COUNTER-PRESSURE FILTRATION OF PROTEINS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  The benefit under 35 U.S.C. § 119(e) of U.S. Provisional Patent Application Serial
No. 61/017,418 filed December 28, 2007, the disclosure of which 1s incorporated herein by

reference, is hereby claimed.

BACKGROUND

Field of the Disclosure

[0002] The disclosure relates generally to filtration methods for the purification of
proteins. More particularly, the disclosure relates to the low-shear, counter-pressure sterile
filtration of proteins susceptible to damage by shear forces (e.g., shear-sensitive proteins,

blood coagulation cascade proteins), for example when being transported in a fluid.
Brief Description of Related Technology

[0003] Purified protein mixtures can be administered to patients for a variety of therapeutic
uses. A purified protein mixture prepared for infusion into patients must be sterilized prior to
use. A suitable sterilization process for some proteins includes membrane filtration of a
purified protein mixture. The filter membrane can be sized to retain (i.e., remove from the
protein mixture) particulates, microorganisms, and some viruses, while the proteins are able

to pass through the membrane.

[0004] However, some proteins are not efficiently recovered as purified, sterilized proteins
using conventional methods such as membrane filtration. This effect is most pronounced
when attempting to filter proteins that are shear-sensitive and/or part of the blood coagulation
cascade. An example of such a protein is the von Willebrand factor (vWF), which circulates
in plasma complexed with factor VIII and assists in the regulation of biological blood
coagulation activity. Specifically, the vWF proteins are sensitive to shear forces induced by
the velocity gradient of a transporting fluid medium, in particular when the vWF proteins
pass through or near a filter membrane (i.e., where flow constrictions and circuitous flow
paths in the neighborhood of filter membrane pores result in particularly large velocity
gradients). Thus, when filtration units are operated at sufficient pressures to ideally generate
desirable process flow rates, increased flow rates (and the accompanying increase in induced
shear forces) tend to reduce process yield, for example by damaging or destroying the

proteins, and/or by reducing the filtration rate over time.



[0005] Accordingly, it would be desirable to develop a method of filtering a purified vVWF
mixture in a manner that does not substantially damage the vWF proteins, yet which method
still permits a suitably high process throughput (i.e., filtration rate) over time. Additionally, it
would be desirable to develop a filtering method generally applicable to any protein, such
that the general protein can be filtered (e.g., sterile filtered) at an efficient rate without
incurring substantial damage to/loss of the protein.

SUMMARY

[0006] The disclosed method is useful for filtering a protein in a liquid mixture in either a
batch or continuous manner that does not substantially damage or otherwise limit the
recovery of the protein in the filtration filtrate. The method generally applies a counter
pressure to the filtrate to accurately reduce and control the pressure differential across a filter.
The disclosed method has the advantage that relatively high filtration flow rates can be
achieved at relatively low pressure differentials, in contrast to high pressure differentials
which actually reduce the filtration flow rate of protein liquid mixtures. Further, the method
can recover substantially all of the protein that is initially present in the liquid mixture.
[0007] More specifically, the disclosure provides a method of filtering a liquid protein
mixture. According to one embodiment, the method includes providing a liquid mixture at a
first pressure P; and passing the liquid mixture through a filter to form a filtrate at a second
pressure P,, and applying a counter pressure to the filtrate such that a pressure differential
P, - P, is not more than about 300 mbar. In another embodiment, the method includes the
steps of providing a liquid mixture at a first pressure P, and passing the liquid mixture
through a filter to form a filtrate at a second pressure P,, and applying a counter pressure to
the filtrate sufficient to yield an average flow rate of the filtrate of at least about 300 g/min.m’
of filter surface area. The liquid mixture includes a carrier liquid, a protein at a first
concentration C; relative to the carrier liquid, and a dispersed contaminant. The filtrate
includes the carrier liquid and the protein at a second concentration C, relative to the carrier
liquid. The filter is sized to remove at least a portion of the dispersed contaminant from the
liquid mixture.
[007a] In one aspect, there is provided a method of filtering a liquid protein mixture, the
method comprising:
providing a liquid mixture at a first pressure (P;), the liquid mixture comprising a carrier
liquid, a protein at a first concentration (C,) relative to the carrier liquid, and a dispersed contaminant;
passing the liquid mixture through a filter to form a filtrate at a second pressure (P,), the
filtrate comprising the carrier liquid and the protein at a second concentration (C,) relative to the
carrier liquid, wherein the filter is sized to remove at least a portion of the dispersed contaminant from
the liquid mixture; and
applying a counter pressure to the filtrate to ensure that a pressure differential between the
first and second pressures (P; — P,) is: (a) not more than about 300 mbar; and/or (b) sufficient to yield
an average filtrate flow of at least 300 g/ min-m” of filter surface area,
wherein the protein comprises a shear-sensitive protein.
[0008] In yet another embodiment, the method is capable of filtering an aqueous protein
mixture, and includes the steps of providing an aqueous mixture at a first pressure P;, passing
the aqueous mixture through a porous membrane filter to form a filtrate at a second pressure
P,, and applying a counter pressure to the filtrate such that a pressure differential P, - P, is
not more than about 90 mbar. The aqueous mixture includes water and vWF at a first
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concentration C, relative to the water. The filtrate includes water and the vWF at a second
concentration C, relative to the water. The porous membrane filter includes pores sized from
about 0.1 um to about 0.5 um.
[0008a] In another aspect, there is provided a method of filtering an aqueous protein mixture,
the method comprising:

providing an aqueous mixture at a first pressure (P;), the aqueous mixture comprising water
and von Willebrand factor (vWF) at a first concentration (C,) relative to the water;

passing the aqueous mixture through a porous membrane filter to form a filtrate at a second
pressure (P,), the filtrate comprising the water and the vWF at a second concentration (C,) relative to
the water, wherein the porous membrane filter comprises pores sized from about 0.1 um to about 0.5
pum; and

applying a counter pressure to the filtrate to ensure that a pressure differential between the
first and second pressures (P; — P,) is not more than about 90 mbar.
[0009] In any of the above embodiments, the protein is preferably a shear-sensitive protein
and/or a blood coagulation cascade protein. Further, the protein is preferably recovered in the filtrate
such that a recovery ratio C,/C, is at least about 0.95, more preferably at least about
0.99. Additionally, the pressure differential P, - P, is preferably not more than about
90 mbar and the first pressure P, is preferably at least about 200 mbar gauge. Preferred
embodiments of the above methods include those in which the carrier liquid is water, and/or
the dispersed contaminant includes microorganisms. The protein can include von Willebrand
Factor, Factor VIII, Factor XIII, and mixtures thereof. The filter preferably includes a porous
membrane filter having pores sized from about 0.1 pm to about 0.5 pm, more preferably
sized at about 0.2 um or about 0.22 pm. Preferably, the filtrate product is substantially free of the
dispersed contaminant.
[0010] Filtration of a protein under the application of counter-pressure allows the recovery
the protein at high relative concentrations, high relative filtrate flow rates, and substantially
constant filtrate flow rates that are not otherwise attainable in the absence of counter-

pressure. This is in contrast to the general application of filter theory at least with respect to

the filtrate flow rate, which predicts that the filtrate flow rate increases with increasing

pressure differential across the filter (i.e., in the absence of counter-pressure).

[0011] Further aspects and advantages will be apparent to those of ordinary skill in the art
from a review of the following detailed description, taken in conjunction with the drawing.

While the compositions, films, and packets described herein are susceptible of embodiments

in various forms, the description hereafter includes specific embodiments with the

understanding that the disclosure is illustrative, and is not intended to limit the disclosure to

the specific embodiments described herein.

BRIEF DESCRIPTION OF THE DRAWING

[0012] Two drawing figures are appended hereto to facilitate the understanding of the
disclosure.
[0013] Figure 1 is a cross-sectional view of an axisymmetric cartridge filter for use in the

counter-pressure filtration of proteins.



4-

[0014]  Figure 2 is a comparison of filtration rate data obtained using a conventional

filtration method and a counter-pressure filtration method.

DETAILED DESCRIPTION

[0015]  The method described herein is generally applicable to the filtration purification of
a protein in a liquid mixture in a manner that does not substantially damage or otherwise limit
the recovery of the protein during the filtration. In addition to the protein, the liquid mixture
also includes a carrier liquid and a dispersed contaminant. The carrier liquid is the
suspending medium for the protein and is not generally limited. A preferred carrier liquid is
water. Similarly, the dispersed contaminant is not particularly limited and can include any
dispersed solid material that is an undesirable component of the final, purified protein filtrate.
In the case of a sterile filtration operation, the dispersed contaminant generally includes any

of a variety of microorganisms (i.e., bacteria) that might be present in the liquid mixture.

[0016] The disclosed method is particularly preferably applied to the filtration of proteins
that are shear-sensitive, part of the human blood coagulation cascade, or both (i.e., some
suitable proteins, for example vWF, may be classified as both shear-sensitive and blood

coagulation cascade proteins).

[0017]  Shear-sensitive proteins that are suitable for purification using the disclosed
counter-pressure filtration method include those that are susceptible to damage, destruction,
loss of activity, and/or a reduction in filtration rate when transported as a suspension in a
carrier liquid that is characterized by significant shear forces (i.e., relatively large velocity
gradients). In general, a shear-sensitive protein is a protein which exhibits an inverse
proportionality between filtration rate and applied shear (or applied pressure) above a critical
applied shear (or applied pressure). The critical applied shear (or applied pressure) at which a
transition between a directly proportional relationship for filtration rate and applied shear (or
applied pressure) and an inversely proportional relationship (i.e., a transition occurring when
the filtration rate is at a maximum) may be different for various shear-sensitive proteins. For
example, critical applied shear can be at least about 2000 s (or at least about 4000 ') and
not more than about 8000 s (or not more than about 12000 s). However, the qualitative
behavior for different shear-sensitive proteins is expected to be similar. A shear-sensitive
protein includes vWF, although the disclosed method is not particularly limited thereto.
While vWF exists in plasma in a series of oligomeric/polymeric forms having molecular

weights ranging from about 1,000 kDa (kilodalton) to about 20,000 kDa based on 520-kDa
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dimers, the disclosed method is not necessarily limited to a particular molecular weight

range.

[0018] The disclosed method also is generally applicable to the purification of proteins in
the human blood coagulation cascade (i.e., coagulation factors). For example, coagulation
Factors II (about 37 kDa molecular weight), VII (about 50 kDa), VIII:C (about 260 kDa), IX
(about 55 kDa to about 70 kDa), X (about 100 kDa), XIII (about 350 kDa), vWF (discussed
above), and combinations thereof, some of which also are shear-sensitive, can be efficiently

filtered and recovered using counter pressure.

[0019] Some particularly preferred purified proteins include single proteins such as Factors
XHI or vWF and multi-protein combinations such as a Factor VIII:C/vWF complex. A
preferred protein mixture that is not particularly shear-sensitive, but which is still favorably
filtered using counter pressure, is a FEIBA VH mixture (“factor eight inhibitor bypassing
activity (vapor heated),” available from Baxter, Deerfield, IL) that can be used to control
spontaneous bleeding and/or treat hemophilia A/B patients. The FEIBA VH mixture includes
Factors 11, IX, and X (mainly non-activated), Factor VII (mainly activated), and Factor
VII:C (about 1 to 6 units/ml). The FEIBA VH mixture benefits from the use of counter
pressure in that the protein mixture can be filtered at relatively high filtration rates with little

to no loss in protein activity when counter pressure is applied.

[0020] The liquid mixture containing the protein and the dispersed contaminant is then
purified by passing the liquid mixture through a filter. Filters suitable for use according to
the disclosed method are not particularly limited and can include surface filters, for example
dead-end filters (i.e., in which the fluid to be filtered perpendicularly approaches the filter
surface) and cross-flow filters (i.e., in which the fluid to be filtered travels parallel to the filter
surface). See, e.g., Kirk-Othmer Encyclopedia of Chemical Technology, vol. 10, pp. 788-853
(“Filtration™) (4" ed., 1993). The filters also are not particularly limited with respect to their
classification size (1.€., the size above which dispersed material is retained on the filter and
the size below which dispersed material passes into the filtrate). Once a filter classification
size 1s selected for a particular application (i.e., dispersed material to be retained vs. dispersed
material to pass into the filtrate), the filter should be operated considering the amount of shear
generated by the carrier liquid flowing through the filter relative to the shear sensitivity of the

particular protein being filtered.

[0021] A preferred filter medium is a porous membrane, which is generally available 1n

. . . . 2 - 2
various sizes (i.e., filter surface area; for example ranging from about 0.001 m~ to about 5 m~)
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and configurations (e.g., filter discs, filter cartridges). The porous membrane can be formed
from materials such as cellulose nitrate, cellulose acetate, vinyl polymers, polyamides,
fluorocarbons, and polyethersulfones. The porous membrane includes pores generally having
a highly uniform size that 1s selected depending on the size of the dispersed contaminant to be
removed from the liquid mixture. For example, in sterile filtration operations intended to
remove microorganisms (while allowing the protein to pass through the filter membrane into
the filtrate), the pores preferably have a size in a range of about 0.1 um to about 0.5 pm, or
about 0.15 pum to about 0.25 pm, for example about 0.2 pm or about 0.22 pm. Suitable
porous membrane filters can also include both a 0.2 um/0.22 pum filter and a coarser (e.g.,
about 0.45 pum) prefilter to improve throughput and limit cake accumulation at the

0.2 um/0.22 pm filter surface. Examples of suitable commercial porous membrane filters for
the sterile filtration of hiquid mixtures with proteins include a SARTOBRAN P 0.2 pm
cellulose acetate membrane (including both 0.2 pum filtration pores and a prefilter membrane
having 0.45 pum filtration pores; available from Sartorius AG, Géttingen, Germany) and a

SUPOR EKV 0.2 um polyethersulfone membrane (available from Pall Corporation, East
Hills, NY).

[0022] Figure 1 illustrates the flow of the liquid mixture through a filter apparatus 100, for
example a cartridge filter having a porous membrane. As illustrated, the liquid mixture enters
the sealed filter apparatus 100 via an inlet 110 into an inlet chamber 120. The fluid in the
inlet chamber 120 is pressurized, having a first pressure P, that is generally above ambient
pressure (i.e., about 1 bar absolute). The first pressure P, in the inlet chamber 120 drives the
carrier liquid and the protein in the liquid mixture through a porous filter membrane 130.

The material passing through the filter membrane 130 forms a filtrate including both the
carrier liquid and the protein in a filtrate chamber 140. The fluid in the filtrate chamber 140
is also pressurized, having a second pressure P- that is less than the first pressure Py, but
which is generally above ambient pressure. The purified filtrate then exits the filter apparatus
100 via an outlet 150. The flow rate through the outlet 150 (and the second pressure P,) is

regulated via a counter pressure regulator 160.

[0023]  The pores of the filter membrane 130 are sized to remove at least of the portion of
the dispersed contaminants contained in the liquid mixture, retaining the removed dispersed
contaminants on the inlet-side of the filter membrane 130 (i.e., in the inlet chamber 120).
Preferably, the filter membrane 130 is sized to remove substantially all of the dispersed

contaminants initially contained in the inlet liquid mixture; thus, the filtrate 1s substantially
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free (or free) of the dispersed contaminants. Specifically, the filtrate should not contain the
dispersed contaminants in an amount that would adversely affect the use of the filtered and
purified protein mixture as a therapeutic composition. For example, when the dispersed

contaminants mclude microorganisms, the filter membrane 130 should be able to remove at

least about 10 colony forming units per cm” of filter area.

[0024]  The first pressure P; of the inlet liquid mixture can be applied by any suitable
source, for example gravity, a compressed gas (e.g., compressed air), or a pump (e.g., a low-
shear pump). Preferably, the first pressure Py is at lcast about 200 mbar gauge, or in a range
of about 200 mbar gauge to about 1,000 mbar gauge (i.e., about 1 bar gauge), for example
about 300 mbar gauge. Counter pressure (or back pressure) also can be applied by any
suitable source, for example a conventional valve (illustrated in Figure 1 as the counter
pressure regulator 160), to obtain the second pressure P, of the outlet filtrate. Additionally,
the counter pressure also can be applied by a flow constriction, obstruction, etc. along the
length of the outlet 150 path. As a result of the first and second pressures Py and P», the
applied counter pressure generates a (positive) pressure differential Py — P, to drive the carrier
liquid and the protein through the filter and into the filtrate. The pressure differential is low,
with suitable maximum pressure differentials depending of a variety of factors, for example
the particular protein being filtered and the particular filter being used. In particular, the
pressure differential is preferably not more than about 300 mbar, 200 mbar, 150 mbar, or
120 mbar, more preferably not more than about 90 mbar or 50 mbar, even more preferably
not more than about 20 mbar or 10 mbar, for example not more than about 5 mbar or not

more than about 3 mbar.

[0025] At such differential pressures, the flow rate across the filter is low enough to
generate a low-shear environment that does not substantially damage, destroy, or reduce the
activity of the protein. The low-shear environment further does not substantially limit the

yield of the filtration process.

[0026] Specifically, it has been observed that a low differential pressure can be used to
obtain both a relatively high and a substantially constant filtration rate. In particular, a low
differential pressure can be applied to obtain an average filtration flow rate of at least about
300 g/min-m”, for example about 300 g/min-m” to about 1000 g/min-m” or about

400 g/min-m” to about 800 g/min-m®, where the units are mass of filtrate (i.e., grams carrier
liquid and protein combined) obtained per unit time (i.e., minutes) and normalized per unit

surface area of the filter (i.e., m?). The low differential pressure resulting from the
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application of counter pressure also can generate a substantially constant filtration rate, in
particular after completion of a start-up transient, thus improving the net capacity of a filter.
In contrast to the observed filtration rate at a low differential pressure (and in contrast to
general filtration theory, which implies that the filtration rate is proportional to the
differential pressure across the filter), a higher differential pressure (e.g., above about

100 mbar) tends to decrease the rate of filtration. Thus, conventional filtration methods,
which apply differential pressures of at least about 100 mbar to at least about 300 mbar, are

unable to attain the average filtration flow rates observed in the disclosed method.

[0027]  Further, it has been observed that a low differential pressure can be used to obtain a
high recovery of the protein. Specifically, substantially all of the protein that is initially
present in the liquid mixture is preferably recovered in the filtrate. For example, when a first
concentration C; represents the concentration of the protein relative to the carrier liquid in the
initial liquid mixture, and a second concentration C, represents the concentration of the
protein relative to the carrier liquid in the final filtrate, then a recovery ratio C,/C; of the
disclosed filtration method is preferably at least about 0.95, and more preferably at least

about 0.99.

[0028]  The disclosed method of counter-pressure filtration is useful when applied to
proteins because the method provides accurate control of the filtration flow rate. Pressure
sources that are used to drive the liquid mixture through the filter generally provide an
excessive pressure that results in high shear rates, which, in turn, lead to filter plugging and
protein damage. It is generally difficult, if not impossible, to regulate a single pressure
source relative to the ambient pressure such that the resulting differential pressure 1s both low
enough and sufficiently constant to result in an average flow rate through the filter that is
sufficiently low to avoid protein damage and substantially constant. By applying counter
pressure to the filtrate-side of the process fluid, however, a relatively high pressure source
(i.e., the first pressure P,) can be accurately counter balanced (i.e., with the second pressure

P,) to obtain a low and substantially constant pressure differential (i.e., Py — P2).

Examples

[0029]  The following examples are provided for illustration and are not intended to limit

the scope of the invention.

Examples 1-8

[0030]  An aqueous liquid mixture of the shear-sensitive, blood coagulation cascade protein

vWF was sterile filtered to determine the effect of pressure (and counter pressurc) and other
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process variables (e.g., filter size and type) on filtration efficacy, for example based on the
recovered activity of vWF 1n the filtrate, the average flow rate of the filtrate, and the ability to

scale up the process.

[0031] An aqueous liquid mixture of recombinant vWF (“rVWF:Rco”) having an activity
of 125 1U/ml and concentration of 1159 pg/ml (bicinchoninic acid (“BCA™) assay) of was
prepared for use in each of the following Examples 1-8. Low-molecular-weight salts were
added to adjust the pH and osmolarity of the mixture to values of 7.3 and about

400 mOsmol/l (milliosmoles/liter), respectively. Because Examples 1-8 were intended to
isolate the fluid dynamic effects (e.g., shear) on the protein in the neighborhood of a filter, no
other dispersed contaminants or materials (e.g., bacteria, other microorganisms, or other
proteins) were added to the mixture. The components of the aqueous liquid mixture are

summarized in Table 1.

Table 1 - Liquid Mixture Composition for Examples 1-8

Mixture Component Concentration
r'VWF:Rco 125 TU/ml
Protein (BCA) 1159 ug/ml
Sodium Citrate Dihydrate 4.53 g/
Glycin 1.16 g/l
Trehalose 10.26 g/l
Mannitol 20.52 g/t
Polysorbate 80 (10:1 stock dilution) 1.03 g/l
Water-For-Injection (WFI) Balance

[0032]  The aqueous liquid mixture was then tested in the following manner. A test volume
of at least about 500 ml of the mixture was added to a pressure-resistant stainless steel vessel.
The outlet of the vessel was connected to the inlet of a (steam-sterilized) sterile filter with a
first section of silicone tubing. A second section of silicone tubing with a length of about

10 cm was attached to the outlet of the sterile filter housing. The filtrate effluent from the
sterile filter was collected in a beaker placed on a balance to monitor the filtration rate. The
balance was interfaced with a computer to record at set intervals the total amount of filtrate

collected as a function of time.

[0033] In Examples 1-7, a SARTOBRAN P 0.2 pm cellulose acetate membrane filter
(including a 0.45 pum prefilter) was used. In Example 8§, a SUPOR EKV 0.2 um
polyethersulfone membrane filter was used. Examples 1-3 used disc membrane filters, while
Examples 4-8 used cartridge membrane filters. The filter surface area of each filter is

provided in Table 2.
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[0034]  For each of Examples 1-8, the test volume of the aqueous liquid mixture was
filtered at constant pressure. In Example 1, the aqueous liquid mixture entering the sterile
filter had an applied pressure of about 100 mbar gauge (i.e., about 1.1 bar absolute), based on
the height of the column of fluid feeding the sterile filter from the stainless steel vessel. In
Examples 2-8, clean compressed air was use to provide the pressure of the aqueous liquid
mixture entering the sterile filter, which pressure ranged from 150 mbar to 300 mbar, as
indicated in Table 2. In Examples 1-4, counter-pressure filtration was not performed (i.e., the
outlet tube of the sterile filter was open to the atmosphere as the filtrate emptied into the
collection beaker); thus, the pressure differential driving the filtration was essentially the
pressure of the aqueous liquid mixture entering sterile filter. For Examples 5-8, counter
pressure was applied to the filtrate by attaching and tightening a clamp to the outlet tube of
the sterile filter. The pressure differential for Examples 5-8 (indicated in Table 2) was
estimated based on the average filtrate flow rate measured during the filtration and the known

pressure drop-flow rate characteristics of the commercial filters used.

[0035]  Generally, in each example, the mixture was filtered shortly after the aqueous liquid
mixture test volume was prepared. However, in Example 5, the mixture was filtered after an

eight-hour delay to examine any potential effect of storage on the disclosed method.
[0036] Table 2 summarizes the test parameters for each of Examples 1-8.

Table 2 — Filtration Test Parameters for Examples 1-8

Example: 1 2 3 4 5 6 7 8

Filter
Membrane - . .

Configuration Disc Disc Disc Cart. Cart. Cart. Cart. Cart.
Surface Area (mz) 0.0017 0.0017 0.0017 0.015 0.015 0015 0.03 0.022
Pore Size (p,m) 0.45/0.2  0.45/0.2 0.45/0.2 045/0.2 0.45/0.2 0.45/0.2 045/0.2 0.2

Pressure
Counter Pressure No No No No Yes Yes Yes Yes

Applied P, (mbar
gauge)

Differential P]”‘PQ
(mbar)

100 200 300 150 300 300 300 300

100 200 300 150 2.6 3.2 3.5 3.8

[0037]  The results of the filtration tests are summarized in Table 3. In Table 3, the “filtrate
amount” represents the mass of filtrate (i.e., including water and any recovered vWF)
obtained during the individual test. For Examples 1-4, the filtration test was performed until
the filter became plugged and substantial amounts of filtrate could no longer be obtained. For
Examples 3-8, the filtration test was performed until several hundreds of grams of filtrate

were obtained, and the test was terminated while the filter was unplugged and still capable of
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further filtration. The “filter capacity” entry in Table 3 represent the filtrate amount
normalized per unit arca of filter surface. The “>" for Examples 5-8 indicates that the filter
capacity is a lower estimate of the actual capacity, inasmuch as the filter did not become
plugged during the test. The “average flow rate” entry in Table 3 represents the filtrate

amount averaged over the course of the test and normalized per unit area of filter surface.

Table 3 — Filtration Results for Examples 1-8

Example: 1 2 3 4 5 6 7 8
Filtrate Amount (g) 27 5.4 5.1 75 390 720 1080 550
Filter Capacity (kg/m’) 16 32 3.0 5.0 >26 >48 >36 >25

Avg. Flow Rate (g/min-m’) 290 148 72 53 330 410 450 760

[0038] From Table 3, it is apparent that the counter-pressure filtration of proteins
significantly increases filtration capacity and flow rate. At even moderately low applied
pressures ranging from 100 mbar to 300 mbar for vWF and the utilized filters (where the
utilized filter cartridges can withstand maximum pressures ranging from about 2 bar to about
5.5 bar), Examples 1-4 indicate that filter capacity is low and rapidly decreases with
increasing pressure. In contrast, when a counter pressure is applied to the filtrate to reduce
the pressure differential, Examples 5-8 exhibit substantially larger filtration capacities and
flow rates. This observed behavior is unexpected, inasmuch as filters are generally
characterized by a direct proportionality between the filtration flow rate and pressure
differential:

o &

A4 R

In Equation (1), Q is the filtration flow rate (volume or mass per unit time), 4 is the filter

Eqn. (1)

surface area, Ap is the pressure differential across the filter, it is the viscosity of the fluid
being filtered, and R is an empirical resistance of the filter medium. The similarity among the
results of Examples 5-8 further indicates that the benefits of counter-pressure filtration can be

obtained using variable filter media and/or filter sizes.

[0039] The time-dependent filtration data (i.e., filtrate collected as a function of time) for
Examples 4 and 6 are shown in Figure 2. From Figure 2, it is apparent that the higher
pressure differential for Example 4 results in a relatively high filtration rate over the first 10-
15 minutes of the filtration test. However, the higher pressure differential in Example 4 also
results in a more rapid plugging of the filter. In contrast, the use of counter pressure in
Example 6 lowers the pressure differential and the initial filtration rate. Specifically, after the

initial transient period of about 10 minutes to about 15 minutes, the low pressure differential
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creates a low-shear filtration environment that prevents the filter from becoming plugged by
vWF, thereby increasing the filter capacity and filtration flow rate over the life of the filter,

and further resulting in a filtration flow rate that is substantially constant.

[0040] As summarized in Table 4, the filtrate of each of Examples 1-3 and 5 was also
analyzed to measure the level of recombinant vWF in the filtrate to determine whether the
filtration process adversely affected the concentration of the recombinant vWF present in the
initial aqueous liquid mixture. In the absence of counter pressure, Examples 1-3 indicate that
even moderately low pressure differentials can damage or destroy proteins during filtration,
with up to about half of the recombinant vWF being lost during filtration at pressure
differentials of 200 mbar and 300 mbar. This filtration loss is avoided by the use of counter
pressure, as shown in Example 5, where no measurable reduction in the r'VWF:Rco
concentration occurred and only a 4% decrease in the measured protein (BCA) content
occurred. Thus, substantially all of the protein that is initially present in the aqueous liquid

mixture can be recovered in the filtrate.

Table 4 — Recovery of vWF in the Filtrate

Example: Stock 1 2 3 5
rVWF:Rco (IU/ml) 125 n/a 69 69 126
Protein (BCA) (ng/ml) 1159 1054 724 715 1113

Examples 9-20

[0041] Aqueous solutions containing Factor VIII were tested on SARTOBRAN® filters,
with a SARTOCLEAN pre-filter, to determine the effect of counter-pressure on filtration
efficacy, for example, based on the filter surface area required. In Examples 9-13, counter-
pressure filtration was not performed; the initial applied pressure was 100 mbar to 500 mbar.
In Examples 14-16, the pressure differential was 200 mbar, and in Examples 17-20, the
pressure differential was reduced to less than 150 mbar. The surface area of each filter was
1.2 m*. Table 5 contains the Factor VIII activity before and after filtration and yield for each

experiment.
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Table 5 — Recovery of FVIII in the Filtrate
Example: | 9 | 10 | 11 | 12 | 13 [ 14 [ 15 |16 | 17 | 18 | 19 | 20

Dead end filtration Counter-pressure filtration

Starting volume

695 | 670 | 710 623 698 | 702 | 684 | 727 717 650 707 704

(mt)

?:j;am volume | o5 | 667 | 696 | 617 | 687 | 696 | 667 | 719 | 708 | 640 | 701 | 698
Number of filters 10 10 15 5 15 7 10 8 5 5 6

2;‘;‘;’1 filter area 12 | 12 ] 18 6 18 | 84 | 12 | 96| 6 6 | 72

Activity before
filtration (IU/ml)

Activity after

; 112|120 [ 127 | 994 | 106 | 133 | 863 | 11.1 | 13. 13135 | 122
filtration (TU/ml) 6 i }
(A;t)““y“e’d 96 | 102 | 86 | 122 | 124 | 96 | 105 | 90 | 136 | 135 | 137 | 13
O

Filter capacity | 579 | 558 | 30.4 | 103.8 | 388 | 83.6 | 57 | 757 | 119.5 | 1083 | 98.2 | 1173
(kg/m”)

Average Activity 106 119

Yield

[0042]  The preceding data demonstrates that far less filter area is required when counter-
pressure filtration is employed for the same amount of active substance. Counter-pressure
filtration stabilizes the filtration, and when differential pressure is optimized, the average

activity yield is improved.

Examples 21-25

[0043]  Solutions containing Factor XIII were tested on a PALL® POSIDYNE® N66
nylon filter to determine the effect of counter-pressure on filtration efficacy, for example,
based on the recovered activity and protein concentration of Factor XIII in the filtrate. The
filter area was 0.82 m”. In Examples 21-23, counter-pressure filtration was not performed;
the applied pressure for these examples was 600 mbar. In Examples 24-26, the pressure
differential was about 100 mbar. Table 6 contains the protein concentration and activity

before and after filtration and yield for each experiment.

115 11.8 | 145 | 8.04 | 841 | 13.7 799 | 122 10 946 | 9.74 | 895
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Table 6 — Recovery of FXIII in the Filtrate
Example: 21 22 23 24 25 26

Counter-pressure
filtration

Dead end filtration

Activity before filtration (IU/ml)  217.9 188 161.7 158 187.2 118.8
Activity after filtration (IU/ml) 194.6 179.8 180.2 189.4 184.8 115.2

Activity Yield (%) 89 96 111 120 99 97

Average Activity Yield 99 105

Protein before filtration (ng/ml) 4.65 5.57 6.28 5.9 5.66 3.66

Protein after filtration (ng/ml) 3.59 448 5.04 5.03 5.25 3.73
Protein Yield (%) 77 80 80 85 93 102
Average Protein Yield 79 93

[0044]  Asshown in Table 6, activity yield and protein yield are substantially improved

with the use of counter-pressure during filtration.

[0045]  The foregoing description is given for clearness of understanding only, and no
unnecessary limitations should be understood therefrom, as modifications within the scope of

the invention may be apparent to those having ordinary skill in the art.

[0046]  Throughout the specification, where compositions are described as including
components or materials, it is contemplated that the compositions can also consist essentially
of, or consist of, any combination of the recited components or materials, unless described

otherwise.

[0047]  The practice of a method disclosed herein, and individual steps thereof, can be
performed manually and/or with the aid of electronic equipment. Although processes have
been described with reference to particular embodiments, a person of ordinary skill in the art
will readily appreciate that other ways of performing the acts associated with the methods
may be used. For example, the order of various of the steps may be changed without
departing from the scope or spirit of the method, unless described otherwise. In addition,
some of the individual steps can be combined, omitted, or further subdivided into additional

steps.
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CLAIMS

1. A method of filtering a liquid protein mixture, the method comprising:

providing a liquid mixture at a first pressure (Py), the liquid mixture comprising a carrier
liquid, a protein at a first concentration (C)) relative to the carrier liquid and a dispersed
contaminaint;

passing the liquid mixture through a filter to form a filtrate at a second pressure (P;), the
filtrate comprising the carrier liquid and the protein at a second concentration (Cy) relative to
the carrier liquid, wherein the filter is sized to remove at least a portion of the dispersed
contaminant from the liquid mixture; and

applying a counter pressure to the filtrate to ensure that a pressure differential between
the first-and second pressures (P; — P) is: (a) not more than about 300 mbar; and/or (b)
sufficient to yield an average filtrate flow of at least 300 g/minem” of filter surface area,

wherein the protein comprises a shear-sensitive protein.

2. The method of claim 1, wherein the pressure differential between the first and second

ptessures (P} — P;) is not - more than about 90 mbar.

3. The method of claim 1 or claim 2, wherein the protein comprises a blood coagulation

cascade protein.

4. The method of any one of claims 1 to 3, wherein at least about 95% of the protein

present in the liquid mixture is recovered in the filtrate.

5. The method of any one of claims 1 to 4, wherein at least about 99% of the protein

present in the liquid mixture is recovered in the filtrate.

6. The method of any one of claims 1 to 5, wherein the first pressure (Py) is at least about
200 mbar gauge.

7. The method of any one of claims 1 to 6, wherein the carrier liquid comprises water.

8. The method of any one of claims 1 to 7, wherein the protein is selected from the group

consisting of von Willebrand factor (vWF), Factor VIII, Factor XIII and mixtures thereof.

9. ‘The method of any one of claims 1 to 8, wherein the dispersed contaminant comprises a

microorganisi.
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10.  The method of any one of claims 1 to 9, wherein the filtrate is substantially free of the

dispersed contaminant.

11.  The method of any one of claims 1 to 10, wherein the filter comprises a porous

membrane, the porous membrane comprising pores sized from about 0.1 pm to about 0.5 um.
12.  The method of claim 11, wherein the pores are sized at about 0.2 pm or about 0.22 pm.

13. A method of filtering an aqueous protein mixture, the method comprising:

providing an aqueous mixture at a first pressure (Py), the aqueous mixture comprising
water and von Willebrand factor (vWF) at a first concentration (Cy) relative to the water;

passing the aqueous mixture through a porous membrane filter to form a filtrate at a
second pressure (P,), the filtrate comprising the water and the vWF at a second concentration
(C,) relative to the water, wherein the porous membrane filter comprises pores sized from about
0.1 um to about 0.5 pm; and

applying a counter pressure to the filtrate to ensure that a pressure differential between

the first and second pressures (P| — P») is not more than about 90 mbar.

14.  The method of claim 13, wherein at least about 95% of the vWF present in the liquid

mixture is recovered in the filtrate.

15, The method of claim 13 or claim 14, wherein at least about 99% of the vWF present in

the liquid mixture is recovered in the filtrate.

16. The method of any one of claims 13 to 15, wherein the pores are sized at about 0.2 um

or about 0.22 pm.

17.  The method of any one of claims 13 to 16, wherein the aqueous mixture further
comprises a microorganism population, at least a portion of the population of which is removed

from the aqueous mixture by the porous membrane filter.

18. The method of any one of claims 13 to 17, wherein the Py is at least about 200 mbar

gauge.
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COUNTER-PRESSURE FILTRATION OF PROTEINS
ABSTRACT

A method is disclosed for filtering a protein in a liquid mixture in a manner that does not
substantially damage or otherwise limit the recovery of the protein in the filtration
filtrate. The method generally includes passing a liquid mixture containing a protein (e.g.,
an aqueous VWF mixture) through a filter while applying a counter pressure to the liquid
mixture filtrate to accurately reduce and control the pressure differential across the filter.
The disclosed method has the advantage that relatively high filtration flow rates can be
achieved at relatively low pressure differentials, in contrast to high pressure differentials,
which actually reduce the filtration flow rate of protein liguid mixtures. Further, the
method can recover substantially all of the protein that is initially present in the liquid

mixture,

No Suitable figure
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