutral viruses
disposed in a solution comprising 150 mM salt. 12. A method of removing viruses from a solution
suspected of containing viruses, the method comprising:  contacting a solution suspected of
containing viru with_a virus-trapping membhrane for a time ufp% nt to vield a log-reduction value
(CRv) of at eadk 0 for el ar e B e R R R R ORI G o
50 mM sedtnfilge reidus-ymghia dporeenbciion valupritiRY) atitisisd Sab ey métrioap grase siltispneachirmae; and

a ligand ggm@miggﬂﬁﬁlsm% gbemp@ f; wherein the ligand is selected from the group consisting of

tyrosinol, tryptophanol, octopamine, 2-aminobenzimidazole, 1,3-diamino-2- hydroxypropane,
tris(2-aminoethyl)amine, and agmatine, and further wherein the ligand is dimensioned and configured

to irreversibly apg selepliuely RinFLyEHREMBAMbISRENASISAEtSiNGBR% fas AP manisiculyiigh to

repel basic proteins present in the solufion via electrostatic charge repulsion. 13. The method of

Claim 1XQUAEHERTHE MBI FoR 9 BEHEA IR Y @lith thR VIAIEaRshpiRdhBRtBFahYIéTas (HseARRfdiRAL to

yield a loghfigshictiempabieg 1BY hifiaideast 1.0 for neutral viruses disposed in the solution when the
solution comprises from 0 to 150 mM salt. 14. The method of Claim 12, wherein the solution is

contacted with the virus-trapping membrane for a time sufficient to yield a log-reduction value (LRV) of

at least 5.0 for neutral Xirnegfdisp asedvinth¢isgletoro mhesdie aosidesicsiapriggaifigvirdsess0 mM
salt. 15. The method.of Claim 12, wherein the solution is contacted with the virus-trapping

membram:efg}eé ﬂﬂec‘%'ﬁ'ﬁﬁﬂ?éﬁ?io yield a log-reduction value (LRV) of at least 5.0 for neutral viruses
disposed in theczoitamimgvaaolite sdutipactedpl isastdinmgddentdt mvrsaltrappid§ mMdmabreateddrof

Claim 12, yft r%h’?f.%‘.sr'ﬁ%”g?éla‘%"Pbﬁ'-'%&é’ug{’ﬁﬁ%&ﬁ?}%ﬁ%ﬁéﬁ?%q e |g'iﬂi‘s%§%’i‘§6%té%% of
tris(2-aminoethyeamine and agmatirie. . The virds-trapping membrane of Claim 1 wherein the
filter mennbifzteatoiioprisbsatheadiutine ponpsisesdfdrorB@mMjeald ttegius-trap®imheamkttadeof
Claim 12c%§t;gmgqe filter membrane comprises a membrane pore size of from 0.1 gm to 10 gm.
a disposable, micro-porous filter membrane; and
a ligand immobilized on the membrane, whereinitfend is selected from the
group consisting of tyrosinol, tryptophanol, octopae, 2-aminobenzimidazole, 1,3-diamino-2-
hydroxypropane, tris(2-aminoethyl)amine, and agneatand further wherein the ligand is
dimensioned and configured to irreversibly and&eltely bind viruses and repel basic proteins,
and has a pKa sufficiently high to repel basic @ireg present in the solution via electrostatic

charge repulsion.

13. The method of Claim 12, wherein the solut®nontacted with the virus-trapping
membrane for a time sufficient to yield a log-retime value (LRV) of at least 1.0 for neutral

viruses disposed in the solution when the solutmmprises from 0 to 150 mM salt.

14. The method of Claim 12, wherein the solut®nontacted with the virus-trapping
membrane for a time sufficient to yield a log-retime value (LRV) of at least 5.0 for neutral

viruses disposed in the solution when the solutmmprises from 0 to 50 mM salt.
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15. The method of Claim 12, wherein the solut®nontacted with the virus-trapping
membrane for a time sufficient to yield a log-retime value (LRV) of at least 5.0 for neutral

viruses disposed in the solution when the solutmmprises from 0 to 150 mM salt.

16. The method of Claim 12, wherein the ligand whitized on the membrane is

selected from the group consisting of tris(2-amithgamine and agmatine.

17.  The virus-trapping membrane of Claim 1 whetb@filter membrane comprises

a membrane pore size of from 0.1 pm to 10 pm.

18. The method of Claim 12 wherein the filter meam®& comprises a membrane pore

size of from 0.1 pm to 10 pm.

41



