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ABSTRACT

Monoclonal antibodies (mAbs) have become increasingly important as protein
therapeutics over the last few decades. MAbs can be engineered to achieve high
binding affinity to a wide array of desired biological targets. Despite having different
therapeutic targets, mAbs have nearly identical amino acid sequences and biophysical
properties. The high degree of similarity among different mAb products has led to the
development of platform manufacturing processes in many companies.

Downstream purification processes for mAbs are designed based on a platform
process that is empirically tuned to optimize impurity removal for each new product.
A more fundamental understanding of impurities and the product itself would provide
insights into the rational design of efficient downstream processes. The first part of
this thesis is focused on host cell protein (HCP) impurities, and the main objectives are
to identify and characterize HCP impurities and their behavior in a typical downstream
platform purification process. In protein A affinity chromatography — the capture step
used in the majority of mAb platform purification processes — HCP impurities were
found to associate to mAb products due to strongly attractive interactions. By coupling
cross-interaction chromatography to proteomic analysis, specific HCP impurities that
associate with different mAbs were identified. A subset of HCPs associates with all or
most mAb products. Additionally, a unique population of HCPs associates with each
mAb product; minor changes to the primary amino acid sequence were found to have

a potentially significant impact on the population of associated HCPs.
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HCP impurities were also studied in non-affinity platform chromatographic
processes. Product-association was found to be an important mechanism through
which HCPs can co-purify with mAbs in all chromatographic modes studied. HCP
impurities with similar chromatographic behavior to those of mAbs were also
identified. This work has identified many difficult-to-remove HCPs and provided
mechanistic insight that will aid future downstream process development.

Lipoprotein lipase is a specific HCP impurity that was persistent in many
different chromatographic purification processes and was studied in greater detail in
this thesis. This particular HCP associates with most mAbs with high affinity. Also, it
was found that lipoprotein lipase can enzymatically degrade nonionic surfactants that
are commonly included in mAb formulations to prevent product aggregation.
Enzymatic degradation of nonionic surfactants by lipoprotein lipase in mAb
formulations could negatively affect product quality by inducing mAb aggregation or
precipitation.

The final aspect of this work was to compare mAb self-interaction strengths
and instantaneous phase boundaries in various solution conditions and to explore the
underlying molecular basis for such interactions. In solutions of sulfate salts most of
the mAbs studied had nearly identical self-interaction trends and instantaneous phase
boundaries. However, the divergent behavior of two nearly identical mAbs shows the
potential impact of minor structural changes on product molecules. Overall, there is a
qualitative correlation between self-interactions and phase boundary location, but due

to mAb anisotropy, quantitative correlations and predictions of mAb properties are

difficult.
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Measurements of mAb fragment interactions provide further insight into
different oligomerization patterns and the origin of attractive self-interactions for
various mAbs. Although many mAbs were found to have similar self-interaction
properties, the domain-level interactions have greater variability. Fab-Fab, Fc-Fc and
‘hinge’ region interactions were identified as the source of highly attractive self-
interactions for different mAbs. Because mAbs are large, anisotropic molecules that
are sensitive to minor structural changes, detailed domain-based analysis provides
greater insight into oligomerization mechanisms and potentially allows engineering of

more stable mAbs.

Xxiii



Chapter 1

INTRODUCTION

1.1 Motivation and Goals

Monoclonal antibody (mAb) therapeutics are currently the fastest growing
sector of the pharmaceutical industry (Li and Zhu, 2010). The FDA has approved 40
mAb therapeutics that account for approximately 38.5% of the biologics market
(Aggarwal, 2014). MAb molecular properties are highly conserved from product to
product, which enables the use of a ‘platform’ purification process for most mAbs.
The ‘platform’ purification process is usually empirically optimized using design of
experiments methods (Guiochon and Beaver, 2011). A more mechanistic
understanding of these frequently utilized processes would greatly aid in future
process development endeavors.

The first part of this work aims to provide a better understanding of impurities
in downstream processing. The specific class of impurities investigated is host cell
proteins (HCP) derived from Chinese hamster ovary (CHO) cells. The first objective is
to identify the specific CHO HCPs that are difficult to remove in typical mAb
downstream processes. The second objective is to determine why the identified HCP
species are difficult to remove. Identification of specific HCP species and the
properties that make them difficult to remove will allow for significant process
improvements.

The second major aspect of this work was to study the consequences of HCP

impurities that are not removed, and are present in final product formulations. The



most frequent concern regarding HCP impurities is the possibility of antigenic
responses from human patients. Two clinical trials were recently canceled due to
patient immune response to CHO HCP impurities (Gutiérrez et al., 2012). In addition
to antigenic responses in patients, previous work has shown that certain HCP
impurities with enzymatic activity can impact final product quality (Gao et al., 2010).
The potential for product degradation due to HCP enzymatic activity is studied here
for a particular HCP.

The final aspect of this work is to compare mAb self-interaction strengths and
instantaneous phase boundaries in various solution conditions. The objective is to
determine the variability of self-interaction strength from mAb to mAb. The impact of
minor mutations to the mAb amino acid sequences is also investigated. In order to
better understand the different interaction strengths and oligomerization behavior of
some mAbs, the interactions of Fc and Fab domains are measured. Overall, the goal of
this work is to better understand the importance of different protein-protein

interactions in bioprocessing of mAb therapeutics.

1.2 Monoclonal Antibody Structure

Antibodies are large protein molecules (approximately 150 kDa) with a
characteristic ‘Y’ shape consisting of three similarly sized lobes (Figure 1.1).
Antibodies are highly similar from product to product. The most dramatic differences
in primary and secondary structure occur near the antigen-binding domain (Figure 1.2)
(Hamilton, 2001).

Antibody molecules consist of four peptide chains, two heavy chains and two
light chains. Heavy chains have a molecular weight of approximately 50 kDa and light

chains of 25 kDa. Each mAb has two identical heavy chains and two identical light



chains. The heavy chains are linked to each other by a series of disulfide bonds in the
‘hinge’ region of the antibody (Figure 1.2). The ‘hinge’ region allows the two antigen-
binding domains the flexibility to bind two separate antigens. Each heavy chain is
linked to one light chain via a single disulfide bond — between the constant heavy and

constant light regions — and through various non-covalent interactions (Goldsby,

2003).

Figure 1.1: Monoclonal antibody crystal structure (rcsb.org). The two heavy chains are
shown in red and the two light chains are shown in yellow. The Fc-
domain is the lower portion of the ‘Y’ shaped molecule, and the two
upper branches of the ‘Y’ are Fab domains.

Antibodies contain multiple constant and variable domains. The domains
consist of loops (approximately 60 amino acids long) created by intra-chain disulfide
bonds. Heavy chains have three or four constant domains (depending on antibody

class) and a single variable domain and light chains have one constant and one



variable domain (Figure 1.2) (Goldsby, 2003). Constant domain sequences depend on
mADb class and subclass. The first 110 amino-terminal residues in the light and heavy

chains constitute the variable domain responsible for antigen binding — also known as
the complementarity-determining region (CDR) (Goldsby, 2003).

There are five major classes of antibodies: 1gG, IgM, IgA, IgD and IgE. The
different classes are distinguished from each other by the constant heavy chain domain
(Hamilton, 2001). IgG is the most commonly used antibody class for mAb
therapeutics (Reichert, 2012). Within the IgG class there are four antibody subtypes:
IgGl, IgG2, IgG3 and IgG4 (Hamilton, 2001). IgG1 is the most commonly used for
therapeutic applications by a significant margin; there is also a small number of IgG2
products on the market (Reichert, 2012). IgG molecules from any two different
subclasses are typically 90-95% homologous in constant domains (Steward, 1984). In
this work IgG1 and IgG2 mAbs are studied.

The largest structural difference among subclasses exists in the ‘hinge’ region.
IgG1 antibodies have a hinge region containing 15 residues and two inter-heavy chain
disulfide bonds. This allows for sufficient flexibility that each of the two Fab domains
can fully rotate on its axis (Hamilton, 2001). IgG2 antibodies have only 12 residues in
the hinge region and four disulfide bonds. The combination of a shorter hinge and
more inter-chain covalent bonds makes IgG2 molecules less flexible (Hamilton,
2001).

Previous studies have examined the flexibility of different mAbs by measuring
the Fab-Fab angle in mAb crystal structures. For example, crystallized Kol — a human
IgG1 — forms an angle of 132 degrees between Fab fragments. B12 is another human

IgG1 and was found to have a Fab-Fab angle of 148 degrees when crystallized.



Crystallized murine IgG1 61.1.3 has a Fab-Fab angle of 115 degrees. The crystal
structure of Mcg, another human IgGl1, has an angle of 180 degrees, which represents
more of a ‘T’ than a ‘Y’ shape (Saphire et al., 2002). The Fab-Fab angles in mAb
crystal structures indicate the range of different possible conformations of mAbs in

solution.

1.3 Platform MAb Manufacturing

MAD industrial manufacturing processes are nearly identical across the
biopharmaceutical industry (Rathore et al., 2013). The molecular similarities among
mAb products and the availability of protein A affinity resins has allowed for the
development of a platform manufacturing process, which can be divided into
‘upstream’ and ‘downstream’ processes. The upstream processes consist of
mammalian cell culture and the downstream consist of initial harvest and purification

processes (Figure 1.3).

1.3.1 Upstream Processes

MADbs are most commonly produced in mammalian host cells in order to
achieve proper glycosylation patterns and protein folding. Due to product secretion by
mammalian host cells, cell lysis is not necessary in mAb manufacturing. Compared to
upstream processes using bacterial host cells, mammalian processes have relatively
‘cleaner’ harvest material with less intra-cellular HCP and cellular debris. Although
there are alternative host cells used by some manufacturers, the majority of mAbs are
produced in Chinese hamster ovary (CHO) cell culture (Jayapal et al., 2007). In the
last 20 years, mAb titers in CHO cell cultures have increased approximately 20-fold

(De Jesus and Wurm, 2011). Cellular productivity is on the order of 50 pg/cell/day and



final titers can routinely reach 1-5 mg/mL or higher (Butler and Meneses-Acosta,
2012; De Jesus and Wurm, 2011; Lim et al., 2010). Upstream fermentation processes
use fed-batch reactors with chemically defined media. Bovine serum was historically
used, but due to regulatory concerns animal derived media are now avoided (Butler

and Meneses-Acosta, 2012).
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Figure 1.2: IgG generalized structure showing the constant light (Cy), variable light
(VL), constant heavy (Cy) and variable heavy (V) loops (adapted from
Thermo Fisher Scientific Inc.).
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Figure 1.3: Typical mAb platform manufacturing process scheme adapted from
(Shukla et al., 2007b).

CHO cells secrete the mAb product molecules along with HCPs, which must
be removed in subsequent purification processes. The population of secreted HCPs
changes depending on a number of factors, including length of fermentation,
temperature, and cell viability (Jin et al., 2010; Tait et al., 2011). Many of the changes
in HCP profile throughout the course of a fermentation process are a consequence of

increased cell lysis (Tait et al., 2011). Null cell lines — those not producing a mAb



product — were found to have minimal differences in HCP content compared to
production lines (Jin et al., 2010). Null cells are used in this work for generating

representative HCP samples.

1.3.2 Clarification and Protein A Affinity Chromatography

Primary recovery and clarification are the first steps in platform downstream
purification. In large-scale platform manufacturing processes, clarification generally
consists of continuous centrifugation followed by depth filtration (Liu et al., 2010).
Centrifugation is used to remove larger cell debris and depth filtration removes
smaller cellular debris and can also provide clearance of host cell DNA, HCP and
virus (Liu et al., 2010). The largely cellulosic depth filtration membranes can remove
impurities via size exclusion, hydrophobic interaction, or electrostatics (Liu et al.,
2010). Charged depth filters are used for removing endotoxin and host cell DNA
(Gerba and Hou, 1985). HCP impurity populations are highly dependent on
clarification processes (Hogwood et al., 2012). Although primary recovery and
clarification have been shown to influence HCP clearance, they are not studied here.

The cornerstone of mAb platform purification processes is protein A affinity
chromatography. The high binding capacity, specificity and impurity clearance of
protein A affinity chromatography allows for platform processing to accommodate
most mAbs. The protein A ligand has been shown to bind the Fc domain of different
IgG molecules. Crystallographic studies have determined the interaction to include
residues in both the CH, and CH; domains on the Fc. The interaction between the
ligand and the Fc involves 1,234 A? of solvent-accessible surface area and is primarily
hydrophobic. The crystal structure of the mAb-ligand complex is shown in Figure 1.4
(Deisenhofer, 1981).



This highly specific and strong interaction has made protein A affinity
chromatography the most effective capture step for most mAb platforms. Additionally,
the high flow rate, high binding capacities between pH 6.0 and 8.0 and up to 20
mS/cm conductivity (25-50 mg/mL in many cases) allow for washes to remove many
different impurities (Ghose et al., 2007; Swinnen et al., 2007; Zou et al., 2010). The
disadvantage of protein A as a capture step is the considerable cost and limited
lifespan of protein A resin. One of the most commonly used protein A resins,
MabSelect SuRe, has a dynamic binding capacity of 35 mg/mL human IgG at a
residence time of 2.4 min, according to the manufacturer (GE Healthcare). The cost of
the resin is on the order of $5,000 per 200 mL resin. Typically protein A columns are

limited to approximately 200 cycles.

Figure 1.4: Crystal structure of human Fc domain (yellow) and fragment B of protein
A ligand (orange) (PDB ID: 1FC2) (Deisenhofer, 1981).



The cell culture supernatant can be directly loaded onto the protein A column
after clarification processes. The majority of host cell DNA (~99.9%) is usually
removed in protein A processing (Tugcu et al., 2007), HCP can be removed to around
100-500 ppm in most cases (Tarrant et al., 2012), viral clearance of 2.5-5 logo
reduction value (LRV) is common (Miesegaes et al., 2010) and product yields are
typically between 95 and 100% (Tugcu et al., 2007). Following loading, the column is
re-equilibrated with loading buffer. Column washes designed to provide additional
clearance of specific impurities such as HCP or host cell DNA can then be applied to
the column (Shukla and Hinckley, 2008). This is followed by lowering the pH to ~3 to
elute the mAb product. Most processes take advantage of the low pH elution and
perform a viral inactivation — low pH hold for ~1 hour — that provides considerable
viral reduction (Marichal-Gallardo and Alvarez, 2012).

Another drawback to protein A purification is the low-pH elution. MAbs are
often not as stable at the elution pH and aggregation at this step can be significant.
Numerous studies have characterized mAb aggregation at pH lower than 4.0 (Arosio
et al., 2011; Hari et al., 2010; Shukla et al., 2007a). The aggregates formed due to the
low pH must be removed in subsequent steps.

Although protein A chromatography is costly, the high binding capacity,
specificity, impurity clearance and high yield for almost all mAb products make
protein A difficult to replace. The work completed in Chapter 3 is focused on better
understanding the process and improving it, rather than replacing it with an alternative

capture step.
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1.3.3 Chromatographic Polishing

After protein A capture and viral inactivation there are usually 1-3 additional
‘polishing’ steps in the downstream platform process. These steps are non-affinity
chromatographic operations. The goal of polishing steps is to remove trace impurities
that remain after protein A capture. Trace impurities include HCP, host cell DNA,
product molecule fragments and aggregates, virus, and leached protein A ligand.
Three of the more commonly implemented chromatographic modes are studied in this

work and are introduced further below.

1.3.3.1 Ion-Exchange Chromatography

Ion-exchange chromatography has two major applications in platform
purification of mAbs; depending on the operating conditions, ion-exchange columns
are used as a flow-through step or a bind-and-elute step. In most mAb processes,
anion-exchange (AEX) columns are operated at neutral pH in flow-through mode.
Most mAbs are slightly basic and will not bind to the AEX resin at these conditions.
The flow-through AEX step usually directly follows the low-pH viral inactivation.
The main purpose of this step is viral clearance — about half of all existing viral
clearance studies are for flow-through AEX steps. Flow-through AEX processes have
been shown consistently to reduce model virus by about 5 LRV (Miesegaes et al.,
2012; Miesegaes et al., 2010). AEX has also been shown to remove host cell DNA by
1 to 2 LRV (Weaver et al., 2013) and HCP from around 100 to 10 ppm, depending on
process conditions (Wang et al., 2007).

Cation-exchange chromatography (CEX) is also commonly used as a polishing
step. Most often, CEX is run at an acidic pH and the highly positively-charged mAb

will bind to the column. Dynamic binding capacities vary from mAb to mAb and resin
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to resin, but they are often between 40 and 70 mg/mL (Fogle et al., 2012). A salt
gradient or a pH gradient is used to elute the mAb. CEX bind-and-elute is usually used
for mAb aggregate and fragment clearance, although it does provide clearance of
additional impurities. To achieve appropriate final aggregate levels, yields are often
between 70 and 85% (Fogle and Persson, 2012). Certain model retroviruses can also
be removed by CEX polishing (Connell-Crowley et al., 2011). Due to the required
high-salt elution, the product pool often requires desalting before subsequent

processing.

1.3.3.2 Hydrophobic Interaction Chromatography

Hydrophobic interaction chromatography (HIC) is another common polishing
process, primarily used for removing product aggregate and fragments. HIC columns
are usually operated in bind-and-elute mode. High salt concentrations are necessary
during loading to promote mAb binding to the hydrophobic ligand. Ammonium
sulfate or sodium chloride at concentrations between 1 and 2 M are common for
loading and generally achieve binding between 10 and 20 mg/mL (Chen et al., 2008).
Gradient elution is then performed with a gradient down to 0 M salt. HIC processes
have been demonstrated to remove HCP, high and low molecular weight impurities,
and leached protein A ligand (Chen et al., 2008; Hunter et al., 2009).

While HIC processes offer good selectivity, the binding capacities are lower
than for most other resins. The high salt concentrations necessary for loading can

present difficulties with phase behavior and high viscosities as well.
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1.3.3.3 Multimodal Chromatography

Multimodal chromatographic (MMC) ligands have more than one interaction
mechanism. Frequently they have both ion-exchange and HIC characteristics
(Kallberg et al., 2012). MMC has been suggested as an alternative capture step due to
favorable selectivity, less harsh elution compared to protein A affinity
chromatography, better resin lifetime and lower cost of materials (Toueille et al.,
2011). One additional advantage over protein A capture is the aggregate removal
capability of MMC resins (Toueille et al., 2011). The CEX-MMC resin, Capto MMC,
is reported to have mAb binding capacities of 60-90 mg/mL (GE Healthcare). MMC
processing has been shown to reduce HCP by 25-50% while maintaining reasonable

product yield (Wolfe et al., 2014).

1.4 Formulation

Following mAb purification processes, the final drug substance must be
formulated for storage and administration to patients. Most mAb therapeutics require
large dosages because they must be administered in stoichiometric quantities; dosages
can frequently be as high as 1 gram. MAD therapeutics delivered as infusions are
formulated between 1-10 mg/mL; mAbs delivered as subcutaneous injections are
usually in excess of 50 mg/mL (Daugherty and Mrsny, 2006). In either case, the final
formulation must be sufficiently pure, stable and safe for injection. The biggest
concerns for product stability are aggregate formation and denaturation (Manning et
al., 2010; Wang et al., 2006). The high concentrations of mAb can add to the difficulty
of developing stable formulations (Shire et al., 2004).

The majority of FDA-approved mAb therapeutics are formulated in phosphate,

histidine or acetate buffer between pH 5.0 and 7.0 with a variety of excipients and

13



surfactants (Daugherty and Mrsny, 2006; Wang et al., 2006). Surfactants are the most
common additive to mAb formulations and serve to prevent aggregation (Kiese et al.,
2008). Polysorbate 20 and 80 are two of the most frequently-used surfactants in
formulations, largely due to the low concentrations needed and low toxicity. The
addition of polysorbates reduces aggregation due to shaking and agitation of mAb
solutions (Wang et al., 2008). Although the mechanism of polysorbate protection of
mAbs is not completely understood, it has been theorized that polysorbate competes
with mAb for adsorption to air-liquid and glass-liquid interfaces and thus prevents
surface-induced denaturation and aggregation. It has also been theorized that
surfactants interact with hydrophobic patches on mAb product molecules and thus

prevent mAb-mAb interactions that lead to aggregation (Mahler et al., 2005).

1.5 Host Cell Protein Impurities

HCP impurities are a class of impurities that must be removed from all cell-
derived protein therapeutics. The FDA does not specify a maximum level of HCP
content; HCP levels must be consistent and well-characterized from batch to batch
(FDA, 1999). CHO cell culture supernatant contains a complex population of HCPs,
the majority of which are slightly acidic. A two-dimensional gel in Figure 1.4 shows
the total population of CHO HCP in a serum-free suspension culture. The majority of
species are in the upper left quadrant, indicating relatively high molecular weight and
acidic isoelectric point.

This complex mixture of HCP impurities enters the downstream purification
process and must be reduced to low levels due to regulatory concerns. Typically HCP
concentrations are reduced to 1-100 ppm for final product formulations (Champion et

al., 2005). One of the primary concerns is the possibility of HCP impurities causing
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antigenic effects in human patients (Singh et al., 2012). All products will have trace
HCP levels, although the levels may be below the level of detection. It is impossible to
predict the human response to trace HCP impurities, but it is hypothesized that the
more dissimilar to human proteins, the more likely an impurity is to elicit an immune
response in humans (Wang et al., 2009). While it is uncommon, two clinical trials
were recently canceled due to anti-CHO responses in human patients (Gutiérrez et al.,
2012). In addition to adverse health of the patient, HCP contaminants with enzymatic
activity can potentially harm product quality as well (Gao et al., 2010; Robert et al.,
2009).

Figure 1.4: Two-dimensional gel of CHO HCP from serum-free null CHO cell culture.
The majority of impurities are high molecular weight and slightly acidic.
Gel parameters: 3-10 NL IPG strips, 12% Tris polyacrylamide gel,
stained with Sypro Ruby.
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1.6 Proteomics in Bioprocessing

Most downstream purification processes for recombinant protein therapeutics
use enzyme-linked immunosorbent assays (ELISA) to monitor the HCP content of
process intermediates and final purified product. There are inherent difficulties with
measuring HCP content in mAb process intermediates. Generally the mAb product
concentration in these solutions is between 1 and 100 mg/mL. The HCP concentration
is orders of magnitude lower and the specific HCP species present are unknown.
ELISA measurements rely on a polyclonal antibody mixture raised against null HCP
(Tscheliessnig et al., 2013). It is likely that some HCP impurities did not elicit an
immune response and are not detected by the polyclonal primary antibodies. It is also
possible that some HCP impurities are detected by multiple antibodies, thus showing a
larger-than-accurate signal. There is some evidence supporting the use of ELISAs for
multiple cell lines, as very few detectible changes in protein populations between
different CHO lines have been detected (Krawitz et al., 2006). However, if different
ELISA kits are used to measure the HCP concentration in a single sample, there is
significant variability. A side-by-side comparison of four ELISAs showed how
unrealistic a generic ELISA is and casts doubt on the accuracy of ELISA-based HCP
measurements (Schwertner and Kirchner, 2010).

Clearly the information gathered from an ELISA is limited, but it is a quick
and relatively inexpensive HCP detection method. HCP thresholds based on total
concentrations are not informative. There is a realistic possibility that antigenic
impurities, harmful to human patients, are undetected by ELISA. A possibility also
exists that significant cost and development time is spent lowering HCP
concentrations for impurities that are being over-detected or have no harmful effects

on human patients.
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With proteomic analysis methods such as two-dimensional gel electrophoresis
(2-DE) and mass spectrometry, considerably more detailed information can be
ascertained regarding HCP impurities. Two-dimensional gel electrophoresis has been
used for identification of HCP species in bioprocessing (Grzeskowiak et al., 2009;
Hogwood et al., 2012; Levy et al., 2013) and sample preparation methods for CHO
samples have been optimized (Valente et al., 2012). Doneanu et al. used LC/LC/MS to
identify and quantify HCP impurities in the product fraction of a protein A affinity
purification (Doneanu et al., 2012). A modified approach has been developed in which
polyclonal antibodies for ELISA are immobilized onto a chromatographic resin. The
immobilized polyclonal antibody column is then used to collect enriched HCP samples
after each mAb purification step, followed by mass spectrometry analysis of the
enriched sample (Bomans et al., 2013). A similar approach used a protein A affinity
column to deplete product molecules and identify HCP impurities at low
concentrations by LC/MS (Thompson et al., 2014).

The sensitivity of LC/LC/MS for reliable identification and quantification of
individual HCP was determined to be approximately 13 ppm for individual proteins.
This was accomplished by spiking known quantities of impurities into samples. The
LC/LC/MS method developed was then used to identify the 20 most abundant HCP
impurities in an E. coli-derived Fc-fusion formulation (Schenauer et al., 2012). It has
recently been suggested that capillary isoelectric focusing can be coupled to high-
resolution mass spectrometry in order to identify HCP populations in mAb
bioprocessing as well (Zhu et al., 2012). Overall, the available technology for
identifying HCP impurities has advanced rapidly and allows for valuable information

in process development.
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1.7 Phase Behavior

Protein salting-out has a number of applications and consequences in mAb
processing. Previously, purification steps have been designed that take advantage of
protein salting-out in which the protein of interest is selectively precipitated from a
more complex mixture (Chick and Martin, 1913; Cohn et al., 1946; Judge et al., 1995).
Also, as discussed above, HIC processes are used in mAb purification to remove mAb
aggregates and other trace impurities. Most of these operations require high
concentrations of ammonium sulfate or sodium chloride (Chen et al., 2008;
Kramarczyk et al., 2008) and precipitation would be detrimental to the process.
Finally, in many cases crystallization is utilized to perform structural analysis of mAb
products. Obtaining diffraction-quality crystals is often difficult, as it requires finding
solution conditions conducive to forming an ordered solid phase rather than an
amorphous solid phase (McPherson, 2004). Slightly acidic solutions of ammonium
sulfate and polymer have resulted in mAb crystals (Harris et al., 1995; Roussel, 1999).
Generally, protein concentrations a few percent lower than those that result in
amorphous precipitate, or instantaneous phase separation, are conducive to crystal
growth (McPherson, 1982). Thus identifying the location of instantaneous phase
separation boundaries can assist in developing crystallization experiments.
Instantaneous phase separation is also described as rapid demixing or spinodal
decomposition (Dumetz et al., 2008b). Nucleation-dependent phase separations such
as crystallization or liquid-liquid phase separation can be observed at lower salt or
protein concentrations and longer incubation times (Feher and Kam, 1984; Galkin and

Vekilov, 2001; Sear, 1999; Shih et al., 1992).
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1.8 Protein-Protein Interactions

Previous work has shown a clear correlation of protein-protein interactions for
model proteins (Dumetz et al., 2008b; Dumetz et al., 2008c; Tessier et al., 2002b;
Tessier et al., 2004a) as well as mAbs (Lewus et al., 2011) with phase behavior. It is
expected that net attractive interactions lead to the formation of a protein-rich dense
phase. Previously it has been theorized that for globular proteins the relative strength
of attraction can lead to different forms of phase behavior such as ordered crystals —
for more moderately attractive proteins — or amorphous dense phases for highly
attractive interactions (George and Wilson, 1994). The proposed range of moderately
attractive protein-protein interactions that lead to high-quality crystals is termed the
‘crystallization slot’ (George and Wilson, 1994).

Proteins are highly anisotropic molecules; despite the anisotropy, protein-
protein interactions are represented here as second osmotic virial coefficients (B2,
values). By, appears in the virial expansion for osmotic pressure (McQuarrie, 2000),

which has the form:

I 2
ﬁ:C-I_BZZC + -

where I is the osmotic pressure, T is temperature, ¢ is protein concentration and k is
Boltzmann’s constant. By, represents solution non-ideality due to two-body protein-
protein interactions in solution and is related to molecular interactions via a
Boltzmann-weighted average over all possible configurations. Osmotic pressure and
B2, have been used historically for the study of various protein properties (Adams et
al., 1978; Kupke, 1960).

The conditions studied here — high salt concentrations for crystallization,

precipitation or HIC processes — have sufficiently high salt concentrations that long-
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range electrostatics are screened out. The protein-protein interactions studied in the
present work are ‘salting-out’ interactions. Different salts have different propensities
for promoting protein-protein interactions, characterized by the Hofmeister series
(Hofmeister, 1888; Kunz et al., 2004). It has been hypothesized that kosmotropic salts
interact strongly with water, resulting in structured water molecules around salt ions
and desolvation of protein molecules, whereas chaotropic salts tend to break the
structure of water and increase protein solvation (Curtis et al., 2000).

Protein-protein and protein-salt interactions in solution are complex and have
many contributing factors. In this work, the primary concern is two-body protein-
protein interaction strengths in different solution environments. For protein self-
interactions at high salt concentrations, short-range interactions dominate (Curtis et al.,
1998; Elcock and McCammon, 2001), which depend highly on protein geometry (Neal
et al., 1998).
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Chapter 2

MATERIALS AND METHODS

This chapter describes materials and methods used throughout the thesis. A
large portion of the materials, including the mAbs and buffer solutions, are used in
multiple chapters. Many of the methods described here, such as protein-protein
interactions (Section 2.8) and HCP cross-interaction chromatography, are common to

multiple chapters, while some methods are used only in single chapters.

2.1 Materials and Solutions

Ammonium sulfate (A2939), lithium sulfate (L6375), bis-tris (B7535),
glutaraldehyde (G5882), ethanolamine (E9508), L-histidine (H8000) and EDTA
(E9884) were purchased from Sigma (St. Louis, MO). Tris HCI (BP153), sodium
phosphate (7558), calcium chloride (C70), L-arginine (BP370), sodium chloride
(S271), sodium acetate (S209), MES (172595000), ANS (82-76-8), guanidine HCI
(50-01-1), polysorbate 20 (Tween® 20, BP337), and polysorbate 80 (Tween® 80,
BP338) were purchased from Fisher (Pittsburgh, PA). 9-Anthryldiazomethane
(ADAM) was purchase from Setareh Biotech, LLC (Eugene, OR). EnzyChrom™ Free
Fatty Acid Assay Kit was purchased from BioAssay Systems (Hayward, CA).

Solutions were made using DI water further purified using an EMD Millipore
Milli-Q ® system (Billerica, MA) and pH-adjusted using small amounts of

concentrated sodium hydroxide or hydrochloric acid solutions. Unless otherwise noted
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the pH was maintained at 7.0 by 10 mM sodium phosphate, at 6.0 by 10 mM MES, or
at 5.0 by 10 mM sodium acetate.

IDEC-151, an IgG4, and IDEC-152, an IgG1, were donated by Biogen Idec
(San Diego, CA); both are human antibodies with variable regions derived from
primates. IDEC-151 was delivered lyophilized and was rehydrated to a concentration
of 69 mg/mL, and IDEC-152 was delivered in formulation buffer at 49 mg/mL. MAbs
A, B and C are IgGls that were donated by Genentech (South San Francisco, CA).
They have theoretically calculated pIs of 9.25, 7.85 and 9.35, respectively, and were
delivered in formulation buffers at 3.2, 22 and 100 mg/mL, respectively. MAbs D and
D, provided by Amgen Inc. (Seattle, WA), are closely related IgG2s that differ only
in that two Arg residues near the CDRs of mAb D are mutated to an Ala and a Thr in
mADb Dy These two mAbs were provided in formulation buffer at 150 and 32.2
mg/mL, respectively. Finally, Mill04 (EMD Millipore, Bedford, MA) is an [gG1-x
that was provided in buffer at 60 mg/mL.

The purity of each mAb was checked by gel electrophoresis and all were used
without further purification. Buffer exchanges were carried out in Slide-A-Lyzer
cassettes (66810, 66380) from Pierce Biotechnology (Rockford, IL) or in Fisherbrand
regenerated cellulose 6,000-8,000 nMWCO dialysis tubing by dialyzing three times
against the final buffer for at least 4 hours each at 4 + 1°C. Solutions were
concentrated using Amicon ® ultracentrifugal filter units (UFC8-030-96) from EMD
Millipore. All centrifugal protein concentration procedures were run in an Eppendorf
Centrifuge 58 10R. Protein concentrations were determined from UV absorbance at
280 nm, measured using a Perkin-Elmer Lambda 4B spectrophotometer or a Thermo

Scientific NanoDrop 2000 spectrometer. The extinction coefficients of the mAbs used
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were provided by the manufacturers or calculated from dilution curves of solutions of

known concentration and are listed in Table 2.1.

Table 2.1: Extinction coefficients of available mAbs.

Molecule ID ¢ (mL mg 'em™)

MADb A 1.16
MADb B 1.73
MADb C 1.57
MAb D 1.47
MAD Dy, 1.47
IDEC-151 1.86
IDEC-152 1.61
Mill04 1.53

2.2 Instantaneous Phase Boundaries

Instantaneous phase boundaries were determined using a batch method. First, a
protein stock solution was prepared by buffer-exchanging the mAb of interest into a
buffer solution, containing only buffering salts, at the desired pH. The triple buffer-
exchanged protein solution was then concentrated using Amicon ultracentrifugal
filters and the final protein concentration was measured by absorbance at 280 nm. A
corresponding high-salt buffer solution was prepared containing the same buffering
salt, the same pH and 2 M ammonium sulfate or lithium sulfate.

To determine the location of the instantaneous phase boundary, the three
solutions described above were mixed in small batch experiments to a total volume of
20 pL. For a given final salt concentration, the boundary was determined by preparing
a series of solutions differing in final mAb concentration. The protein stock solution
was always added last to avoid high local salt concentration effects. Upon addition of
the protein stock solution, the solution was aspirated and monitored closely. If the

solution was clear after aspiration, the next batch was prepared at a slightly higher
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protein concentration. If the solution was cloudy after mixing, the subsequent batch
was at a slightly lower protein concentration. The instantaneous boundary for each salt
concentration was located between protein concentrations with and without phase
separation. This procedure was carried out at decreasing salt concentrations until
phase separation could not be observed. For all instantaneous phase boundary plots,
the error bars represent the solution composition of the experimental conditions on

either side of the boundary.

2.3 ANS Fluorescence

ANS fluorescence was used to shed light on the driving forces of mAb self-
association at high salt concentrations. The methods used were adapted from previous
work on mAb aggregation pathways (Kayser et al., 2011; Rubin et al., 2012). 8-
anilino-1-naphthalenesulfonic acid (ANS) ammonium salt was purchased from Sigma.
ANS stock solutions were made at 1 mM in ultrapure water and were sterile-filtered
before use.

Experiments were carried out in white opaque polystyrene 96-well plates
(Pierce, Rockford, IL). Each well was filled with 200 pL of solution. All solutions
contained an identical concentration of ANS (60 uM) and an identical concentration of
mAb (1 mg/mL) with varying salt concentrations. Each trial was run in triplicate. The
background fluorescence for each salt concentration was obtained from an identical
solution (salt, ANS, pH) without mAb. The fluorescence was measured in a Synergy2
Microplate Spectrometer/Fluorimeter (Biotek, Winooski, VT) with an excitation
wavelength of 360 nm and an emission wavelength of 460 nm. Fluorescence

measurements were made immediately following solution preparation.
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2.4 Oligomerization Measurements
The tendency of different mAbs to form soluble oligomers was determined

using two methods: dynamic light scattering and analytical ultracentrifugation.

2.4.1 Dynamic Light Scattering

Methods for dynamic light scattering (DLS) were adapted from those
previously used (Lewus, 2011). All mAb solutions were buffer-exchanged to the
appropriate pH with no additional salt. MAb solutions were then mixed with low-salt
buffer and high-salt buffer to obtain the appropriate salt concentration (NaCl,
ammonium sulfate or lithium sulfate) and mAb concentration (5 mg/mL). The mAb
solutions were then sterile-filtered into light-scattering vials.

Light-scattering vials purchased from Fisher (Pittsburgh, PA) were prepared by
soaking in NOCHROMIX® (Godax Laboratories, Cabin John, MD) solution for at
least 1 hour, followed by rinsing and soaking in ultrapure water for another hour. The
vials were then rinsed at least 5 times, covered with Teflon tape and dried overnight in
a vacuum oven.

DLS measurements were taken using identical methods to those described
previously (Lewus, 2011). Measurements were made with a Lexel Laser Inc. helium-
neon laser operating at 100-200 mV coupled with a Brookhaven Instruments
Corporation goniometer, detector and correlator. Analysis was performed using
Brookhaven Instruments Corporation dynamic light scattering software 3.34. The
samples were all run at 25 °C and the viscosity was assumed to be the solvent
viscosity. The average hydrodynamic diameter was taken from a quadratic fit of the
intensity autocorrelation function collected over 2 minutes. Samples were all run in

duplicate.
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2.4.2 Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) was performed using a Beckman Coulter
ProteomeLab XL-I analytical ultracentrifuge equipped with a 4-hole An-60 Ti rotor,
controlled by the accompanying data analysis software. AUC methods were adapted
from those in previous work (Lewus, 2011). Experiments with different mAbs were
performed at 40,000 rpm for at least 10 hours at 25 °C. Interference rather than
absorbance was used for measuring concentration profiles, as the initial mAb
concentrations were held constant at 5 mg/mL. 400 puL of sample and 400 pL of
solvent were loaded into 2-channel centerpieces with sapphire windows. All protein
solutions were prepared using the same methods as those described for DLS.

Post-run analysis was performed using SEDFIT version 12.52 to determine a
continuous distribution of sedimentation coefficients (continuous ¢(S) model) (Brown
and Schuck, 2006). The continuous distribution of sedimentation coefficients was fit
for appropriate ranges of sedimentation coefficients for each mAb while using the
frictional ratio and meniscus position as adjustable parameters. The density and
viscosity of all solvents were interpolated from values in International Critical Tables
(Washburn, 1926) and the partial specific volume for all fits was measured for IDEC-
152 and reported previously as 0.697 mL/g (Lewus, 2011). This was used for all mAbs
as material was not available in large quantities and differences from mAb to mAb are
expected to be small. Reported sedimentation coefficients were normalized to standard

conditions of 20 °C in water.

2.5 Fragment Generation and Purification
Fab and Fc fragments were generated using immobilized papain from Pierce

Biotechnology (Rockford, IL). IDEC-152 was digested using immobilized papain for
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6 hours at 37 °C. MAbs B, C and Mill04 were digested overnight at 37 °C. Fragments
were purified first using protein A affinity chromatography; the flow-through, which
contained pure Fab fragments, was collected. The low-pH eluate was collected and
buffer-exchanged into the appropriate loading buffer for the second column using
Amicon® ultracentrifugal filter units (10 kDa nMWCO). The buffer-exchanged eluate
was then injected into a 1 mL AP-Minicolumn packed with AEX or CEX resin,
washed with 15 column volumes (CVs) of loading buffer and eluted using a linear salt
gradient to separate Fc fragments from undigested mAb. The conditions used in the
second column for each mAb are shown in Table 2.2 and chromatograms are in
Appendix C. Each Fc fragment had different chromatographic properties. To achieve
adequate separation of Fc domains from undigested mAb, different resins and process

conditions were used.

Table 2.2: Fc purification methods for papain-digested mAbs.

Molecule Resin Operating pH Gradient

MAb B SP Sepharose FF' 45 0-500 mM NaCl, 25 CV
MAb C SP Sepharose FF' 45 0-1 M NaCl, 20 CV
IDEC-152 Toyopearl QAE 550° 8.5 0-400 mM NaCl, 15 CV
Mill04 Toyopearl SP 650S> 5.5 0-500 mM NacCl, 20 CV

1: Resin from GE Healthcare (Piscataway, NJ)
2: Resins from Tosoh Bioscience (King of Prussia, PA)

2.6 Cell Culture

A null CHO-K1 cell line (ATCC, Manassas, VA) was adapted to adherent
serum-free growth in SFM4CHO-A media (Hyclone Laboratories Inc., Logan, UT), as
described previously (Kumar et al., 2008). Cultures were seeded at 5 -10* cells/mL in

T-75 culture flasks and incubated for 3 — 4 days in a 37 °C cell culture incubator with
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5% CO, and 80% relative humidity until the final cell density reached 1 - 10° cells/mL
at 97 — 99% viability.

CHO cells were adapted to suspension culture in 125 mL shake flasks
containing SFM4CHO suspension media (Hyclone Laboratories Inc.) to source HCP
for Fc fragment experiments and HCP retention experiments (Chapter 4). The
extracellular CHO HCPs were harvested by decanting the cell supernatant, removing
the residual cells by centrifugation (180 g, 5 min), and stored at -20 °C until further
use.

CHO cell culture supernatant was buffer-exchanged into protein A loading
buffer using Slide-A-Lyzer cassettes from Pierce Biotechnology (Rockford, IL) by
dialyzing three times against the final buffer for at least 4 hours each at 4 °C. The
supernatant was then concentrated using Amicon® ultracentrifugal filter units (10 kDa
nMWCO) from EMD Millipore (Bedford, MA) and was filtered using Millex 0.22 um

syringe filters from EMD Millipore.

2.7 Protein A Affinity Purification of MAbs

A series of protein A affinity chromatography purifications were completed to
determine the total amount of HCP that associates with various mAbs. The
investigation was performed similarly to previous work (Shukla and Hinckley, 2008;
Tarrant et al., 2012), but excluding the use of ELISA. An AP-Minicolumn (5 mm i.d.)
was packed with approximately 1 mL of rProtein A Sepharose Fast Flow resin from
GE Healthcare (Piscataway, NJ) according to the manufacturer's specifications. Three
different 10 mL solutions were prepared for loading. The first mixture consisted of
CHO supernatant that was buffer-exchanged into protein A loading buffer (20 mM

sodium phosphate, 150 mM NaCl, pH 7.4). The second mixture contained an equal
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volume of buffer-exchanged supernatant that was spiked with purified mAb to a final
concentration of 1.5 mg/mL and equilibrated overnight. The third mixture contained
only buffer and 1.5 mg/mL mAb as the spiked sample. The mAb concentration was
chosen to simulate typical primary capture conditions (Butler and Meneses-Acosta,
2012; De Jesus and Wurm, 2011; Lim et al., 2010).

Identical purification procedures were followed for these three solutions, using
an AKTA Purifier 900 using Unicorn 5.11 software (GE Healthcare, Piscataway, NJ).
The sample was loaded onto the prepared protein A column using the sample pump,
followed by a five column-volume wash and elution in low-pH buffer. The entire low-
pH eluate was collected for all protein A affinity purifications to represent the product
fraction. Product fractions from the three purifications were analyzed using a BCA
assay (Pierce Biotechnology, Rockford, IL) to determine total protein concentrations.
Each chromatographic experiment was run in triplicate. The known amount of mAb
and the protein contribution from the HCP-only sample were subtracted from the
results for the spiked sample to determine the total amount of HCP in the product

fraction due to product association.

2.8 Protein-Protein Interactions

Interactions of mAbs and mAb fragments were measured by self-interaction
chromatography (SIC) and cross-interaction chromatography (CIC) (Lewus et al.,
2011; Tessier et al., 2004a; Tessier et al., 2004b). For these measurements, the
relevant mAbs or mAb fragments were immobilized separately onto Toyopearl AF-
Amino-650 chromatographic particles (Tosoh Bioscience, King of Prussia, PA) using
glutaraldehyde chemistry as previously described (Lewus et al., 2011). The

immobilization density was measured using a Micro BCA™ Protein Assay Kit (Pierce
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Biotechnology, Rockford, IL). Resin carrying the immobilized mAb or fragment was
flow-packed into a I mL. AP-Minicolumn at a flowrate of 2 mL/min water for 1 hour.
The packing quality was verified by measuring the asymmetry using an acetone pulse.
Asymmetry between 0.9 and 1.3 was considered acceptable.

Self-interaction chromatography (SIC) was used to determine the second
osmotic virial coefficient (B,,). This method has previously been shown to provide
results that agree in general with those obtained using other methods of measuring By,
(Ahamed et al., 2005; Tessier et al., 2002a; Valente et al., 2005). The procedures used
for SIC measurements on mAbs are described in detail elsewhere (Lewus et al., 2011).
Isocratic retention of the injected sample was measured in the immobilized protein
column and a blank column. A volume of 100-200 puL with a mAb concentration of 1-
5 mg/mL was injected using an Akta A900 Autosampler (GE Healthcare) at a constant
flow rate of 0.1 mL/min. The retention factor k’ was calculated as

Ve = Vo

k' =
Vo

where Vy is the retention volume in the immobilized-protein column and

Vo = Vs 377 = Vimmob
a
where V, , V, and V, are the retention volumes of mobile-phase protein in the blank
column, acetone in the blank column and acetone in the immobilized-protein column,
respectively. Vimmob 1S the total volume of immobilized protein. B,, was calculated
using
k'

By, = Bys ——

psd

30



where Bys is the hard-sphere contribution to B,,, based on the sphere of equivalent
volume to the mAb, ¢ is the surface area accessible to mobile phase proteins,
estimated by extrapolating from previous results (DePhillips and Lenhoff, 2000), and
ps is the surface density of the immobilized protein (Tessier et al., 2002b).
Cross-interaction chromatography (CIC) (Cheng et al., 2008; Teske et al.,
2004; Tessier et al., 2004a; Tessier et al., 2004b) was used to measure osmotic second
virial cross-coefficients (B;3) of various mAb fragments as well as interactions of
insulin and lipoprotein lipase with different mAbs. CIC methods and calculations are
almost identical to those for SIC, except that two different proteins are used in the

mobile and stationary phases.

2.9 HCP-MAbD CIC

Cross-interaction chromatography (CIC) (Cheng et al., 2008; Teske et al.,
2004; Tessier et al., 2004a; Tessier et al., 2004b) was used to probe the interactions of
a complex mixture of HCP with a single mAb. It was also used to measure osmotic
second virial cross-coefficients (B,3) of insulin with immobilized mAbs and mAb
fragments.

HCPs were prepared for CIC by concentrating them in Amicon® centrifugal
ultrafiltration filters, 10 kDa nMWCO, to 100 times the original concentration,
followed by buffer exchange into protein A loading buffer (Section 2.7). Adherent
CHO cell culture supernatant was used for all CIC work except that for CIC with Fc
fragment, for which suspension cell culture supernatant was used. A 200 pL injection
into the immobilized mAb column was followed by a 10 mL isocratic elution at the

solution conditions being tested. The procedure was terminated with a high-salt
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elution (2 M NaCl) and a low-pH (pH 3.0) elution to remove any HCP impurities very

strongly bound to the immobilized mAb.

2.10 Proteomic Methods

Proteomic analysis was performed using two-dimensional electrophoresis (2-
DE) and/or mass spectrometry (MS). Various fractions from CIC experiments were
analyzed using 2-DE and the HCP populations of these fractions were compared to the

total HCP that was injected into the immobilized mAb column.

2.10.1 Sample Preparation

Approximately 1 mg of each CHO HCP-containing sample was precipitated
using trichloroacetic acid (TCA) on ice for a minimum of 1 hour, followed by
centrifugation (14,000 g for 5 minutes) and two acetone (Fisher Scientific, Fair Lawn,
NJ) wash-centrifugation cycles (14,000 g for 5 minutes). The protein pellet was dried

under argon.

2.10.2 Two-Dimensional Gel Electrophoresis (2-DE)

2-DE was performed as described previously (Valente et al., 2012). Materials
and equipment were obtained from Bio-Rad Laboratories (Hercules, CA) unless
otherwise specified. Briefly, precipitated proteins were resolubilized in rehydration
solution (8 mM tris, 8 M urea, 30 mM DTT, 2% CHAPS (Sigma-Aldrich Chemical
Co.), 0.4% BioLytes, and trace bromophenol blue), which was used to rehydrate 18
cm, pH 3-10 nonlinear Immobiline DryStrips (GE Healthcare). Isoelectric focusing
(IEF) was performed using a PROTEAN IEF Cell for 100,000 Vh, after which IEF
gels were sequentially equilibrated with DTT and iodoacetamide (Sigma-Aldrich

Chemical Co.). SDS-PAGE was performed using 12 %T, 2.6 %C polyacrylamide slab
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gels measuring 18 cm x 16 cm x 1.5 mm. Gels were stained with SYPRO Ruby
(Molecular Probes, Eugene, OR) and imaged on an FLA-3000 Fluorescent Image
Analyzer (Fujifilm Corp., Tokyo, Japan). Gel images were analyzed and compared
using ImageMaster 2D Platinum Software v5.0 (GE Healthcare). Spots were detected
using the auto-detect feature and manually edited to remove artifacts. Spot matching
was manually completed by comparing images of the CIC fractions to those of the
total HCP supernatant that was loaded onto the CIC column. Spots of interest were
either manually excised and stored at -80 °C or compared to a reference gel with

previously identified spots using ImageMaster software.

2.10.3 Mass Spectrometry

Gel plugs containing spots of interest were subjected to in-gel digestion using
trypsin (Promega Corporation, Madison, WI). The resulting peptides were desalted
and concentrated using ZipTips (EMD Millipore) and spotted onto stainless steel
target plates with a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemical Co.)
matrix. Analysis by matrix-assisted laser desorption/ionization tandem time-of-flight
(MALDI-TOF/TOF) MS was performed as described previously (Hayduk et al., 2004)
on an Applied Biosystems 4800 MALDI TOF/TOF Analyzer (Framingham, MA).
Data were acquired in positive ion MS reflector mode and MS/MS, then submitted for
Mascot v2.2 (Matrix Science Ltd., London, UK) database searches through GPS
Explorer software v3.6 (Applied Biosystems). Spectra were searched against
translations of the CHO genome (Xu et al., 2011) and the NCBInr database
(downloaded July 15, 2009), and identifications with 95% confidence or greater were

accepted.
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2.11 Calculation of HCP Parameters

Molecular properties of CHO HCPs were calculated from primary amino acid
sequences. The protein molecular weight was calculated by the addition of average
isotopic masses of amino acids in the primary amino acid sequence; posttranslational
modifications were not considered. The isoelectric point (pl) and protein net charge
were estimated using pK, values of free amino acids, as described previously
(Bjellgvist et al., 1993). The Grand Average of Hydropathy (GRAVY) was calculated
as the sum of hydropathy values for every residue divided by the number of residues
(Kyte and Doolittle, 1982). Calculations were performed on the ExXPASy server
(Gasteiger et al., 2005). The radius of a sphere of equivalent volume for each HCP

was extrapolated from previous results (Neal and Lenhoff, 1995).

2.12 MADb-HCP Interaction Orientation Calculations

To determine highly attractive orientations of HCP impurities and mAbs, a
number of calculations were performed using molecular mechanics methods. The
methodology and code for these calculations was adapted from previous work
(Asthagiri et al., 1999; Neal et al., 1998; Quang et al., 2014) that was designed to
calculated second osmotic virial coefficients by estimating the configurational integral
of the potential of mean force using Monte Carlo methods. In this work, rather than
calculate B,,, the goal was to identify highly attractive orientations of HCPs and
mAbs. The original code was adapted to allow for use of atomic structural data for two
different molecules. The first input was a homology structure of an HCP and the
second was the crystal structure of a human IgG2 Fc domain.

Rather than calculate an average interaction strength, the two proteins were

randomly oriented with respect to each other and placed 100 A apart. As they were
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moved closer to each other the interaction free energy was calculated by ignoring
electrostatics and considering only short-range interactions. Short-range (non-
electrostatic) interactions were based on OPLS parameters (Jorgensen and Tirado-
Rives, 1988). For center-to-center separation distances less than 5 A for a particular
pair of atoms, an atomistic Lennard-Jones potential was used and for larger separation

distances a continuum Lifshitz-Hamaker method was used (Asthagiri et al., 1999).
2.13 Recombinant Lipoprotein Lipase (LPL) Production

2.13.1 E. coli Expression of CHO LPL

The Chinese hamster LPL gene sequence (UniProKB entry G3H6V7) was
synthesized by Life Technologies. The synthesized sequence included Ndel and
BamHI restriction enzyme sites at the 5’ and 3’ ends respectively (Appendix D). To
assist the purification of LPL, a six His tag sequence was also added between the last
codon of LPL and the BamHI site. The vector pMK-RQ, containing LPL, and pET11a
were separately transformed and amplified in NEBSo. competent cells and purified by
QIAGEN QIAprep spin columns. Both pMK-RQ and pET11a were double-digested
by Ndel and BamHI at 37 °C for 3 hours and purified by agarose gel electrophoresis.
The digested LPL sequence and pET11a were extracted from the gel using a QIAGEN
QIAquick kit. LPL was ligated to pET11a using T4 ligase at room temperature for 3
hours and the resulting plasmid was then transformed into NEB5o competent cells and
plated on Amp-LB agar plates. Twelve positive colonies were selected and 5 mL
overnight cultures were grown. The plasmids of twelve clones were purified and
digested using Ndel and BamHI restriction enzymes. Positive clones were confirmed

by agarose gel electrophoresis and all twelve clones had positive bands corresponding
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to the size of the LPL gene sequence. Sequencing of two clones was performed at the
University of Delaware Sequencing and Genotyping Center and both clones were
found to contain perfectly matched sequences as the synthesized LPL gene sequence.
The LPL-containing pET11a plasmid was then transformed into BL21
competent cells in SOC broth and plated on ampicillin. Colonies were selected and
cultures were grown overnight to seed the production culture. Production of
recombinant CHO LPL was done at the 750 mL scale. Induction was commenced at

0.4 OD with the addition of 400 uM IPTG, followed by LPL expression for 3 hours.

2.13.2 LPL Purification

After induction of the production cell line, the cultures were collected and
distributed into 50 mL tubes and centrifuged at 1000 g for 10 minutes to pellet the
cells using an Eppendorf 5810R centrifuge (Hamburg, Germany). The supernatant was
discarded and the cell pellets frozen for future use.

Cell pellets were thawed in lysis buffer — 75 mM tris, 120 mM NaCl, 5 mM
EDTA, pH 7.7 — which also contained protease inhibitors. The cells were lysed in an
M-110L Pneumatic Microfluidizer from Microfluidics (Westwood, MA) at 9000 psi
while being maintained at 5 °C. LPL-containing cells were passed through the
homogenizer for at least 6 full cycles.

Cell lysate, containing LPL inclusion bodies, was then ultracentrifuged in a
Beckman Coulter Optima'™ L-100 XP Ultracentrifuge at 40,000 g for 1 hour in order
to pellet the inclusion bodies. The inclusion bodies were then scraped out of the
centrifuge tube and stored at -20 °C for future use.

The inclusion bodies were solubilized in 6 M guanidine HCI, 300 mM NaCl,

10 mM imidazole, 20 mM sodium phosphate and protease inhibitors at pH 7.4.
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HisPur™ Ni-NTA resin from Thermo Scientific was packed in a 1 mL AP-
Minicolumn and equilibrated using 25 CVs of 6 M guanidine HCI buffer at a flow rate
of 1 mL/min. The solubilized LPL was loaded onto the column at 0.5 mL/min. This
was followed by a 10 CV wash with loading buffer. The LPL was then eluted with 16
CVs of 20 mM sodium phosphate, 300 mM NaCl, 6 M guanidine HCI, 250 mM
imidizole, pH 7.4 at a flow rate of 1 mL/min. The column was then regenerated with
10 CVs of 20 mM MES, 0.1 M NacCl, pH 5.0 followed by 10 CVs ultrapure water and
10 CVs of 20% ethanol.

2.13.3 LPL Refolding

LPL inclusion bodies were recovered after purification and diluted in 6 M
guanidine HCI to a final OD of 0.4. The solubilized protein was then reduced with the
addition of DTT to a final concentration of 15 mM.

A solution of refold buffer was made including 50 mM tris, 600 mM L-
arginine, 2.5 mM calcium chloride and 5 mM cysteine at pH 8.5. The arginine is
intended to prevent aggregation and there is evidence from previous work that calcium
chloride can assist in proper folding of LPL into active dimers (Zhang et al., 2005).

A volume of refolding buffer 50 times larger than the volume of solubilized
inclusion bodies was stirred gently with a magnetic stir bar at 5 °C until the
temperature was equilibrated. The LPL inclusion body solution was then added at ~0.2
mL/min using a peristaltic pump. The nozzle of the pump was submerged in the
refolding buffer. After the addition of LPL was complete, gentle stirring was
continued for 12 hours at constant temperature. To remove small amounts of

precipitate following the refolding step the entire refolding solution was sterile-

filtered.
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2.14 LPL Activity Assay

Measurements of LPL activity against polysorbate 20 and polysorbate 80 were
carried out in various solution conditions. Refolded LPL was buffer-exchanged into
the appropriate buffer prior to the activity assay. The conditions investigated were pH
5.0, pH 6.0 and pH 6.8 and the buffers used were 10 mM sodium acetate, pH 5.0, 10
mM L-histidine, pH 6.0, and 50 mM bis-tris, pH 6.8. Polysorbate 20 or 80 was added
to the buffer-exchanged LPL with a final concentration of 0.23 mM. Some samples
also had either 10 mM calcium chloride or 10 mM sodium chloride. The polysorbate
and LPL solutions were then incubated at 37 °C with constant mixing for 24 hours.

The polysorbate degradation assay was adapted from previous work
(Khossravi et al., 2002) that was designed to measure degraded polysorbate 20 from
pancreatic lipase, but for this work it was also used to detect degradation products of
polysorbate 80.

270 uM ADAM in methanol was added to each sample in a 3:1 ratio of
ADAM solution to sample. The ADAM conjugation was carried out at room
temperature using opaque 1.6 mL Eppendorf tubes with constant mixing for at least 6
hours. Following conjugation the samples were centrifuged at 13,000 g for 6 minutes
(Eppendorf miniSpin centrifuge, Hamburg, Germany) and the supernatant was added
to HPLC sample vials. A Viva C18 150 x 4.6 mm column from Restek (Bellefonte,
PA) was used with a Shimadzu Prominence UFLC (Kyoto, Japan). The mobile phase
was 97% acetonitrile, 3% methanol. Samples were all run in triplicate on the HPLC
with injection volumes of 10 pL and a flow rate of 1 mL/min for 13 minutes per
sample. The absorbance at 254 nm was analyzed for the characteristics peaks of

degraded polysorbate 20, 80 or triglyceride. The EnzyChrom™ Free Fatty Acid Kit
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was used as a secondary method to confirm the results of the HPLC assay described

by directly measuring the release of fatty acid by lipase.

2.15 Yeast Surface Display (YSD) of LPL

Yeast surface display (YSD) was used to measure the interaction of LPL with
different mAbs and mAb fragments. Existing methods were followed (Boder and
Wittrup, 1997; Chao et al., 2006). However, rather than an scFv, CHO LPL was fused
to Aga2p and expressed in yeast cells. As described in the previous methods, there is
an HA tag between the Aga2p and the LPL and a c-Myc tag on the c-terminal end of
LPL. Soluble protein was labeled at a labeling ratio of 1.5 with amine-reactive Alexa
Fluor 647 (Life Technologies, Grand Island, NY) and incubated with the surface
expressing cells for 45 minutes. Flow cytometry was then used to measure the relative
binding of soluble protein to the surface anchored LPL. Controls were run with a non-
immune scFv in place of LPL on the yeast surface. To measure the Kp of LPL-mAb a

titration was completed with increasing concentrations of soluble protein.
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Chapter 3

HOST CELL PROTEIN IMPURITIES IN PROTEIN A AFFINITY
PURIFICATION OF MONOCLONAL ANTIBODIES

3.1 Introduction

Protein A affinity chromatography is the workhorse of mAb platform
purification processes in that it serves as an efficient capture step and removes the
majority of HCP impurities as well as most other impurities. However, not all HCP
impurities are removed by the protein A step, and identification of persistent HCPs in
the protein A step and more importantly the reasons that these particular HCP
impurities are retained can be valuable in future efforts to optimize downstream
process design.

There are two major mechanisms by which HCPs can enter the product
fraction of the protein A affinity step, or any bind-and-elute type of chromatographic
purification. The first mechanism is product association (Luhrs et al., 2009; Shukla
and Hinckley, 2008; Tarrant et al., 2012), which refers to strongly attractive
interactions that certain HCPs have with the mAb product molecule, resulting in
binding to the mAb. The HCP species is then carried through the process in
association with the mAb, both in binding to the protein A or other ligand and in
elution into the product fraction. The second mechanism for HCP retention in a
chromatographic operation is co-elution, which refers to HCP species that bind to
either the chromatographic ligand or the resin backbone and are then eluted into the

product fraction as impurities. A more complete understanding of the relative
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importance of co-elution and product association and identification of HCPs that
follow each of the two mechanisms can provide much-needed mechanistic knowledge
of HCP impurity retention, which can aid in future process synthesis efforts.

The first goal of this chapter is to determine the overall importance of HCP-
mAb product-association in protein A affinity chromatography. The second goal is to
identify specific HCP impurities that associate with mAbs in a typical protein A
process. Overall, this work will provide an improved understanding of HCP impurities

in protein A affinity purification of mAbs.

3.2 Total HCP Product Association

The total HCP content in the product fraction of protein A affinity purifications
with and without mAb spiked into the starting material is shown in Figure 3.1 for three
different mAbs. These results are consistent with those reported by previously (Shukla
and Hinckley, 2008; Sisodiya et al., 2012) as they show an increase in HCP in the
product fraction when a mAb is included; the observed increase in HCP is presumably

due to HCP-mAD association.
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Figure 3.1: HCP content in protein A product fraction for purification of null CHO
supernatant compared to purification of null CHO supernatant spiked
with one of 3 different mAbs (D, Dy, IDEC-152). Error bars represent

chromatography replicates.

These results also demonstrate the variability in total product association with
different mAbs. As shown in Figure 3.1, mAb Dy gives rise to the largest amount of
HCP in the eluate whereas the increase in the presence of mAb D is very small.
Although mAbs D and Dy differ by only 2 charged residues near the CDR, this
relatively minor difference has a very large impact on total product association. This
considerable difference in total associating HCP could be caused by a single abundant
species that binds appreciably more strongly to the mutated molecule or it could be
due to binding of a number of different HCP species. These alternatives are not easily

distinguished because the method used in developing Figure 3.1 indicates only total
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product association as opposed to determining specific HCP species responsible for

the interaction.

A B

-
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Figure 3.2: 2-DE images of product fraction of protein A affinity purification of (A)
mAb D spiked into null CHO supernatant and (B) 2-DE image of only
mAb D.

2-DE was used to monitor HCPs that persist through a typical protein A
affinity purification process and appear in the product fraction. A representative
example (Figure 3.2) compares 2-DE images for product fractions of protein A affinity
purifications of null CHO supernatant spiked with mAb D (Figure 3.2A) and an
equivalent quantity of only mAb D (Figure 3.2B). Given the inherent order-of-
magnitude difference between the HCP and mAb concentrations, the heavy and light
chains of the mAb obstruct most of the gel, hindering the ability to observe HCP

impurities. It is therefore difficult to monitor both the mAb product and HCP
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impurities simultaneously using a method such as 2-DE. Despite this uncertainty and
the low HCP concentrations compared to those of the mAb, the HCP concentration is
still likely unacceptable in terms of final purity. Sypro Ruby has been reported to
detect protein concentrations as low as 0.3-1.0 ng (Tscheliessnig et al., 2013);
however, it has been shown that for in-process samples, where HCP is in the ppm
range, 2-DE is unlikely to provide significant information about HCP populations (Jin

etal., 2010).

3.3 Cross-Interaction Chromatography (CIC): MAb-CHO HCP

Measuring and identifying the complete set of HCP impurities in the product
fraction of protein A affinity purification is informative and has been done previously
for a similar system (Doneanu et al., 2012). However, this previous work did not
provide information about the mechanisms by which specific HCP impurities are
retained in the product fraction. CIC was used here to measure interactions between
CHO HCP and various mAb products, and was coupled to 2-DE and MS to obtain
identities of the specific strongly associating HCP impurities for each mAb.
Procedures for each of the 4 mAbs and the Fc and Fab fragments of Mill04 were run
in duplicate. A typical CIC chromatogram is shown in Figure 3.3. The majority of
HCP content is found in the flow-through fraction, and the column wash yields a

secondary peak containing strongly interacting HCP.
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Figure 3.3: Typical chromatogram from HCP-mAb CIC run. HCP A280 in shown in
black and conductivity in grey. The high-salt and low pH column elution
steps are in the shaded region.

Direct identification of the strongly interacting HCPs was not possible as the
relatively low concentration of HCP in the secondary peak was not sufficient for
detection by 2-DE. In addition, very strongly interacting HCP species may be retained
following elution and not appear in the secondary peak at all. The interacting HCP
impurities were therefore instead identified by comparing 2-DE images of the CIC
flow-through, containing non-interacting HCPs, to those of the CIC feed, containing
all CHO HCPs. Spots that were detected on the feed image and absent from the flow-
through image correspond to HCPs that associate strongly with the mAb being tested
and thus remain in the column during isocratic elution. Missing spots in the flow-
through were determined either by a > 2x decrease in integrated spot volume using

Image Master software or by qualitative changes based on visual inspection. Further
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details can be found in Appendix A. These identified spots are marked on the feed gel
and were either excised for further identification or compared to a reference gel with
previously identified spots, as can be seen in Figures 3.4-3.6. The proteins identified
as strongly associating HCPs are listed for each mAb and the Fab and Fc domains of
Mill04 in Tables 3.1 and 3.2. As noted above, mAbs D and Dy differ by only 2
residues near the CDR, while IDEC-152 and Mill04 are unrelated products. Not
surprisingly, mAbs D and Dy share 9 strongly interacting HCPs but each also has
strong associations with a number of HCPs that do not interact with the other. As was
shown in Figure 3.1, the total amount of HCP association was dramatically changed
by the mutation from mAb D to Dy. Here it can be seen that there is a significant
change in the population of interacting HCP species due to the two-residue mutation.
IDEC-152 and Mill04, which are unrelated products, differ considerably more
with each other and with mAbs D and Dy. However, there were 4 HCP impurities that
associated strongly with all 4 mAbs, and 5 additional species that associated with 3 of
the 4 mAbs tested. These results show a baseline set of HCP impurities that appear to
bind strongly to all mAbs and additional HCPs that bind to smaller subsets of mAbs or
only single mAbs. The smaller subsets may be due to HCPs with high affinity for the
hyper-variable region or different IgG subtypes or specific constructs. The 9 HCP that
bind to at least 3 of the mAbs tested are likely interacting with one of the constant

domains of these mAbs.
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Figure 3.4: Analyzed 2-DE load (left column) and flow-through (right column) gels
for HCP CIC of mAbs D and Dy. Indicated spots on ‘load’ gels are
absent from corresponding flow-through gels and represent strongly
interacting HCPs. Individual spot analysis and larger images are in
Appendix A.1.
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Figure 3.5: Analyzed 2-DE load (left column) and flow-through (right column) gels
for HCP CIC of IDEC-152 and Mill04. Indicated spots on ‘load’ gels are
absent from corresponding flow-through gels and represent strongly

interacting HCPs. Individual spot analysis and larger images are in
Appendix A.1.

48



HCP load CIC flow-through

Millo4 Fab |

Mill04 Fc

Figure 3.6: Analyzed 2-DE load (left column) and flow-through (right column) gels
for HCP CIC of Mill04 Fab and Fc. Indicated spots on ‘load’ gels are
absent from corresponding flow-through gels and represent strongly
interacting HCPs. Individual spot analysis and larger images are in
Appendix A.1.
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Lipoprotein lipase, nidogen-1, heat shock protein, actin and clusterin were all
found in this study to bind to at least 2 mAbs, and they were also previously identified
as HCP impurities found in protein A product fractions for mAb purification
(Doneanu et al., 2012). The results here, using mAbs unrelated to those used by
Doneanu et al., are further evidence that this group of HCP binds to one of the
constant regions of mAbs.

CIC experiments were also completed for Mill04 Fab and Fc. Images of the
analyzed 2-DE feed and flow-through gels are shown in Figure 3.6. It was anticipated
that the associating HCP for the Mill04 Fab and Fc domains would be similar to those
for Mill04. The results from the 2-DE and MS analysis showed only 4 associated HCP
that were also identified for the full mAb. For Mill04 Fc, 4 out of 8§ interacting HCP
were identified as also interacting strongly with Mill04. It is plausible that the
additional interacting HCP are associating to an epitope on the Fc that is not accessible
in the full molecule.

It was previously shown that clusterin binds multivalently to the Fab and Fc
domains of IgGs (Wilson and Easterbrook-Smith, 1992). Therefore the finding here
that clusterin binds to all mAbs and the Fab that were tested is consistent with
previous observations, but clusterin was not identified as strongly attracted to Mill04
Fc. Insulin was also found to bind to all mAbs tested, but did not interact with Mill04
Fab or Fc. It is possible that the inconsistencies for clusterin and insulin are a result of
using suspension cell culture for Fc CIC that may have contained less clusterin and
insulin than the adherent cell culture, making them difficult to detect. Nidogen-1 binds
strongly to mAbs D, Dy, IDEC-152, Mill04 and Mill04 Fc, but does not bind to Mill04

Fab. This suggests that nidogen-1 binds to the Fc region of IgG molecules.
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The majority of the interacting HCPs found are slightly acidic proteins. About
a third of the interacting proteins have previously been reported as being secreted,
with the remaining two-thirds all characterized as intracellular proteins (The UniProt
Consortium, 2011). Abundant intracellular proteins, such as actin, are likely released
into the extracellular space from a small amount of cell lysis during culture. The
mechanism of release of low-abundance intracellular proteins, such as V-type proton
ATPase subunit S1, is unknown; however, it is possible that these proteins may be
actively secreted by a non-classical secretory pathway, as has been reported for heat
shock protein 70 (Mambula et al., 2007).

A mechanistic basis for predicting HCP binding would allow streamlining of
the process of identifying candidates for product association. Several protein
parameters were calculated according to the methods outlined in Section 2.11 and are
shown in Figure 3.7 as scatter plots of calculated net charge at pH 7.0 versus
molecular weight and of the radius of a sphere of equivalent volume versus estimated
hydrophobicity for the HCP impurities found to associate in protein A affinity
chromatography. The estimated hydrophobicity was expressed as the grand average of
hydropathicity (GRAVY) (Kyte and Doolittle, 1982). Negative values correspond to
more hydrophilic and positive values to more hydrophobic proteins. The estimated
protein parameters provide some insights into HCP-mAb association.

The HCP impurities found to associate with mAbs in protein A solutions tend
to have calculated net charges between -20 and 0, with a few outliers that are either
slightly positive or highly negatively-charged. The majority of secreted HCP
impurities are slightly acidic (Jin et al., 2010). At the solution pH used for protein A

processes, mAbs are generally positively-charged (Lehermayr et al., 2011). At low salt
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concentrations, such as in protein A loading, HCP associations are likely attributed to
charge-charge interactions.

The HCPs that associate with mAbs in protein A columns show very little
dependence on estimated hydrophobicity. The hydrophobicity estimates for this group
of HCPs are spread out evenly across the more hydrophilic side of the GRAVY scale.
HCP molecular size and weight do not appear to have a significant correlation with
mADb interactions. The associating HCPs have similar molecular weights to the

majority of secreted HCPs (Jin et al., 2010).
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Table 3.1: CHO HCP impurities with attractive interactions to mAbs D, Dy, IDEC-
152 and Mill04 at 150 mM NaCl, pH 7.4.

Protein ID MAbD MAb Dy IDEC-152  Millo4 Location (l\k/I];Z)
Neural cell : ¥ + +  Cellmembrane  17.9
adhesion molecule
Renin receptor - + - + Cell membrane  33.9
Cell
Lipoprotein lipase + + + - membrane, 50.5
secreted
Cell
Chondroitin sulfate n ) N . memb.ran.e, cell 153.8
protoglycan 4 projection,
membrane
Alpha-enolase - + - - Cytoplasm, cell 15.5
membrane
Galegtln-S -binding n ) ) n Membrane 63.8
protein
G-protein coupled N ) n n Membrane 774
receptor 56
V-type proton i " ) ) Membrane, 281
ATPase subunit S1 vacuole ’
Basement
Nidogen-1 + + + membrane, 30.1
extracellular
matrix
ATP synthase Mitochondrion
subunit beta, + + - - inner 56.3
mitochondrial membrane
Vimentin + + - - Cytoplasm 53.7
Heat shock protein + + - - Cytoplasm 32.6
Actin + + - + Cytoplasm 41.5
Peroxirodoxin 1 - - - - Cytoplasm, 22.3
melanosome
SPARC + + + + Secreted 28.2
Clusterin + + + + Secreted 51.8
Complement Clr-a
+ - - - Extracellular 80.1
sub-component
Mej[a!loprotelnase + - - - Secreted 22.4
inhibitor 1
Insulin + + + + Secreted 28.1
Cathepsin D - + - - Lysosome, 44.9
melanosome
Sulfated . + - - - Lysosome 27.4
glycoprotein 1
Lysosomal - - - - Lysosome 54

protective protein
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Table 3.2: CHO HCP impurities with attractive interactions to Mill04, Mill04 Fab and
Mill04 Fc at 150 mM NacCl, pH 7.4.

Protein ID Mill04 Mill0o4 Fab  Mill04 Fc Location (ll\(/[];):: )

Neural cell adhesion N ) ) Cell membrane 17.9

molecule

Renin receptor + + - Cell membrane 33.9
. .. Cell membrane

- - + 2
Lipoprotein lipase secreted 50.5
Chondroitin sulfate Cell meI'nbr'a 1e,

+ + - cell projection, 153.8
protoglycan 4 membrane
Galegt1n-3—b1nd1ng N ) . Membrane 63.8
protein
G-protein coupled N ) . Membrane 774
receptor 56

Basement

Nidogen-1 + - + membrane, 30.1

extracellular

matrix
ATP synthase subunit Mitochondrion
. . - - + . 56.3

beta, mitochondrial inner membrane
Actin + - + Cytoplasm 41.5
Peroxirodoxin 1 - - + Cytoplasm, 223

melanosome
SPARC + + - Secreted 28.2
Clusterin + + - Secreted 51.8
Insulin + - - Secreted 28.1
Lyso§omal protective ) ) n Lysosome 54
protein
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Figure 3.7: Calculated properties of HCP impurities found to associate to mAb D (O),
mADb Dy (%), IDEC-152 (++) and Mill04 (/) in protein A solutions.

3.4 Cross-Interaction Chromatography: MAb-Insulin

Insulin was found to bind strongly to all the mAbs tested. The insulin-mAb
interaction was probed further using CIC to measure interaction strengths
quantitatively in terms of B3 values at sodium chloride concentrations greater than or
equal to the protein A loading conditions used in HCP CIC. Figure 3.8 shows the Bs3
values for all 4 mAbs and the Fc and Fab domains from Mill04 with insulin as the
mobile phase protein. The results for each mAb and fragment are consistent: salt
concentrations close to the protein A loading conditions result in very negative Bss
values, indicating highly attractive interactions, and as salt concentrations are
increased the attractions between insulin and all mAbs become weaker. At the highest
salt concentrations the interactions become slightly repulsive for IDEC-152 and
Mill04, Mill04 Fab and Fc. The results from HCP CIC identified insulin as a likely

product-associated impurity in a protein A affinity purification, but this more detailed
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analysis shows that if a high-salt wash is applied, the insulin is likely to be easily
removed prior to product elution. These results are unique to insulin; CIC with
additional product-associated impurities is necessary to assess the effectiveness of

high-salt washes in general.
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Figure 3.8: Second osmotic virial cross-coefficient (B,3) measured by cross-interaction
chromatography of insulin with mAb D, Dy, IDEC-152, Mill04, Mill04
Fab and Fc at pH 7.4 and varying sodium chloride concentration.

3.5 Interaction Orientation of MAb and Associated HCP Impurities

Nidogen-1 associates with mAbs D, Dy, IDEC-152 and Mill04 and lipoprotein

lipase associates with mAbs D, Dy and IDEC-152 in protein A affinity
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chromatography. To understand better these mAb-HCP interactions, non-electrostatic
interaction well depths at randomly sampled mAb-HCP orientations were calculated
using molecular mechanics methods and code that were adapted from previous work
(Asthagiri et al., 1999; Neal et al., 1998; Quang et al., 2014), as described further in
Section 2.12. Homology structures of nidogen-1 and lipoprotein lipase were developed
on the SWISS-MODEL workspace (Arnold et al., 2006). The mAb structure used in
these calculations is the previously solved crystal structure of a human IgG2 Fc
domain (Teplyakov et al., 2013).

The non-electrostatic interaction well depths were first calculated for nidogen-
1 interacting with the Fc domain of a human IgG2 Fc. For computational purposes,
only half of the Fc structure was used, and only the solvent-accessible space was
explored. The histogram of the distribution of non-electrostatic well depths for
300,000 randomly-sampled orientations of nidogen-1 and the Fc domain is shown in
Figure 3.9. This distribution is similar to previous results for non-electrostatic protein-
protein interactions (Quang et al., 2014). Interactions in the majority of orientations
are only weakly attractive. The inset indicates the most attractive orientations that
were found.

The most attractive orientations were studied in further detail. Small angular
perturbations around the nominal orientations for these interactions were further
explored. For nidogen-1 and Fc, the most attractive orientation that was found has a
well depth of -23.5 kT and is shown in Figure 3.10. The residues on the Fc domain
that are closest to nidogen-1 in this attractive orientation are from the highly solvent-

exposed domain responsible for binding to the protein A ligand (Deisenhofer, 1981).
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The non-electrostatic interaction well depths were also calculated for a
lipoprotein lipase homology structure and the human IgG2 Fc domain. The histogram
of the distribution of non-electrostatic well depths for 180,000 randomly sampled
orientations of lipoprotein lipase and the Fc domain is shown in Figure 3.11. This
distribution of well depths is similar to those for the nidogen-1-Fc results and similar
to previous findings (Quang et al., 2014). However, there are a small number of more
highly attractive interactions with well depths beyond 20 kT. Localized searches
around the most attractive orientation indicated a highly attractive configuration of
lipoprotein lipase and human Fc with a well depth of -33.5 kT. This high-affinity
configuration is shown in Figure 3.12. Similarly to the nidogen-1 result, the
lipoprotein lipase-Fc interaction involves the portion of the Fc domain responsible for
protein A binding (Deisenhofer, 1981).

These results neglect electrostatics and consider only half of the Fc domain. An
intact mAb has two identical sites that can bind to the protein A ligand. These findings
suggest that those sites can also bind nidogen-1 or lipoprotein lipase. Because each
mAb will bind only to a single protein A ligand during purification, it is possible that
nidogen-1 or lipoprotein lipase could bind to the same domain on the opposite side of
the Fc domain and be carried through to the product fraction. Based on this result it is
unlikely that mutations can be made to the mAb product to decrease HCP-association
without compromising protein A affinity, which would negatively impact platform
processing.

In evaluating the significance of the computational results, a key question
concerns the accuracy of the interaction free energy estimates. The force field used

(Asthagiri et al., 1999) was parameterized against experimental protein-protein
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interaction free energy data and therefore should account to a reasonable
approximation for all contributions, including hydration effects. However, small
structural perturbations, including tightly bound water molecules (Asthagiri et al.,
2005; Paliwal et al., 2005) and bound ions (Gillespie et al., 2014) can attenuate
otherwise highly attractive contacts by virtue of their disruption of the geometric
complementarity of the apposing surfaces. Therefore a potential source of error in this
computational analysis is the absence of explicit solvent molecules and ions. The
attractive interactions identified here are largely due to mAb-HCP orientations with
high surface complementarity, and it is possible that the actual mAb-HCP affinity can
be lower than the affinity calculated here because of uncertainties in the interaction
parameters and the absence from the analysis of potentially disruptive effects such as

solvent molecules and ions.
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Figure 3.9: Histogram of the distribution of the non-electrostatic interaction well
depths from 300,000 randomly-sampled configurations of nidogen-1 and
the Fc domain. The inset histogram shows the tail of the distribution.
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Figure 3.10: The highest affinity configuration of nidogen-1 (red) and the human IgG2
Fc domain (blue) with a well depth of 23.5 kT.
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Histogram of the distribution of the non-electrostatic interaction well
depths from 180,000 randomly sampled configurations of lipoprotein
lipase and the Fc domain. The inset histogram shows the tail of the
distribution.
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Figure 3.12: The highest-affinity configuration of lipoprotein lipase (red) and the
human IgG2 Fc domain (blue), with a well depth of 33.5 kT.

3.6 Conclusions

This work demonstrates the importance of product association as a mechanism
by which HCP impurities are retained in product fractions after a protein A
purification. As was seen in previous work (Shukla and Hinckley, 2008; Tarrant et al.,
2012), product association is as common as or more common than co-elution resulting
from non-specific binding of HCP to chromatographic resins. This work shows that
the total amount of product association varies significantly for different mAb products.
These differences can make some mAbs considerably more difficult to purify to

acceptable HCP levels. The results also demonstrate that small changes in the mAb
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sequence can yield dramatic changes in HCP interactions; it is not reasonable to
assume that related mAbs will interact only with the same population of HCP
impurities.

The work also showed the difficulties of directly monitoring HCP impurity
content using 2-DE of downstream process product fractions. The nature of the mAb
purification process results in HCP and mAb concentrations that differ by orders of
magnitude, even though the relatively low HCP content is still important and would be
considered unacceptable by regulatory agencies.

The CIC method developed here provides insight into the mechanism of HCP
impurity retention while avoiding the issues of product and impurity concentration
differences. For example, CIC with mAbs and mAb fragments showed the specific
domains with which some HCPs associate, such as the consistent binding of nidogen-1
via the Fc domain. Overall, the number of HCP that were found to bind to each mAb
(10-15) and the number of HCP that were found to bind to at least 3 of the 4 mAbs
tested (9) are small compared to the total population of HCP. A relatively small
subpopulation of CHO HCP therefore appears responsible for giving rise to product-
associated impurities. While some strongly binding proteins, such as insulin, may bind
strongly at loading conditions but be relatively easy to remove in a wash step, this is

not necessarily true for other proteins, which would require further investigation.
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Chapter 4

HOST CELL PROTEIN IMPURITIES IN MONOCLONAL ANTIBODY
PLATFORM PURIFICATION POLISHING STEPS

4.1 Introduction

In typical mAb platform purification, the unit operations following the protein
A affinity capture step consist of one or two non-affinity polishing columns (Curling
and Gottschalk, 2007; Liu et al., 2010). The most commonly used non-affinity
chromatographic resins are anion (AEX) or cation (CEX) exchange (Xu et al., 2012),
hydrophobic interaction (HIC) (Chen et al., 2008), or multimodal (MMC) (Holstein et
al., 2012; Morrison et al., 2010). The polishing columns are designed for removal of
residual HCP, DNA, viruses, leached protein A ligand as well as product-related
impurities, primarily mAb fragments and aggregates (Curling and Gottschalk, 2007).

In this chapter the behavior of HCP impurities in non-affinity polishing
columns is described. Although the majority of HCP impurities are removed in the
protein A capture step, there are often residual species that remain (Chen et al., 2010;
Grzeskowiak et al., 2009). It has been proposed that replacing protein A
chromatography with a non-affinity capture step would provide a significant cost
savings for monoclonal antibody purification (Follman and Farner, 2004; Marichal-
Gallardo and Alvarez, 2012; Miesegaes et al., 2012; Nfor et al., 2013; Pezzini et al.,
2011). If the protein A capture step were replaced, understanding the behavior of the
full set of HCPs on alternative, non-affinity, resins would be highly beneficial.
Previous work analyzed complex mixtures of HCPs on different chromatographic

resins and in non-affinity based platforms to determine the chromatographic behavior
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of HCP impurities (Nfor et al., 2012; Nfor et al., 2013). The present study, although
performed in the context of mAb platform processing, made use of a null CHO line for
source material, so the resulting HCP chromatographic properties are relevant for any
recombinant protein produced in CHO cells. Therefore, rather than studying the
chromatographic behavior of the particular HCP impurities that clear protein A
chromatography, this work is based on a ‘worst-case scenario’ approach by loading all
HCPs to each polishing column.

The specific goal of the work was to identify difficult-to-remove HCP
impurities in polishing columns and to determine why they are difficult to remove.
Total product-association was measured and HCP-mADb cross-interaction
chromatography was used to determine the importance of product-association in
polishing columns. HCP fractionation and proteomic analyses were completed on four
different resin types under typical operating conditions in order to identify potential

co-eluting HCP species.

4.2 Binding Capacity of Polishing Resins

HCP binding capacities of bind-and-elute polishing columns were determined
to find the maximum concentration of co-eluting HCP impurities using standard
methods and are reported in Table 4.1. The binding capacities were measured for CHO
HCP (null CHO-K1 supernatant) at relevant column loading conditions, but without
mAb present. The bind-and-elute column types for most mAb polishing steps are
CEX, HIC and MMC (Shukla et al., 2007b).

At typical operating conditions, the capacity for mAb is between 10 and 80
mg/mL resin, according to resin manufacturers and previous studies (Chen et al.,

2008; Fogle et al., 2012; Pabst et al., 2009; Senczuk et al., 2009; Stein and
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Kiesewetter, 2007), approximately two orders of magnitude greater than the measured
HCP binding capacity (Liu et al., 2011). In typical process conditions, the material
loaded onto polishing columns has at least two orders of magnitude more product than
HCP content (Hogwood et al., 2012). Although the binding capacity for HCP on all
resins studied here appears low, it is sufficiently high to allow for retention of trace

impurities and subsequent co-elution with the product molecule (Liu et al., 2011).

Table 4.1: Binding capacities of HCP on polishing columns.

Resin Condition mg HCP/mL resin
SP Sepharose FF pH 4.5 1.21
SP Sepharose FF pH 5.5 0.94
Butyl Sepharose FF I MAS,pH 7.0 0.95
Capto MMC pH 4.5 0.81

4.3 Total Product Association in Polishing Columns

HCP-mAb product association in protein A affinity chromatography has been
demonstrated previously (Levy et al., 2013; Shukla and Hinckley, 2008; Sisodiya et
al., 2012; Tarrant et al., 2012). In order to determine the total extent and thus overall
importance of product association in various non-affinity polishing columns, a series
of similar purification procedures were carried out. Similar to previous work (Shukla
and Hinckley, 2008) and protein A studies presented in Chapter 3, bind-and-elute
purifications with and without HCP and mAb on SP Sepharose FF, Capto MMC and
Butyl Sepharose FF were performed. The excess HCP in the elution fraction in the
presence of mAb was calculated. This excess HCP content can be assumed to
represent the total amount of HCP that associates to the mAb and is carried into the

product fraction (Levy et al., 2013; Shukla and Hinckley, 2008; Sisodiya et al., 2012).
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The results are presented in Figure 4.1. As discussed above, this method measures the
total HCP that would be present if these non-affinity resins were used as a capture
step. In an actual process environment the total HCP association in polishing columns
is reduced because there is lower HCP content after protein A capture (Hogwood et
al., 2012; Shukla et al., 2007b), but these results confirm that product-association is
potentially a major route through which HCP can travel through polishing resins for
the resins studied here.

The total extent of product association in SP Sepharose FF at pH 4.5 or 5.5, or
Capto MMC at pH 4.5, is similar to association levels found in protein A affinity
chromatography (Chapter 3) (Shukla and Hinckley, 2008; Sisodiya et al., 2012). Using
the same experimental techniques, there was an unexpected decrease in total protein in
the elution fraction for Butyl Sepharose FF when mAb and HCP were run together. It
is possible that product-association was not significant, but it is also possible that mAb
binding capacity was decreased due to displacement by adsorbed HCP impurities or
HCP binding to mAbs at loading conditions (Brown et al., 2010). HCP-mAb CIC was
carried out in HIC solution conditions to determine product-association characteristics
and results are presented in the following section.

The variability of total HCP-mAb association in CEX and MMC columns is
due largely to differences between mAb products and solution conditions rather than
resin type. For instance, in SP Sepharose FF, an increase in pH from pH 4.5 to 5.5
results in a large increase in total HCP association in the presence of IDEC-152. MAb
Dy was found to have greater total product-association in protein A affinity
chromatography than mAb D and IDEC-152, but on Capto MMC mAb D and IDEC-

152 had considerably higher total product-association than mAb Dy.
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These results demonstrate the difficulty of predicting the overall HCP
association of a new process for a new mAb. It is clear that significant product
association in one step of a process does not imply that a product will have similar
problems in a different part of the process. This also strongly suggests that if the
correct solution conditions are chosen for any given mAb product, the extent of
product-association could be minimized; if the associating HCPs are identified and
isolated, CIC analysis (Tessier et al., 2004a) could be used to determine solution
conditions where protein-protein interactions are weaker. However, this measurement
does not indicate the source of differences in total association; differences could arise
from the binding of a single HCP species or different binding characteristics of many

HCP impurities.
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Figure 4.1: Excess HCP due to HCP-mAb product association in protein A, CEX and
MMC columns for three mAbs.
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4.4 Cross-Interaction Chromatography: HCP-MADb Association in HIC

Although measurements of total product association in Butyl Sepharose FF, a
hydrophobic interaction chromatographic resin, did not indicate significant product
association, mAb-HCP CIC was run at HIC column loading conditions. Previously,
HCP-CIC was run with the same mAbs (Chapter 3) for protein A loading conditions,
namely 150 mM NacCl, pH 7.4, while the HIC loading conditions used here are 1.0 M
ammonium sulfate, pH 7.0. Due to the different solution conditions it is expected that
a different set of HCP impurities would tend to associate with mAbs.

Table 4.2 shows the CHO HCP impurities found to associate with mAb D or
mAb Dy Overall, a smaller set of HCP impurities was identified as associated
impurities compared with protein A loading solution conditions. Considering that total
product association was not detectable by the methods used here, a smaller number of
associating HCPs was expected. Five HCPs were found to associate with mAb D and
seven were found to interact with mAb Dyy; four HCPs interacted with both mAbs. 2-
DE image analysis can be found in Appendix B. Many of the associating HCP species
in the HIC loading condition were also found to interact with mAbs D and Dy in
protein A solution conditions.

Chrondroitin sulfate proteoglycan 4, sulfated glycoprotein, and cathepsin D
were all found to associate with mAb D in protein A conditions and were found here
to associate with both mAbs D and Dy in HIC conditions. Nidogen-1 and SPARC
were found to associate with both mAbs in protein A, but only with mAb Dy in HIC
processing. Actin was found to associate with both mAbs in protein A and HIC
conditions. Nidogen-1 and actin were previously found in product fractions after
various purification processes (Doneanu et al., 2012). Many of the associating HCPs

identified here were previously identified as abundant HCPs in CHO supernatant.

70



Actin and SPARC account for 2.5 and 1.5 percent of total HCP, respectively, and
chondroitin sulfate proteoglycan 4 and nidogen-1 each account for approximately 1
percent of all HCP content (Pezzini et al., 2011). As was found previously in Chapter
3 as well as mAb-mAb interaction studies in Chapters 6 and 7, the two-residue
mutation from mAb D to mAb Dy can have a considerable impact on protein-protein
interactions. The self-interaction differences were especially pronounced at high
concentrations of ammonium or lithium sulfate. The results here, which indicate that
some HCP impurities bind to these mAbs at both protein A and HIC conditions and
some bind differently to these very similar mAbs, are consistent with what has been
previously observed with these mAbs.

The group of HCP impurities identified here as binding under both protein A
and HIC conditions is of great interest. Due to attractive interactions with mAbs in
both environments these impurities are anticipated to be among the most difficult
HCPs to remove. The strong binding in different solution environments is also of
practical interest for process design. Although neither solution would be used as a
wash solution, for this group of HCP impurities product-association is not highly
dependent on solution conditions. Designing a column wash to disrupt association
might prove to be difficult based on these findings.

Dickkopf-related protein 3 was found to associate with mAbs D and Dy in
HIC but not in protein A conditions. These species are less troublesome because, in a
typical platform purification scheme, there is a lower probability that these HCPs will
be present in the HIC load because they do not bind to the mAb in the upstream
capture step. However, if these species co-eluted through the capture step or if HIC is

used as an alternative capture step, they would be difficult to remove.
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A mechanistic basis for predicting binding would allow streamlining of the
process of identifying candidates for product association. Figure 4.2 shows a scatter
plot of calculated net charge at pH 7.0 versus molecular weight and of the radius of
gyration for a sphere of equivalent volume versus estimated hydrophobicity for the
HCP impurities found to associate in HIC columns. The estimated hydrophobicity was
expressed as the grand average of hydropathicity (GRAVY) (Kyte and Doolittle,
1982). Negative values correspond to more hydrophilic and positive values to more
hydrophobic proteins. The estimated protein parameters provide some insights into
HCP-mADb association.

In HIC solution conditions there are a few highly positively-charged
associating HCPs, but the most negatively-charged HCPs that product-associated in
protein A affinity chromatography (Figure 3.7) appear not to associate here. MAbs are
generally positively-charged at the solution pH used for HIC or protein A processes
(Lehermayr et al., 2011). At low salt concentrations, such as in protein A loading,
there are a number of HCP associations that can be attributed to charge-charge
interactions. In the HIC solution conditions, the highly negatively-charged HCP no
longer associate, likely due to screening out of charge-charge interactions because of
the high salt concentration (Dumetz et al., 2007). The screening of electrostatic
repulsion appears also to allow the association of a few positively-charged HCPs.

The associated HCPs in the HIC column are a subset of the more hydrophobic
HCPs from the population of HCPs that product-associated in the protein A step.
These correlations indicate that association in a HIC environment is more likely to
occur with more hydrophobic protein impurities that generally have lower net charge.

HCP molecular size and weight do not appear to have a significant correlation with
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mADb interactions in HIC columns. Generally, the associating HCPs in HIC and protein
A columns have similar molecular weights to the majority of secreted HCPs (Jin et al.,
2010).

Many of the mAb-associating HCP impurities in the HIC solution environment
also associated in protein A solution environments. There remains a baseline set of
HCPs that bind to both mAbs, regardless of solution conditions. It is this subset of
HCPs that should be closely monitored and new strategies for their removal should be
considered. Also, estimates of protein properties indicate that some HCP associations
in protein A chromatography are likely driven by charge-charge attraction, while the
associations in HIC columns are due more to the hydrophobic nature of HCP

impurities.
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Table 4.2: CHO HCP impurities with attractive interactions to mAbs D and Dy at pH
7.0, 1 M ammonium sulfate.

Protein ID MAb D MADb Dy Location
Chondroitin sulfate Cell meI_nbr'a ne,
+ + cell projection,
protoglycan 4 membrane
Basement
. membrane,
Nidogen-1 i * extracellular
matrix
Actin + + Cytoplasm
SPARC - + Secreted
Cathepsin D - + Lysosome,
melanosome
Sulfated glycoprotein 1 + + Lysosome
Glucqse regulated N i ER
protein
Dickkopf-related + + Extracellular
protein 3
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Figure 4.2: Estimated properties of HCP impurities found to associate to mAb D (D)
and mAb Dy (%) in HIC solution conditions.
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4.5 HCP Fractionation: Cation-Exchange Chromatography

Null CHO supernatant was buffer exchanged, loaded and eluted with a linear
salt gradient from SP Sepharose FF. As can be observed in the chromatogram in
Figure 4.3, the majority of HCP impurities do not bind to the CEX resin at pH 4.5, 0
M NaCl. The chromatogram is similar to those in processes with HCP on CEX resins
(Joucla et al., 2013; Nfor et al., 2012). Based on the A280 trace, the majority of HCP
content is found in the flow-through fraction. The majority of secreted HCPs are
acidic proteins (Jin et al., 2010), so it was expected that most HCPs would not bind to
the resin. The acidic nature of HCP impurities generally makes CEX bind-and-elute an
effective polishing method for reducing HCP concentration in mAb processes (Shukla
et al., 2007b). The chromatogram (Figure 4.3) shows 3 main peaks across the gradient
elution; however, the proteomic results do not neatly divide into 3 groups despite the
A280 trace. Because the HCP impurities are low in concentration, A280 is not a
reliable method to track chromatographic behavior of individual components.

The majority of identified HCP impurities in gradient elution on SP Sepharose
FF are reasonably well resolved — found in no more than 2 fractions — with the
exception of dickkopf-related protein 3. The largest population of impurities occurs in
fraction C, which corresponds to a conductivity of ~50 mS/cm.

A total of 15 CHO HCPs that elute in at least one of the 4 fractions were
identified using shotgun proteomics. Seven of the identified HCPs were previously
found to product-associate with mAbs in either protein A affinity or HIC purification:
chondroitin sulfate proteoglycan 4, clusterin, dickkopf-related protein 3, lipoprotein
lipase, metalloproteinase inhibitor 1, nidogen-1 and SPARC. Of these proteins,
clusterin and SPARC were found to bind to all four mAbs in the previous study of

protein A product-association (Chapter 3) (Levy et al., 2013). In a mAb platform

75



process, these particular HCP impurities are more likely to be present in polishing
columns due to their mAb-association characteristics. Cathepsin B, clusterin, legumain
and metalloproteinase inhibitor 1 were identified in the CEX gradient elution here and
they were previously identified in the elution fraction of a mAb capture process on
Capto S (an alternative CEX resin); legumain was the most abundant co-eluting HCP
impurity (Joucla et al., 2013).

In Figure 4.4 the estimated pl, net charge at pH 4.5, hydrophobicity (expressed
as GRAVY index), and radius of gyration for a sphere of equivalent volume versus
elution fraction are plotted for all identified co-eluting HCP. Protein properties were
determined according to the procedures described in Section 2.11. The majority of the
HCPs here have calculated isoelectric points above 5.0, and there is a significant
population of basic HCPs found here as well. However, there is no obvious trend
relating elution volume and pl. Previous studies of HCP gradient elution on CEX
indicated a stronger correlation of elution volume and pl, but there were many outliers
(Nfor et al., 2012). The estimated net charges at pH 4.5 become slightly more positive
along the gradient elution, as would be expected based on theory, but there is
considerable noise and there are many outliers. The inconsistencies are likely due to
both uncertainties in the charge estimations and the anisotropy of HCP impurities.
Surface charge distribution has previously been shown to play an important role in
chromatographic retention (Chung et al., 2009; Yao and Lenhoff, 2004; Yao and
Lenhoff, 2005). Unsurprisingly, there are no correlations with protein hydrophobicity
and elution volume and protein size does not seem to play a role in retention.

Gel-based analysis was performed in addition to shotgun proteomics to get a

clearer picture of the chromatographic behavior of the more abundant HCP impurities.
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The method of analysis was adapted from previous work (Krdner et al., 2013; Nfor et
al., 2013). An additional CEX gradient elution — identical to the gradient elution used
for shotgun analysis and shown in Figure 4.3 — was completed here, but with 14
fractions collected across the gradient. The fractions were desalted, TCA-precipitated
and run on SDS-PAGE, which was then stained with Sypro Ruby. Bands of interest
were excised and identified using mass spectrometry. Chromatograms of individual
HCP species were constructed based on densitometry measurements and are shown in
Figure 4.5. The gel-based results are available for a more abundant subset of the
proteins found by shotgun techniques, and some HCP species that were not identified
by shotgun methods.

The chromatographic behavior of five CHO HCPs on SP Sepharose FF is
shown in Figure 4.5. Insulin-like growth factor-binding protein 4, basement membrane
specific heparan sulfate proteoglycan core protein and lactadherin were all identified
in gel-based analysis but not identified in shotgun analysis. Insulin-like growth factor-
binding protein 4 elutes late in the salt gradient compared to the majority of HCPs.
Lactadherin is well-resolved and elutes at the start of the gradient elution, and
basement membrane specific heparan sulfate proteoglycan core protein is found across
the majority of the gradient elution.

SPARC and nidogen-1 were identified using both gel-based methods and
shotgun analysis. Based on gel analysis (Figure 4.5) SPARC elutes in the middle 15
mL of the 30 mL linear salt gradient. In shotgun analysis SPARC was identified in the
last 15 mL of the gradient elution. Nidogen-1 was present at a low level across the
majority of the gradient elution. Shotgun analysis identified nidogen-1 only in the

third fraction.
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Figure 4.3: Null CHO supernatant chromatographic behavior on SP Sepharose FF at
pH 4.5, eluted with 0-1 M NacCl linear gradient elution. Red trace is
A280; blue trace is conductivity. Fractions A-D were collected for
shotgun proteomic analysis.

Table 4.3: Shotgun proteomic results for fractions A-D of SP Sepharose FF gradient
elution of CHO HCP impurities. Proteins in italics also associate with mAbs in protein
A affinity chromatography.

Protein ID pl MW (kDa) A B C D
Alpha-N- y 8.0 472

acetylgalactosaminidase

Cathepsin B 5.7 37.5 +

Chondroitin sulfate 54 2520 4
proteoglycan 4

Clusterin 5.5 51.8 +
Di-N-acetylchitobiase 54 33.0 +
Dickkopf-related protein 3 4.4 38.4 + +  + o+
dnaK-type molecular 4
chaperone GRP78 precursor

Glypican-1 +
Legumain 6.1 49.6 +
Leukemia inhibitory factor 9.1 17.4 +

Lipoprotein lipase 8.0 50.5 +
Metalloproteinase inhibitor 1 8.8 22.4 +
Nidogen-1 4.8 79.0 +
Nucleobindin-2 5.1 50.3 +
SPARC 4.8 28.2 + o+
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Figure 4.4: Estimated isoelectric point, net charge, hydrophobicity and size of
identified HCP species from chromatographic fractions of SP Sepharose
FF gradient elution.
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Figure 4.5: Gel-based chromatograms of identified CHO HCP impurities on SP
Sepharose FF with linear gradient elution.

4.6 HCP Fractionation: Anion-Exchange Chromatography

HCP retention on an anion-exchange resin, Q Sepharose FF, with linear
gradient salt elution is investigated in this section. In a standard mAb platform
process, AEX is normally operated in flow-through mode (Shukla et al., 2007b), so the
gradient elution shown here is not relevant to most mAb platform processes. However,
there could be non-mAb products produced in CHO cell culture — for example Fc-
fusion proteins — for which AEX is an appropriate bind-and-elute process (Coffman et

al., 2008).
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Because the majority of HCP impurities are acidic proteins (Jin et al., 2010)
there is much higher HCP binding on the AEX column than in CEX. The
chromatogram shows what appear to be three major peaks across the salt gradient, all
considerably larger than observed with other resins in this work. The HCP content in
the elution fraction relative to the flow-through is higher than in previous studies using
Mono Q (an alternative AEX resin), which had a larger portion of HCP in the flow-
through (Nfor et al., 2012).

Shotgun proteomic analysis was able to identify 21 unique HCP impurities.
Two of these proteins are found in the flow-through fraction, and the remaining 19 are
found to elute along the linear salt gradient. The majority of proteins appear to be well
resolved by AEX, as they were found in only one or two fractions. Seven of the
identified HCPs were previously found to associate with mAbs in protein A affinity
chromatography. One of the two impurities identified in the flow-through,
metalloproteinase inhibitor 1, associates with IgG1 and IgG2 product molecules and is
thus likely to be a problematic HCP in traditional mAb platform AEX flow-through
processing. Legumain was identified in the third fraction here; legumain was found to
elute at a similar point in the gradient here as in previous work, despite slightly
modified solution conditions and a different AEX resin (Nfor et al., 2012). Many of
the HCPs identified in AEX elution, such as actin and legumain, were also found to be
among the most abundant CHO HCPs (Pezzini et al., 2011).

The HCPs identified that also product-associate in HIC or protein A are actin,
chrondroitin sulfate proteoglycan 4, dickkopf-related protein 3, lipoprotein lipase,
metalloproteinase inhibitor 1, nidogen-1 and SPARC. Most of these HCPs were found

to bind to all or most mAbs, and lipoprotein lipase, nidogen-1 and actin were all
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identified as binding to the Fc domain of Mill04 in protein A affinity chromatography.
For processes in which AEX is operated as a bind-and-elute step, e.g., for Fc-fusion
products (Coffman et al., 2008), this set of HCP impurities would be likely to co-
purify with the Fe-fusion species due to association with the Fc domain. Additionally,
lipoprotein lipase can have potentially significant impact on product stability, as is
discussed in Chapter 5.

Figure 4.7 shows the calculated pl, calculated net charge at pH 7,
hydrophobicity and radius of gyration for the identified HCP impurities in each
chromatographic fraction. As would be expected, the majority of pls are below 7, with
a few notable exceptions, similar to previous findings (Nfor et al., 2012). Histone H2A
type 1, inter-alpha-trypsin inhibitor heavy chain H5, lipoprotein lipase,
metalloproteinase inhibitor 1 and procollagen C-endopeptidase enhancer 1 all bind to
the AEX column and are found in various fractions during gradient elution, despite
being basic proteins. The calculated net charge on most of the HCP impurities is
between -20 and +10. In general there is little correlation between net charge and
elution order.

Many of the later eluting HCP species are not highly charged. It is possible that
local charge clustering on the HCP surfaces drive chromatographic behavior in the
absence of high net charge. There are, however, also a few highly-charged, late-
eluting species. There is no clear trend regarding hydrophobicity of HCPs and elution
order and although some of the late-eluting HCPs are much larger, protein size does
not show a clear trend either.

To get a clearer picture of the chromatographic behavior of specific HCP

impurities, gel-based analysis was performed in addition to shotgun proteomics. An
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identical AEX gradient elution to that described above was completed, but with 14
fractions collected across the gradient. The analysis was performed as described in
Section 4.5. Chromatograms of individual HCP species were constructed based on
densitometry measurements and are shown in Figure 4.8. The gel results are available
for a more abundant subset of the proteins found by shotgun techniques, and in most
cases the chromatographic retention agrees in both analyses. Because of the nature of
this technique, there is significant noise in the reconstructed chromatograms. The
larger number of fractions in the gel-based analysis provides a better picture of how
well resolved this set of impurities is and to what extent they are likely to co-elute
with product molecules. For example, basement membrane-specific heparan sulfate
proteoglycan core protein is confined to the end of the linear salt gradient, and glucose
regulated protein is found only at the start of elution. In contrast, SPARC is found
across the entire elution. This could be due to charge variants of this particular HCP.
Many proteins have charge variants with different chromatographic properties (Ahrer
and Jungbauer, 2006). Regardless of why it elutes across the entire gradient, it would
be very difficult to remove in this process. Nidogen-1 and lipoprotein lipase, two HCP
impurities that are frequently problematic and have been discussed here repeatedly,
elute near the middle of the gradient in well-resolved peaks; nidogen-1 and lipoprotein
lipase each account for greater than 1% of the total HCP population, which makes

them some of the more abundant species (Pezzini et al., 2011).
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Figure 4.6: Null CHO supernatant chromatographic behavior on Q Sepharose FF, at
pH 7.0 with 0-1 M NaCl linear gradient elution. Red trace is A280; blue
trace is conductivity. Fractions A-D were collected for shotgun proteomic
analysis.
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Table 4.4: Shotgun proteomic results for fractions A-D of Q Sepharose FF gradient
elution of CHO HCP impurities. Proteins in italics associate with mAbs in protein A
affinity chromatography.

Protein ID pl MW (kDa) A B C D
Actin 52 41.7 +
Basement membrane-

specific heparan sulfate 6.4 334.1 + 4+
proteoglycan core protein

Chondroitin sulfate 54 252.0 L 4
proteoglycan 4

Dickkopf-related protein 3 4.4 38.4 +
Glypican-1 + o+
Histone H2A type 1 11.0 28.5 +
Immunoglobulin +

superfamily member 8

Inter-alpha-trypsin

inhibitor heavy chain HS 83 107.9 "
Laminin subunit alpha-5 6.5 405.9 +
Laminin subunit beta-1 4.8 178.1 +
Laminin subunit gamma-1 5.0 172.1 + + +
Legumain 6.1 49.6 +
Lipoprotein lipase 8.0 50.5 +
MAM domain-containing 46 252 "
protein 2

Matrix metalloproteinase-9 5.6 78.9 +
Metalloproteinase

inhibitor 1 88 224 T
Nidogen-1 4.8 79.0 + + +
Nucleobindin-2 5.1 50.3 +
Procollagen C-

endopeptidase enhancer 1 835 352 "

SPARC 4.8 28.2 + 4+
Tubulointerstitial nephritis 6.7 575 n

antigen-like
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Figure 4.7: Estimated isoelectric point, net charge, hydrophobicity and size of HCP
species from chromatographic fractions of Q Sepharose FF gradient
elution.
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Figure 4.8: Gel-based chromatograms of identified CHO HCP impurities on Q
Sepharose FF with linear gradient elution.

4.7 HCP Fractionation: Hydrophobic Interaction Chromatography

HIC purification processes are commonly used in bind-and-elute mode for
removal of mAb aggregates as well as other trace impurities (Chen et al., 2008). CHO
HCP was loaded onto Butyl Sepharose FF at 1 M ammonium sulfate and was eluted
using a linear salt gradient down to 0 M ammonium sulfate. The resulting
chromatogram (Figure 4.9) shows two major peaks, the first and larger in fraction ‘A’
at the start of the ammonium sulfate gradient elution and the second in fraction ‘C’.
The peaks are very well resolved on the chromatogram compared to the results on

CEX or AEX resins shown earlier.
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Shotgun proteomic analysis identified only 8 HCP impurities that elute at some
point along the gradient. From the chromatogram it appeared that the majority of
impurities would be contained in fractions ‘A’ and ‘C’, but fraction ‘A’ contains only
three detectable HCPs. One of those three HCPs, SPARC, was previously identified as
one of the 20 most abundant HCPs in CHO cell culture supernatant (Pezzini et al.,
2011). Fraction ‘C’ contains the majority of HCP impurities.

Figure 4.10 shows how calculated pl, net charge at pH 7.0, hydrophobicity and
molecular size of HCP impurities correlate with elution volume. There is a weak
correlation of elution volume and pl, but net molecular charge calculations imply that
electrostatic interactions are not important here. Although interactions with the resin
are usually stated to be hydrophobic in nature, there is no correlation with the GRAVY
index hydrophobicity. This could be due to the limitations of this metric for assessing
hydrophobicity or because GRAVY estimates include the entire primary sequence
rather than solvent-accessible residues. There is a weak correlation with protein size.
Previous work found that larger proteins had longer elution times than smaller,
similarly-flexible proteins on HIC resins with a Sepharose backbone (To and Lenhoff,
2007). The protein sizes reported here are based on primary amino acid sequences; it
is possible that the identified late-eluting HCPs actually exist as larger oligomers or
have significant posttranslational modifications. For example, lipoprotein lipase —
found in fractions ‘B’ and ‘C’ — has been reported to form dimers (Zhang et al., 2005).
However, it is difficult to make any overarching conclusions regarding HCP properties
and HIC retention due to the small number of identified HCP species here.

Although the chromatogram indicates well-resolved elution volumes for HCPs,

basement membrane-specific heparan sulfate proteoglycan core protein was found in
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all 4 fractions and lactadherin and tubulointerstitial nephritis antigen-like were found
in 3 out of 4 fractions. The shotgun proteomic analysis indicates that these individual
species are not well resolved at all and would be difficult to remove if present in the
column feed. None of these proteins have been previously identified as abundant in
CHO cell culture (Pezzini et al., 2011).

Lipoprotein lipase, nidogen-1 and SPARC were all found to elute across the
ammonium sulfate gradient and were previously found to associate with mAbs in
protein A affinity chromatography. With the exception of lipoprotein lipase, this group
of HCP impurities was also found to associate with mAbs in HIC solution conditions.
Also, lipoprotein lipase, nidogen-1 and SPARC are three of the most abundant HCPs
(Pezzini et al., 2011). These factors make this a particularly interesting group of HCPs.
Due to the association in the upstream protein A column they are likely to present in
polishing columns and there are multiple mechanisms that could cause this group of

HCP impurities to be retained after HIC polishing.
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Figure 4.9: Null CHO supernatant chromatographic behavior on Butyl Sepharose FF,
with loading at pH 7.0 and elution using a linear gradient from 1 M to 0
M ammonium sulfate. Red trace is A280; blue trace is conductivity.
Fractions A-D were collected for shotgun proteomic analysis.

Table 4.5: Shotgun proteomic results for fractions A-D of Butyl Sepharose FF
gradient elution of CHO HCP impurities. Proteins in italics associate with mAbs in
protein A affinity chromatography.

Protein ID pl MW (kDa) A B C D
Basement membrane-specific

heparan sulfate proteoglycan 6.4 334.1 + + + +
core protein

Dickkopf-related protein 3 4.4 38.4 +
Lactadherin 9.5 16.2 + + +
Laminin subunit gamma-1 5.0 172.1 +
Lipoprotein lipase 8.0 50.5 + o+
Nidogen-1 4.8 79.0 + +
SPARC 4.8 28.2 +

Tubulointerstitial nephritis

antigen-like 6.7 52.5 + o+ o+

90



T
u H 10 .
Lo ] . n
0 ]
L | i
L8 - 1 -1
-E_ 20 W .
)
a7 4 © [--30 4
n 2 n
[ ] g _40 | ]
L6 ] o} ]
© [-50 B
P4
5 --60 4
L - i .
[
u -70
|
Il Il Il Il L L
1 2 3 4 1 2 3 4
|
L 00 i 45
- ]
g L - 4.0 -
n
® 02 4 F35 E
2 I
= n £ 30
._g —
£ --04 L] B L B
[} 25 - n
o u [ ]
% [ ] ] u 20 ] i
| |
o6 L] 1 h1s . R
L L L L L L
1 2 3 4 1 2 3 4
Elution fraction Elution fraction

Figure 4.10: Estimated isoelectric point, net charge, hydrophobicity and size of HCP
species from chromatographic fractions of Butyl Sepharose FF gradient
elution.

4.8 HCP Fractionation: Multimodal Chromatography

Capto MMC, a multimodal resin with cation-exchange and HIC properties,
was used here in bind-and-elute mode. There are a number of different protocols for
this particular resin and similar multimodal resins. The column was loaded at pH 4.5,
identical loading conditions to those for SP Sepharose FF, and eluted using a

simultaneous linear gradient to 1 M NaCl and non-linear gradient to pH 8.5. MAb
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elution was difficult with only a pH or salt gradient; simultaneous gradients were
found to be more effective. Simultaneous high-pH and high-salt concentrations
previously were found to optimize mAb recovery from Capto MMC bind-and-elute
processes, and only high-pH or high-salt elution resulted in low mAb yield (Joucla et
al., 2013). As can be seen from the chromatogram in Figure 4.11, there is significant
HCP content in the flow-through as well as during the gradient elution. The gradient
elution is dominated by one well-resolved peak that was collected in fraction ‘B’.

Shotgun proteomic analysis identified a total of 33 HCP impurities across the
gradient elution. This was by far the largest set of HCP species identified for any of
the 4 resins profiled here. As would be expected based on the chromatogram, the
majority of HCP species were found in fractions ‘B’ and ‘C’. There were 10 HCPs
identified that had previously been found to associate with mAbs in protein A
purification. Many of the same species that were identified in the other resins were
found here as well, but the multi-modal ligand retained a number of HCP impurities
that had not been identified in any other process examined. Cathepsin B, clusterin,
laminin subunit beta, legmain, metalloproteinase inhibitor 1 and procollagen-lysine, 2-
oxoglutarate 5-dioxygenase 1 were all identified here and in a previous study using
Capto MMC as eluting in the product fraction (Joucla et al., 2013). Legumain was
previously found to be the most abundant HCP impurity after mAb purification with
Capto MMC (Joucla et al., 2013). The combination of CEX and HIC moieties did not
result in a combination of HCPs from CEX and HIC resin types, indicating a
cooperative binding effect.

Gel-based proteomics were used here to analyze more fractions across the

gradient elution and to reconstruct individual chromatograms for individual HCP
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impurities. However, only 3 HCP impurities had sufficient signal to retrieve reliable
identification and complete analysis. Figure 4.12 shows nidogen-1, dickkopf-related
protein 3 and chrondroitin sulfate proteoglycan 4 chromatograms from gel-based
methods eluting in that order. Nidogen-1 and chrondroitin proteoglycan 4 were
previously identified as highly abundant CHO HCPs (Pezzini et al., 2011). Previous
studies of HCP behavior on Capto MMC also found a few highly abundant HCPs and
a large number of low level HCPs (Joucla et al., 2013). All three proteins have been
identified in previous analyses with different resins and here they all elute fairly early
in the gradient. The order and position of elution from gel-based methods is more
detailed due to the larger number of fractions, but confirms the identified elution order
from shotgun methods.

As can be observed in Figure 4.13, the HCPs identified here all have pls higher
than the loading pH of 4.5, which is to be expected. The majority of HCPs found here
are highly positively charged; this indicates that at loading the CEX mechanism is
likely a driving force. There is not a good correlation of electrostatic properties and
elution order, however. There are no highly charged proteins in early fractions,
compared with a few very highly charged species in later fractions. Hydrophobicity is
also not correlated with elution order, despite the hydrophobic character of the MMC
ligand. Similar to HIC results, there is a slight dependence on molecular weight.
Larger proteins tend to elute later in the gradient compared to smaller species. As
discussed earlier, this could be related to higher affinity of larger proteins for HIC

stationary phases (To and Lenhoff, 2007).
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Figure 4.11: Null CHO supernatant chromatographic behavior on Capto MMC, with
loading at pH 4.5 and elution using a linear gradient to 1 M NaCl, pH
8.5. Red trace is A280; blue trace is conductivity. Fractions A-D were
collected for shotgun proteomic analysis.
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Table 4.6: Shotgun proteomic results for fractions A-D of Capto MMC gradient
elution of CHO HCP impurities. Proteins in italics associate with mAbs in protein A
affinity chromatography.

Protein ID pl MW (kDa) A B C D
3Tphospho1n051t1de-dependent protein 57 9.6 L 4
kinase 1

Alpha-galactosidase A 4.9 38.5 +
Amyloid-like protein 2 5.0 78.3

Basement membrane-specific heparan 6.4 334.1 .
sulfate proteoglycan core protein

Beta-actin 5.2 4.6 +
Calcium-dependent serine proteinase 4.7 77.4 +
Calsyntenin-1 4.7 92.3 +
Cathepsin B 5.7 37.5 +
Chondroitin sulfate proteoglycan 4 5.4 252.0 + + o+
Clusterin 5.5 51.8 + o+
Complement Clr-A subcomponent 5.7 80.1 +  +
Dickkopf-related protein 3 4.4 38.4 + +
dnaK-type molecular chaperone GRP78 .
precursor

ERPS57 protein 6.0 56.8 +
Follistatin-related protein 1 6.2 65.4 +
G-protein coupled receptor 56 9.1 77.4 +
Galectin-3-binding protein 5.1 63.8 +
Glyceraldehyde-3-phosphate 35 358 n
dehydrogenase

Glypican-1 6.3 86.4 + +
Immunoglobulin superfamily member 8 +
Elger-alpha-trypsm inhibitor heavy chain 35 107.9 n
Lactadherin 9.5 16.2 + +
Laminin subunit beta-1 4.8 178.1 +
Laminin subunit gamma-1 5.0 172.1 +
Legumain 6.1 49.6 +
Lipoprotein lipase 8.0 50.5 +
Matrix metalloproteinase-9 5.6 78.9 + +
Metalloproteinase inhibitor 1 8.8 22.4 + +
N-acetylglucosamine-6-sulfatase 6.4 53.8 +
N-sulphoglucosamine sulphohydrolase 6.0 56.5 +
Nidogen-1 4.8 79.0 + + o+
Nucleobindin-2 5.1 50.3 + o+
Peptidyl-glycine alpha-amidating 6.1 948 n
monooxygenase B

Procollagen C-endopeptidase enhancer 1 8.5 55.2 +
P(ocollagen-ly51ne,2-oxoglutarate 5- 53 76.0 n
Dioxygenase 1

Ribonuclease T2 6.3 29.5 +
Semaphorin-3C 7.0 55.6 + +
SPARC 4.8 28.2 + o+
Syndecan-4 +  +
Tissue alpha-L-fucosidase 6.0 534 +  +
Tubulointerstitial nephritis antigen-like 6.7 52.5 +
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Figure 4.12: Gel-based chromatogram of HCP impurities on Capto MMC with
simultaneous salt and pH gradient elution.
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Figure 4.13: Estimated isoelectric point, net charge, hydrophobicity and size of HCP
species from chromatographic fractions of Capto MMC gradient elution.

4.9 HCP Homology Models

The shotgun and gel-based analyses of chromatographic fractions have resulted
in valuable information for future process development efforts. The knowledge of
specific HCP impurities that are difficult to remove, particularly those that are difficult
to remove in multiple process schemes, can be implemented in various ways to

improve downstream purification process performance. However, it is difficult to
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develop mechanistic or predictive models for HCP retention from this data. The
correlations of retention volume with various calculated molecular properties can shed
some light on retention mechanisms and important variables, but are in no way
predictive. In an effort to explain better some of the behavior of HCP impurities,
homology models were developed for HCPs on the SWISS-MODEL workspace as
described previously (Arnold et al., 2006). These models then allowed more detailed
calculation of key molecular properties. Analysis of surface charge at relevant solution
pH was completed using Poisson-Boltzmann electrostatics on the PDB2PQR server
(Dolinsky et al., 2004). Solvent-accessible surface hydrophobicity was also assessed to
help demonstrate the mechanism of retention for a few HCPs of interest.

One of the HCPs of interest with an available homology model was nidogen-1.
This HCP impurity was found to associate with mAbs in protein A and HIC solution
conditions and was also found in chromatographic fractions of all resin types studied
here. It is also one of the more abundant HCP (Pezzini et al., 2011) and was previously
found in the mAb product fraction of a protein A process (Doneanu et al., 2012). In Q
Sepharose FF, which was run at pH 7.0, nidogen-1 was found to elute in the third
fraction. The calculated charge of this HCP at pH 7.0 is -38, making it one of the more
highly charged impurities and thus likely to be one of the more difficult to remove.
Based on surface charges calculated from the homology model in Figure 4.14 it is
clear that this protein has two oppositely charged patches. The negatively-charged
patch likely controls adsorption on the AEX resin. Local charge clusters on protein
surfaces can control surface adsorption, as shown previously (Hallgren et al., 2000).

The elution volume of nidogen-1 was similar to that of legumain, although

legumain was one of the least charged HCP, with a net charge of -6. The homology
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structure indicates that legumain also has a large negative patch on its surface that
leads to larger-than-expected elution volumes (Figure 4.15). An even more dramatic
example of protein surface characteristics outweighing net charge is tubulointerstitial
nephritis antigen-like, which was found to elute at the end of the gradient in Q
Sepharose FF but had a calculated net positive charge of +0.5. The surface charge also
indicates a large negatively-charged patch that is likely responsible for the observed

retention (Figure 4.16).

Figure 4.14: Nidogen-1 homology model with calculated surface charge at pH 7.0.
Negative (red) and positive (blue) charges are indicated.
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Figure 4.15: Legumain homology model with calculated surface charge at pH 7.0.
Negative (red) and positive (blue) charges are indicated.

Figure 4.16: Tubulointerstitial nephritis antigen-like homology model with calculated
surface charge at pH 7.0. Negative (red) and positive (blue) charges are
indicated.
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On Capto MMC as well as SP Sepharose FF it is expected that highly
positively charged proteins will elute at larger volumes. At pH 4.5 nidogen-1 has an
estimated charge of +17, which is a lower net charge than those of most of the HCPs
identified as having similar elution volumes. Figure 4.17 shows the homology model
with surface charges, and even though the net charge is lower, the majority of the

molecular surface shows a positive potential.

Figure 4.17: Homology model of nidogen-1 with surface charges indicated for pH 4.5.
Negative (red) and positive (blue) charges are indicated.
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Figure 4.18: Homology model of nidogen-1 with surface hydrophobicity indicated.
Hydrophobic (gold) and hydrophilic (blue) regions are indicated.

In HIC processing nidogen-1 was one of the later-eluting HCPs, although
based on hydrophobicity calculations for the entire amino acid sequence it was not
predicted to be one of the more hydrophobic impurities. Solvent-accessible
hydrophobic residues were identified in the homology model (Figure 4.18) and
similarly to previous analysis, this protein has a large hydrophobic patch on one side
of the structure, which may be responsible for strong binding to the Butyl Sepharose
FF resin.

These observations are qualitative and a more quantitative investigation of
protein structure-retention relationships would be informative. Relationships of protein
crystal structure and chromatographic retention have previously been performed
(Buyel et al., 2013; Chen et al., 2007; Gill et al., 1994; Mazza et al., 2001; Roth et al.,
1996; Yao and Lenhoff, 2004; Yao and Lenhoff, 2005), but there are no crystal

structures available for the CHO proteins investigated here and there are only
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available homology models for a small subset. A larger set of protein structures is

necessary for more quantitative model predictions.

4.10 Conclusions

This work identified specific difficult-to-remove HCP impurities from non-
affinity chromatographic polishing processes. As was previously shown for protein A
purification, the importance of product-association was demonstrated for polishing
columns. For the majority of cases, product-association occurs at a similar level in
protein A and non-affinity columns. The biggest source of variability appears to be
due to differences from mAb to mAb. CIC was able to identify HCP impurities that
associate with two mAbs in a HIC process, and there was significant overlap with
protein A results.

A relatively small population was found to co-elute in polishing columns.
Efforts to develop predictive models and correlations based on estimated HCP
isoelectric point, net charge and hydrophobicity were not successful. Evidence from
available homology structures of a few HCPs of interest indicates that surface-
accessible charge and hydrophobic patches are more important than overall molecular
properties.

There are relatively few HCP impurities that co-elute or product-associate in
platform downstream processing. An even smaller subset co-elutes or associates in
multiple processes across a platform and is predicted to be the most difficult for
removal. Table 4.7 indicates HCP impurities that associated with at least 3 of 4 mAbs
in protein A processing and at least one additional purification step. These HCP
impurities are of the most interest for future process development efforts. This work

showed that it is hard to predict which HCP impurities will be difficult to remove and
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why, but it has provided a list of impurities that should be monitored closely in mAb

Pprocesses.

Table 4.7: HCP impurities found to associate with at least two mAbs in protein A
purification and also difficult to remove in polishing steps.

HIC

Protein ID ASSN CEX AEX HIC MMC
Lipoprotein lipase + + + + +
Chondroitin sulfate N o4 o4 4 o+ o+
protoglycan 4

Galectin-3-binding N
protein

G-protein coupled .
receptor 56

Nidogen-1 + + + + + + +|+ + +
Actin + +

SPARC + + + + + + + +
Clusterin + + +
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Chapter 5

EFFECTS OF LIPOPROTEIN LIPASE AS AN IMPURITY IN
MONOCLONAL ANTIBODY DOWNSTREAM PROCESSING AND
FORMULATIONS

5.1 Introduction

Polysorbates are nonionic surfactants that are common additives in therapeutic
mAb formulations. Of the 30 FDA approved mAbs as of 2012, 19 contained
polysorbate 80 and 4 contained polysorbate 20 (Marichal-Gallardo and Alvarez,
2012). Polysorbates protect mAbs from degradation during purification, filtration,
freeze-drying, storage and final delivery (Kerwin, 2008). They are thought to stabilize
high-concentration mAb solutions by binding to the product molecules (Lee et al.,
2011) or competing with mAbs for surface adsorption (Mahler et al., 2009).
Polysorbate degradation has previously been studied and several different routes of
polysorbate degradation in formulations have been identified (Ha et al., 2002;
Khossravi et al., 2002; Kishore et al., 2010). Polysorbate degradation can lead to
accelerated product degradation due to increased aggregation (Khossravi et al., 2002)
or oxidation due to peroxide formation (Ha et al., 2002).

In Chapters 3 and 4, lipoprotein lipase (LPL) was identified as a difficult-to-
remove HCP impurity in mAb downstream processing. The objectives of the present
work are to determine if CHO LPL can enzymatically degrade polysorbates and to

better characterize the interaction of CHO LPL with mAbs.
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5.2 Lipase Catalysis

Lipases are a class of enzymes that hydrolyze ester bonds of substrates such as
triglycerides, phospholipids and cholesteryl esters (Wong and Schotz, 2002). The
lipase-catalyzed reaction scheme is indicated in Figure 5.1. LPL is a member of the
lipase family, and it is distributed among a variety of tissues in animals. LPL tends to
bind to capillary endothelium, where it supplies tissues with fatty acids derived from
circulating triglycerides (Rojas et al., 1990).

The mechanism of LPL catalysis has been studied closely for both human and
bovine species (Cheng et al., 1985; Kobayashi et al., 2002; MacPhee et al., 2000;
Mcllhargey, 2003; Posner et al., 1983; Shen, 2001; Shen et al., 2010; Shirai et al.,
1983; Wong et al., 1994). Chinese hamster LPL is 88.6% identical to human LPL and
84.9% identical to bovine LPL. It has been proposed that three residues form the
active catalytic triad in bovine and human LPL. Point mutations of Ser-132, Asp-156
and His-241 — the proposed triad — in human LPL lead to a complete loss of hydrolytic
activity. These mutations did not affect the heparin affinity or lipid binding properties
of LPL (Emmerich et al., 1992). The catalytic triad is conserved in Chinese hamster
LPL.

The enzymatic activity of various lipases provides evidence that LPL could be
active in formulation conditions. Apolipoprotein C-II (apoC-II) is known to enhance
LPL activity against phospholipids, but has been shown to lower LPL hydrolysis rates
of triacylglycerol (Shirai et al., 1983). LPL activity was identified using
triacylglycerol as a substrate and without apoC-II at pH 7.4 and pH 8.0. Enzymatic
activity was detected at various conditions between pH 7.0 and pH 9.0 (Shirai et al.,
1983). The activity of Candida regosa lipase was maximal between pH 6.0 and 9.0

(Pereira et al., 2003). LPL from Pseudomonas is reported to maintain at least 50% of
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maximum activity between pH 5.0 and 9.0 and becomes unstable at pH greater than 10
(Amano Enzyme, Inc.). By constructing chimeras of hepatic lipase and human LPL a
two-domain structure of LPL has been proposed. The amino-terminal domain was
shown to contain the catalytic triad and also to modulate the activation by apoC-II and
inhibition by 1 M NaCl. The COOH-terminal domain was identified as a heparin-
binding site (Davis et al., 1992). CHO cells have been shown previously to secrete
LPL with enzymatic activity that is enhanced by the presence of apoC-II and inhibited
by high NaCl concentration (Rojas et al., 1990). The degree of activation by apoC-II
has been reported to range from two-fold (Posner et al., 1983) all the way to 100-fold
(Schrecker and Greten, 1979). It has been shown that residues 39-62 in apoC-II are
responsible for the activation of LPL (MacPhee et al., 2000). LPL enzymatic activity
was still detectable without apoC-II (Posner et al., 1983). It was previously
hypothesized that the active form of LPL is a dimer of identical monomer subunits
that are associated in a non-covalent head-to-tail conformation (Kobayashi et al.,
2002). Zhang et al. studied the folding of bovine LPL into active dimers and found
that Ca”" is necessary for proper folding and dimer formation (Zhang et al., 2005).
Christiansen et al. found that a mixture of lipases could have activity against
non-ionic surfactants. This work showed significant hydrolysis of polysorbate 80 as
well as Cr El and Cr RH 40 by pancreatic lipases at 37 °C and pH 6.8 in 90 minutes
(Christiansen et al., 2010). The enzyme mixture used in this study was porcine
pancreatin, which is a mixture of amylases, pancreatic lipases and proteases that have
been extracted from porcine pancreas. While this previously measured activity against
polysorbate is not specific to LPL or CHO proteins, due to the considerable homology

between different lipase enzymes and lipases from different species, this result
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provides strong evidence that CHO LPL could have enzymatic activity against
polysorbates as well. The lipase activity against polysorbates is due to the similarity
between polysorbates and triglycerides, with the ester linkage being the catalytic
target. The structures of both polysorbates are shown in Figures 5.2a and 5.2b.
Prior studies using LPL and additional lipases suggest that CHO LPL could
have enzymatic activity against polysorbates in the pH range of interest for typical
mAb formulations (~ pH 5-7). Also, the presence of a co-factor — namely apoC-II —
may not be necessary for hydrolysis to take place. However, it is possible that CHO
apoC-II could be present due to purification difficulties and could contribute to

increasing LPL activity.
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Figure 5.1: Catalytic hydrolysis by lipase of lipids into carboxylic acid and an alcohol.
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Figure 5.2a: Structure of polysorbate 20. Ester bond is a possible target for hydrolysis
by lipases.
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Figure 5.2b: Structure of polysorbate 80. Ester bond is a possible target for hydrolysis
by lipases.

5.3 LPL Production
CHO LPL was expressed in E. coli, purified and refolded according to
methods outlined in Section 2.14. Bacterial expression was used to produce large

amounts of LPL rapidly.

5.3.1 Expression in E. coli

As described in Section 2.14.1, an LPL-containing pET11a plasmid was
transformed into BL21-competent cells in SOC broth and plated on ampicillin.
Colonies were selected and cultures were grown overnight to seed the production
culture.

To confirm LPL protein expression, two cultures were run in autoclaved 25
mg/mL LB broth with 100 pg/mL ampicillin at 37 °C. The cultures were run with and
without isopropyl B-D-1-thiogalactopyranoside (IPTG) induction. Cells were then
pelleted, redissolved in PBS and heated to 100 °C after the addition of SDS loading

buffer. The material was loaded and run on a 10% SDS PAGE gel to confirm the
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expression of CHO LPL. The silver-stained gel is shown in Figure 5.3. The culture
with IPTG induction has a band not present in the non-induced culture at slightly

greater than 50 kDa, which is consistent with LPL.
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Figure 5.3: Silver-stained reducing SDS-PAGE of non-induced (A) and induced (B)
LPL-producing E. coli cell cultures.

110



4000 L) ' L I L} I T | I L} I L) ' L) ' L} I L} I T 300
- 280
3000 260
—
240 £
(&)
~
220 %g
o 2000 o =
5 >
S
< 180 §
1000
©
160 2
(@)
140 O
0 N . 120
Load/equilibration Elution ]
1 N | 1 | 1 | 1 | ) 1 1 1 1 1 | 1 | 1 100

0 5 10 15 20 25 30 35 40 45 50
Volume (mL)

Figure 5.4: Ni-NTA affinity purification of recombinant CHO LPL with 250 mM
imidazole step elution.

5.3.2 CHO LPL Purification

After confirmation of LPL expression (Figure 5.3), Ni-NTA affinity
purification of LPL was completed as described in Section 2.14.2. A 750 mL cell
culture harvest was homogenized and LPL inclusion bodies were resolubilized in 6 M
guanidine HCI. The resulting chromatogram of Ni-NTA affinity purification is shown
in Figure 5.4. The large A280 signal during loading is due to E. coli HCP impurities,
cell debris and cell culture media additives flowing through the column. The step

elution using 250 mM imidazole results in a large peak of eluting LPL with a
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pronounced tail. Throughout the Ni-NTA purification the mobile phase was
maintained at 6 M guanidine HCI.

SDS-PAGE was used to assess the purity of the Ni-NTA LPL elution pool.
Samples were buffer-exchanged into PBS prior to loading the gel. The silver-stained
reducing gel is shown in Figure 5.5a. This gel indicates a single band in both lanes A
and B at approximately 50 kDa. The elution pool (lane B) contains no detectable
impurities. The flow-through pool has a diffuse band at the same molecular weight as
the band in the eluate. A western blot was run to confirm the presence of His-tagged
LPL and is shown in Figure 5.5b. A mouse monoclonal anti-His tag antibody (G020,
ABM, Richmond, BC, Canada) was used to detect His-tagged LPL. The anti-His
western confirms that the ~50 kDa bands in the Ni-NTA flow-through and elution
have a His-tag. The presence of LPL in the Ni-NTA flow-through is likely due to
overloading the column. CHO LPL concentration was then determined using a Micro
BCA™ assay (Thermo Scientific, Rockford, IL).

After confirming purification, LPL refolding was carried out as described in
Section 2.14.3. Various refold procedures were attempted unsuccessfully. On-column
refolding was attempted first. A linear gradient from 6 to 0 M guanidine HCI was run
after loading solubilized inclusion bodies onto the Ni-NTA column. The gradient was
followed by step elution with imidazole. The attempted on-column refold resulted in
insoluble CHO LPL after elution. Rapid dilution at room temperature into 20 mM
MES, pH 6.5 buffer also resulted in instantaneous precipitation. Gradual dilution using
dialysis was also attempted. The guanidine HCI concentration was decreased in a
stepwise fashion to 0 M at pH 6.5 and pH 8.5 at both room temperature and at 5 °C. In

all cases the LPL precipitated. The rapid dilution with gentle stirring method described
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in Section 2.14.3 was the most successful and resulted in only limited precipitate
formation.

To confirm folding, reverse phase (RP)-HPLC was run with unfolded LPL
(LPL solubilized in 6 M guanidine HCl) and refolded LPL. The LPL was injected into
the Cig column at 1 mL/min with a linear gradient from 0-100% acetonitrile in water
over 45 minutes. The chromatograms are shown in Figure 5.6. The solubilized LPL
has two main peaks and many smaller late-eluting peaks. The refolded LPL also has
two main peaks. The majority of refolded LPL is contained in the early-eluting peak,
likely due to less solvent exposure of the LPL hydrophobic core. The unfolded LPL
interacts with the C;3 column with higher affinity, indicating that it has more
hydrophobic character than the folded LPL. Unfortunately there is no CHO LPL
standard to confirm correct folding. Without a proper standard this result cannot
confirm proper LPL folding, but it does provide insight into the changes in LPL due to
the refolding procedure. The enzymatic activity that was measured in subsequent

sections is further evidence of proper folding of at least a subpopulation of the LPL.
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Figure 5.5a: The flow-through fraction (A) and elution fraction (B) of LPL Ni-NTA
affinity purification on silver-stained reducing SDS-PAGE.

Figure 5.5b: Anti-His western blot of the LPL Ni-NTA affinity purification flow-
through fraction (A) and elution fraction (B).
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Figure 5.6: RP-HPLC gradient elution (45 min 0-100% acetonitrile linear gradient, Cg
column, 1 mL/min) of refolded LPL (blue) and LPL solubilized in 6 M
guanidine HCI (red).

5.4 Characterization of LPL Interaction with MAbs

The results in Chapter 3 indicate that CHO LPL associates with mAbs D, Dy
and IDEC-152 in protein A affinity purification. The LPL-mAb association was
determined using mAb-HCP CIC and indicates the potential purification challenge of
LPL in mAb processing. To understand better the mAb-LPL interaction, further

studies were completed here.
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5.4.1 LPL-MADb CIC

Cross-interaction chromatography with immobilized mAb and free LPL
(produced in E. coli) was used to measure the mAb-LPL osmotic second virial cross-
coefficient (By3). The bacterially expressed LPL is identical in primary sequence to the
native CHO protein, but the refolded protein may not have identical folding and is not
glycosylated. MAb-LPL B,3; values are shown in Figure 5.7. At protein A loading
conditions (pH 7.4) with different concentrations of NaCl, B,3 values for mAb C and
mAb D with LPL are slightly positive. The non-attractive interactions found here do
not agree with the previous results in Chapter 3.

There are a few possible explanations for the lack of attraction. This
observation is most likely due to the lack of glycosylation or non-native folding. It is
common for protein-protein interactions to be conformationally dependent (Eigenbrot
et al., 2010; Sasamori et al., 2010; Zou et al., 2010). Additionally, the lack of
glycosylation can change protein structure, stability and interactions (Jefferis et al.,
1998). However, as is shown in subsequent sections, the refolded LPL used here does
have enzymatic activity, which is evidence of at least appreciably correct folding.
Another possibility is that only a small fraction of LPL is correctly folded and it

remains irreversibly bound to the immobilized mAb in CIC experiments.
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Figure 5.7: LPL-mADb osmotic second virial cross-coefficient (B,3) at pH 7.4 as a
function of sodium chloride concentration.

5.4.2 LPL-MAD Yeast Surface Display

Yeast surface display (YSD) methods (Boder and Wittrup, 1997; Chao et al.,
2006) were used as a second method to measure mAb-LPL interactions. Kyle Doolan
(University of Delaware, Department of Chemical and Biomolecular Engineering)
performed all YSD experiments described here using previously-established methods
(Doolan and Colby, 2014). For this analysis, CHO LPL was fused to Aga2p and
expressed in yeast cells, as described in Section 2.15. Yeast cells expressing LPL on
their surface were then incubated for 45 minutes with fluorescently labeled mAb B, C,

D, Dy or IDEC-152 in PBS with 10% BSA. The yeast cells were then washed and

117



analyzed using flow cytometry. Yeast cells expressing a non-immune scFv were also
incubated with labeled mAb as a control.

LPL-mAb binding was measured in the presence of 500 nM of a fluorescently
labeled mAb (Figure 5.8). MAbs B, C, D, Dy and IDEC-152 were all found to have
measurable attraction to LPL. However, the c-Myc tag on the c-terminal end of LPL
on the yeast surface could not be detected. This could be due to a truncation of LPL or
the c-Myc tag could be sterically hindered by LPL. Sequencing confirmed that there is
not a genetic truncation. Non-specific binding to the nonimmune scFv control was
minimal. MAbs D, Dy and IDEC-152 were found in Chapter 3 to associate with LPL
using HCP-mAD CIC analysis. The additional mAbs were not analyzed using HCP-
mAb CIC.

Additionally, the Fc and Fab fragments of mAb B were analyzed here to
determine domain specificity. Both Fc and Fab fragments were found to have
attractive interactions to LPL (Figure 5.8); it appears that the Fc fragment has slightly
higher affinity. Additional experiments are needed to confirm the higher affinity to the
Fc domain but they could not be completed due to a limited fragment supply. It is
possible that the papain cleavage of the mAb enables solvent access to attractive
epitopes that are not accessible in the native mAb structure. Additional controls were
run with peptides A and B (two small peptides that are unrelated to LPL or IgG) and
an scFv, which is the antigen-binding domain of a mAb that targets an unrelated
protein. These three additional controls indicate that the LPL-mAb binding is specific

to mAbs; not all labeled mobile-phase proteins bind to LPL on yeast surface.
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Table 5.1: Candidate protein A wash solutions adapted from previous work (Shukla
and Hinckley, 2008).

Wash

pH Wash contents
number
1 4.4 50 mM citrate, 1% polysorbate 80
2 4.4 50 mM citrate, 1 M urea
3 9.0 25 mM tris, 10% isopropyl alcohol, 3 M urea
4 9.0 25 mM tris, 1% polysorbate 80, 10% isopropyl alcohol, 3 M urea

Wash solutions 1-4, specified in Table 5.1, were also studied here to determine
their effect on mAb-LPL association. The four wash solutions were previously found
to disrupt HCP-mAb associations while maintaining high mAb yield (Shukla and
Hinckley, 2008). Yeast cells expressing LPL were incubated with fluorescently
labeled mAb D as done previously. After flow cytometry to confirm mAb D-LPL
binding, the cells were incubated in each of the four wash solutions. After an hour of
incubation, flow cytometry was again used to measure the extent of mAb D-LPL
binding. All 4 candidate washes were shown to be ineffective at removing the bound
mAb. This further demonstrates the considerable difficulties with LPL removal.

In Figure 5.9 a full titration curve is presented for mAb D interacting with
LPL, which allows a Kp for LPL-mAb binding to be estimated. The titration data were
fit to a single binding-site model with no depletion, as described previously (Chao et
al., 2006). In this case, the LPL-mAb D interaction has a Kp of approximately 400
nM. For comparison, affinities of this magnitude are on the lower end of typical

antibody-antigen binding (Karush, 1978).
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The LPL YSD results are consistent with the LPL-mAb association that was
identified using HCP-mAb CIC. There are a few possible reasons that mAb-LPL
interactions are detectable by YSD but not by mAb-LPL CIC. One possibility
mentioned above is that glycosylation is important for this interaction. YSD will
produce glycosylated LPL, but glycosylation structures will be different from those
produced in mammalian host cells (Gai and Wittrup, 2007). Another possibility is that
LPL folding is closer to the native structure on the yeast surface than in the

recombinant LPL refold pool. The folding quality of LPL on the yeast surface is
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unknown; enzymatic activity of surface-anchored LPL was not measured to confirm

proper folding.

5.5 Enzymatic Activity of CHO LPL Expressed in E. coli

As discussed previously, polysorbates are frequent additives for maintaining
mAb product quality and there is evidence that lipases have enzymatic activity against
polysorbates (Christiansen et al., 2010). In this work, the CHO LPL produced in E.
coli 1s tested for degradation of polysorbates.

Refolded LPL was buffer-exchanged into the buffer of interest, followed by
the addition of 0.23 mM polysorbate 20 or 80 and then incubation at 37 °C for 24
hours. Polysorbate degradation was determined by measuring the concentration of
released fatty acid using two methods described in Section 2.16. For the ADAM
labeling-HPLC assay described in Section 2.16, a sample chromatogram comparing
degraded and non-degraded polysorbate 80 is shown in Figure 5.10. The ADAM-
labeled polysorbate degradation product has a characteristic peak at 7 minutes.
Activity was measured at pH 5.0, 6.0 and 6.8 in the presence of either NaCl, CaCl, or
no additional salt. These conditions were chosen as they are similar to FDA-approved
mAb formulation conditions (Daugherty and Mrsny, 2006; Wang et al., 2006) and
Ca”" was previously found to promote the formation of active LPL dimers (Kobayashi
et al., 2002).

The experimentally measured degradation rates of polysorbate 80 are shown in
Figure 5.11. Overall, there is measurable polysorbate 80 degradation in almost all of
the conditions tested. Although these degradation rates were measured at an
unrealistically high temperature for mAb storage, it is helpful to put the measured

rates into context. For example, in a formulation containing 10 ppm LPL (0.2 uM
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LPL), a degradation rate of 0.1 uM polysorbate/uM LPL/hr translates to a polysorbate
degradation of approximately 200 uM per year. Polysorbate concentrations in mAb
formulations are generally 0.1-1 pM (Kishore et al., 2011). Degradation rates were
found to increase with increasing pH, consistent with prior work on lipase catalysis
that showed maximum rates at higher pH (Pereira et al., 2003; Shirai et al., 1983). The
addition of the two salts has a minimal effect, contrary to previous findings
(Kobayashi et al., 2002). The most extensive degradation was found at pH 6.8 with 10
mM CaCl,, but similar rates were found with NaCl and no additional salt, so neither
salt appears necessary for active LPL against polysorbate 80. The degradation rates
measured here were similar to previous findings with pancreatin (Christiansen et al.,
2010).

LPL degradation rates of polysorbate 20 are shown in Figure 5.12 for the same
conditions as for polysorbate 80. Overall, LPL activity is much lower using
polysorbate 20, which is less frequently added to formulations, but still commonly
used (Daugherty and Mrsny, 2006; Wang et al., 2006). In contrast to the polysorbate
80 degradation results, most of the conditions with measurable degradation were at pH
5.0; polysorbate 20 at pH 6.8 with 10 mM CaCl, was the only other condition where
degradation was detected. Polysorbate 20 degradation rates at pH 5.0 increase
significantly upon the addition of either NaCl or CaCl,, consistent with observations in
previous work (Kobayashi et al., 2002).

These findings demonstrate the possibility of polysorbate degradation due to
CHO LPL presence in final formulations. HCPs with enzymatic activity have
previously been observed to result in mAb degradation (Gao et al., 2010; Robert et al.,

2009). The measured degradation rates show relative trends among different
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conditions, but the implications of the nominal rates in a bioprocessing environment
cannot readily be interpreted meaningfully due to a number of significant differences.
In particular, the E. coli-produced LPL lacks glycosylation and is probably not
completely folded. Also, these studies were completed at an elevated temperature.
Rates of LPL degradation of polysorbate at typical storage temperatures were not

measured.
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Figure 5.10: Representative chromatogram of ADAM-labeled degraded and non-
degraded polysorbate 80.
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Figure 5.11: Digestion rate of polysorbate 80 by CHO LPL (produced in E. coli) in
different solution conditions at 37 °C for 24 hours.
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Figure 5.12: Digestion rate of polysorbate 20 by CHO LPL (produced in E. coli) in
different solution conditions at 37 °C for 24 hours. No measurable
digestion was found at pH 6.0.

5.6 Native CHO LPL Activity

In order to confirm enzymatic activity of native CHO LPL against
polysorbates, a ‘knock-down’ CHO cell culture was prepared by Kristin Valente and
Josephine Chiu (University of Delaware, Department of Chemical and Biomolecular
Engineering) using previously established RNA interference methods (Hammond and
Lee, 2011). The ‘knock-down’ culture is intended to have decreased expression levels
of LPL. The supernatant from the ‘knock-down’ cell culture was buffer-exchanged

into pH 6.8 with 10 mM CaCl, — the conditions with maximum polysorbate

126



degradation in Section 5.4 — and the null CHO supernatant was prepared identically.
The two mixtures of HCP were then added to polysorbate 80 and incubated as done
previously. Enzymatic degradation of polysorbate was measured using the free fatty
acid detection kit described in Section 2.14. As can be seen in Figure 5.13, the ‘knock-
down’ cell line has significantly less fatty acid released compared to the standard null
CHO line; increased free fatty acid here is indicative of degraded polysorbate 80.
Because the concentration of LPL is unknown in the null CHO line and there are
additional HCPs present, it is not possible to calculate a specific enzymatic rate as
with the bacterially produced LPL. Nevertheless, these results provide good evidence
that the native CHO LPL can digest polysorbate 80, at least in certain conditions. The
non-zero enzymatic degradation of polysorbate 80 by the ‘knock-down’ supernatant
could be due to additional HCP impurities that also degrade polysorbate or to trace

levels of LPL that persist despite the knock-down procedure.
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Figure 5.13: Polysorbate 80 degradation after 48 hours of incubation at 37 °C with
CHO supernatant and LPL knockdown CHO supernatant.

5.7 Conclusions

The results of this chapter provide additional and more specific insights into
the difficulties of removing LPL in mAb manufacturing processes and the potential
impacts if LPL is not sufficiently removed. The implementation of YSD techniques
for measuring LPL-mAD interactions provides an additional method from those
previously developed for determining HCP-mAb interactions. It was utilized here

specifically for LPL but could be used in future efforts for additional HCP impurities.
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CHO LPL binds to a larger set of mAbs than previously shown, with
reasonably high affinity (Kp~400 nM). Previously designed wash solutions for
disrupting HCP-mAD association were shown to have no measurable effect on LPL-
mAb association. This result highlights the difficulty of disrupting certain HCP-mAb
interactions. The inability to break up the LPL-mAb association here is strong
evidence that a ‘knock-out’ cell line may be the most efficient method of mitigating
LPL purification difficulties. Alternative wash solutions could be developed, but based
on these results, LPL-mAb complexes are exceedingly difficult to disrupt.

Finally, polysorbate degradation studies confirm that CHO LPL recombinantly
produced in E. coli or natively produced by CHO cells can degrade either polysorbate
20 or 80 by ester hydrolysis in mAb formulation conditions. The optimal solution
conditions for degradation of polysorbate 80 were consistent with previous findings
for lipases (Pereira et al., 2003; Shirai et al., 1983). It was also found that for
polysorbate 20, LPL had higher activity at pH 5.0 with either NaCl or CaCl, present at
10 mM.

These results demonstrate both the difficulty of removing LPL during mAb
purification processes as well as the danger of not removing LPL. Degradation of
polysorbate in formulations is a previously identified problem (Kishore et al., 2010)
that should be avoided at all costs. At the very least LPL should be monitored through
downstream purification and in final formulations; tracking LPL is not overly difficult

and could provide insight into otherwise unexplained product degradation.
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Chapter 6

MONOCLONAL ANTIBODY SELF-INTERACTIONS AND
INSTANTANEOUS PHASE BEHAVIOR

6.1 Introduction

Protein phase behavior is involved in numerous aspects of downstream
processing, either by design as in crystallization (Smejkal et al., 2013; Trilisky et al.,
2011; Zang et al., 2011) or precipitation processes (Capito et al., 2013; Oelmeier et al.,
2013) or as an undesired effect, such as formation of large aggregates (Vazquez-Rey
and Lang, 2011). Previous work has indicated a correlation between mAb-mAb
interaction strength and phenomena such as aggregation and increased viscosity
(Connolly et al., 2012; Saito et al., 2011). The present work compares the phase
behavior and self-interaction strengths of a large set of mAbs that have been shown to
exhibit liquid-liquid separation, aggregation, gelation, and crystallization (Lewus,
2011). The instantaneous phase behavior and self-interaction strengths were studied
systematically as a function of a number of factors — including solution composition
and pH — in order to explore the degree of variability among different antibodies.

The majority of the solution conditions explored here were adapted from
previous work (Lewus, 2011; Lewus et al., 2011) in order to compare directly the
phase behavior and interaction characteristics of mAbs with previous results. Most
solution conditions were between pH 5.0 and 7.0 with different concentrations of
ammonium or lithium sulfate. These are typical conditions for crystallization

processes or hydrophobic interaction chromatography — a commonly used aggregate
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removal step in mAb downstream processing that was discussed in Chapter 4 (Ghose
et al., 2013; Nfor et al., 2011; To and Lenhoff, 2008). The mAbs compared here are all
human IgG1 and IgG2 — as described in Chapter 2 — and are unrelated product
molecules with the exception of mAbs D and Dy;. Some of the data for IDEC-152,

mADb A and mAb B were collected previously (Lewus, 2011; Lewus et al., 2011).

6.2 MAD Instantaneous Phase Boundaries

Instantaneous phase boundaries were identified for the full set of mAbs in
different solution conditions. The batch method used for identifying phase boundary
locations was described in Section 2.2. Instantaneous phase boundaries of mAbs were
compared at pH 5.0 and pH 7.0 and in different concentrations of ammonium and
lithium sulfate. Phase boundaries of mAbs D and Dy were compared across a more
extensive set of solution conditions, as discussed in Section 6.6. Instantaneous phase
separation did not occur for the majority of mAbs in solutions of sodium chloride.

All mAbs compared here had relatively similar phase boundaries. In sulfate
salt solutions it was found that at high salt concentrations — greater then 1.5 M lithium
or ammonium sulfate — the solutions instantly phase-separated. As salt concentrations
were incrementally decreased, mAbs became stable in solution, but only at low protein
concentrations. For all mAbs the range of salt concentrations with experimentally
observable phase boundaries was approximately 0.2 M. Identifying the phase
boundary at lower salt concentrations was not possible due to the very high protein
concentrations required to achieve phase separation. The shape and location of the
instantaneous phase boundaries identified here are similar to those previously
identified for mAbs (Ahamed et al., 2007; Lewus et al., 2011) and model proteins
(Dumetz et al., 2008b).
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Figure 6.1 shows the instantaneous phase boundaries for mAbs A-D, Dy,
IDEC-152 and Mill04 at pH 7.0 in solutions containing ammonium sulfate. As
described above, the boundaries for each mAb had very similar overall properties, but
they were shifted to different salt concentrations. IDEC-152, mAb B and mAb Dy
were all found to have similarly located phase boundaries.

MAD A and Mill04 were identified as outliers at pH 7.0 in ammonium sulfate,
with phase boundaries at much lower salt concentrations than those for the other mAbs
(Figure 6.1). MAbs C and D had phase boundaries shifted to higher concentrations of
ammonium sulfate and appeared to be significantly more stable in solution than the
majority of mAbs studied here. As is demonstrated in subsequent sections, this
division of the set of mAbs into three groups applies more generally for all solution
conditions tested; there is a group of less stable mAbs with phase boundaries at
relatively low salt concentrations, a group of highly stable mAbs with phase
boundaries at higher salt concentrations, and more typical mAbs with behavior

between the two extremes.
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Figure 6.1: Instantaneous phase boundaries of mAbs at pH 7.0 in ammonium sulfate
solutions.

6.2.1 Instantaneous Phase Boundaries in Different Salts

The instantaneous phase boundaries of the same set of mAbs at pH 7.0 in
lithium sulfate (Figure 6.2) had similar properties. The largest difference between the
boundaries in ammonium and lithium sulfate at pH 7.0 was a significant shift towards
lower salt concentrations in lithium sulfate. This shift is consistent with the
Hofmeister series (Collins, 2004; Hofmeister, 1888).

The relative positions of the instantaneous boundaries were maintained in
solutions of both sulfate salts, with Mill04 as the single exception. In lithium sulfate
solutions, the Mill04 boundary shifted to much lower salt concentrations than for any

other mAb studied; it had observable phase separation in 0.4 M lithium sulfate,
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compared with 0.7 M ammonium sulfate. Most of the phase boundaries measured
were shifted approximately 0.1 M lower when switching from ammonium to lithium
sulfate, consistent with the Hofmeister series (Hofmeister, 1888). Additionally, the
boundaries were more varied with respect to salt concentration in lithium sulfate
solutions. Although there were significant differences in instantaneous phase
boundaries with different salt types, the mAbs can still be split into the same three

groups described previously.
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Figure 6.2: Instantaneous phase boundaries of mAbs at pH 7.0 in lithium sulfate
solutions.
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6.2.2 Instantaneous Phase Boundaries: Dependence on Solution pH

Phase boundaries for the majority of mAbs tested were also measured at pH
5.0 in ammonium and lithium sulfate solutions. Comparing Figures 6.1 and 6.3 or 6.2
and 6.4 shows the effect of lowering the pH from 7.0 to 5.0. The phase boundary for
each mAb in ammonium sulfate shifted toward higher salt concentrations at lower pH,
i.e., all of the mAbs were more stable in solution and less likely to phase-separate at
lower pH. This was similar to previous findings of mAb solution stability with varying
pH (Arzena et al., 2012; Chari et al., 2009). The set of mAbs shown here, and the
majority of IgGs, have isoelectric points between 7.0 and 9.0. Lowering the pH from
7.0 to 5.0 results in a significant increase in net charge and a higher degree of mAb-
mADb electrostatic repulsion, which can explain the higher solution stability
(Lehermayr et al., 2011).

Each mAb was found to have increased solution stability at lower pH, but
when comparing properties of different mAbs, net charge and isoelectric point were
not good predictors of phase behavior; at lower salt concentrations these parameters
are better indicators of mAb solution stability (Lehermayr et al., 2011). Although the
effect of changing pH on net charge is understood, the distribution of charged residues
in each mAb may vary significantly from protein to protein. Anisotropy appears to
play a significant role and makes a priori prediction of pH effects difficult (Scherer et
al., 2010; Yearley et al., 2013).

The degree to which phase boundaries shift with pH changes was similar for
all mAbs and is similar to previous studies with model proteins (Dumetz et al., 2008a).
For mAb A in ammonium sulfate solutions the change from pH 7.0 to 5.0 resulted in
the phase boundary shifting from about 0.8 to 1.0 M ammonium sulfate and 0.6 to 0.9

M lithium sulfate. For IDEC-152 the phase boundaries shifted from 1.0 to 1.2 M

135



ammonium sulfate and 0.9 to 1.1 M lithium sulfate upon the same pH shift. The more
stable mAbs also had similar shifts in their instantaneous boundaries: mAb C phase
boundaries shifted from 1.3 to 1.4 M in ammonium sulfate solutions and 1.2 to 1.3 M
in lithium sulfate solutions.

As was the case for the different salt types, the instantaneous phase boundaries
of the mAbs studied here remained in the same order relative to each other with few
exceptions as the solution pH was varied. The differences in instantaneous phase
boundaries between mAb D and mAb Dy are of particular interest due to the
similarity of the two molecules. These mAbs differ only by 2 amino acids and mAb D
was much more stable in high-salt solutions than mAb Dy. The instantaneous phase
boundary for mAb D was at much higher salt concentrations than the boundary for

mAb Dy at both pH 5.0 and 7.0 and in both ammonium and lithium sulfate.
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Figure 6.3: Instantaneous phase boundaries of mAbs at pH 5.0 in ammonium sulfate
solutions.
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Figure 6.4: Instantaneous phase boundaries of mAbs at pH 5.0 in lithium sulfate
solutions.

6.3 Co-Precipitation with HCP Product-Associated Impurity

In Chapter 3 the identification of HCP impurities that associate with different

mADb products was described. The HCP impurities that associate with mAb molecules

and are carried through downstream purification steps into formulations could

potentially impact mAb stability or drug safety. Insulin was one of the HCP impurities

found to have attractive interactions with the majority of mAbs (Levy et al., 2013).

The instantaneous phase boundary of mAb D at pH 7.0 in ammonium sulfate was

therefore measured in the presence of insulin to determine if insulin impacts mAb
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phase behavior. Attractive cross-interaction strengths between two model proteins was
previously shown to lead to co-precipitation (Cheng et al., 2008). Co-precipitation is
frequently used to identify interacting proteins in biological systems (Howell et al.,
2006).

The same batch method was used to identify phase boundaries here, but a
constant concentration of insulin was added to each sample. As can be seen in Figure
6.5, at higher ammonium sulfate concentrations the addition of insulin had no
measurable effect on the location of the instantaneous phase boundary. However, at
lower salt concentrations — where the boundary starts to increase rapidly in mAb
concentration — there was a significant difference in that the presence of insulin
lowered the phase boundary by about 5 mg/mL. Identical solutions but with only one
of the two proteins (mAb D or insulin) present did not phase-separate.

The experimental conditions used here represent a somewhat unrealistic
concentration of insulin with respect to mAb for a typical manufacturing process.
However, the results suggest that it would be possible for HCP impurities to have a
measurable effect on product stability and possibly result in co-precipitation if they

were not removed sufficiently.
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Figure 6.5: Instantaneous phase boundaries of mAb D with and without 9.6 pg/mL of
insulin at pH 7.0 in various concentrations of ammonium sulfate.

6.4 MAD Self-Interactions

Self-interactions of IgGs were measured using self-interaction chromatography
(SIC) as described in Section 2.8 and similar to previous studies (Dumetz et al., 2008a;
Lewus et al., 2011; Tessier et al., 2002a). The interaction strengths are expressed as
second osmotic virial coefficients (Ba,). Positive values of By, represent repulsive
interactions, negative values correspond to attractive interactions and values close to
zero represent no net attraction or repulsion. By, values for protein solutions between -

1 and -8 x 10™* mol mL/g’ represent the crystallization slot’, the range of moderately
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attractive interactions likely to yield crystalline structures for proteins (George and
Wilson, 1994).

SIC measurements were made at the same solution conditions used for
instantaneous phase behavior experiments. Beyond the crystallization application
noted above, self-interaction strength has important implications for mAb product
stability, phase behavior, oligomerization and solution viscosity (Connolly et al.,
2012; Yadav et al., 2011a; Yadav et al., 2012). This set of results shows the overall
similarities from mAb to mAb as well as the behavior of a few outliers.

As was observed for instantaneous phase boundaries, this large set of I[gG1 and
IgG2 products had mostly similar interaction behavior, as can be seen in Figures 6.6-
6.10, which are discussed in greater detail below. The self-interaction strengths for
most mAbs at low salt concentration (0-0.2 M) was either slightly attractive or had no
significant interactions — By, values were close to zero. As salt concentrations were
increased, the self-interactions gradually became more attractive and entered the
‘crystallization slot’ (George and Wilson, 1994) of moderate attraction. At a critical
salt concentration — generally between 0.5 and 0.75 M — mAb-mAb self-interactions
became highly attractive much more precipitously. While this form of the B,
dependence on salt was observed quite generally for mAbs, more specific comparisons
are informative, and are presented in the subsections below. B,, dependence on salt
concentration was similar to previous findings for mAbs (Lewus et al., 2011) and
model proteins with salting-out behavior (Dumetz et al., 2008c; Tessier et al., 2002b).

Figure 6.6 shows the By, values for mAbs at pH 7.0 in increasing
concentrations of ammonium sulfate. As described above, each mAb shows an

increase in self-attraction with higher ammonium sulfate concentrations. The highest
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salt concentration recorded for each mAb was the strongest attraction that could be
measured with SIC; at higher salt concentrations the mobile-phase mAb becomes
essentially irreversibly bound to the column.

At the conditions in Figure 6.6 it is clear that the interaction behavior is
consistent with instantaneous phase boundaries, and the mAbs can be divided into
three groups that are similar to those in Section 6.2. Mill04 and mAb A have the
strongest self-attraction by a considerable margin. The B, values of both are
somewhat negative at low ammonium sulfate concentrations, and around 0.4-0.5 M
ammonium sulfate the slope becomes much steeper, with highly attractive interactions
that are difficult to measure. It should be noted that the B, values presented here were
calculated assuming that all mAbs exist as monomers under measurement conditions,
but it is shown in Chapter 7 that Mill04 — which shows by far the strongest self-
association among the mAbs profiled — exists mostly as larger oligomers.

The next grouping of molecules includes mAb B, mAb C, mAb Dy and IDEC-
152. In ammonium sulfate at pH 7.0 these mAbs have nearly identical B, trends as a
function of salt concentration. With the exception of mAb C, this is the same set of
mAbs identified with moderate salting-out behavior in the discussion of phase
boundaries. Finally, mAb D is a non-interacting outlier, with highly attractive self-
interactions not appearing until around 1.0 M ammonium sulfate.

There is a clear correlation between the location of the instantaneous phase
boundary and the self-interaction strength for each mAb. The more highly attractive
mAbs had phase boundaries shifted towards lower salt concentrations and the less
attractive mAbs were much more stable in solution, requiring higher salt

concentrations for phase separation. The correlation between B,, and instantaneous
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phase boundaries found here for mAbs is similar to previous finding with globular
model proteins (Dumetz et al., 2008b; Haas et al., 1999; Le Brun et al., 2009).

MAD B»; values, as expected, reflect stronger attraction in solutions of lithium
sulfate compared to ammonium sulfate. This is consistent with the trends in phase
boundaries discussed in Section 6.2 and previous studies of the Hofmeister series
(Collins, 2004). For the mAbs with intermediate salting-out properties, By, starts to
become highly attractive at salt concentrations greater than 0.8 M at pH 7.0. In lithium
sulfate at pH 7.0 (Figure 6.7), the same group of mAbs have B, values that drop
steeply at concentrations greater then 0.6 M, and B, was not measureable at 0.8 M.
Most of the mAbs have B,; profiles that are shifted between 0.1 and 0.2 M salt when
switching from ammonium to lithium sulfate. This is similar to the observed shift in
phase boundary location.

In solutions of sodium chloride at pH 7.0 only mAb A has instantaneous phase
boundaries that were experimentally accessible. Previous work identified
instantaneous phase separation of IDEC-152 in high concentrations of sodium chloride
(Ahamed et al., 2007). However, a few mAbs had measurable attraction in sodium
chloride solutions. The sodium chloride solutions are more likely to occur in a mAb
platform manufacturing setting than ammonium and lithium sulfate solutions.

Mill04, the most self-attractive mAb in sulfate salt solutions, also showed the
strongest self-attraction in sodium chloride. It appears that Mill04 displays
electrostatic attraction at very low salt concentrations. As sodium chloride
concentrations are increased those attractions are screened out and By, increases
slightly. At even higher salt concentrations Mill04 displays salting-out characteristics

similar to those observed with sulfate salts, with increasingly attractive self-
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interactions. This relationship between sodium chloride concentration and By, is
similar to previous studies with catalase (Dumetz et al., 2008a).

MAD A is the only other mAb studied here found to have strong self-
interactions in sodium chloride solutions. The behavior is similar to that of Mill04 and
consistent with that observed in ammonium and lithium sulfate solutions. IDEC-152
and mAb B self-interactions, which were measured at much higher salt concentrations,
were of moderate strength in sulfate salts, and in sodium chloride they were
significantly different from those of mAb A and Mill04. Attractive interactions were
observed only at extremely high salt concentrations — between 1.0 and 4.0 M sodium
chloride. Even at those high salt concentrations B, values were only slightly negative.
In solutions of sodium chloride, which would be more typical bioprocessing
conditions than sulfate salts, B>, measurements indicate that only Mill04 and mAb A
have strong self-interactions and thus a greater likelihood of stability, viscosity and
oligomerization issues (Connolly et al., 2012; Saito et al., 2011; Vazquez-Rey and

Lang, 2011).
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Figure 6.6: Osmotic second virial coefficients of mAbs at pH 7.0 in ammonium sulfate
solutions, measured using self-interaction chromatography.
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Figure 6.8: Osmotic second virial coefficients of mAbs at pH 7.0 in sodium chloride
solutions, measured using self-interaction chromatography.

6.4.1 B, Values as a Function of Solution pH

Figures 6.9 and 6.10 show mAb B,; values in solutions of ammonium and
lithium sulfate at pH 5.0. Due to insufficient supplies of materials, not all mAbs were
included in these pH studies. At pH 5.0 the mAbs generally did not have highly
attractive two-body interactions until sulfate salt concentrations were close to 1.0 M.
Such lower self-attraction at lower solution pH is consistent with previous results
(Arzena et al., 2012; Saito et al., 2011; Sule et al., 2012). At pH 5.0 the location of the
steep drop in By, for most mAbs is shifted approximately 0.2 M from that at pH 7.0.

Also, although a smaller set of mAbs was used at pH 5.0, it appears that there is less
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variability from mAb to mAb at the lower pH, with the exception of mAb D. As in the
various data sets presented previously, mAb D shows the least attractive protein-

protein interactions at all solution conditions examined.
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Figure 6.9: Osmotic second virial coefficients of mAbs at pH 5.0 in ammonium sulfate
solutions, measured using self-interaction chromatography.
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Figure 6.10: Osmotic second virial coefficients of mAbs at pH 5.0 in lithium sulfate
solutions, measured using self-interaction chromatography.

6.5 ANS Fluorescence

In order to investigate further the driving forces for self-interaction and
instantaneous phase separation at the high salt concentrations used here, 8-
anilinonaphthalene-1-sulfonic acid (ANS) fluorescence was used (Rubin et al., 2012)
as a reporter. ANS is a fluorescent molecule with much higher fluorescent signal in
non-aqueous environments. In protein solutions, ANS has much higher fluorescence
emission when it is bound to hydrophobic residues in partially unfolded protein

intermediates (Arosio et al., 2012; Semisotnov et al., 1991). At low salt concentrations
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it can also interact with charged amino acids, but at the high salt concentrations of
interest, charge-charge interactions are expected to be screened out. Therefore if the
conventional interpretation is accurate, ANS fluorescence serves as a probe of
hydrophobic interactions.

Results for ANS fluorescence of mAbs B, C, D and Dy are presented in
Figures 6.11-6.14. For all four mAbs, the ANS signal increases monotonically as the
ammonium or lithium sulfate concentration is increased from 0 M to 1.7 M. Previous
work with salting-out mAbs had similar findings (Rubin et al., 2012). The ANS
fluorescence is higher for lithium sulfate than for ammonium sulfate at all salt
concentrations. The ANS signal increases gradually and roughly linearly as the salt
concentration is increased from 0 to around 0.8 M. This region corresponds to
moderately attractive interactions, as measured by B,. As the salt concentration is
increased beyond the critical salt concentration at which B, becomes highly negative,
ANS fluorescence increases rapidly. At even higher concentrations, beyond the
indicated instantaneous phase boundaries, phase separation occurs and the
fluorescence intensity is considerably higher. Previous studies have measured large
increases in ANS fluorescence upon formation of large protein aggregates (Carver et
al., 1995) and shown a strong correlation of ANS fluorescence and protein
precipitation (Hayakawa and Nakai, 1985; Kenig et al., 2004).

These results may imply that the attractive mAb-mAb interactions at high salt
concentration are due largely to hydrophobic interactions. These hydrophobic
interactions could be due to partial unfolding and exposure of buried hydrophobic
residues (Semisotnov et al., 1991), or to greater solvent accessibility of surface

hydrophobic patches (Arosio et al., 2012; Young et al., 1994). However, an alternative
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interpretation is that the increase in ANS fluorescence results from loss of solvent
accessibility due to ANS sequestration within the protein dense phase.

Figure 6.15 shows By, values for the four mAbs at different salt
concentrations, plotted against the measured ANS fluorescence at the same conditions.
The data shown here are from the slightly attractive region. All four mAbs show a
qualitatively similar relationship between B, and ANS fluorescence, with ANS
fluorescence increasing monotonically as B, decreases.

As before, the comparison of mAbs D and Dy can be informative, which here
is expressed directly in terms of ANS fluorescence. MAb D, which shows weaker self-
attraction, gives rise to a much lower ANS fluorescence intensity across the salt
concentration range explored here. The two-residue mutation of mAb Dy gives rise to
a much higher ANS fluorescence intensity. It is possible that removal of two charged
residues near the CDR of mAb Dy resulted in poor solvation and local hydrophobic
patches became more solvent accessible or that structural differences due to the
mutation resulted in greater exposure of hydrophobic residues. The increase in ANS
fluorescence in response to the two-residue mutation of mAb D is similar to previous
findings with single amino acid mutations of proteins (Andley et al., 2008; Andrésen

et al., 2010; Kenig et al., 2004)
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Figure 6.11: ANS fluorescence in solutions of mAb B, plotted together with the
instantaneous phase boundary and By, at pH 7.0 for ammonium sulfate
(open symbols) and lithium sulfate (filled symbols) solutions. MAb
samples with visible phase separation during ANS fluorescence

measurements are indicated (A).
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Figure 6.12: MADb C ANS fluorescence, instantaneous phase boundary and B,, at pH
7.0 with ammonium sulfate (open symbols) and lithium sulfate (filled
symbols). MAb samples with visible phase separation during ANS
fluorescence measurements are indicated (A).
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6.6 MADb D and MAb Dy Instantaneous Phase Boundary and B;, Comparison
As discussed earlier, mAbs D and Dy differ only in two charged residues near
the CDR and have estimated isoelectric points of 8.1 and 7.9, respectively. Based on
homology structures of mAbs D and Dy (not shown) it is clear that the mutated
residues are solvent-accessible. The comparison of By, values as well as instantaneous
phase boundaries in previous sections highlighted some of the functional differences
between the two mAbs as a result of the mutations. In this section, those properties are
explored further. Solvent-exposed charged residues near the CDR have previously
been found to be important in mAb-mAb interactions and aggregation (Perchiacca et

al., 2014; Yadav et al., 2011b; Yearley et al., 2013).
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First, Figures 6.16 and 6.17 show the instantaneous phase boundaries of mAbs
D and Dy in ammonium and lithium sulfate solutions across a wider range of solution
pH values. The general findings discussed previously still hold: mAb Dy has a phase
boundary shifted to lower salt concentrations than for mAb D for solutions at all pH
values. For both mAbs, as the pH is lowered the boundary shifts to a higher salt
concentration. This trend applies for both mAbs from pH 7.0 to pH 4.0, but at pH 3.0
the mAb phase boundary shifts back to lower salt concentration. It is likely that this is
due to loss of structural stability at low pH, which has been observed for mAbs in
previous studies (Calmettes et al., 1991; Ejima et al., 2006; Vazquez-Rey and Lang,
2011; Vermeer and Norde, 2000; Welfle et al., 1999). This significant change in
properties during the shift from pH 4.0 to pH 3.0 could potentially impact
bioprocessing. During protein A elution and low-pH viral inactivation processes, the
solution pH is typically reduced to between 3.0 and 4.0 and, based on these results,
this could cause phase separation or aggregation. The phase boundaries and interaction
strengths of MAb D and Dy are consistent with the net charge on each mAb: the more
highly charged mAb D has less negative By, values than the lesser-charged mAb Dy.

Figure 6.18 shows the By, values for both mAbs D and Dy at pH 7.0 in
ammonium and lithium sulfate as well as the B,3 values — the two-body interaction
strength of mAb D interacting with mAb Dy — at the same conditions. In solutions of
both salts the B,3 values lie between the B, values for each mAb. This result implies
that the mutated domain on one molecule of mAb Dy does not interact directly with
the mutated domain on the second molecule to yield increased attraction. The mutated
domain interacts with a different part of the molecular surface on the second molecule.

Another observation of this system is that at high concentrations of ammonium
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sulfate, the mAb D-Dy B,3 values are similar to By, values for mAb D and in high
concentrations of lithium sulfate the interactions were similar to mAb Dy self-

interactions.

60 : T T | ' | ' | ' |

" (NH,),SO,
45 |- H3 pH 4 -

30

/I—.-I
b4

Protein concentration (mg/mL)
[ e
"
" ﬂ/a
//
- e
T/
jm
1@

e

15 ® -

a5 | Li,SO, 1

30 |- pH 6 PH 5\ . N -
- pH 3

15 | o R \Z 1
R pH 75\3\ \ J

0 ) ] A ] ) $2.\‘ vi—1 @

1.2 1.3 1.4 1.5 1.6 1.7
[Salt] M

Figure 6.16: Instantaneous phase boundaries of mAb D as a function of pH with
different concentrations of ammonium or lithium sulfate.
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Figure 6.17: Instantaneous phase boundaries of mAb Dy, as a function of pH with
different concentrations of ammonium or lithium sulfate.
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Figure 6.18: By, values of mAbs D and Dy and the cross-interaction of mAbs D and
Dy at pH 7.0 in ammonium and lithium sulfate solutions.

6.7 Conclusions

The antibodies studied here are salted-out by sulfate salts, and follow the
Hofmeister series in their response to changes in salt type. The behavior of IDEC-152,
mAb B, mAb C and mAb Dy; were similar, while mAb A and Mill04 exhibited
stronger self-attraction and a higher tendency to phase-separate, and mAb D showed
much weaker self-attractions. The hypervariable region may be responsible for these
differences, or the subclass of mAb A and Mill04 may play a role. Charged residues

near the CDR play a major role in interactions, as evidenced by the behavior of mAb
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D and mAb Dy and previous studies (Perchiacca et al., 2014; Yadav et al., 2012;
Yearley et al., 2013).

Correlations between interaction measurements, in terms of By,, and phase
boundaries for salt type and protein type suggest that the qualitative behavior of mAbs
can be predicted based on a small amount of information. Given the B, value and
phase boundary of a mAb in a single salt, the phase behavior for that mAb in a
different salt solution can be reasonably estimated from only the measured B, values,
or vice versa. Similar relationships of By, and phase boundaries of proteins have been
identified previously (Dumetz et al., 2008b; Lewus et al., 2011).

Although this work compares a large set of mAbs and has identified a number
of trends, there were not a sufficient number of products here to draw specific
conclusions about different IgG subtypes. MADb B has the lowest net charge and
should have weaker repulsive electrostatic forces — at least at low salt concentrations —
and should thus be much more self-attractive than mAbs A, C, D or Dy, but that is not
the case. MADb B actually had weaker self-interactions than other mAbs in low salt
concentrations (Figure 6.8). At the higher salt concentrations studied here,
electrostatics are not the major driving force. ANS results highlighted the important
role that solvent accessibility plays in mAb-mAb salting-out. The findings in this
chapter highlight the difficulties of making quantitative predictions of phase

boundaries and B, due to the anisotropy of antibodies.

161



Chapter 7

MONOCLONAL ANTIBODY OLIGOMERIZATION AND FRAGMENT
INTERACTION STRENGTH

7.1 Introduction

Oligomerization, aggregation, phase behavior and increased viscosity are all
frequent challenges that are related to highly attractive mAb-mAb interactions
(Roberts et al., 2011; Sahin et al., 2010; Saito et al., 2011; Scherer et al., 2010). In
Chapter 6, a number of IgG1 and IgG2 products were compared based on self-
interaction strength and instantaneous phase boundaries in different solution
conditions (pH, salt type, salt concentration). The first goal of this chapter is to assess
the oligomerization characteristics and tendencies of this set of mAbs and to compare
them to the overall mAb-mADb interaction strengths, as expressed in terms of the
osmotic second virial coefficient. Oligomerization was monitored using dynamic light
scattering (DLS) and analytical ultracentrifugation (AUC) (Lebowitz et al., 2009) for a
subset of mAbs at solution conditions explored in Chapter 6. The solutions tested were
at neutral pH with various concentrations of ammonium or lithium sulfate.
Oligomerization and aggregation studies of mAbs frequently assess mAb stability in
formulation conditions (Sahin et al., 2010; Scherer et al., 2010), but this work was
focused on understanding crystallization processes as well as stability in purification
process steps such as hydrophobic interaction chromatographic polishing.

The second goal of this work was to determine experimentally mAb fragment

interaction strengths and hence to probe the contributions of individual fragments to
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mADb self-association. Highly self-attractive mAbs and mAbs with typical interaction
behavior from Chapter 6 were selected for this set of experiments.

Previous work with different IgG products has found highly attractive mAb
self-interactions and oligomerization to have different origins. Highly solvent-exposed
charged residues near the CDR were found to be crucial for self-association and
aggregation in one study (Yadav et al., 2011b); it was also demonstrated that negative
charge patches on Fab fragments lead to decreased electrostatic repulsion and
increased self-assembly (Yadav et al., 2012). In Chapter 6 charged residues near the
CDR were identified as important to interaction strength for mAbs D and Dy. Fab-Fab
interactions were found to drive crystallization of an IgG1 (Yagi et al., 2004), and the
high viscosity of a mAb solution was found to be due to strong Fab-Fab attraction
(Kanai et al., 2008). Another study found liquid-liquid separation of a mAb to be
driven by attractive Fc-Fc interactions (Nishi et al., 2011). Based on the different
conclusions of previous studies it is likely that these properties differ for different
mAbs. The goal of this work was therefore to understand better the origin of attraction
for the highly self-attractive mAbs in comparison with less attractive molecules that
are less likely to form oligomers. Two simple models were developed to provide
insight into the role of fragment interactions in determining the overall mAb-mAb

interaction strength.

7.2 MAD Oligomerization Tendencies

The oligomerization properties of a subset of the mAbs from Chapter 6 were
examined here. This analysis was an extension of previous efforts to understand mAb
oligomerization tendencies and characteristics (Lewus, 2011). First, DLS was used to

determine the relationship between different solution conditions and the average
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hydrodynamic radius of each mAb. Those results were then compared to the B,
values for the mAb at the same conditions. This technique and the analysis completed
here do not give detailed information about the nature of the oligomeric complexes, or
the precise number of mAb molecules per unit, but it does give information about
conditions that lead to aggregate formation.

Figure 7.1 shows the hydrodynamic diameter measured by DLS for mAbs B-
D, Dy, IDEC-152 and Mill04. All results here were collected at pH 7.0 after 24 hours
of incubation at room temperature. All mAbs shown were found to increase in
hydrodynamic diameter as the sulfate salt concentration was increased. At low salt
concentrations the mAbs were generally stable, with a hydrodynamic diameter of
around 12 nm. The notable exception was Mill04, for which the hydrodynamic
diameter at 20 mM sodium phosphate and 0 M additional salt was 21 nm. Based on
the results here it is unlikely Mill04 exists as a stable monomer, but only as larger
oligomers. The measured hydrodynamic diameter is much larger than for previously-
studied mAbs at similar solution conditions (Mabhler et al., 2005; Mosbzk et al., 2012;
Nobbmann et al., 2007). The onset of increasing oligomer size is consistent with the
highly attractive self-interactions at low salt concentrations that were measured for
Mill04, but the lack of stable monomers could not be predicted from B,, alone. B, has
previously been correlated to oligomerization and aggregate formation (Cheng et al.,
2008; Dumetz et al., 2008b; Le Brun et al., 2009; Lewus, 2011). The measured
hydrodynamic diameters here cannot be readily interpreted in terms of the distribution
of oligomers in the solution, except to conclude that Mill04 exists as larger oligomers

than do any of the other mAbs at low salt.
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Mill04 was also analyzed in solutions of sodium chloride at pH 7.0. It was
found previously that Mill04 had attractive self-interactions in sodium chloride
solutions, but not to the same extent as in sulfate salts (Section 6.4). As expected, the
measured hydrodynamic diameter in solutions of sodium chloride is much smaller. As
the sodium chloride concentration was increased the diameter remained relatively
constant, around 20 nm. This is much larger than expected for a mAb monomer,
indicating that Mill04 does not exist as stable monomers.

The other mAbs in Figure 7.1 exhibit gradual increases in hydrodynamic
diameter with increasing salt concentrations. Going back to the results in Chapter 6,
this gradual increase in diameter, and formation of small oligomers, correlates well
with the increased mAb-mAb attraction in the same solutions. The relative order of
mADb self-interaction strength is retained here as well. For example, mAb D was found
to be more stable in solution than the mutated mAb Dy. MAb Dy shows a steady
increase in hydrodynamic diameter between 0.3 and 0.7 M salt. MAb D, however, has
almost no increase in diameter until the salt concentration is greater than 0.7 M,
similar to the solution conditions necessary for mAb-mAb attraction. IDEC-152 had
similar self-interaction strengths as mAb Dy and they were found here to have similar
oligomerization properties. The correlation of By, and aggregation propensity is

consistent with previous findings (Lewus, 2011; Saito et al., 2011).
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hours of incubation at room temperature.
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AUC was used also used to study mAb oligomerization tendencies as
described in Section 2.4.2. AUC results were analyzed using SEDFIT version 12.52 to
determine a continuous distribution of sedimentation coefficients (continuous c(S)
model) (Brown and Schuck, 2006) and density and viscosity of all solvents were
interpolated from values in International Critical Tables (Washburn, 1926). Reported
sedimentation coefficients were all normalized to standard conditions of 20 °C in
water (Syo.w). Figure 7.2 shows the AUC results for mAb B in ammonium and lithium
sulfate solutions as well as for IDEC-152 in lithium sulfate solution. Both mAbs have
been identified as being relatively stable in solution, with moderate protein-protein
self-interaction strength. The AUC result for mAb B in 0.7 M ammonium sulfate is
typical of that for stable mAbs in that the majority of the mAb B population has a
normalized sedimentation coefficient of approximately S, = 6 S, which is typical of
a mAb monomer (Arthur et al., 2009; Gabrielson et al., 2007; Shire et al., 2009). The
only other significant population is a trace dimer content, with a sedimentation
coefficient of approximately 8.5 S. MAb dimers usually have sedimentation
coefficients between 9 and 10 S (Arthur et al., 2009; Ejima et al., 2006), but it is
possible that the solution viscosity was underestimated, resulting in a slight decrease
in Sy w. In lithium sulfate solution, mAb B shows much more pronounced
dimerization and although the data are difficult to resolve here, there are two relatively
equal populations of monomer and dimer. The stronger salting-out properties of the
lithium ion compared with ammonium were enough to shift the monomer-dimer
balance for mAb B appreciably

IDEC-152 has similar B, and phase boundary trends to those of mAb B, but

different oligomerization tendencies based on AUC. DLS results at 0.7 M salt are
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similar for both mAbs, but AUC here indicates that IDEC-152, rather than forming a
large population of dimers, forms smaller subgroups of dimers and trimers with Syg ~
12 S, which is consistent with previously identified mAb trimers (Arthur et al., 2012;
Gabrielson et al., 2007). Up to this point, the two mAbs were difficult to distinguish
from each other based on interaction strength and phase behavior. B,; was found to be
a good predictor of oligomerization, but it was not found to predict the size of the

resulting oligomers.
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Figure 7.2: Analytical ultracentrifugation of 5 mg/mL mAb B and 5 mg/mL IDEC-152
in ammonium and lithium sulfate at pH 7.0.
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Figure 7.3: Analytical ultracentrifugation of 5 mg/mL Mill04 in ammonium and
lithium sulfate and sodium chloride solutions at pH 7.0.

Figure 7.3 shows the AUC results for Mill04 in solutions of three different
salts, which elucidate the DLS results presented above and B, values presented in
Chapter 6. Mill04 differs appreciably in oligomerization behavior from the IDEC-152
and mAb B results, which are mostly monomeric — S;9,w~6 S — under the solution

conditions studied. The only monomer population is found in solutions of sodium
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chloride, and even there it is a very minor component of the solution. The Mill04
oligomerization state does not change significantly with increasing sodium chloride
concentration. The main peak in sodium chloride solution appears to be a dimer or
trimer based on previous mAb AUC results (Arthur et al., 2009; Arthur et al., 2012;
Gabrielson et al., 2007; Shire et al., 2009). There is only a minor population of larger
oligomers present at these conditions.

The anomalous behavior of Mill04 is also seen in ammonium and lithium
sulfate solutions, in that an increase from 0.1 to 0.25 M of either salt results in an
almost complete shift to larger Mill04 oligomers. This appears to confirm the DLS
results showing a steep increase in hydrodynamic diameter with increasing salt
concentration. At 0.1 M of either sulfate salt there are still low concentrations of
monomer and dimer and slightly higher concentrations of apparent trimers (Szow~11
S), based on previous mAb AUC studies (Arthur et al., 2009; Arthur et al., 2012;
Gabrielson et al., 2007; Shire et al., 2009). In 0.1 M lithium sulfate the majority of
Mill04 is in the form of larger oligomeric species (S20.w~13 S). Solutions with low
concentrations of ammonium sulfate (0.1 M) lead to a majority of mAb in oligomers
with S»ow~16 S. Contrary to previous results (Lewus, 2011), larger oligomer species
are formed in ammonium sulfate than in lithium sulfate solutions. Increasing the
concentrations of both salts to 0.25 M results in most of the Mill04 being in the form
of larger oligomers in ammonium sulfate (S0 w~18 S) and lithium sulfate (Sy0w~15 S).
Mill04 is not stable as a monomer at any condition studied here and as a result, the By,
values measured in Chapter 6 may be misleading, as the analysis there was premised

on the presence of monomers only.
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Figure 7.4: Analytical ultracentrifugation of 5 mg/mL mAb C in ammonium and
lithium sulfate solutions at pH 7.0.

Figure 7.4 shows the AUC results for mAb C, one of the more stable mAbs
profiled in Chapter 6. In concentrations of 0.75 M or 1 M ammonium sulfate or 1| M
lithium sulfate, mAb C is stable as a monomer. In these conditions the majority of the
mAb population has a sedimentation coefficient of Sy0w~6 S, and a trace amount of
dimer is present as well. At larger concentrations, of 1.3 M ammonium sulfate and 1
M lithium sulfate, oligomerization is more apparent. Although the fit is not smooth for
these conditions, multiple peaks are forming at values of the sedimentation coefficient

that would be expected for dimers (Arthur et al., 2009; Arthur et al., 2012; Gabrielson
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et al., 2007; Shire et al., 2009). The mAb C AUC results at 1.3 M ammonium sulfate
and 1 M lithium sulfate are similar to those in sedimentation velocity simulations of
rapidly reversible monomer-dimer systems (Howlett et al., 2006). MAb C
oligomerization is sensitive to salt type, which is observed here as well as in the DLS
results, with oligomers forming at much lower salt concentrations for lithium sulfate.
Together, the AUC and DLS measurements indicate the oligomerization
tendencies of the mAbs studied here. The relative tendencies discussed above are
consistent with the overall mAb interaction strengths and phase boundaries measured
in Chapter 6. Mill04 shows the strongest self-attraction and has the most prevalent
oligomerization. MAbs B, Dy and IDEC-152 all have moderate self-interaction
strengths and were shown here to exhibit some oligomerization, but to remain mostly
monomeric. Finally, mAbs C and D are two of the least self-attractive mAbs and here
were the most stable as monomers, by a considerable margin. As shown by previous
work, B, is a good qualitative predictor of oligomerization (Lewus, 2011), but it is
unable to predict the nature of the oligomerization, as each mAb has different
characteristics even with similar By, values. This is presumably a reflection of the
orientationally averaged nature of By, compared to the likely strong and local

orientation dependence that is intrinsic to the formation of oligomers.

7.3 Fragment Interactions

Osmotic second virial coefficients for fragments of four of the previously
studied mAbs were measured here. As described in Section 2.5, fragment interactions
were measured by enzymatically cleaving mAbs and purifying the resulting Fc and
Fab fragments, followed by CIC to measure the osmotic virial coefficients for each

combination of fragments.
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IDEC-152 and mAb B were chosen for this work because they represent mAbs
with moderate self-interactions and stability on par with the majority of mAbs studied
previously. Mill04 was chosen due to its highly self-attractive nature and anomalous
oligomerization behavior, discussed previously in this chapter. Finally, mAb C
represents the most stable molecule, which has highly attractive self-interactions only
at high salt concentration. Additionally, due to challenges with papain digestion, only
IgG1 molecules could be studied here. Due to that limitation, mAbs D and Dy were

excluded.

7.3.1 IDEC-152 Fragment Interactions

IDEC-152 was found to have similar self-interaction strengths to the majority
of stable mAbs profiled. At pH 7.0, in solutions of sulfate salts, the B,, value did not
start to become highly negative, indicating strong attraction, until the salt
concentrations exceeded 0.5-0.6 M. In solutions of sodium chloride, also at pH 7.0, the
mAb-mAD interactions were slightly attractive at high salt concentrations, but
interactions were generally weak.

Figure 7.5 shows the By, and B;3 values measured for IDEC-152 fragment
interactions. The interaction strength follows similar trends for Fab-Fab, Fc-Fc and Fc-
Fab interactions. In all cases the interactions are slightly attractive until salt
concentrations greater than 0.8 M, beyond which interactions become highly
attractive. The fragment interactions are qualitatively similar to model protein
interactions (Dumetz et al., 2007; Tessier et al., 2002b). The only noticeable difference
among the three interaction pairs is that the Fc-Fab interaction is more attractive than
the others at the conditions profiled here. Coarse-grained mAb-mAb modeling has

previously demonstrated the importance of Fc-Fab interactions for some mAb self-
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interactions (Chaudhri et al., 2012). Fab-Fab interactions (Chaudhri et al., 2012;
Chaudhuri et al., 2013; Kanali et al., 2008; Yadav et al., 2009; Yadav et al., 2010) as
well as Fc-Fc interactions (Nishi et al., 2011) have previously been found to drive
mAb-mAD association. These interactions are all considerably weaker than the mAb-
mADb interactions and are measureable to much higher salt concentrations. In sodium
chloride solutions, the three fragment interaction measurements showed no attraction
and slight repulsion.

The full mAb had strong self-attraction at salt concentrations even around 0.5
M salt, but none of the fragment interactions are particularly attractive there. To
determine if there are cooperative or simultaneous interactions with multiple
fragments, Fab-mAb CIC was performed. In this case, the intact mAb was
immobilized and purified Fab was injected into the mobile phase. As can be seen in
Figure 7.5, Fab-mAb B3 values follow similar trends to the mAb-mAb behavior.
There are two possible explanations for this. The first possibility is that the enzymatic
cleavage resulted in altered interactions, presumably by removing the attractive
interaction site, particularly if the attractive interactions occur in the hinge region of
the IgG. The second possibility is that there are simultaneous interactions with Fc and
Fab domains when a full mAb interacts with a second full mAb.

There is a similar result in sodium chloride solutions. Even though the
fragment interactions were all either repulsive or non-attractive, at low salt
concentrations the Fab-mAb interaction is relatively attractive. The decrease in
attraction with additional salt suggests that this is an electrostatic interaction. In the

case of sodium chloride it is likely that IgG cleavage has removed part of the molecule
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contributing to this interaction. Overall, therefore, this largely stable mAb displays

slightly attractive contributions from all fragment interactions.
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Figure 7.5: IDEC-152 fragment interaction strengths in sodium chloride, ammonium
and lithium sulfate salts at pH 7.0.

7.3.2 Mill04 Fragment Interactions

Fragment interactions for Mill04 were desirable for elucidating the highly self-

attractive nature of Mill04. Figure 7.6 shows the B,; and B,3 values of the fragment

interactions at pH 7.0 in ammonium and lithium sulfate solutions. The full mAb had

highly attractive self-interactions even at low concentrations of sulfate salts.
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The Fc-Fc and Fc-Fab fragment interactions are repulsive or non-attractive at a
wide range of salt concentrations. Measurements were made at concentrations as high
as 0.9 M, much higher than experimentally possible for the full mAb interactions. In
contrast, the Fab-Fab interactions show almost identical trends to the results for the
intact mAb B,». These results indicate that the highly self-attractive nature of Mill04 is
due predominantly to Fab-Fab interactions, similar to previous findings that identified
Fab-Fab interactions as the most attractive (Chaudhri et al., 2012; Chaudhuri et al.,
2013; Kanai et al., 2008; Yadav et al., 2010; Yadav et al., 2012); there is no significant
contribution from the Fc domain.

Understanding the origin of the highly attractive interactions could provide
clues as to the oligomerization pattern. Based on these results Fab-Fab contacts will
mediate oligomer growth of Mill04. There is also the possibility, due to the self-
attractive nature and IgG structure, that two mAbs interact with both Fab domains
simultaneously. To understand better the potential impact of Mill04 fragment

interactions, a relatively simple model is developed later in this chapter.
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Figure 7.6: Mill04 fragment interaction strengths in ammonium and lithium sulfate
solutions at pH 7.0.

7.3.3 MAD B Fragment Interactions

MAD B was similar in overall self-interaction behavior to IDEC-152. It was
found to be relatively stable in solutions of ammonium and lithium sulfate and had
almost identical interaction strength to the set of stable mAbs identified in Chapter 6.
The IDEC-152 fragment interactions indicated weakly attractive contributions from all
fragments. MAb B and IDEC-152 also have similar oligomerization behavior, with a
small population of dimers appearing as B, starts to become highly negative. The
major difference between the two species is that IDEC-152 also forms some higher-

order oligomers.
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In Chapter 6, mAb B in ammonium and lithium sulfate at pH 7.0 was found to
display weakly attractive self-interactions for salt concentrations up to around 0.6-0.7
M. Beyond that concentration, self-interactions become highly attractive. Fragment
interaction strengths for mAb B are shown in Figure 7.7. The Fab-Fab and Fab-Fc
interactions display almost no attractive features, even at considerably higher salt
concentrations than those that resulted in strong mAb-mAbD attraction. Fc-Fc
interactions have some salting-out characteristics, but become highly attractive only at
considerably higher salt concentrations than seen for the intact mAb. Fc-Fc
interactions drive mAb-mAb interactions for some previously studied mAbs (Nishi et
al., 2011). Similarly to IDEC-152, it was hypothesized that attractive interactions
might involve residues within the hinge region of mAb B. The Fc-mAb interaction
trends shown in Figure 7.7 appear to confirm that the hinge region is likely driving
mAb B self-association. It is possible that IDEC-152, with strong Fab-mAb
interactions, formed a small fraction of trimers because an individual IgG can interact
with two different molecules through its two Fab domains. MAb B, for which
oligomerization appears to be driven by Fc-mAb interactions, was found to form only

dimers.

178



3 — T T T T T T T T T T ]
i Fab-Fab
é [ l'—i:r/D O ] n ]
o 2f —:
-— 4 1 ; ] ) ] ; ] : ] ) ] : 1 n
X 5k Fc-Fc
Ng s i
5 °r " ——0- ]
i u ] =]
E -5 \l 7
O | 1 1 1 1 1 1 1 | ) 1 1 |
é 5 Fab-FC—_
[s2]
mN 0L 0—8= | L@ [
N
mN I 1 : 1 \ | ) | \ 1 ) 1 \ 1 |
i —g Fc-mAb ]
10 L \ |
20 - \'\EE —O— ammonium sulfate
R l\ —m— lithium sulfate .
100 ~ T
150 B . | . I . I . n . | . L
0.2 04 0.6 0.8 1.0 1.2 1.4

[Salt] M

Figure 7.7: MAb B fragment interaction strengths in ammonium and lithium sulfate
solutions at pH 7.0.

7.3.4 MAD C Fragment Interactions

MAD C was identified earlier (Figures 6.6-6.10) as being similar to IDEC-152
and the stable mAbs. It was found that greater than 0.5-0.6 M salt resulted in highly
attractive interactions and large negative B, values. MADb C oligomerization
tendencies were also similar to those of previously identified stable mAbs. At solution
conditions with highly attractive self-interactions there was a significant population of

dimers.
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Figure 7.8 shows the fragment interactions for mAb C. All fragment
interactions were found to be attractive if the salt concentration was sufficiently high.
However, Fab-Fab interactions do not become attractive until salt concentrations
considerably higher than observed for mAb-mAb interactions. Fc-Fc and Fab-Fc
interactions were both found to be highly attractive, with Fc-Fc becoming attractive at
slightly lower salt concentrations and driving mAb-mAb self-attraction. Fc-Fc
interactions have been found to drive self-interactions previously (Nishi et al., 2011)
and Fab-Fc electrostatic interactions were important for a different mAb (Chaudhri et
al., 2012; Chaudhuri et al., 2013). Oligomerization did not start until conditions at
which Fab-Fc interactions were found to be highly attractive. Strong Fc-Fc

interactions therefore seem insufficient to result in oligomerization.
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Figure 7.8: MAb C fragment interaction strengths in various concentrations of
ammonium and lithium sulfate at pH 7.0.

7.4 Calculation of Full MAb Interaction from Fragments

7.4.1 Stoichiometric Mixing-Rule Model

To understand better the contribution of fragment interactions to the full mAb-
mADb interaction strength, a few simple models were developed here. The first is based
on a stoichiometric gas mixing rule (Sandler, 2011). For this model, it was assumed
that a mAb solution can be represented as a 2:1 mixture of Fab:Fc molecules. It is also
assumed that the fragments in the mixture experience only two-body interactions. The

B, of the mixture (the full mAb) is then calculated from
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c ¢
By mix = Z Z XiXjB

i=1 j=1
where C is the number of components (2 in this case), x is the mole fraction of each
component and B, ; is the second osmotic virial coefficient for the interaction of
components 7 and j.

As can be seen in Figure 7.9, this model does a good job of predicting the full
mAb B, for IDEC-152. The relative success of this model supports the idea that the
moderate attraction and relative stability of IDEC-152 could be partially due to two-
body interactions of different fragments, rather than multivalent interactions. In
contrast, when the same model is applied to Mill04, the mAb-mAb attraction is
underpredicted by a large margin. Mill04 has very strong mAb-mAb attraction, but
among the fragments strong attraction only for Fab-Fab. The assumption of two-body
interactions in this model is therefore unrealistic for Mill04. It is possible that multiple
Fab-Fab contacts are made simultaneously, resulting in the observed behavior as
hypothesized previously (Kanai et al., 2008). Similarly, the stoichiometric model
predicts much weaker attraction than measured for mAbs B and C. For mAb B, this is
due to the strongest attraction being reflected in Fc-mAb interactions, which are not
included in the model. MAD C interactions appear driven by Fc-Fc interactions, the
interaction that contributes the least in this model, and the mixing rule does not predict

highly attractive interactions until Fc-Fab interactions start to contribute as well.

7.4.2 Three-Sphere Model
A second model was developed to take into account the possibility of more
than one fragment interaction simultaneously contributing to the overall mAb self-

attraction, as is expected for Mill04. An idealized model of a mAb was built from
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three spheres (two Fabs, one Fc) of equivalent volume to each of the mAb fragments.
The two Fab spheres were placed touching the surface of the Fc sphere and separated
by an angle of 115°, a typical Fab-Fab separation angle in IgG structures (Sandin et
al., 2004; Saphire et al., 2002). Similar course-grained mAb-mAb models have been
developed previously (Chaudhri et al., 2012; Chaudhuri et al., 2013).

The measured second osmotic virial coefficients for each fragment interaction
pair (Fc-Fc, Fc-Fab, Fab-Fab) were translated to interaction potentials. This procedure
treated the fragment interactions as isotropic interactions of two spheres. The Yukawa

potential was used as the attractive potential:
e _,
u(r) =, for0<r <o;ulr) = ——e” =0 forr>o

where o is the radius of the sphere of equivalent volume of each fragment, € is the well
depth and b is a parameter characterizing the well width. It has previously been shown
that the Lennard-Jones 140-35 potential is a good model of short-range, non-
electrostatic interactions between protein molecules of moderate size (Hloucha et al.,
2001), which is an appropriate assumption here. The b parameter in the Yukawa
potential was selected in order to minimize the total error between the Yukawa and the
140-35 Lennard-Jones potentials with identical well depths.

Well depths were calculated for each experimentally measured fragment
interaction strength (B, or Bs3) using the Yukawa potential described above.
Spherical particles with isotropic interactions were assumed. The second virial
coefficient between isotropic spheres has been determined previously as (McQuarrie,

2000)

B,, = 2”NAIOO[< ﬂ;f?) 1] 24
2= "yz ) e r2dr
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where Ny is Avogadro’s number, MW is the protein molecular weight, u(r) is the
Yukawa potential, k is Boltzmann’s constant, T is temperature and r is the center-to-
center distance of the two protein molecules. The well depths calculated from
experimentally measured B, and assuming mAb fragments are isotropic and spherical
were used in the construction of three-sphere mAb models. The constructed three-
sphrere model is not isotropic or spherical. The B, of anisotropic molecules is given

as (McQuarrie, 2000; Neal et al., 1998)

2T T 2T 21

T ©o
= _W/kT_
b=t | || ] ] fler -
O 0 O
0

where W is the potential of mean force, r;; is the center-to-center distance between the
two protein molecules, ¢ and 0 are the spherical angles representing the translation of
the second protein molecule relative to the first, and a, B and y are the Euler angles
describing the rotation of the second molecule. The B, values were calculated from
the three-sphere model using Monte Carlo integration (Press et al., 1986), as done
previously (Asthagiri et al., 1999; Neal et al., 1998; Quang et al., 2014). The Monte

Carlo integral is computed as

bt ()5 0]
22 = T TeMW2nZ N | Luo \37¢ ), T Lo, Vi
Crw
Iin =f <e kT—l)rzdr
Tc

where N is the number of randomly sampled orientations and V is the hypervolume of
the configurational space. The potential of mean force (W), which appears in the inner

integral (), is represented by the Yukawa potential, using the parameters described

184



above. In this integration scheme the first model mAbD is held stationary with all three
sphere centers in the x-y plane and its center of mass at the origin. A second identical
model mAb is then rotated randomly in the three Euler angles and then translated far
enough away from the first molecule in a random direction such that there are no
significant interactions. The second molecule is then iteratively moved towards the
origin — closer to the first mAb — as the radial inner integral is calculated. The radial
integration is terminated when the molecules touch and the corresponding center-to-
center distance is reported as rc.

The By, values predicted by the three-sphere model are compared to the
experimentally determined B, values and those predicted using the stoichiometric
mixing rule in Figure 7.9. The By, values predicted by the three-sphere model are
close to experimentally determined values for Mill04. For IDEC-152, this model has a
similar trend compared to the experimental findings, with slightly less negative Bo,.
For mAb C the three-sphere model predicts B, values that are shifted to a higher salt
concentration by approximately 0.2 M compared to B,, measured with SIC. Finally,
for mAb B, this model does not predict any significant mAb-mAb attraction. Overall,
the three-sphere model is an improvement over the mixing-rule model for Mill04, but
not significantly more successful for the other three mAbs here.

This model provides a simplistic representation of mAb-mAb interactions, but
it provides more accurate predictions of Mill04 B, values than does the mixing rule.
The improved accuracy here is presumably due to inclusion of multi-body
interactions. As has been shown before, B,, values can be dominated by a few highly
attractive molecular orientations (Neal et al., 1998). For the three-sphere model, the

most attractive orientations are ones in which two molecules are oriented so as to
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enable two simultaneous Fab-Fab interactions. This model supports the hypothesis
that multipoint interactions are driving the outlier behavior of Mill04, although the
model is certainly an idealized one.

For mAbs B and C, the model predictions are not as successful. Both models
use individual fragment interaction strengths as inputs, and mAb B does not fit either
model well. Both models were unsuccessful for mAb B because neither model
incorporates Fc-mAb interaction strengths, which were the main contribution to mAb
B self-interactions. MAb C has similar results for the three-sphere model as for the
stoichiometric model, with both models underpredicting the total mAb attraction.
Because the driving force of interaction for mAb C appears to be Fc-Fc attraction, the
three-sphere model does not add any attraction — each mAb only has one Fc, making
multipoint interactions impossible. It is possible that, similar to mAb B and IDEC-
152, there are important interactions with the hinge region that are missing from this

analysis but that drive the stronger than anticipated mAb-mAb attraction.
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Figure 7.9: Second osmotic virial coefficients measured by SIC for mAbs B, C, IDEC-
152 and Mill04 at pH 7.0 in ammonium and lithium sulfate, and
calculated By, values from two different fragment interaction models.

187



7.5 Conclusions

This work provides connections between mAb-mAb interaction strength (Bay),
oligomerization state — determined by AUC and DLS — and mAb fragment interaction
strengths. First, the correlation between B,, and oligomerization tendency is clear —
stronger mAb-mAb attraction results in increased hydrodynamic radius and thus
oligomerization. However, B, is a poor predictor of the oligomerization state. AUC
results show that each mAb has different oligomerization patterns and species even if
the overall interaction strengths are similar. Second osmotic virial coefficients are
orientationally averaged measures of interaction and mAbs are highly anisotropic
molecules. The oligomer species are driven by specific interactions, rather than overall
attraction.

Fragment interactions were measured between Fc and Fab fragments to
understand better the origin of attractive interactions that may lead to oligomerization
and phase separation. As indicated by previous results (Kanai et al., 2008; Nishi et al.,
2011; Yadav et al., 2011b; Yadav et al., 2012; Yagi et al., 2004), each mAb has
different origins of attraction. Fab-Fab, Fc-Fc, Fc-Fab and Fc-mAb interactions were
all found to be highly attractive interactions for different mAbs.

The development of two simple models provided some insight into how the
fragment interactions might apply in the full mAb-mAb interactions. Fab-Fab and Fc-
Fab interactions tend to have more influence on mAb behavior due to stoichiometric
factors. Although the three-sphere model is highly idealized, Mill04 interactions are
described well by multivalent interactions.

There are limitations and possible artifacts with this analysis as well. It appears
that for at least two mAbs, hinge region interactions drive overall behavior. A finer-

grained and detailed model would provide better insight into these interactions.
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Analysis of fragment interaction strengths can give insights into the origin of highly
attractive mAb-mADb interactions, such as in the case of Mill04, and the resulting
oligomerization patterns. Although the B,; values for mAb-mAbD interactions were
similar for some of the mAbs studied here, the fragment interactions were very
different. Domain-level interaction analysis demonstrates the significant differences
between mADb products, despite highly conserved amino acid sequences. The sample
size here is small, but it appears that the consequences of highly attractive Fab-Fab
interactions are very different than Fc-Fc interactions. Investigation of a larger set of

mAb fragments would be highly informative.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

The primary goal of this work was to identify and characterize difficult-to-
remove HCP impurities in downstream platform purification of mAbs. The second
goal was to measure self-interaction strengths and identify instantaneous phase
boundaries for a diverse set of mAb products in different solution environments.
Completion of these objectives has resulted in a number of insights that have practical

implications for future mAb bioprocessing.

8.1.1 HCP Impurities in MADb Bioprocessing

The importance of HCP-mAb interactions in downstream purification was
demonstrated in Chapters 3 and 4, which showed that attractive HCP-mAb
interactions result in HCP impurities that are particularly difficult to remove. Building
on previous work (Shukla and Hinckley, 2008), the total extent of HCP-mAb
association was found to depend on individual mAb products more than the resin type
or the solution environment. HCP-mAb product-association therefore appears to be a
major mechanism through which HCP impurities co-purify with mAb products in
different chromatographic processes.

The development of HCP-mAb CIC coupled with proteomic analysis allowed
the identification of specific HCP impurities that associate with different mAbs in
protein A and HIC columns. A subset of CHO HCP impurities that associate with all

or most IgG products was identified with this method. The considerable sequence
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homology between different mAbs results in a consistent group of associating HCPs.
However, a unique set of HCP impurities that bind to each mAb was identified in
addition to the HCPs that bind to all mAbs. Even minor changes to the primary
sequence of mAbs were found to impact significantly the population of associating
HCPs.

The identification of specific HCP impurities that product-associate is useful
information. A variety of improvements to process development strategies can be
made based on the identification of HCP impurities that were found to bind to all or
most mAbs in both protein A affinity chromatography and HIC. However, the
associating HCPs that are unique to each mAb still need to be dealt with on a case-by-
case basis.

HCP impurities that have similar chromatographic properties to mAb products
were identified in Chapter 4. In many cases the HCP species identified here will have
been removed in the protein A affinity step, but a number of HCP impurities were
identified that product-associate to mAbs in protein A columns and co-elute with
mAbs in polishing columns. This work has provided a more detailed picture than
previously available of how specific HCP impurities travel through downstream
processes by both associating with mAbs and co-eluting.

The results in Chapter 4 can be applied beyond traditional mAb platform
processing. The chromatographic properties of HCP impurities in four different
columns could be applied for developing an alternative capture step. Also, because
null CHO supernatant was used, the results are not specific to a particular mAb
process. The HCP retentions determined here are relevant to the purification of any

recombinant protein produced in CHO cell culture.
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The study of LPL interactions with mAbs and activity against polysorbates in
Chapter 5 serves as a specific example of the impact HCP impurities can have. LPL is
an example of an HCP that causes indirect product degradation. Rather than directly
affecting patients or product molecules, our results indicate that it can degrade
additives in formulations that could then result in product degradation. Not only is
LPL problematic if present in formulations, but it is also a member of the HCP
subpopulation that binds to most mAb products.

There are a number of potential implementations of this work that could have
significant positive impact on mAb platform manufacturing processes. The
development of ‘knock-out’ cell lines for the specific HCP impurities identified as
difficult to remove and harmful to product quality is one potential application of this
work. This would completely eliminate the purification challenge of particular HCP
impurities. However, there are a large number of HCPs that associate with most mAbs
and it is unlikely that all of them are unnecessary for host-cell proliferation.

For HCP species that cannot be ‘knocked-out’ of production cell lines there are
additional actions that can be taken. The list of HCPs generated in this work allows for
more specific monitoring than traditional ELISA methods. In addition to measuring
total HCP content with ELISA, specific HCP impurities can be monitored. Without
the identity of HCP impurities that are frequently problematic, monitoring specific
HCP impurities at process intermediates can be a difficult task. With the HCP
identities provided here, antibodies against specific HCPs can be used to monitor
clearance of associating HCPs throughout downstream processes. This would provide
much more valuable information than only an ELISA for making process-

development decisions based on HCP clearance.
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8.1.2 MADb-MAD Interactions and Phase Boundaries

Instantaneous phase boundaries and self-interactions of a large set of mAbs
were studied in Chapters 6 and 7. This work builds on previous results for mAb-mAb
interactions and phase boundaries (Lewus, 2011; Lewus et al., 2011) and similar work
with model proteins (Dumetz et al., 2008b). Overall, it was found that self-interactions
and phase boundaries are similar for most IgG products. In solutions of sulfate salts
most of the mAbs studied had nearly identical B,, trends and instantaneous phase
boundaries. The relationship between B,, and phase-boundary location was
qualitatively similar for all mAbs as well. Most mAbs have nearly identical salting-out
behavior, although there are highly stable mAbs as well as unstable mAbs with
outlying behavior that were also identified. The divergent behavior of mAbs D and Dy
shows the considerable impact of minor structural changes on product molecules.
These results are consistent with previous work indicating the impact of charged
residues near the CDR (Yadav et al., 2011b).

B2, is an effective measure of overall interaction strength and a good predictor
of phase-boundary location as well as oligomerization. However, as was found here,
By, is not a good predictor of oligomer species formed. MAbs with similarly negative
B»; values were found to form very different oligomer species as salt concentrations
were increased. This is largely due to the anisotropy of mAbs and their interactions.

The interaction patterns of different mAb fragments indicated the origin of
some highly attractive mAb interactions as well as more stable mAb behavior in
solution. These results showed that strong self-attraction is often due to specific
fragment interactions. The fragment interactions were measured for four mAbs and all
four had different origins of attraction. Fc-Fc, Fab-Fab, Fab-mAb and Fc-mAb were

all found to be highly attractive in different molecules. Although mAbs are highly
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similar molecules, small differences in structure can lead to large differences in how
they interact and their solution stability. B,, measurements of mAb-mAb interactions
are useful for predicting phase-boundary locations and conditions conducive to
oligomerization. Because mAbs are large, anisotropic molecules that are sensitive to
minor structural changes, more detailed domain-based analysis can provide much
greater insight into oligomerization mechanisms and potentially allow engineering of

more stable mAbs.

8.2 Future Work
The work completed here has contributed significantly to the understanding of
HCP and mAb behavior in downstream purification of mAbs. The findings can be

applied in a number of ways to improve platform purification processes.

8.2.1 Improved Upstream Technology

This work was focused on various aspects of downstream purification, but
applying the results here to upstream processes can be highly beneficial as well. HCP
impurities that were found to cause purification difficulties could be eliminated
completely by engineering ‘knock-out’ cell lines. Specifically, ‘knock-outs” would be
valuable for the HCP impurities that were found to associate to multiple mAbs across
multiple column-types. CHO HCP species such as chondroitin sulfate proteoglycan 4,
nidogen-1, SPARC and clusterin are examples of such impurities.

For many of these CHO HCPs there is limited prior research, so it is unclear if
they are necessary for mAb-producing cell lines. It is unlikely that all of the
problematic HCPs identified in this work could be eliminated from cell lines without

negatively impacting upstream productivity. The payoff of removing difficult HCPs
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from production cell lines — even only a few that bind to most products — could have a

significant impact on downstream purification efforts.

8.2.2 Yeast-Surface Display Technology Development

The LPL-mAD interaction measurements using YSD methods in Chapter 5
provide a proof-of-concept for future work. The results of Chapter 5 showed that
HCP-mADb interactions that result in product-association in downstream processes are
measurable using YSD. Starting with the population of difficult-to-remove CHO
HCPs identified in this work, these results can be expanded significantly.

First, the analysis completed for LPL can be completed for the rest of the
identified HCP impurities. Each HCP impurity of interest can be individually
expressed on the yeast surface. The Kp of each HCP with different mAbs and mAb
fragments could be measured in a variety of solution conditions. The mAb-HCP
interaction strength could also be measured in potential wash solutions in order to
design washes to remove specific product-associated HCPs. Established epitope-
mapping techniques could also be used to identify the residues on the HCP responsible
for mAD association (Chao et al., 2004).

The second major part of this work would be to express mAbs or individual
mAb domains on the yeast surface. The HCP impurities of interest would then be
expressed in CHO cells, purified and fluorescently labeled. The same mAb-HCP
interaction measurements could then be made as described above. More interestingly,
the epitope mapping analysis could be applied the mAb. Specific residues on the mAb
responsible for association to various HCPs could be identified and mutated to prevent
HCP-mADb associations. Specifically for HCP impurities that cannot be knocked out,

this could be a powerful strategy to improve downstream process efficiencies.

195



It is also possible to analyze mAb-mAb interactions using this method.
Labeled mAb could be added to yeast cells expressing mAbs or mAb fragments on the
surface and mAb-mAb interaction strengths could be measured. The same epitope
mapping strategy can then be applied and mutations on the mAb that lead to decreased
binding could be identified. This will provide additional mechanistic insight to the
mAb-mAD interactions measured in Chapters 6 and 7. Similar work has been done

previously for antibody fragments (Traxlmayr et al., 2013).

8.2.3 High-Throughput Product-Association Method Development

The HCP-CIC method developed in Chapter 3 to identify product-associated
HCP was implemented at the 1 mL column scale. It would be of great value to the
biopharmaceutical industry to have a more high-throughput CIC method.

A high-throughput CIC method could be accomplished with minimal changes
to the procedure. MAb could be immobilized onto activated particles according to the
current method. The immobilized-mAb resin then would be dispensed into a 96-well
plate rather than a single column. The resin would be equilibrated with protein A
loading buffer, followed by filtration to remove the equilibration buffer and the
addition of null CHO supernatant. After equilibration with the HCP mixture the resin
would again be washed with equilibration buffer. Then, potential column washes can
be assessed in each well. Test washes would be added to wells, followed by filtration
to collect the wash fractions.

The analysis from this procedure could take a few forms that would provide
different information. The simplest analysis would be to measure the total protein
content in each collected fraction by total protein assay (such as BCA or Bradford) or

ELISA. The more valuable information would come from identifying specific HCP
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impurities cleared by different wash solutions. Antibodies against the HCPs of interest
(those identified in Chapters 3 and 4) could be used to choose the most appropriate
wash solution.

If more detail is desired, the same 96-well plate could be run, but a more
comprehensive proteomic technique could be used. LC/LC/MS could be run for each
wash fraction to have a more global analysis of specific HCP impurities removed by

each candidate column-wash solution.

8.2.4 MADb-HCP Interaction Calculations

LPL-Fc and nidogen-1-Fc interaction orientation calculations were started in
the present work. The limited results presented here revealed a number of attractive
orientations. It would be interesting and informative to expand this set of results.
There are additional homology models available for HCP impurities of interest and
there are different Fc and Fab crystal structures available as well.

This method could be run in parallel to the YSD epitope mapping. Identified
interaction sites based on these calculations could be verified using YSD and vice
versa. Mutations to mAbs could be made to disrupt the identified HCP interactions.
Such analysis, along with YSD analysis, can provide clear molecular-level insights
into mAb-HCP interactions that can have an impact on mAb processing and antibody

engineering and design.

8.2.5 HCP Analysis for Alternative Cell Lines
This work focused specifically on CHO HCP impurities because mAbs are a
large portion of biopharmaceutical pipelines and they are almost exclusively produced

in CHO cells. Antibody fragments such as single-chain variable fragments (scFv) as
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well as Fc fusion proteins are becoming more popular as potential therapeutics (Beck
and Reichert, 2011; Holt et al., 2003; Nelson, 2010). These product molecules are
commonly produced in E. coli cell culture rather than CHO (Huang et al., 2012;
Kudou et al., 2011; Padiolleau-Lefevre et al., 2007). Bacterial cell culture processes
require a lysis step because products are not secreted as they are with mammalian
cells. Cell lysis results in the release of a large amount of HCP into the harvest. Many
antibody fragment therapeutics do not have well-established platform purification
processes, which could make insights into HCP behavior even more useful. A better
understanding of HCP impurities in bacterial cell-culture processing of non-mAb
therapeutics could be valuable, especially if these classes of therapeutics continue to

grow in popularity.
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Appendix A

IDENTIFIED 2-DE SPOTS FOR PROTEIN A PRODUCT ASSOCIATION

A.1 Quantification of Missing Spots from 2-DE Images

As described in the Section 2.10, ‘flow-through’ gels were compared to ‘load’
gels using Image Master 5 software. Spots that were found on the ‘load’ gel and
missing from the ‘flow-through’ gel were identified as CHO HCPs associated with the
immobilized mAb or mAb fragment. Using Image Master 5, the spots were integrated.
The values in the table below reflect percent volume in flow-through divided by
percent volume in load for spots of interest. A 50% reduction in spot volume was
considered indicative of an associated HCP. For a few cases, due to either an
obstructing artifact or very low total protein content in the flow-through gel, spot
quantification did not indicate a 50% reduction in spot volume even though there was
a qualitative change based on visual inspection. Enlarged images of ‘load’ and ‘flow-

through’ spots of interest can be found below.
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Table A.1: Integrated HCP spot volume in ‘flow-through’ gel divided by integrated

HCP spot volume in ‘load’ gel for protein A loading conditions.

Protein ID

MAb D

MADb Dy

IDEC-152

Millo4

Mill04 Fab

Mill04 Fc

1. Neural cell
adhesion molecule
2. Renin receptor

3. Lipoprotein
lipase

4. Chondroitin
sulfate protoglycan
4

5. Alpha-enolase

6. Galectin-3-
binding protein

7. G-protein
coupled receptor 56
8. V-type proton
ATPase subunit S1
9. Nidogen-1

10. ATP synthase
subunit beta,
mitochondrial

11. Vimentin

12. Heat shock

protein
13. Actin

14. Peroxirodoxin 1
15.a,b SPARC

16.a,b Clusterin

17. Complement
Clr-a sub-
component

18.
Metalloproteinase
inhibitor 1

19. Insulin

20. Cathepsin D

21. Sulfated
glycoprotein 1
22. Lysosomal
protective protein

0.38

0.40

0.20

0.16

0.10

0.16

0.37

0.33

0.21

0.16

sk

sk

0.09

0.31

0.32

0.10

0.29

0.51
0.45
0.27

0.36

0.38

0.14

0.45

0.48

0.32

0.18

0.25
0.38

0.16

0.32

0.08

0.31

0.21

0.24

0.29

0.35

0.27
0.27

0.17

0.07

0.48

0.34

0.26

0.25

0.13

0.26

0.35
0.17

0.38

* Cases for which spot integration did not confirm spots identified as missing based on visual inspection
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A.1.1 MAb D HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (left) and flow-through (right)
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Load (above) and flow-through (below)
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Load (left) and ﬂow-throuh (right)
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Load (left) and flow-through (right)
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A.1.2 MAb Dy HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (above) and flow-through (belw)

Load (above) and flow-through (below)
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. Load (eft) and flow-thro

i

ugh (right)
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Load (left) and flow-through (right)
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A.1.3 IDEC-152 HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (above) and flow-through (below)
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b

| Load (left) and flow-through (right)

1o

Load (left) and flow-through (right)
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A.1.4 Mill04 HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (above) and flow-through (below)
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Load (left) and flow-through (right)

2 5

»

Load (left) and flow-through (below)
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Load (left) and flow-through (below)
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A.1.5 Mill04 Fab HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (left) and flow-through (right)
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A.1.6 Mill04 Fc HCP-CIC 2-DE Analysis: Protein A Solution Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table A.1.

Load (above) and flow-through (below)
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Load (left) and flow-through (right

238



Appendix B

IDENTIFIED 2-DE SPOTS FOR HIC PRODUCT ASSOCIATION

B.1 Quantification of Missing Spots from 2-DE Images

As described in the Section 2.10, ‘flow-through’ gels were compared to ‘load’
gels using Image Master 5 software. Spots that were found on the ‘load’ gel and
missing from the ‘flow-through’ gel were identified as CHO HCPs associated with the
immobilized mAb or mAb fragment. The ‘load’ and ‘flow-through’ gels for HIC CIC
are in Figure B.1. Using Image Master 5, the spots were integrated. The values in
Table B.1 reflect percent volume in flow-through divided by percent volume in load
for spots of interest. A 50% reduction in spot volume was considered indicative of an
associated HCP. Enlarged images of ‘load’ and ‘flow-through’ spots of interest can be

found in the following sections.

Table B.1: Integrated HCP spot volume in ‘flow-through’ gel divided by integrated
HCP spot volume in ‘load’ gel for HIC loading conditions.

Protein ID MADb D MADb Dy
1. Chondroitin sulfate 0.46 011
protoglycan 4

2. Nidogen-1 - 0.05

3. Actin 0.12 0.41

4. SPARC - 0.36

5. Cathepsin D - 0.41

6. Sulfated glycoprotein 1 0.14 0.18

7. Glucose regulated protein 0.14 -

8. Dickkopf-related protein 3 0.09 0.24
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CIC flow-through

MW

mAb D

mAb D,,

Figure B.1: Analyzed 2-DE ‘load’ (left column) and ‘flow-through’ (right column)
gels for HCP CIC of mAb D and mAb Dy in HIC loading conditions.
Indicated spots on ‘load’ gels are absent from corresponding ‘flow-
through’ gels and represent strongly interacting HCPs.
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B.1.1 MADb D HCP-CIC 2-DE Analysis: HIC Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table B.1.

Load (above) and flow-through (below)

241



B.1.2 MADb Dy HCP-CIC 2-DE Analysis: HIC Conditions

Numbers on ‘load’ and ‘flow-through’ gels refer to Table B.1.

Load (above) and flow-through (below)
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Appendix C

MAB FRAGMENT PURIFICATION

MAD B, mAb C, IDEC-152 and Mill04 were digested by papain and purified
using a two-column scheme described in Section 2.5. The two-column process
consists of protein A affinity purification followed by a second chromatographic
purification to separate Fc from undigested and partially digested mAb. The second
column was different for each mAb (Table 2.2). The chromatographic results for the

second column in each process are described here.

C.1 MAD B Fc Chromatographic Purification

Eluate from the protein A affinity purification of papain-digested mAb B was
loaded onto SP Sepharose FF at pH 4.5 followed by a 25 CV linear salt gradient from
0 to 0.5 M NaCl. The chromatogram is in Figure C.1. There is a small amount of
material that does not bind to the column. This is likely due to overloading of the CEX
column. There are two major peaks across the linear salt gradient elution. The earlier
eluting peak is the purified Fc domain. The later eluting peak contains undigested
mADb, partially digested mAb and mAb aggregate. The relative size of the two main
peaks is indicative of the low efficiency of papain cleavage of mAb B. The majority of

material here is full mAb rather than Fc.
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Figure C.1: Chromatographic purification of mAb B Fc on SP Sepharose FF at pH 4.5
with a 25 CV linear gradient from 0 to 0.5 M NaCl. The first peak is the
Fc domain and the second peak is undigested mAb.

C.2 MAD C Fc Chromatographic Purification

MAD C Fc fragments were purified similarly to mAb B. Linear salt gradient
elution on SP Sepharose FF at pH 4.5 was used to separate mAb C Fc fragments from
undigested mAb in the protein A affinity column eluate. The chromatogram is in
Figure C.2. Similarly to mAb B fragment purification, there are two main peaks
eluting across the linear salt gradient. The peaks are similar in size, indicating slightly
improved papain digestion efficiency compared to mAb B. However, the
chromatographic separation is worse. The first peak is mAb C Fc and the second peak

is undigested mAb. Subsequent mAb C Fc purifications used a more gradual linear
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salt gradient to allow for collection of pure Fc in early fractions. Chromatographic
fractions collected at the start of the first peak were sufficiently pure for cross-

interaction chromatographic applications.
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Figure C.2: Chromatographic purification of mAb C Fc on SP Sepharose FF at pH 4.5
with a linear gradient from 0 to 1 M NaCl over 20 CVs. The first peak is
Fc and the second peak is intact mAb. Subsequent runs at more gradual
gradient resulted in better peak separation.

C.3 IDEC-152 Fc Chromatographic Purification
IDEC-152 Fc fragments were purified from undigested mAb after protein A
purification using anion exchange chromatography. QAE 550 resin with a linear salt

gradient elution was run at pH 8.5. The chromatogram is in Figure C.3. The majority
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of material is in the flow-through fraction. This is due to both exclusion of the intact
mADb and low binding affinity of IDEC-152 on the anion exchange resin; the mAb has
low net charge at pH 8.5 because it is close to the pl. The peak that elutes at the start
of the gradient elution contains purified IDEC-152 Fc fragment. As discussed above,

the relative size of the Fc and mAb peaks demonstrates the low efficiency of papain

cleavage.
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Figure C.3: Chromatographic purification of IDEC-152 Fc on QAE 550 at pH 8.5 with
a linear salt gradient from 0 to 0.4 M NaCl over 15 CVs. Undigested
mAb is found in the ‘flow-through’ and Fc fragment is in the elution
fraction.
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C.4 Mill04 Fc Fragment Purification

Mill04 Fc fragments were purified from undigested mAb and partially digested
mADb after protein A purification of the papain digest. SP 6508 resin was used at pH
5.5 with a linear gradient elution from 0 to 0.5 M NaCl over 20 CVs. The
chromatogram is in Figure C.4. The Mill04 Fc purification has different features than
any of the previously discussed Fc purifications. There are three main peaks across the
gradient elution. The earliest eluting peak contains the purified Fc domain. The next
two peaks are not well resolved from each other. The middle peak contains a 100 kDa
species; this is most likely a mAb with a single Fab domain removed. The latest
eluting peak is the undigested mAb. Papain enzymatic cleavage of Mill04 has a
similar efficiency compared to the other mAbs discussed here.

Although papain efficiency was low and the yield for some of the Fc
purification processes used here is low, sufficient material was produced for self- and

cross- interaction chromatography applications.
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Figure C.4: Chromatographic purification of Mill04 Fc on SP 650S at pH 5.5 with a
linear salt gradient from 0 to 0.5 M NaCl over 20 CVs. The first peak is
Fc, the second peak is Fc-Fab and last peak is full mAb.

248



Appendix D

LIPOPROTEIN LIPASE DNA SEQUENCE

D.1 Synthesized CHO LPL Sequence

The Chinese hamster LPL gene sequence (UniProKB entry G3H6V7) was
synthesized by Life Technologies. The synthesized LPL sequence is in Figure D.1.
The synthesized sequence included Ndel and BamHI restriction enzyme sites at the 5°
and 3’ ends respectively. To assist the purification of LPL, a six His tag sequence was
also added between the last codon of LPL and the BamHI site. The sequence was
optimized for expression in E. coli using GeneOptimizer® software. Although the
gene was optimized for expression in E. coli, this same gene was also used for YSD

experiments in Chapter 5.
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M A A A D 6 6 R D F T D I E S K F A L R T

1. CATATGATGGCAGCAGCAGATGGTGGTCGTGATTTTACCGATATTGAAAGTAAATTTGCACTGCGCACA
P D D T A E D N € H L I P 6 I A E S V S N C H

76. CCGGATGATACCGCAGAAGATAATTGTCATCTGATTCCGGGTATTGCAGAAAGCGTTAGCAATTGCCAT
F N H S S K T F V V I H 6 W T V T 6 M Y E S W

139. TTTAACCATAGCAGCAAAACCTTTGTGGTGATTCATGGTTGGACCGTTACCGGTATGTATGAAAGCTGG
V P K L V A A L Y K R E P D S N V I V V D W L

208. GTTCCGAAACTGGTTGCAGCACTGTATAAACGTGAACCGGATAGCAATGTTATTGTTGTGGATTGGCTG
Y R A Q Q H Y P V S A 6 Y T K L V 6 N D V A R

277. TATCGTGCACAGCAGCATTATCCGGTTAGCGCAGGTTATACCAAACTGGTGGGTAATGATGTTGCCCGT
F I N W M E E E F N Y P L D N V H L L 6 Y s L

346. TTTATCAATTGGATGGAAGAAGAATTTAACTATCCGCTGGATAATGTTCATCTGCTGGGTTATAGCCTG
6 A H A A 6 V A 6 S L T N K K V N R I T 6 L D

415. GGTGCACATGCAGCCGGTGTTGCAGGTAGCCTGACCAACAAAAAAGTTAATCGTATTACCGGTCTGGAC
P A 6 P N F E Y A E A P S R L S P D D A D F V

484. CCTGCAGGTCCGAATTTTGAATATGCAGAAGCACCGAGCCGTCTGAGTCCGGATGATGCAGATTTTGTT
P V L H T F T R 6 S P 6 R S I 6 I Q K P V 6 H

553. GATGTTCTGCATACCTTTACCCGTGGTAGTCCGGGTCGTAGCATTGGTATTCAGAAACCGGTTGGTCAT
vV p I Y P N 6 6 T F Q P 6 € N I 6 E A I R V I

622. GTTGATATTTATCCGAATGGTGGCACCTTTCAGCCTGGTTGTAATATTGGTGAAGCCATTCGTGTTATT
A E R 6 L 6 D V D Q@ L V K € S H E R S I H L F

691. GCCGAACGTGGTCTGGGTGATGTTGATCAGCTGGTTAAATGTAGCCATGAACGTAGCATTCACCTGTTT
I p S L L N E E N P S K A Y R €C N S K E A F E

760. ATTGATAGCCTGCTGAATGAAGAAAATCCGAGCAAAGCATATCGCTGCAATAGCAAAGAAGCCTTTGAA
K 6 L ¢ L s ¢ R K N R C N N V 6 Y E I N K V R

820. AAAGGTCTGTGTCTGAGCTGTCGTAAAAATCGTTGTAATAACGTGGGCTACGAGATCAATAAAGTTCGT
A K R S S K M Y L K T R S Q M P Y K V F H Y Q

808. GCAAAACGTTCCAGCAAAATGTATCTGAAAACCCGTAGCCAGATGCCGTATAAAGTTTTTCATTACCAG
V K I H F S 6 T E S D K Q@ L N Q A F E I S L Y

967. GTGAAAATCCACTTTAGCGGCACCGAAAGCGATAAACAGCTGAACCAGGCATTTGAAATTAGCCTGTAT
6 T V A E S E N I P F T L P E V S T N K T Y s

1036. GGCACCGTTGCGGAAAGCGAAAATATTCCGTTTACCCTGCCGGAAGTTTCAACCAATAAAACCTATAGC
F L I Y T E V D I 6 E L L M M K L K W K S DD s

11065, TTCCTGATCTATACCGAAGTGGATATTGGCGAACTGCTGATGATGAAACTGAAATGGAAAAGCGATAGC
Y F S W S D W W S S P 6 F V I E K I R V K A 6

1174. TACTTCAGCTGGTCAGATTGGTGGTCAAGTCCGGGTTTTGTGATTGAAAAAATTCGTGTGAAAGCCGGT
E T Q K K V I F € A R E K V S H L Q K 6 K b S

1243. GAAACCCAGAAAAAAGTGATTTTTTGTGCCCGTGAAAAAGTGAGCCATCTGCAGAAAGGTAAAGATAGC

A V F V K € H D K S L K K S 6 H H H H H H *
1312, GCAGTTTTTGTGAAATGCCATGATAAAAGCCTGAAAAAAAGCGGTCATCATCACCATCACCACTAAGGA

1381. TCC

Figure D.1. CHO LPL sequence synthesized by Life Technologies. N-del (1-6) and
BamHI (1378-1383) restriction enzyme sites are highlighted in yellow.
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Appendix E

PERMISSION LETTERS

The following is the official permission for the reprint of content that was

previously published by John Wiley and Sons and is contained in Chapter 3.
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