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10.1 BACKGROUND

Immunocadhesing are chimeric, antibody-like molecules that combine the
functional domain, of a binding protein (usually a receptor ot a cell-adhesion
molecule) with the constant domains (usually the hinge and Fe regions) of an
immunoglobulin. Inununcadhesins have many applications as research tools,
for example in studies on receptor—ligand interactions. In addition, human
immunoadhesing have potential applications in the clinic and provide an
alternative to human monoclonal antibodies as agents that recognize and
neutralize foreign or human proteins that possess pathologic functions.

The name impmunoadhesin derives from its hybrid polypeptide structure,
These molecules contain two parts: one part is derived from an immunog-
fobulin (Ig) molecule, and the other, from a protein that possesses an adhesion
or a binding function. The Ig part of an immunoadhesin confers Ig-like
properties, and the “adhesin” part determines target specificity of the chimeric
molecule.
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282 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUMNOADHESINS

Initial atiempts to create this type of molecule employed fusions of the
1g-like V regions of the T cell receptor « and § chains with the constant region
of 1gGa.t The Ve-heavy chain fusion was assembled with light chain and
seereted, when cotransfected with a normal 3 light chain. In contrast, the
Vi-heavy chain fusion was not assembled with 4 light chain and was not
secreted. Attempts to reconstruct the entire T-oell receptor by coexpressing the
Ve-heavy chain fosion with a V-« light chain fusion were unsuccessful.

Subsequent attempts to create immunocadhesing were based on CD4, the
primary cellalar receptor of human immunodefiviency virus (HIV).® Be-
cause D4 contains four Igdike domains in ity exiracellular region, it
appeared possible that part of CD4 could be substituted for the V regions of
fg without compromising the structure of either portion of the chimeric
molecule. Various chimeric constructions were tested, and efficient expression
and secretion of the resulting irmmuncadbesing by transfected mammalian cells
vas oblained with moleculss that contained two or four Vdike domains of
human D4 linked to the hinge, CH2, and CH3 domains of buman [gG
heavy-chain {reviewed in Ref. 3). In this chapter, we use this immunoadhesin
structure as a prototype. Many other variations on this theme are possible,
including molecules that contain light chains,® and molecules based on other
Ig subtypes, such as IgM,? or IgA.S In addition, many studies show that the
adhesin porticen of the melecule need not be derived from a profein that
contains Ig-like domains. This was demonstrated first with the lymphooyte
adhesion molecule L-selectin,™® and later with other molecules, including
receptors for the cytokines tumeor necrosis factor (TNFY 7 and mterferon
(IFN) 3,'®%% and patriuretic peptide receptors,*® Further, the adhesin part of
the molecule need not be derived from a cell surface protein such as a receptor,
but may be derived from a soluble protein, e.g., the cytokines interlenkin (113
2 or IL-10.%° Finally, the antigen- binding site of an antibody can be retaine
in the chimeric molecule, and the Fo region or some portion of it can be
replaced with a protein possessing some desired biological function, This type
of molecule has heen called an antigen hinding fusion protein.'® Examples of
such chimeras include fusions with insulin-like growth factor 1 (JGF-1,Y7
TNF,*® and 1L-1."® These types of molecular constructs are detailed in Section
T of this book,

In this chapter, we outline methods for the construction, expression,
purification, and characterization of immunoadhesing, Additional information
on immuncadhesing can be found in review articles™ %2~ ** and in Chapters
8 and 9 of this volume,

1602 MOLECULAR DESIGN

The simplest immunoadhesin design combines the binding region of the
adhesin protein with the hinge and Fe regions of an 1gG heavy chain {Fig.
10.1). The resulting glycoprotein is a covalent homodimer, which resembles an
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Figure 10.1  Scheinatic structure of & prototypic immunoadhesin, An innmunoadhesin
is derived from the parental igand binding protein, in this case a type 1 transmembrang
receptor, and an [gGl heavy chain molecule. ECD, TM and Cyt refer to the
extracellular, transmembrane and cytoplasmic domains of the receptor, respectively.
The variable (V) and constant {Cyl, hinge, Cy2, and C,3) regions of [gs heavy chain
are shown. The domains are delimited by the following amino acid residues, according
to the IgG1 Fu index®®: Cyl, 118-215; hinge, 216-230, C,2, 231-344; C,;3, 345447,
The N-linked carbohydrate chain at Asn-298 within the Cy2 domain is shown. The
three cysteine residues within the hinge region are involved in interchain disulfide
bonds; Cys-220, H-L, Cys-226, H-H, and Cys-229, H-H. To construct the immunoad-
hesin, the receptor BCD is fused to the IgG hinge beginning at Asp-221, so that only
Cys-226 and Cys-229 are present in the chimeric molecule (the hinge region sequence
of the immunoadhesin is shown). Cys-220 is deleted, since the chimeric construet lacks
a light chain, Thus, hecause the two hinge cysteines produce H-H chain disulfide bonds,
the immunocadhesin is secreted from transfected mammalian cells as a homodimer, It
can be purified using protein A affinity chromatography.

IgG antibody, but lacks CHI domains and light chains. Deletion of the CHI
domain improves the association and secretion of heavy chains in the absence
of light chains, probably because secretion is inhibited in the absence of light
chain by interaction of the hydrophobic face of CH1 with the H chain-binding
protein.> 7?28 1y addition, joining the fusion partners at the flexible hinge
usually facilitates proper folding and function of both parts of the immunoad-
hesin.
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284 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESINS

10.2.1 Choice of Ig Fusion Partner

For human immunoadhesins, human IgGl has been used most frequently,
although the IgG3 isotype,?® or other Ig subtypes:® have been used as well. A
major advantage of using IgG1 is that y! immunoadhesins can be purified
efficiently on immobilized Staphylococcus aureus protein A (see Section 10.6.1
and Box 10.1). In contrast, purification of y3 requires Streptococcus protein G,
a less versatile medium. However, other structural and functional properties of
immunoglobulins should be considered when choosing the Ig fusion partner
for a particular immunoadhesin construction. For example, the y3 hinge is
longer and more flexible, so it can accommodate larger adhesin domains that
may not fold or function properly when fused to y1. Another consideration
may be valency: IgG immunoadhesins are bivalent homodimers, whereas the Ig
subtypes IgA and IgM give rise to dimeric or peatameric structures, respective-
ly, of the basic Ig homodimer unit.>® For immunoadhesins designed for in vivo
" application, the pharmacokinetic properties and the effector functions specified
by the Fc region are important as well. Although IgG1, IgG?2, and IgG4 all
have in vive half-lives of 21 days, their relative potencies at activating the
complement system are different. 1gG4 does not activate complement, and
IgG2 is significantly weaker at complement activation than 1gG1l. Moreover,
unlike IgGl, IgG2 does not bind to Fc receptors on mononuclear cells or
neutrophils. While [gG3 is optimal for complement activation, its in vivo
half-life is approximately one-third that of the other IgG isotypes. Another
important consideration for immunoadhesins designed to be used as human
therapeutics is the number of allotypic variants of the particular isotype. In
general, IgG isotypes with fewer serologically defined allotypes are preferred.
For example, IgG1 has only four such allotypic sites, two of which (Gim1 and
2) are located in the Fe region; one of these sites, Gim1, is nonimmunogenic. In
contrast, there are 12 serologically defined allotypes in [gG3, all of which are in
Fc; only three of these sites (G3mS5, 11, and 21) have one allotype which is
nonimmunogenic. Thus, the potential allotypic immunogenicity of a y3 im-
munoadhesin is much greater than that of a y1 immunoadhesin.

Human immunoadhesins are immunogenic in mice, and antibodies to the
administered immunoadhesin can appear within 5-7 days. Therefore, if one’s
purpose is to carry out long-term studies in experimental animals, it is
advisable to use fusion partners that are derived from the autologous species.
For example, mouse IgG2a'? and IgG1 (A. Ashkenazi, S. M. Chamow, D.
Peers, and 8. Marsters, unpublished results) have been used for fusion with
murine adhesin partners in order to conduct long-term studies in mice. An
alternative approach is to introduce the heterologous species immunoadhesin
as a transgene,?”?®

10.2.2 Choice of Adhesin Fusion Pariner

When a binding protein that interacts with the ligand of interest is known, this
binding protein can be used as the adhesin fusion partner. In such cases, the
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igG binding domains " Cell walt anchor

Box 10.1 Structure of Protein A.

Staphylococcal protein A (SpA) is a pathogenicity factor bound to the cell
wall of the bacterium Staphylococcus aureus. It exhibits tight binding to IgG,
IgA, and IgM from several different mammalian species including human.®¢
First exploited as an immunological reagent in 1978,°7 SpA has been used
extensively during the past 20 years, both in analytical and preparative
applications. Its biochemical properties lend itself well to use as an anti-
hody-binding ligand in affinity chromatography. SpA is a 524 amino acid
protein with a molecular weight of 57kDa.®® The extracellular portion of
SpA contains a tandem repeat of five highly homologous IgG-binding
domains®® designated (from the N-terminus) E, D, A, B, and C. Each
domain consists of approximately 58 amino acid residues, arranged into
three o-helices that overlay one another. The C-terminal portion of the
sequence contains cell wall-binding and transmembrane domains, desig-
nated X, and X, respectively. Domains E, D, A, B, and C all bind to the
Fc fragment of 1gG,*°° whereas domains ID and E bind to Fab fragments
at a site distinct from the antigen combining site.'°®1%! SpA binds to IgG
multivalently—S8SpA and rabbit IgG have been shown to form soluble
complexes in which the stoichiometry is 1gG,-SpA,.1%% SpA contains no
cysteines. Due to its tandem domains, predominantly a-helical structure,
and its lack of disulfide bonds, SpA is structurally resiliant. Its activity is
recovered quantitatively after exposure to extremes in pH, making it an
excellent ligand for affinity chromatography. Moreover, its capacity for IgG
is high —typcally 20-30mg/ml for human IgG. Recombinant SpA, trun-
cated to contain only the five Ig binding domains, has been produced in E.
coli and is used for several commercially available affinity supports. Im-
nmunoglobulins as well as Fc-containing fusion proteins can be produced in
high purity and yield using SpA.

portion of the binding protein that contains the ligand-binding site (e.g., the
ectodomain of a cell-surface receptor or subdomains thereof) can be used as
the adhesin region. In cases where only one member of a binding pair is known,
an immunoadhesin based on the known member can be used to identify the
unknown binding partner.”®2°7 35 The adhesin domain may be derived also
from a soluble ligand. For example, immunoadhesing based on the cytokines
IL-2 and IL-10 have been reported.!®> For most applications, if the adhesin
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286 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOQADHESING

contains its own natural hydrophobic leader sequence, it is advizable to include
that sequence in the immunoadhesin to achieve efficient secretion and process-
ing of the recombinant polypeptide.

10.2.3 Dresign of the Fusion Junction

The design of the fusion junction depends on the particular fusion partners. If
the adhesin is a Type T cell surface receptor, joining the extracellular sequence
just upstream of the hydrophobic transmembrane region is usually suitable
(Fig. 10.1}, If the adhesin has a known domain structure, one can attempt ta
delete domains that are not required for binding; in such cases, it is important
to place the junction at residues located between domains, to avoid misfolding.
With respect to the parental Ig, a useful joining point is just upstream of the
hinge cysteines that form the disulfide bonds between the two heavy chains.
For IgG1 there are two such cysteines, located at positions 226 and 229.°% &
junction design that we use frequently is to place the codon for the C-terminal
residue of the adhesin part of the molecule divectly upstream of the codons for
the sequence DKTHTCPPCP of the y1 hinge ®¢>2*

103 EXPRESSION

To date, all recombinant proteins from mammalian cells used for pharmacewsi-
cal purposes are based on expression vectors with constitutive promoters.
Constitutive overexpression of complex recombinant proteing in mammalian
cells does not pose a major metabolic burden on the cell hosts and does not
significantly affect growth and other activities of genetically enginsered cell
This is a major difference from products made in E, coli, which are mosily
derived from expression vectors with indueible promoters.

Vector constructions are similar for many recombinant glycoproteing expres
in mammalizn cells. SV40 promoter-based vectors have been used for immunoad
hesins such as CD4-1gG* or p55 TNF receptor-IgG (TNFR-Ig(G).® In our work on
CD4-IgG and TNFR-1g(0, both of which are Type I transmembrane glycoprotely
cDNA constructs were used in which the Fe-segment of the heavy chain of ¢
IgGl-gene-cDNA was directly fused with the amino-terminal ectodomain of ¢
respective receptor (Fig. 10.1). We found that proper folding of the fuston protein
oceurs i the molecule is constructed such that the two cysteings encoded within €
hinge region of the Ig heavy chain (C226 and C229) serve to form two interhes
chain disulfide bonds (Fig. 10.1). Significantly, the heavy chain cysteine involved
H-L chain bonding {C220) is deleted from the fusion polypeptide.

10.3.1 Vectors for Transient Expression

Transient expression in mammalian cells is the method of choice for in
expressian of a recombinant immunoadhesin. Very popular for transiest
expression are human embryonic kidney 293 cells which have been immo - Regeneron Ex. 2077
Alvotech v. Regeneron
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EXPRESSION 287

ized by transfection with adenovirus INA.3” It has been shown that these cells
express intracelinlarly the adenovirus-derived EIA protein, Subpopulations of
these cells bave been transfected stably with DNA sequences coding for EBNA
protein from Epstein-Barr virus or the large T-antigen of SV40. These cell lines
are reported to have superior characteristies as hosts for transient transfec-
tion.>® In transient transfections with human embryonic kidney 293 cells, using
calctumm phosphate, 1-10 ug/ml of secreted recombinant protein has been
observed in cell supernatants.*®3® More recently, transient expression in
mammalian cells has been used to produce larger quantities of desired proteins
(Section 10.4.6).

10.3.2 Vectors for Stable Expression

The choice of a vector for stable expression in mammalian cells is driven
mainty by the choiee of the host system. The most successful and fregnently
used host system for mammalian expression is Chinese hamsier ovary (CHO)
cells; other cell lines have been used as well, including baby hamster kidney
{(BHK) cells and the myeloma cell line SP2/0, In this chapter, we focus on the
CHO-DHER expression system, since thig is what we have used for all our
unmunoadhesin proteing; morsover, for many groups, it continues to be the
preferred system for large-scale production of recombinant proteins,

A mutagenized cell Hne lacking enzyme activity for dihydrofolate reductase
{DHFR), developed by Urlaub and Chasin®! for metabolic and genetic studies,
can be propagated only in media supplemented with glycine, hyvpoxanthine,
and thymidine (GHT). When these celis are transfected with a functional
expression vector for DHFR, cells that have acquired a functional DHFR gene
no longer require the presence of GHT, and so they can be selected and
expanded in media lacking GHT. A second expression cassette for the protein
of interest can be included in the DHFR plasmid or cotransfected as part of a
second vector. Scregning a number of clones in GHT-selective media leads to
the identification of cells that coexpress the product of interest with DHFR,

Expression in CHO cells can be augmented by exposing recombinant cells
to methotrexate (MTX), a folate derivative that blocks DHFR activity com-
pletely and irreversibly. Exposurs to low concentrations of MTX selects cells
that express DHFR at an clevated level Freguently, the elevated DHFR
expression is the result of an increased copy number of the recombinant
sequence. Stepwise selection with elevated concentrations of MTX can be
repeated many times, and may result in the isolation of cells that contain
dramatically increased copy numbers of the transferred genes. The same
principles as those discussed previously for the CHO system apply also to
other systerns with stable infegration of exogenous DNA.

One can choose from two vector sirategies to generate recombinant CHO
cells via the DHFR selection route, To introduce DNA sequences for both the
protein of interest and the protein that is the selective marker, either (1) a single
vector, or {2) a set of two or more vectors, is assembled. A two vector system
offers increased flexibility to improve expression of oligomeric proteins (e.g.,
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288 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESING

immunogiobuling), With a two-vector systen, one can optimize the molar ratio
of vectors for individual polypeptide chains within the transfection cockiail,
assuring that appropriate amounnts of each polypeptide are produced.

104 LARGE-SCALE PRODUCTION

Immunoadhesins are usually designed to be very effective antagonists, inhibi-
ting the interaction of a receptor with its ligand, When considered for in vivo
applications, they are needed in relatively large doses—the annual require-
ment for production can be in excess of one kilogram. Large-seale production
requires an efficient process. Productivity from mammalian cell-based pro-
cesses for recombinant proteins has changed dramatically during the last
decade. While a concentration of about 30 mg of recombinant human tissue
plasminogen activator®® per liter of cell culture supernatant was regarded as
good productivity i 19835, today's cell culture processes have been shown to
provide 500 mg/L or more of recombinant antibody in a batch process. This
improvement in volumetric productivity is the result of several advances in cell
culture technology: (1) a more profound understanding of the physiotogy of
cells, (2) better control of process parameters, and (3) richer and more
sophisticated media formulations to support higher culture densities in bi-
oreactors. As an example, 1-2 x 10° cells per ml of culture medium were
considered peak densities for CHO cells in 1983, Now, with some CHO vell
lines in optimized processes for batch cultures, cell densities 4-5 times higher
have been obtained.

1041  Laboratory Scale Cell Cultore

Here we focus on process development, using “deep tank technology,” for
manufacture of human therapentic proteins. During the carly phase of devel-
opment, progress depends on regular production of small quantities of the new
protein to supply efforts in recovery and assay development.

One strategy to speed early progress is o use parallel cell culture systems —
one for production of R&D material and the other for cell culture process
development, For example, early in the development of CD4-1gG, an extended
perfusion culture with eells In suspension was operated in a 2 L bioreactor for
a period of 3 months. With very high perfusion rates (up to 6§ reactor
volumeas/day), supporting very high cell densities {up to {4 x 10°% cells/ml,
corresponding to 35% packed cell volume), this culture provided gram guan-
tities of CD4-IgG. With this material — much more abundant than might have
been expected during this early phase of development— useful insighis were
gained, both of the biology of the molecule and of available recovery options.
In cell culture, meanwhile, we were able to assess different media compositions
and the effect of these on product quality and cell productivity.

eneron Ex. 2077
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10.4.2 Transfection, Amplification, and Clonal Selection

The most frequently used method for introduction of DNA into mammalian
cells is the calcium phosphate DMNA coprecipitation method. This method was
developed about 20 years ago by Graham and van der Eb.*? It is a reliable
method for stable and for transient expression of recombinant proteing from
mammalian cells, Recent insights in the physicochemical parameters for the
generation of calcium-phosphate DNA coprecipitates have improved its relia-
bility and efficiency *04%

Following transfection of the DHFR-deficient CHO host cell line with a
veetor or vector combination containing a functional DHFR cassette, cell lines
were established from colonies emerging under sclective conditions, We used
an approach that provided an increased frequency of high expressor cell lines
among all emerging cell colonies (Fig, 10.2). Two days after transfection using
the calclum-phosphate method, cells were plated into media lacking glycine,
hypoxanthine, and thymidine (GHT medium). For the GHT selection, only a
portion of the transfected cell population was used. The majority of wansfected
cells was plated into media containing various concentrations of MTX (see
Section 10.3.2), In most cases, concenirations of 30, 100, and 300 nM were used.
We preferred o isolate, expand, and analyze cell colonies that emerged under
selection from the highest concentration of MTX, since these colonies often
show the highest level of coexpression for the protein of interest. This approach
allowed us to reduce the number of cell lines for expansion and analysis to not
more than 100 (24 clones from GHT medium, and 24 each at 30, 100, and
300 oM MTX).

Transiection

Non selective culture

Evaluate for growth
and productivity

Figure 10,2 Strategy for transfection of DHFR vector cocktails into CHO cells and
identification of high producer cell lines.
Regeneron Ex. 2077
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250 QPTIMIZIMNG PRODUCTION AND RECOVERY OF IMMUNOADHESINMS

As many as 10 cell lines were carried through to the final evaluation phase.
Growth behavior, adaptability to suspension conditions, robustness for serum-
free culture, and scalahility were the oriteria used for evaluation of ¢ell lines,
Also, responsiveness to mediuvm additives that enhance productivity and the
impact of MTX removal were assessed. Growth for extended periods of time
in non-selective medium and assessment of specific productivity allowed us to
develop confidence in the long-term stability of candidate cell lines as good
production hosts,

Two to three cell Hines were finally considered acceptable for scale up. Thesc
candidate cell lines were transferred into good manufacturing practice {GMP)
facifities for cell banking, while forther process development continued. We
chose to use robust methods for the final process. As a robust process
engineering method, & batch cell colture process was developed in which
product derived from a fixed-period production phase was harvested in one
step. In processes developed more recently, extended batch approaches with
feeding of calture additives have been used.

1043 Cell Bavking

Celis contained in a master cell bank are stored frozen in liguid nitrogen. The
freezing of cells for banking was done according to standard cell culture
techniques,*® utilizing 10-20% dimethyl sulfoxide (DMSO) in fresh cell culture
medium, into which cells were taken up, after gentle centrifugation and
removal of spent medinm. In most cases, eryovials with 1 ml of cell suspension
were immersed directly into the vapor phase of liquid nitrogen storage tanks.

Selection of a cell line from which to establish the master cell bank is a2
critical decision. The generation of a master cell bank, usually 50-500 vials
containing highly concentrated suspensions of mammalian cells, requives the
use of facilities meeting GMP requirements. Cell genetics, cytogenetics, produg-
tion stability, growth pattern, viability status, and absence of adventitious
agents all must be evaluated. We minimized the risk inherent in this process
by generating multiple prebanks from which vials were thawed and cultivated.
Cells derived from these individual seed trains were used both for comparises
in process development efforts and for stable productivity assessment in =z
standardized assay.

It is important fo note that colls derived from a prebank and master-bank
are not necessarily identical, since they may have been treated differently. For
example, cells that eventually go into production have to endure two freezing
and thawing cyeles, whereas cells under study for long-term stability experience
only one freeze-thaw cycle. This is significant because, unlike prokaryotic cells,
mammalian cell populations have to be considered heterogenetic, Exposure to
variations inr culture conditions — the most drastic being freezing and thawin
of cells in specialized media formulation-—can often result in a change
overall performance of the cell line under sindy.
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1644 Growth of the Seed Train

To begin development of a seed train, ampules containing viable cells are
thawed and the cells are expanded. The guantity of cells in the vial may vary,
acoording to procedure, If, for example, the cell line had been previously
adapted to growth in suspension culture, the number of viable celis should be
latge enough to inoculate a small spinner flask. To seed a spinner a3t a
minimum volume of 50 ml with a seed density of 3 = 10% cells/ml, the thawed
vial should contain at least 15 = 10° cells.

Adaptation to growth in suspension could take anywhere from 3 weels to
3 months, depending on the particular cell line. Beveral suboultivations of cells
grown on plastic cell culture substrates (splits} were performed, to produce a
homogeneous population in 850 cm® roller bottles. Counfluent cultures of these
cells in rofler botiles were trypsinized, and the cells were suspended in media
suitable for growth in spinner flasks. One roller bottle would contain enough
cells to prepare about 200mil of a suspension culture. Cell suspensions
established in this manner were then processed as described above, until a
robust cell seed train was established,

Growth of the seed train can be accomplished in medium with or without
added fetal bovine serum (FBS). Most cell lings required 5% or less FBS and,
during the last fow vears, FBS-free culture media have been developed and
have proved o be reliable.

After an initial lag phase of 24-48h, cells began to grow in spinners,
reaching a final cell density of 0.8~2 x 10° cells/ml within 4-3 days. However
afier 56 days, a subcultivation was initiated, even when growth was poor, The
protocol for the subcultivation was adapted to the performance of the cell Jine,
In the case of poor growth, e.g., a vell density of 0.8-1x10° cells/ml, the medivm
was removed by gentle centrifugation and replaced with fresh, prewarmed
medium, utilizing 2 volume of medimm that adjusted cell density to about
0.3 x 10% eells/ml. In the case of excellent growth, g, a density of 1.5~
2 = 10% cells/ml, a subcultivation method was used which simply diluted out
the medium, adjusting the cell density again to about 0.3 x 105 cells/ml. Thus,
the seed train was kept at a constant volume, by repetitive subcultivation of
spinners or bioreactors with a smaller working volame,

In sununary, the goal of the seed train development is to ostablish a robust
procedure and a reliable growth performance of the cells under study. Critical
for success is the availability of media formulations that have been specifically
developed for this purpose.

18.45 Cell Culture Production

We have preferred to do process development work using bioreactors of nominal
2 L volume, with a maximal working volume of 1.51. To optimize process
parameters, 3 battery of hioreactors was used. To compensate for reactor
variability, duplicates or triphicates of the same condition were employed.
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292 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESINS

One key parameter was the need to create sufficient coll mass (cell number)
for the inoculation of the production vessel at large seale. Therefore, factors
such as media composition, stirring rate, oxygenation, pH- and osmolarity
control——all of which allow for high growth rates and a high final density of
the cell suspension prior to traunsfer to a larger tank—were optimized. If the
cell line had not been adapted to growth in serum-free media, a reduction of
the required serum to less than 5% was another developmernit goal. Finally,
since high cell viability at the start of production phase was found to be
essential for high productivity, much effort went into developing an optimum
procedure for transferring cells between vessels.

Production phase is defined as the final phase of the cell culture process,
which is optimized for product accumulation in 8 large-volume bioreactor, For
the inoculum train, a complete exchange of the culture medivm prior to the
start of production phase can result in improved performance and productivity.
We evaluated various methods for this purpose. Initially, exchange of medium
by centrifugation was used; however, this method was not suitable for large-
scale operation. Therefore, other methods, such as tangential flow filtration,
were evaluated. Tangential flow filtration®® was found to be an excellent means
by which to achieve mediam exchange, insofar as cell viability remained high
during the operation. Consequently, this method of medium exchange was
adopted for large-scale use.

We found that achicvement of five objectives was necessary for optimal
productivity during production phase: (1) rapid attainment of high cell density,
(2) maintenance of high cell density and viability for the entire production run,
(3) manipulation of cellular metabolism to promote high specific productivity,
{4} maintenance of consistent product gquality, and (5) selection of an efficient
cell harvest technology capable of sustaining cell integrity and product quality.

184.6 Rapid Manufscturing of Non-clinical Grade Proteins for Evaluation and
Analysis

Transient gene espression in animal cells, when performed at the 110 L scale,
represents g fast approach for the synthesis of tens to hundreds of milligrams
of recombinant proteins, I addition to virus-mediated nucleic acid transfer,
calcium-phosphate, podyethylenimine, cationic lipids, and electroporation have
been reported to be useful in promoting efficient DNA transfer, Efforis to
increase the scale of such production processes to 100 L are underway in many
laboratories, since the classical approach for recombinant protein production
in animal cells using stable integration of exogeneous DNA is vostly, very time
consuming, and requires substantial know-how in many arcas of process
development and process engineering,

Human embryonic kidoey 293 cells scem to be the most popular host system
for these efforts, Attempts to use CHO cells in transient expression approaches
have not been successful, Expression levels for secreted proteins like CD4-1gG,
TNFR-1gG, or r1tPA are only 1-10% of those observed in human embryonic
generon Ex. 2077
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kidney 293 cells (F.M. Wurm, unpublished). For virus mediated transfer of
genetic information to animal cells, Sindbis virus-based RNA transfer to BHK,
CHO, or Raji cells*®*7 has become popular recently. Lastly, baculovirus-
mediated DNA transfer to insect cells is used successfully in many laboratories
{for example, see Ref. 48). Following is a brief discussion of the various
transient expression technologies that are currently in use.

Calcium phosphate-mediated DN A transfer. Jordan et al.*® reported the use
of calcium phosphate-mediated DNA transfer to suspended 293 cells,
grown in a bioreactor or in spinners, A most critical factor in these
transfections is the removal of DNA-calcium phosphate precipitates
3—6h after transfer of the DNA to the reactor. Persistant precipitates are
toxic to mammalian cells, most pronounced in the absence of serum and
in cultures with low cell densities. In small-scale experiments {e.g., cell
culture plates), DNA-calcium phosphate coprecipitates ate removed or
solubilized by a medium exchange; in reactors, solubilization is mediated
by a deliberate change of the culture pH, coupled with the addition of
fresh, low-calcium growth medium.

Up to 3 mg of an rtPA variant has been obtained within 5 days upon
transfection in 2 L. mini-bioreactors with 1 mg of purified plasmid DNA
transferred.*®

Polyethyleneimine as carvier for DNA transfer. Using cationic poly-

" ethyleneimine®® or polyethyleneimine in combination with dioleoyl-
melittin as carrier complexes for plasmid DNA, Schlaeger and coworkers
achieved transient production of up to 1.4 mg/L of TNFR55-IgG with
human embryonic kidney 293 (EBNA) cells grown in stirred tanks at 10
L scale

Lipid- and liposome-based DNA transfer systems. A number of lipid- and
liposome-based DNA transfer systems have been developed over the last
5 years and are commercially available. Among the most popular ones
are LipofectAMINE (GIBCO-BRL), DOTAP and DOSPER (Boehrin-
ger Mannheim), Transfectam (Promega), and CLONfectin (Clontech).
These are intended for small-scale experiments and usually for attached
cells. They work well in multiwell plates or in single 100 mm dishes, and
they provide similar product concentrations for secreted proteins as the
ones seen with calcium phosphate. None of these have been reported to
be used at a scale beyond 100 ml of cell culture medium—most likely
because they are very expensive. So far, the only nonviral systems that
may allow scale-up beyond the 1 L scale are calcium phosphate and
polyethyleneimine.

Electroporation for DN A transfer. Blasey and coworkers®* have pioneered
the use of electroporation at 10 L scale. Using a commercial electropor-
ator, COS cells, derived from a CellCube for expansion of cell mass, were
electroporated and transferred subsequently to a 10 L bioreactor. Other
cell lines, like CHO and human embryonic kidney 293 cells were tested
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294 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESINS

as well, Milligram guantities of product were harvested from the culture
7-12 days later. This technique appears to require some further improve-
ment in order to achieve robustness and reproducibility.

Virus-mediated protein expression. Baculovirus mediated protein expression
is popular in many laboratories.®® The possibility that susceptible insect
cells (Spodoptera frugiperda S19 cells, Drosophila Schnetder cells) can be
grown in suspension in stirred bioreactors or spinners allows for scalg-up,
so far reported up to the 100 L scale 5453

Using mammalian cells, semliki forest virus (SFV) has been used for
rapid production of recombinant protein at 15 L scale with BHK cefls.®
The poweriul promoter of this virus system sllows for very high protein
gynthesis by infocted cells, However, this results in increased lysis of
cells,~-a disadvantage for recovery. In CHO cells, high levels of the
serotonin S-HT receptor were shown following SFV-mediated gene
transfer.®”

165 IMMUNMOADHESIN STRUCTURE: IMPLICATIONS FOR
PURIFICATION

The prototypic IgGl-based immunoadhesin has a disulfide-bonded
homodimeric structure that resembles an antibody but lacks CHI domains and
Hght chains {(Fig. 10.1). The subunit structure of the immunoadhesin can be
analyzed by sodium dodecylsulfate polyacrylamide gel electrophoresis {(SDS-
PAGE). One technigue is to label the transfected cells with **S-methionine
andfor *"S-cysteine and to precipitate the secreted immuncadhesin with
protein A or protein G; then, the labeled immuncadhesin can be analyzed by
SDS-PAGE and autoradiography.®® Alternatively, serum-free supernatants
from transfected cells can be subjected directly to SDS-PAGE, electrobloited
onto nitrocellulose, amd the immunoadhesin can be visualized on the blot with
labeled protein A or G, with antibodies, or with labeled Higand.

Fig. 10.3 shows an example of this type of analysis; in this case, with 2
protein A-purified preparation of huwman interforon ¥ receptor immunoadhesin
{IFNyR-1g(3). The purified immunoadhesin was visualized directly by staining
with coomassie blue {4), or transferred onto pitroceliulose and visualized with
anti-Fc aotibedy (B), which confirms the presence of the Fo region, or with
labeled ligand (), which confinns the presence of the adhesin region in
fanctional form. Under nonreducing conditions, the protein migrates with an
apparent molecular weight approximately twice that of the reduced proiein,
confirming the molecule’s disulfide-linked homodimeric structure,

Results with many such immunoadhesins show that fusion of the adhesin
and the Fo regions usually does not perturb the folding of each domain
Comparisons of the binding function of the adhesia portion with those of the
soluble or cellsurface counterparts generally show similar properties {s.g..
CD4-1gG,% IFNyR-IgG, 2 or IL-1R-IgG%%). The Fo region also seems to
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Figure 10.3  Subunit structure of an immunocadhesin as analyzed by SDS-PAGE and
immunoblotting and ligand blotting techniques. Human embryonic kidney 293 cells
were transfected with a vector directing lransient expression of human interferon-y
receptor immunoadhesin (hIFN-yR-Ig(3). The protein was recovered from culture
supernatanis and purified on protein A agarese. SDS-PAGE was carried out without
{—) or with () reduction by 10mM dithiothreitol {DTT). The protein was stained
with coomassic blue (4) electroblotted onto nitrocellulose and incubated with (B)
antibodies to IgG-Fe or with (C) *2°1-labeled hIFN-y (10mM) alone (lane 1), or with
ImM unlabeled RIFN-y (lape 2). Blots were developed with horseradish peroxidase-
conjugated second antibody and 4-chlorenapthol (B) or by autoradiography (C).
(Reprinted with pérmission from A. Ashkenazi and 8. M. Chamow, Immunoadhesins:
An alternative to human monoclonal antibodies, Methods: A Companion to Meth.
Enzymol. vol. 8, 104115, Copyright © 1995 by Academic Press, Incy.

fold correctly, because it is recognized by antibodies and by protein A or
protein G, and because it retaing many of the effector functions characteristic of
antibodies, such as binding to Fc receptors.**

1gG1-based immunocadhesing are produced in mammalian cells as glveop-
roteins, due to the presence of a single N-linked glycosylation site within the
CH2 domain (see Fig. 10.1). Additional glycogylation sites (both N- and
O-linked) can be present within the adhesin portion of the molecule, as in the
TNF and IFNy receptor immunoadhesins.®® Heterogeneity of oligosacchat-
ide sequences {particularly sialic acid residues) can produce overall molecular
charge heterogeneity.®*%* In immunoadhesins as in antibodies, the mature
heavy-chain polypeptide contains no C-terminal lysine, notwithstanding a
C-terminal lysine predicted by the DNA coding sequence.®® Rather, the
C-terminal residue in the mature polypeptide is the penultimate glycine.®®
Presumably, the C-terminal lysine is removed during cellular processing of the
nascent polypeptide.®4

Alvoteth v. Regeneron
?GR2025-00085
¢ Page 15 of 28

RegEneron Ex. 2077

RGN—EYLEA—BIOSIM—OO741 340



296 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESINS

One unique feature of immunoadhesins is the potential to display a charge
dipole, resulting from their chimeric nature. A charge dipole will exist if the pl's
of the adhesin domain and the Fc domain are widely different. Chimeras like
this will behave non-ideally in separation techniques based on ionic charge.
CD4-IgG is an example of this type of immunoadhesin molecule. Because the
pl of the CD4 and F¢ domains differ by more than 2 pH units, the behavior
of this molecule in ion exchange chromatographic systems is difficult to predict.

10.6 PURIFICATION

10.6.1 Affinity Chromatography

A significant advantage of expressing adhesins as immunoadhesins is that they
can be purified easily by affinity chromatography. The suitability of protein A
as an affinity ligand depends on the species and isotype of the immunoglobulin
Fe domain used in the chimera. Protein A can be used to purify immunoad-
hesins that are based on human y1, 92, or 94 heavy chains.®® Protein G is
recommended for mouse yi and for human y3.%% The matrix to which the
affinity ligand is attached is most often agarose, but other matrices, are
available. Mechanically stable matrices such as controlled pore glass®” or
poly(styrene-divinylbenzene)®® allow faster flow rates and shorter processing
times than can be achieved with agarose,®®

The conditions for binding an immunocadhesin to the protein A or G affinity
column are dictated entirely by the characteristics of the Fe domain; that is, iis
specics and isotype. Generally, when the proper ligand is chosen, efficient
binding occurs directly from unconditioned culture fluid. One distinguishing
feature of immunoadhesins is that, for human y1-containing molecules, the
binding capacity for protein A is somewhat diminished relative to an antibody
of the same Fe type.”® Bound immunoadhesin can be efficiently eluted either
at acidic pH (< 3.0), or in a neutral pH buffer containing a mildly chaotropic
salt. For cases in which the adhesin portion of the molecule is sensitive to
treatment with acid, the latter method of elution is preferred.**”* This affinity
chromatography step can result in an immunoadhesin preparation that is
>95% pure.

10.6.2 Other Chromatographic Methods

Other methods can be used in place of, or in addition to, affinity chromatog-
raphy on protein A or G (see, for example, Refs. 72, 73). In our experience,
mmmunoadhesins behave similarly to antibodies in thiophilic gel chromatogra-
phy’* and immobilized metal affinity chromatography.”®"® In addition, par-
titioning via aqueous two-phase extraction’’ or chromatographic recovery in
expanded beds”® have both been applied to antibodies and should be directly
applicable to immunoadhesins, In contrast to antibodies, however, the behav-
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ior of immunoadhesing on ion exchange columns s dictated not only by their
isoelectric points, but also by a potential charge dipole in the molecules {see
Section 10.5). Microheterogeneity of charge can also be a factor for immunoad-
hesins in which the adhesin portion of the molecule is glycosylated and
contains sialic acid,

We designed our recovery process for CD4-1gG so that it was casily
scalable. In general, we sought to link successive operations in a logical flow,
combining tangential flow filtration with affinity, ion exchange and hydropho-
hic interaction chromatography operations in series (for example, see Refl 79}

1063 Large-Scale Recovery

Several immunoadhesing have been advanced as candidates for human therapy
{Table 101} In the case of CD4-IgG, which was advanced to clinical trials as
an HIV antiviral, we designed a recovery process that was intended to produce
0.5-1 kg of purified product per batch, using cell culture operation in a 12 kI,
bioreactor, Initially the process was developed at laboratory scale, using 2 L
feedstocks provided by the cell culture development lab. As larger flnid
volumes of feedstocks became available, we scaled the recovery procesg
stepwise in three 1020 fold size increments, checking performance at each step
as new production equipment was introduced.

Guidelines for scaling colunm operations were relatively simple (Table 10.2).
In making the transition from laboratory o pilot to manufacturing scale,
parameters such as sample load volume, volumetric flow rate, and media
volume were increased, while the columm bed beight, linear flow rate, sample
concentration, and ratio of sample to gel were kept constant. Since a gradient
was used in operatinn of one of the columns, the ratio of gradient volume to
gel volume was held constant, Thus, the thne required for the gradient to
develop was approximately the same ou the larger column,

10.64 Monprotein Contaminants

Pharmaceutical producting requires removal of nonprotein as well as protein
contaminants from the product. Among the nonprotein contaminants that
must be removed are host cell DNA, bacterial cells (e.g, bloburden) and-
components such as endotoxin and viruses. DMNA can be present in the
feedstock as a consequence of cell lysis during production. As much as
i~S$ mg/ml of DNA can be present in harvested cell culture fiuid that must be
removed, Removal of DNA can be obtained in many types of chromatography
operations, but since it is a polyanion, removal is best achieved using anion
exchange methods. The potential for bioburden in a process always exists; we
have dealt with this by osing fltration (0.22 um) of process buffers and pools.
Efficient removal of baecterial endotoxin can occur in anion exchange and
hydrophobic interaction chromatography steps.
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PURIFICATION 259

TABLE 182 Guidelines for Scaling Chromatograplic Operations from Lsboratory to
Plant

Maintain Type of chromatographic medis {including particle sz}
Column bed height
Linear flow rate (em/h)
Sample load coneeniration
Gradient volyme: media volume
Increase Samaple Ivad volume
Volumetsic flow rate (L/min)
Column diameter
Check System Factors Distribution system
Wall effects
Piping (linear flow in whole systeny)

Sowrce; Modified from Rel 88,

As outlined previously, all rodent cells that are used for protein expression
cotain virustike Ceparticles. Although these particles are poninfectious, they
warrant concern and should be removed. Since our production method utifized
cultured hamster (CHO) cells, we had to validate that any viral particles
present in the feedstock were removed or inactivated during the recovery
process. Typically the log titer reduction {LTR) values (LTR = log of challenge
titer o recovery titer ratio} for sffinity, ion exchange, hydrophobic and size
exclusion chromatography range between 2 and 4% This means that a
purification scheme that uses four chromatography steps can be expected to
yield an LTR value between 8§ and 16, The most effective methods for removal
of retroviruses were affinity, anion exchange, and hydrophobic interaction
chromatography. In order o increase process robustness, we sought to
combine romoval steps with additional steps in which virus inagtivation
occurred. We used several methods for inactivation of viruses, including
exposure to low pH, mild chaotropic agents, and nonionie detergents.®®

10.6.5 Protein Quality, Purity and Consistency

The required purity of a product is, of course, dictated by its final use. For
recombinant protein produets, purity can be compromised by the presence of
contaminating host cell proteins, but also by variant forms of the desired
product. Aggregated product is often of concern with immunoadhesins, since
these proteins are nonnatural and so it is difficult 1o prediet their solution
behavior, If the recovery process includes affinity chromatography on protein
A, then care must be taken that leached protein A is not detectable in the
product. The recovery process should be designed to remove both of these
potential contaminants,
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300 OPTIMIZING PRODUCTION AND RECOVERY OF IMMUNOADHESINS

Protein consistency can be an issue of concern with immunoadhesins, since
these are intended as recombinant glycoproteins with long in vivo half-lives.
Often the adhesin portion of the molecule contains sialylated complex oligosac-
charides through which clearance of the glycoprotein can ocour.® %% In
situations where batch-to-batch consistency varies, the serum stability of the

product can be affected due to the variable glycosylation in these oligosacchar-
ides 637,894,853

10.6.6 Large-Scsle Process Integration

To develop a robust process, integration of the cell culture and recovery
processes must begin early in the development effort. The goal of all activitics
is to develop a reliable process, capable of delivering a protein of consistent
quality (at high yield and low cost),

In our experience, three issues are important for successful integration of cell
culture and recovery development in scale-up.”®3® First, equipment used for
development and production will likely be different, Piping, vessels, pumps, and
other equipment that come in contact with product streams can have an
impact on product quality and recoverability. Second, changes in the compo-
sition of the production medium can have a major influence on recovery steps,
sometimes even at downstream steps in the recovery train. Finally, differences
in handling cell culture fluid streams during production and harvest can have
a major impact on the amount and type of contaminants {proteins, nucleic
acids, particulate cell debrig).

10.7 CONCLUSIONS

Immunoadhesins have an established practical utility as research tools, and are
beginning to show efficacy as human therapeutic agents. As research tools, they
offer many of the advantages of monoclonal antibodies and are useful especial-
ly in studies on ligand—receptor interactions and in identification or isolation
of unknown ligands for known receptors. An immunoadhesin approach, i
applicable, also should be considered when it is difficult to obtain antibodies
to a given antigen, for example, when the antigen is available in limited
quantity or is poorly immunogenic. As human therapeutios, immunoadhesing
share many of the properties of monoclonal antibodies, including target
specificity and Fe effector functions. As compared with chimeric antibodies,
which contain nonhuman sequences, immunoadhesing are potentially less
immunogenic in humans. In addition, immunoadhesing can be easier to obtain
than “humanized” antibodies, because they do not require CDR grafting.
Immunoadhesins also may provide a useful alternative to human monoclonal
antibodies, for which successful production has lagged far behind that of mouse
antibodies, due to several factors including human tolerance to human anti-
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gens, ethical limitations to experimental immunization of humans, and insta-
bility of human antibody-producing hybrid cell lines. These obstacles are just
now being overcome, as advances in genetic enginecring techmques for
producing human antibodies from combinatorial libraries®® or by genetic
manipulation of laboratory animals®® continue to develop. Finally, as com-
pared with soluble receptors, immunoadhesins can have advantages in areas
such as ease of purification, increased binding affinity or avidity, added effector
functions, and extended in vivo half-life. Immunoadhesins generally are
straightforward to produce at large scale. To date, several immunoadhesins
have been produced using mammalian cell culture at large scale for human
therapeutic use,
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