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SINGLE PASS TANGENTIAL FLOW FILTRATION SYSTEMS AND
TANGENTIAL FLOW FILTRATION SYSTEMS WITH RECIRCULATION OF
RETENTATE

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
62/043,811, filed on August 29, 2014. The entire teachings of the above application are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] Tangential flow filtration (TFF) is a separation process that uses membranes to
separate components in a liquid solution or suspension on the basis of size, molecular weight
or other differences. Serializing the flow path of the liquid feed from one filtration module to
the next in the TFF system can improve conversion by increasing fluid residence time in
membrane modules. Traditional TFF processes typically rely on added TFF system
components, such as diverter plates, to serialize the flow path of the liquid feed through the
TFF system. Diverter plates, however, add cost and certain complexity to the system, and
require additional operator training.

[0003] Accordingly, there is a need for improved TFF systems and processes that do not
require diverter plates, or custom module assemblies, for effective serial processing of
liquids. In addition, there is a present need for TFF systems and processes that include
diafiltration using a serialized flow path to permit continuous flow and potentially more

efficient bioprocessing at an industrial scale.

SUMMARY OF THE INVENTION

[0004] In one embodiment, the present invention relates to a method of filtering a liquid
feed, comprising passing a liquid feed in a single pass mode through a single pass tangential
flow filtration (SPTFF) system and recovering the retentate and permeate from the system in
separate containers without recirculation through the SPTFF system, thereby filtering the
liquid feed.

[0005] In one aspect of this embodiment, the SPTFF system comprises a plurality of
filtration modules that are fluidly connected. Each of the filtration modules comprises a
manifold segment that includes a first manifold for receiving and carrying the feed into the

filtration module, a second manifold for receiving and carrying retentate out of the filtration
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module, and a third manifold for receiving and carrying permeate through the filtration
module. The filtration modules are fluidly connected through the manifold segments to
provide a serial flow path between filtration modules, by coupling of the first manifold in a
manifold segment to the second manifold of a manifold segment in an adjacent module, such
that the retentate of one module serves as the feed for the next module. The manifold
segment in each module is also fluidly connected to a plurality of TFF cassettes that are
stacked on one or both faces of the manifold segment. In addition, the SPTFF system
comprises a feed inlet on the first module in the system and a retentate outlet on the last
module in the system.

[0006] In another aspect of this embodiment, the SPTFF system consists of one filtration
module. The filtration module comprises a feed inlet, a retentate outlet, a manifold segment
that comprises a first manifold for receiving and carrying the feed into the filtration module, a
second manifold for receiving and carrying retentate out of the filtration module, and a third
manifold for receiving and carrying permeate through the filtration module, wherein the flow
path through the manifold segment is serial, and a plurality of TFF cassettes that are stacked
on one or both faces of, and are fluidly connected to, the manifold segment, wherein the
liquid flow path is parallel through the cassettes.

[0007] In another embodiment, the invention relates to a method of filtering a liquid feed,
comprising passing a liquid feed through a tangential flow filtration (TFF) system, recovering
permeate and a portion of the retentate from the system in separate containers without
recirculation through the TFF system, and recirculating the remainder of the retentate through
the TFF system at least once, thereby filtering the liquid feed.

[0008] In one aspect of this embodiment, the TFF system comprises a plurality of
filtration modules that are fluidly connected. Each of the filtration modules comprises a
manifold segment that includes a first manifold for receiving and carrying the feed into the
filtration module, a second manifold for receiving and carrying retentate out of the filtration
module, and a third manifold for receiving and carrying permeate through the filtration
module. The filtration modules are fluidly connected through the manifold segments to
provide a serial flow path between filtration modules, by coupling of the first manifold in a
manifold segment to the second manifold of a manifold segment in an adjacent module, such
that the retentate of one module serves as the feed for the next module. The manifold

segment in each module is also fluidly connected to a plurality of TFF cassettes that are
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stacked on one or both faces of the manifold segment. In addition, the TFF system comprises
a feed inlet on the first module in the system, a retentate outlet on the last module in the
system, a recirculation loop (e.g., a pump) for recirculating retentate through all or part of the
system, and at least one conduit for recirculating retentate.

[0009] In another aspect of this embodiment, the TFF system consists of one filtration
module. The filtration module comprises a feed inlet, a retentate outlet, a recirculation loop
(e.g., a pump) for recirculating retentate through all or part of the system, at least one conduit
for recirculating retentate, a manifold segment that comprises a first manifold for receiving
and carrying the feed into the filtration module, a second manifold for receiving and carrying
retentate out of the filtration module, and a third manifold for receiving and carrying
permeate through the filtration module, wherein the flow path through the manifold segment
is serial, and a plurality of TFF cassettes that are stacked on one or both faces of, and are
fluidly connected to, the manifold segment, wherein the liquid flow path is parallel through
the cassettes.

[0010] The processes described herein can be performed using SPTFF and TFF systems
that lack diverter plates, thereby reducing the length of the flow path required to achieve
effective serial processing and providing other advantages, such as improved flow

distribution and multiplication of system size with a compact design and minimal external

piping.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a diagram of a SPTFF system having diverter plates between cassettes to
serialize the flow path.

[0012] FIG. 2 is diagram comparing a SPTFF system having diverter plates to serialize
the flow path through three filtration modules (top) with a SPTFF system that relies on
manifold arrangements (not shown) in the manifold segments to serialize the flow path
through three filtration modules in the absence of diverter plates (bottom).

[0013] FIG. 3 is a diagram of a SPTFF system with three filtration modules having a
manifold arrangement designed to serialize feed flow.

[0014] FIG. 4 is diagram depicting a top view of a single level in a SPTFF system that

includes diverter plates.
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[0015] FIG. 5 is a diagram depicting a SPTFF system with open valves on the flow
channels between TFF cassettes for parallel processing.

[0016] FIG. 6 is a diagram of an exemplary spool piece for placement between TFF
cassettes that can be processed in parallel or serially.

[0017] FIG. 7 is a diagram showing an isometric view of a SPTFF system having three
vertically-stacked filtration modules that are processed in series as a result of the manifold
arrangements in the manifold segments.

[0018] FIG. 8 is an example TFF system configured for recirculation of at least a portion
of the retentate; n represents the number of filter modules (n=0 to ).

[0019] FIG. 9 is an example TFF system configured for continuous diafiltration and
partial retentate recirculation.

[0020] The foregoing will be apparent from the following more particular description of
example embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The drawings
are not necessarily to scale, emphasis instead being placed upon illustrating embodiments of

the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0021] A description of example embodiments of the invention follows.

Definitions

[0022] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention pertains.

[0023] “SPTFF assembly,” “SPTFF system” and “SPTFF apparatus” are used
interchangeably herein to refer to a single pass tangential flow filtration system that is
configured for operation in a single-pass mode, where the fluid passes once through the
System.

[0024] “TFF assembly,” “TFF system” and “TFF apparatus” are used interchangeably
herein to refer to a tangential flow filtration system that is configured for operation in a
recirculation mode where at least a portion of the retentate is returned to the system as feed.
[0025] The terms “feed,” “feed sample” and “feed stream” refer to the solution that is

delivered (e.g., continuously, as a batch) to a filtration module to be filtered. The feed that is
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delivered to a filtration module for filtration can be, for example, feed from a feed container
(e.g., vessel, tank) external to the system, or retentate from a preceding filtration module in
the same system (e.g., in SPTFF and TFF systems operated in serial processing mode).
[0026] The term “filtration” generally refers to the act of separating the feed sample into
two streams, a permeate and a retentate, using membranes.

[0027] The terms “permeate” and “filtrate” refer to that portion of the feed that has
permeated through the membrane.

[0028] The term “retentate” refers to the portion of the solution that has been retained by
the membrane, and the retentate is the stream enriched in a retained species.

[0029] “Feed line” or “feed channel” refers to a conduit for conveying a feed from a feed
source (e.g., a feed container) to one or more processing units in a filtration assembly (e.g., a
SPTFF or TFF system).

[0030] “Retentate line” or “retentate channel” refers to a conduit in a filtration assembly
for carrying retentate.

[0031] “Permeate line” or “permeate channel” refers to a conduit in a filtration assembly
for carrying permeate.

[0032] The expression “flow path” refers to a channel supporting the flow of a liquid
(e.g., feed, retentate, permeate) through all or part of a SPTFF or TFF system. Thus, an
SPTFF and a TFF system can have multiple flow paths, including a flow path through the
entire system from the feed inlet to the retentate outlet, a flow path within a filtration module
(e.g., a flow path through TFF cassettes and/or a manifold segment in a filtration module) and
a flow path between two or more adjacent filtration modules (e.g., a flow path between
manifold segments in adjacent filtration modules). The flow path can have any topology
which supports tangential flow (e.g., straight, coiled, arranged in zigzag fashion). The flow
path can be parallel or serial. A flow path can also refer to a path resulting in a single pass
through an SPTFF system or a path for recirculating retentate through a TFF system.
Furthermore, a flow path can be open, as in an example of channels formed by hollow fiber
membranes, or have one or more flow obstructions, as in the case, for example, of rectangular
channels formed by flat-sheet membranes spaced apart by woven or non-woven spacers.
[0033] A “filtration module” refers to a unit in an SPTFF or a TFF system comprising a

manifold segment and one or more TFF cassettes.
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[0034] A “manifold segment” refers to a block having a plurality of manifolds, including
a manifold for carrying a feed, a manifold for carrying a retentate and a manifold for carrying
a permeate.

[0035] A “TFF cassette” or “cassette” refers to a plate-and-frame structure comprising a
filtration membrane (e.g., an ultrafiltration membrane, a microfiltration membrane) and
separate feed/retentate and permeate flow channels suitable for SPTFF and TFF processes.
[0036] “Filtration membrane” refers to a selectively permeable membrane for separating
a feed into a permeate stream and a retentate stream using an SPTFF or a TFF process.
Filtration membranes include, but are not limited to, ultrafiltration (UF) membranes,
microfiltration (MF) membranes, reverse osmosis (RO) membranes and nanofiltration (NF)
membranes.

[0037] The terms “ultrafiltration membrane” and “UF membrane™ are used herein to refer
to a membrane that has pore sizes in the range of between about 1 nanometer to about 100
nanometers.

[0038] The term “microfiltration membranes” and “MF membranes” are used herein to
refer to membranes that have pore sizes in the range between about 0.1 micrometers to about
10 micrometers.

[0039] The term “plurality,” when used herein to describe processing units, refers to two
Or more processing units.

[0040] “Fluidly connected” refers to two or more components of an SPTFF or a TFF
system (e.g., two or more manifold segments, two or more TFF cassettes, a manifold segment
and one or more TFF cassettes), that are connected by one or more conduits (e.g., a feed
channel, a retentate channel, a permeate channel) such that a liquid can flow from one
component to the other.

[0041] “Product” refers to a target compound in a feed. Typically, a product will be a
biomolecule (e.g., protein) of interest, such as a monoclonal antibody (mAb).

[0042] “Processing” refers to the act of filtering (e.g., by SPTFF or TFF) a feed
containing a product of interest and subsequently recovering the product in a concentrated
form. The concentrated product can be recovered from the filtration system (e.g., an SPTFF
or a TFF system) in either the retentate stream or permeate stream depending on the product’s

size and the pore size of the filtration membrane.
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[0043] The expressions “parallel processing”, “processing in parallel”, “parallel
operation” and “operation in parallel” refer to distributing a liquid in an SPFTT or a TFF
system to two or more filtration units (e.g., filtration modules, TFF cassettes) in the assembly
concurrently, or in rapid succession, for subsequent tangential flow filtration.

[0044] The expressions “serial processing”, “processing in series”, “serial operation” and
“operation in series” refer to distributing a liquid in an SPTFF or a TFF system to one
filtration unit (e.g., filtration module, TFF cassette) at a time, such that the retentate flow of a
preceding unit serves as the feed flow for a subsequent, adjacent unit.

[0045] The expressions “conversion” and “conversion per pass” are used herein to denote
the fraction of the feed volume that permeates through the membrane in a pass through the
flow channels, expressed as a percentage of the feed stream volume.

[0046] The term “residence time” refers to holdup volume on the feed side of the
membrane divided by flow rate.

[0047] The term “single-pass TFF mode” refers to operating conditions for a TFF system

under which the retentate is not recirculated through the system.

Advantages of SPTFF and TFF Systems of the Invention

[0048] Traditional SPTFF processes typically rely on added system components, such as
diverter plates, to serialize the flow path of the liquid feed through the SPTFF system. For
example, FIG. 1 shows an SPTFF system having diverter plates 1 between TFF cassettes 2 to
serialize the flow path (indicated by arrows). Dashed lines show the locations of conduits for
feed and retentate flow. Feed enters at the left through a feed inlet 3 and exits at the right unit
through a retentate outlet 4.

[0049] In contrast, the methods described herein, also referred to as the “methods of the
invention" can be performed using an SPTFF system or a TFF system that comprises
manifold segments to serialize the flow path of the feed and retentate without requiring
diverter plates (see FIG. 2, lower diagram). FIG. 2 shows a comparison of an SPTFF system
having diverter plates 1 to serialize the flow path through three filtration modules § (upper
diagram) with an SPTFF system that relies on manifold arrangements (not shown) in the
manifold segments 6 to serialize the flow path through three filtration modules 5 in the
absence of diverter plates (lower diagram). Both SPTFF systems have a total filtration arca
of 30 m* (10 m” per module). In the upper diagram, the horizontal arrows depict diverter

plate and cassette manifold flow paths and the vertical arrows depict the tangential flow path
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through the cassettes. In the lower diagram, the horizontal arrows depict conduit flow paths
where the dotted lines are background and the solid lines are foreground. The vertical arrows
depict the flow path through the cassette manifold. Tangential flow in the cassettes is into or
out of the page.

[0050] As can be seen in the diagrams shown in FIG. 2, SPTFF systems employing
diverter plates generally require a longer cassette manifold flow path option (shown in FIG 2
as the horizontal lines through each filtration module in the diverter plate option (top
diagram) and as vertical lines through each filtration module in the manifold segment
(bottom diagram)), increased system size and/or external piping to achieve effective serial
processing (compare upper and lower diagrams in FIG. 2), all of which can adversely impact
flow distribution and conversion. See also FIG. 7 for a detailed illustration of the flow path
on one side of the manifold.

[0051] In contrast, the SPTFF and TFF systems described herein do not require diverter
plates. Rather, the SPTFF and TFF systems disclosed herein include manifold segments that
can be fluidly connected, or coupled, to TFF cassettes on both faces of the manifold segment
in each filtration module (see FIG. 2, lower diagram). When TFF cassettes are stacked in
parallel on both faces of the manifold segment, the flow path length through each stack of
parallel cassettes can be reduced about 50%, which can improve flow distribution through the
filtration module. Furthermore, stacking the manifold segments themselves allows for
multiplication of system size while maintaining a compact design and requiring only minimal
external piping. In addition, the feed and retentate conduits in each manifold segment can be
reduced at each level of the system as flow is reduced due to increased conversion (in
contrast to systems utilizing diverter plates, in which the manifold size is fixed by the

cassette-hole dimensions).

Single-Pass Tangential Flow Filtration (SPTFF) Systems and Methods of the Invention
[0052] In one embodiment, the invention relates to a method of filtering a liquid feed
comprising passing a liquid feed through a single pass tangential flow filtration (SPTFF)
system and recovering the retentate and permeate from the system in separate containers.
[0053] The liquid feed can be any liquid (e.g., a biological liquid) that contains particles
(e.g., viral particles, host cell proteins) to be filtered. For example, the liquid feed can
contain a target molecule of interest (e.g., a target protein, such as a recombinant protein) and

one or more impurities (e.g., non-target proteins). Typically, the liquid feed is obtained from
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a source of the target molecule (e.g., a hybridoma or other host cell expressing a monoclonal
antibody (MADb)). In a particular embodiment, the target molecule in the liquid feed is a
MAD and the non-target molecules are host cell proteins (HCPs) (e.g., proteins from host
hybridoma cells). Non-target proteins are generally a heterogeneous mixture of proteins of
varying sizes, hydrophobicities and charge densities. In another embodiment, the liquid feed
contains one or more viruses (e.g., for virus filtration processes). In yet another embodiment,
the liquid feed includes plasma products.

[0054] Operating an SPTFF system in single-pass mode allows direct flow-through
concentration of a product (e.g., target protein) in the absence of recirculation, which reduces
overall system size through elimination of mechanical components and permits continuous
operation at high conversion levels. Thus, single-pass TFF (SPTFF) systems and processes
provide several advantages over traditional recirculating TFF systems and processes.

[0055] In general, SPTFF systems that are useful for the present invention can be
assembled and operated using standard, existing TFF system components that are well known
and are commercially available. Standard TFF system components include, for example,
TFF cassettes comprising filtration membranes, cassette holders, conduits (e.g., tubing,
piping) for feed, retentate and permeate, a housing or enclosure, valves, gaskets, a pump
module (e.g., pump module comprising a pump housing, diaphragm and check valve) one or
more reservoirs (e.g., process containers for feed, retentate and permeate) and a pressure
gauge.

[0056] In accordance with the invention, the liquid feed is passed (e.g., pumped) through
an SPTFF system that comprises at least one filtration module. In general, each filtration
module comprises a manifold segment that includes a first manifold for receiving and
carrying the feed into the filtration module, a second manifold for receiving and carrying
retentate out of the filtration module, and a third manifold for receiving and carrying
permeate through the filtration module. The manifold segment is fluidly connected to a
plurality of TFF cassettes that are stacked on one or both faces of the manifold segment.
When the SPTFF system contains only one filtration module, that module comprises both a
feed inlet and retentate outlet, whereas, in systems comprising a plurality of filtration
modules, the feed inlet is on the first filtration module in the system (e.g., the module that
first receives the feed directly through a channel comprising the feed pump) and the retentate

outlet is on the final, or last, filtration module in the system
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[0057] In a particular embodiment, the SPTFF system contains only one filtration
module. In another embodiment, the SPTFF system contains a plurality of filtration modules.
[0058] Each manifold segment has a manifold structure, or arrangement, that permits the
segment to be fluidly connected to manifold segments in adjacent filtration modules. The
manifold segments are connected in a manner that promotes a serial flow path from manifold
segment to manifold segment. For example, adjacent manifold segments are arranged such
that the first manifold in each manifold segment is connected to the second manifold of an
adjacent manifold segment. As a result of this arrangement, the retentate of one module
(which exits the module through the second manifold in the manifold segment) serves as the
feed for the next module (which is received in the first manifold of the manifold segment). A
third manifold in the manifold segment provides a separate path for discharging the permeate
from the filtration modules.

[0059] The manifolds in the manifold segments in a SPTFF system can have identical
diameters, or different diameters, from manifold segment to manifold segment. For example,
the diameter of the manifolds can be progressively smaller from manifold segment to
manifold segment. Decreasing manifold diameter through series helps maintain fluid
velocity for flush and cleaning through the different sections as fluid is lost to the permeate in
cach section. This may also aid in removing air, increasing maximum concentration factor,
and increasing product recovery and/or reducing product dilution. In particular
embodiments, each manifold segment has manifolds having the same diameter from one end
to the next (e.g., the manifolds are not tapered). In other embodiments, the manifolds can be
tapered.

[0060] FIG. 3 is a cross-section diagram of a SPTFF system showing fluidly-connected
manifold segments 6 from three adjacent filtration modules. Vertical arrows indicate the
direction of the flow path through parallel cassettes (not shown) that are stacked on the sides
of the manifold segments 6 and project into and out of the page. Horizontal arrows indicate
the direction of the flow path between manifold segments 6, which have a manifold
arrangement (dashed lines) designed to serialize feed flow. Feed enters the system at the left
through a feed inlet 3 and exits at the right through a retentate outlet 4. The permeate path is
not shown for simplicity.

[0061] In one embodiment, parallel flow between adjacent manifold segments can be

prevented by the use of manifold segments that do not have fully-bored manifolds for
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carrying feed and retentate (see, for example, the manifolds depicted in FIG. 3). For
example, manifold segments with first and second manifolds that do not extend through the
entire manifold segment can be used to prevent parallel flow of feed and retentate,
respectively, between adjacent manifold segments to facilitate a serial flow path between
modules. Typically, such manifold segments will contain a separate third manifold for
carrying permeate that does extend the entire length of the segment for carrying permeate to
adjacent segments.

[0062] In an alternative embodiment to the one shown in FIG. 3, parallel flow between
adjacent manifold segments is prevented using seals or valves (e.g., sanitary valves) to
facilitate a serial flow path between modules. For example, seals or valves can be positioned
in the manifolds that carry feed and retentate to block liquid from flowing in a parallel
fashion into adjacent manifold segments. The use of seals or valves to prevent parallel flow
is particularly desirable when the manifold segments are fully bored, such that the first,
second and third manifolds each extend completely through the manifold segment.

[0063] Suitable seals (e.g., mechanical seals) for placement in manifolds include, but are
not limited to, rings (e.g., o-rings, metal rings), molding, packing, sealants and gaskets.
Preferably, the seal is a gasket, such as, for example, a gasket that closes off an opening or a
gasket having a length sufficient to closes off any dead volume between the opening and a
first passage in a manifold. Preferably, the gasket is flexible and sanitary (e.g., a gasket that
is non-shedding, cleanable, sanitizable, and has low extractables). The gasket can include an
clastomeric material or metal (e.g., a metal foil). An exemplary gasket is part# A84MP-G
from Newman Gasket Co., Lebanon, OH.

[0064] The use of valves instead of seals provides greater operational flexibility by
permitting parallel flow between manifold segments when the valves are open, and serial
flow when the valves are closed. Suitable valves for use in manifolds include, for example,
pinch valves (e.g., diaphragm valve). Preferably, the valve is low shear and sanitary (e.g.,
compatible, non-toxic, sanitizable, non-shedding). As used herein, a “sanitary valve” is a
valve that can maintain a sterile connection regardless of whether the valve is open or closed.
Typically, a sanitary valve will be compatible, non-toxic, sanitizable and non-shedding.
[0065] Examples of manifold segments that can be used in the processes described herein
are disclosed in U.S. Patent No. 5,147,542, the contents of which are incorporated herein by

reference.
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[0066] The manifold segment in each filtration module is also fluidly connected to one or
more TFF cassettes (e.g., one or more separate TFF cassettes, one or more TFF cassettes
packaged in a single cassette holder). For example, the manifold segment can be fluidly
connected to TFF cassettes through a flow channel that extends from the first, or feed,
manifold in the manifold segment through the plurality of TFF cassettes, and a retentate flow
channel that extends through the plurality of TFF cassettes back to the second, or retentate,
channel in the manifold segment.

[0067] The TFF cassettes can be located (e.g., stacked) on one or both faces of the
manifold segment. Typically, each filtration module can accommodate up to about 10 m* of
filtration membrane area on each face of the manifold segment for a total of about 20 m” of
area per filtration module. Thus, in some embodiments, the total filtration area of a filtration
module is about 20 m” or less, such as, for example, about 10 m?, about 5 m?, about 2 m?,
about 1 m?, about 0.5 m” or about 0.1 m” of filtration membrane area. Accordingly the
number of cassettes that can be stacked on each side of the manifold segment depends on the
membrane area of the particular cassette (see, e.g., Table 1). Preferably, the filtration
modules in an SPTFF system each contain the same number and arrangement of TFF

cassettes.
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[0068] Table 1. Exemplary Numbers of Particular EMD Millipore TFF Cassettes Suitable
for the SPTFF and TFF Systems Described Herein
Arca
Casscttes Holder 5
(m”)
Number of Number of
_ Levels/Stacked
,. | cassettes/side | cassettes/level o 4
Cassette type arca(m”) Filtration
of manifold of TFF levels
Modules
segment system
Pellicon® 2
(EMD Millipore)
P2B030A25 2.5 1to4 1to8 1to6 80
EMD P2C030C25 2.5 1to4 1to8 1to6 80
Millipore
P2C030V25 2.0 1to4 1to8 1to6 64
Catalogue
Number | P2GVPPC25 | 2.5 1to 4 1to 8 1to 6 80
P2B030A05 0.5 20 40 1to6 80
Pellicon® 3
(EMD Millipore)
EMD P3C030C10 1.14 10 20 1to6 91.2
Millipore
Catalogue | p3co30p10 | 1.14 10 20 1to 6 91.2
Number
[0069] In one embodiment, TFF cassettes (e.g., about 1, 2, 3,4, 5, 6,7, 8,9, 10 or more

TFF cassettes) are located on both faces of the manifold segment. In another embodiment,

TFF cassettes (e.g., about 1,2, 3,4, 5,6, 7, 8,9, 10 or more TFF cassettes) are located on
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only one face of the manifold segment. When TFF cassettes are located on both faces of a
manifold segment, the number of TFF cassettes on each face of the manifold segment can
differ or be the same. Preferably, the total number of TFF cassettes on each face of the
manifold segment is identical.

[0070] The cassettes used in SPTFF processes can be configured to be processed in
series, in parallel or both. Processing in series can improve conversion by increasing mass
transfer through operation at lower feed flow rates. Although processing the cassettes in
series can improve SPTFF performance and product recovery, parallel processing is often
preferred for flushing SPTFF assemblies with liquids to remove preservative or storage
solution, measure permeability, equilibrate the membranes, clean the membranes, or prepare
the membranes for storage, particularly because serial processing requires additional time and
material (e.g., water, buffer, cleaning solutions, storage solutions), which increases the
overall cost of operation compared to parallel processing.

[0071] In the methods described herein, the TFF cassettes in the filtration modules are
typically configured for processing in parallel (e.g., the cassettes lack diverter plates).
However, in some embodiments, the TFF cassettes can be configured for processing in series
(e.g., using diverter plates). For example, FIG. 4 is diagram depicting a top view of a single
level in an SPTFF system that includes diverter plates 1. A central manifold segment/block 6
comprising a feed inlet 3 is fluidly connected to three TFF cassettes 2 on each of the two
sides/faces of the block. Diverter plates 1 between the first and second, and second and third,
cassettes 2 on each side ensure a serial flow path through the cassettes. End plates 7 after the
third cassette on each side contain retentate outlets 4. Arrows show the direction of the flow
path through the system. Dashed lines show the locations of conduits for feed and retentate
flow.

[0072] In other embodiments, the TFF cassettes can be configured for operation in
parallel mode and in series mode. For example, one or more valves (e.g., sanitary valves) can
be positioned on the feed and retentate channels between TFF cassettes to reversibly stop the
flow between adjacent cassettes, allowing for the cassettes to be processed in parallel when
the valves are open, or in series when the valves are closed. For example, the valves can be
attached to the cassettes directly or positioned on tubing or piping between adjacent cassettes.
[0073] FIG. 5 depicts three TFF cassettes 2 that are fluidly connected through flow

channels 8 for feed and retentate. A first valve 9 is located on a flow channel 8 between the
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bottom and middle cassettes, and a second valve 9 is located on a flow channel between the
middle and top cassettes. Valve-less spool pieces 10 are also positioned on the feed and
retentate flow channels 8, and on a permeate flow channel 11, between cassettes. Feed enters
the cassettes through a feed inlet 3 and exits the cassettes through a retentate outlet 4. The
valves 9 in the diagram are open to allow for parallel processing of the cassettes 2 (e.g., for
flushing or cleaning the assembly). When the valves 9 are both closed, the cassettes 2 are
processed serially (e.g., for product processing and recovery).

[0074] In general, the spool piece is an open conduit with sanitary ends that connects the
retentate channel from one process holder to the feed channel of the following process holder,
or connects the permeates channels of adjacent process holders. Preferably, the length of the
spool piece is chosen to match that of the sanitary valve so the assembly has a balanced
height. An exemplary spool piece is depicted in FIG. 6. The spool piece in FIG. 6 includes
an open cylindrical body capable of acting as a fluid conduit with a flange located at each
end.

[0075] In further embodiments, the SPTFF systems can include one or more filtration
modules with cassettes that are configured for processing in parallel, and one or more
filtration modules with cassettes that are configured for processing in series (e.g., using
valves, gaskets or diverter plates). Preferably, the filtration modules with cassettes that are
configured for processing in parallel precede the filtration modules having cassettes that are
configured for processing in series in the SPTFF system. In a particular embodiment, all of
the filtration modules in an SPTFF system have cassettes that are configured for processing in
parallel, except for the last, or final, filtration module, which has cassettes arranged for
processing in series (€.g., using diverter plates) (see, e.g., FIG. 4).

[0076] Exemplary TFF cassettes that are useful for the methods described herein include,
but are not limited to, TFF cassettes supplied by EMD Millipore Corporation (Billerica, MA),
such as, for example, Pellicon® cassettes (e.g., Pellicon® 2 cassettes, Pellicon® 2 Mini
cassettes, Pellicon® 2 Maxi cassettes, Pellicon® 3 cassettes) with Biomax™ membrane,
Ultracel™ membrane or Durapore® membrane. Other examples of TFF cassettes that can be
used in the methods described herein include, for example, Centrasette™ cassettes and
Cadence™ single-use cassettes (Pall Corporation, Port Washington, NY), Kvick™ Flow
cassettes (GE Healthcare Bio-Sciences, Piscataway, NJ) and Hydrosart® cassettes (Sartorius

AG, Bohemia, NY).
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[0077] An end plate or cassette holder is generally used to hold, or seal, the TFF cassettes
in the filtration module. The end plates and cassette holders can be fitted for use with
particular cassettes. Examples of commercially-available end plates and cassette holders that
are suitable for use in the SPTFF systems employed in the methods described herein include,
but are not limited to, Pellicon® cassette holders (EMD Millipore Corporation, Billerica,
MA) such as, for example, Pellicon® 2 miniholders, acrylic Pellicon® holders, stainless steel
Pellicon® holders, process scale Pellicon® holders. Other suitable cassette holders include,
but are not limited to, Centramate™ TFF membrane cassectte holders, Centrasette™ TFF
membrane cassette holders, Maximate™ TFF membrane cassette holders and Maxisette™
TFF membrane cassette holders (Pall Corporation, Port Washington, NY). In some
embodiments, existing cassette holders (e.g., Pellicon® cassette holders (EMD Millipore
Corporation)) can be modified to function in the SPTFF systems described herein for use in
the methods of the invention.

[0078] Preferably, the filtration modules in the SPTFF system are stacked (e.g., in a
vertical stack) to form levels, wherein each level comprises a single filtration module. For
example, the system can include about 2, 3, 4, 5 or more stacked filtration modules. At
process scale (e.g., using Pellicon®-3 cassettes (EMD Millipore)), the SPTFF system
typically contains about 5 stacked filtration modules (e.g., a 5-level system), with each
filtration module preferably having an effective filtration area of about 20 m” per module.
[0079] FIG. 7 is a diagram showing an isometric view of an SPTFF system having three
vertically-stacked filtration modules 5 that are processed in series as a result of the
arrangement of the manifolds (shown as cylinders) in the manifold segments 6. Heavy black
circles show points where fluid enters or exits a manifold. Three parallel TFF cassettes 2 are
shown projecting from the left side of each manifold segment 6 in each of the three filtration
modules § and being held in place by an end plate 7. Feed solution is pumped from the feed
container 12 into the SPTFF system through a feed inlet 3 on the manifold segment 6 of the
bottom module 5. Retentate and permeate exits the system through retentate 4 and permeate
outlets 13, respectively, on the manifold segment 6 of the top module 5 before being
collected in receptacles for retentate 14 and permeate 15. Arrows indicate the direction of the
flow path (dashed line), which is parallel through the cassettes in each module and serial

through the manifold segments.
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[0080] The SPTFF systems used in the methods described herein also typically include a
feed inlet and retentate outlet. In general, the feed inlet is positioned on the first filtration
module in the SPTFF system, and is connected on one end to a conduit (e.g., pipe, tube) that
is connected to the feed tank and is connected on the other end to the first manifold in the
manifold segment in the first module to receive feed into the system. The retentate outlet is
typically positioned on the last, or final, filtration module in the SPTFF system, and is
connected on one end to the second manifold in the manifold segment in the last module and
is connected on the other end to a conduit (e.g., pipe, channel) that is connected to a retentate
container.

[0081] SPTFF systems useful for performing the methods described herein can further
contain one or more additional components useful for performing SPTFF processes
including, but not limited to, the following, examples of which are known in the art: one or
more sampling ports, a T-line (e.g., for in-line buffer addition), a pressure sensor, a
diaphragm for a pressure sensor, a valve sensor to indicate whether any valves in the system
are open or closed, and a flow meter. In a particular embodiment, the SPTFF system includes
a sampling port (e.g., sanitary sampling port) at one or more locations in the system. For
example, sampling ports can be included at the end of the retentate line, the permeate line, or
both. Typically, the sampling port will be located on the manifold segment in a filtration
module. In one embodiment, the SPTFF system lacks diverter plates.

[0082] In some embodiments, one or more components of the SPTFF system can be
disposable. Disposable TFF system components are well known and are available
commercially. The disposable components are typically made from disposable materials
(e.g., plastic, rubber, metal), preferably plastic. Exemplary disposable components for
SPTFF assemblies include, but are not limited to, components of Flexware® assemblies for
Mobius® FlexReady Solution for TFF (EMD Millipore Corporation, Billerica, MA). Other
disposable components for SPTFF assemblies include, for example, components of Allegro™

TFF assemblies (Pall Corporation, Port Washington, NY).

TFF Systems of the Invention with Recirculation of the Retentate

[0083] In contrast to SPTFF systems of the invention where the liquid feed passes once
through the system, the TFF systems of the invention operate by recirculating at least a
portion of the retentate back to feed. Accordingly, , an embodiment of the invention relates

to a method of filtering a liquid feed, comprising passing a liquid feed through a tangential



- 18 -

flow filtration (TFF) system, recovering permeate and a portion of the retentate from the
system in separate containers without recirculation through the TFF system, and recirculating
the remainder of the retentate through the TFF system at least once. Retentate is recirculated
during operation of the entire filtration process or at certain times during operation of the
filtration process. For example, recirculating all or a portion of the retentate during start up
provides a method by which to ensure that system has reached equilibrium and the retentate
has achieved the desired concentration prior to collecting it into the product vessel. It also
provides a convenient way to respond to system upsets during processing to provide a more
robust process. The fraction of retentate that is recirculated can be adjusted via modulation of
the pump or control valve as a way to tune the system in order to assure consistent retentate
concentration and/or consistent retentate flow rate to the product collection vessel every run
even if feedstock protein concentration, new membrane permeability, membrane fouling,
membrane permeability, or membrane mass transfer or pressure drop varies from batch to
batch. This strategy has particular benefits in the context of continuous processing where the
success of subsequent operations relies on the output of a previous operation. Recirculation
of retentate can improve cleaning effectiveness through increased cross flow velocity and
reduce cleaning solution through recirculation. The TFF systems employed in the TFF
methods of the invention involving recirculation additionally include at least one pump or
control valve for recirculating retentate through all or part of the system and at least one
conduit for recirculating (e.g., carrying) retentate.

[0084] Typically, at least about 50% of the retentate is collected after a single pass, while
the remainder of the retentate is recirculated. Preferably, about 10% or less (e.g., about
0.5%, about 1%, about 2%, about 5%, about 10%) of the retentate is recirculated after the
first pass through the TFF system.

[0085] The amount of retentate that is recirculated can be controlled using, for example, a
pump or a valve. A flow meter can be used to provide a process value for the pump or valve
to control the amount of retentate that is recirculated. Preferably, the valve or pump and/or
flow meter is/are positioned on the retentate outlet or flow line carrying retentate out of the
system to the retentate receptacle.

[0086] The retentate that is being recirculated can be returned to any upstream location in

or before the TFF system. In one embodiment, the retentate is recirculated to the feed tank.
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In another embodiment, the retentate is recirculated to the feed line near the feed pump before
the feed inlet on the TFF system.

[0087] An example TFF system configured for recirculation of the retentate is shown in
FIG. 8, where the number of filtration modules § arranged in series can differ depending
upon system design. Feed enters the system at the left through a feed inlet 3 and a portion of
the retentate is recirculated back to feed through recirculation line 16. Retentate and
permeate exits the system through retentate 4 and permeate outlets 13. In an alternative
configuration (not shown), the recirculation pump can be in the retentate recirculation line 16.
[0088] The systems and methods described herein with regard to SPTFF are applicable to
TFF systems and methods.

SPTFF and TFF Systems of the Invention Employing Diafiltration

[0089] In some embodiments, the methods described herein further comprise performing
diafiltration (e.g., to remove or lower the concentration of salts or solvents in the liquid feed,
or to accomplish buffer exchange). In a preferred embodiment, the diafiltration is performed
by concentrating the liquid feed (e.g., by SPTFF or TFF) to reduce the diafiltration volume
and then restoring the feed to its starting volume by adding diafiltration solution, a process
which is known in the art as discontinuous, or batch, diafiltration. In another embodiment,
diafiltration is performed by adding the diafiltrate solution to retentate to increase the
diafiltration volume followed by concentrating the sample to restore it to its original volume.
In yet another embodiment, the diafiltration is performed by adding the diafiltration solution
to unfiltered feed at the same rate that permeate is removed from the SPTFF or the TFF
system, a process which is known in the art as continuous, or constant-volume, diafiltration.
Continuous countercurrent diafiltration can be performed with the TFF systems and methods
of the invention. Suitable diafiltration solutions are well known and include, for example,
water and various aqueous buffer solutions.

[0090] To perform diafiltration, the TFF system can include a reservoir or container for
diafiltration solution and one or more conduits for carrying diafiltration solution from the
diafiltration solution container to the liquid feed tank.

[0091] To avoid extremes of concentration and in-line dilution as part of the diafiltration
process (e.g., >90%), it is preferred to inject the diafiltrate into multiple sections of the
filtration assembly to restore the flow in the retentate section to the same flow as in the initial

feed. This requires matching the rate of diafiltrate buffer addition with the rate of permeate
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removal. A preferred method is to use a single pump with multiple pump heads containing
the diafiltrate addition and permeate removal flow lines (e.g., peristaltic pump from Ismatec,
Glattbrugg

Switzerland). Each pump head will have closely-matched pumping rates so this process will
be balanced and maintain efficient buffer exchange. It is recommended to match flows for
cach of the multiple sections by using pumps containing up to 24 channels. The diafiltrate
can be injected into the retentate ports in manifolds or separator plates. FIG. 9 shows an
exemplary configuration of three TFF modules with a loop 17 for partial retentate
recirculation and potential entry points for diafiltration (DF) buffer 18. In addition, a
segmented permeate manifold (not shown) could be introduced to enable countercurrent
diafiltration. Countercurrent diafiltration is a well-known concept in the art (see, for
example, H. Lutz, Ultrafiltration for Bioprocessing, 2015, p. 93). In an alternative
embodiment (not shown in FIG. 9), retentate recycle can return to a point before the feed
pump or other method for pressurizing the feed, such as directing the retentate recycle to the
feed tank.

[0092] The relevant teachings of all patents, published applications and references cited
herein are incorporated by reference in their entirety.

[0093] While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What isclaimed is;

1. A method of filtering aliquid feed, comprising:
a) passing aliquid feed in a single pass mode through a single pass tangential flow
filtration (SPTFF) system that comprises:
aplurality of stacked filtration modules that are fluidly connected, each filtration
module comprising:
asingle manifold segment comprising afirst manifold for receiving and
carrying the feed into the filtration module, a second manifold for
receiving and carrying retentate out of the filtration module, and athird
manifold for receiving and carrying permeate through the filtration
module; and
aplurality of TFF cassettes that are stacked on one or both faces of, and
are fluidly connected to, the manifold segment,
wherein the manifold segments are stacked and the manifolds in the
manifold segments are coupled to create a centralized serial flow path
through the system for feed and retentate;
afeed inlet on the first filtration module in the system; and
aretentate outlet on the last filtration module in the system,
the SPTFF system having aliquid flow path that is parallel through the cassettes
in each filtration module and serial through the manifold segmentsin adjacent
filtration modules by coupling the first manifold in each manifold segment to the
second manifold of an adjacent manifold segment, such that the retentate of one
modul e serves as the feed for the manifold segment of the next filtration module,
except that the first manifold in the manifold segment of the first filtration module
in the system is connected to the feed inlet and the second manifold in the
manifold segment of the last filtration module in the system is connected to the
retentate outlet; and
b) recovering the retentate and permeate from the system in separate containers

without recirculation through the SPTFF system,
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thereby filtering the liquid feed.

The method of Claim 1, wherein the first and second manifolds in the manifold segment

contain ased or avave.

The method of Claim 1, wherein each filtration modul e contains one or more TFF

cassettes on one or both faces of the manifold segment.

The method of Claim 1, wherein the filtration area for each filtration moduleis about 20

m? or less.

The method of Claim 1, wherein the at least one filtration module further comprises
valves on flow channels between the TFF cassettes, wherein the cassettes are processed

in parallel when the valves are open, or in series when the valves are closed.

The method of Claim 1, further comprising a diafiltration step, wherein the diafiltration

step includes concentration and dilution steps.

The method of Claim 1, wherein the SPTFF system further comprises a diafiltration
solution reservoir for diafiltration solution and a conduit for delivering diafiltration

solution to afeed reservoir.

The method of Claim 1, wherein the SPTFF system further comprises one or more of:
sampling port, a T-line for in-line buffer addition, a pressure sensor, and a diaphragm for

apressure sensor.
The method of Claim 1, wherein the SPTFF system lacks diverter plates.

A method of filtering aliquid feed, comprising:
a) passing aliquid feed in a single pass mode through a single pass tangentia flow
filtration (SPTFF) system that consists of one filtration module comprising:
asingle manifold segment that comprises afirst manifold for receiving and
carrying the feed into the filtration module, a second manifold for receiving

and carrying retentate out of the filtration module, and a third manifold for
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receiving and carrying permeate through the filtration module to create a
centralized seria liquid flow path for feed, retentate and permeate through the
system;
aplurality of TFF cassettes that are stacked on one or both faces of, and are
fluidly connected to, the manifold segment;
afeedinlet; and
aretentate outlet,
the system having aliquid flow path that is parallel through the cassettes and
serial through the manifold segment; and

b) recovering the retentate and permeate from the system in separate containers

without recirculation through the SPTFF system,
thereby filtering the liquid feed.

The method of Claim 10, further comprising a diafiltration step, wherein the diafiltration

step includes concentration and dilution steps.

The method of Claim 10, wherein the SPTFF system further comprises adiafiltration
solution reservoir for diafiltration solution and a conduit for delivering diafiltration

solution to afeed reservoir.

The method of Claim 10, wherein the SPTFF system further comprises one or more of:
sampling port, a T-line for in-line buffer addition, a pressure sensor, and a diaphragm for

apressure sensor.

The method of Claim 10, wherein the last filtration module in the SPTFF system includes
at least two TFF cassettes having a diverter plate between adjacent TFF cassettes to
create aliquid flow path that is sent through the at least two TFF cassettes.

The method of Claim 10, wherein SPTFF system includes a diafiltrate pump having
multiple pump heads, each containing diafiltrate solution addition and permeate removal

flow lines.
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The method of Claim 1, wherein the last filtration module in the SPTFF system includes
at least two TFF cassettes having a diverter plate between adjacent TFF cassettes to
create aliquid flow path that is sent through the at least two TFF cassettes.

The method of Claim 4, wherein the filtration area for each filtration module is sel ected
from about 10 m?, about 1.0 m? or about 0.1 m?.

The method of Claim 1, wherein SPTFF system includes a difiltrate pump having
multiple pump heads, each containing diafiltrate solution addition and permeate removal

flow lines.

The method of Claim 1, wherein the filtration modules can have the same or different

filtration areas from each other.

The method of Claim 1, wherein the manifolds in the single manifold segment have the
same diameter throughout the filtration system or the manifolds in the single manifold
segment have progressively smaller diameters from single manifold segment to single

manifold segment.



