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1.

Chapter 1
General introduction

1.1 Therapeutic antibodies
Several different therapeutic monoclonal antibodies (MAbs) have recently entered into the
market with many more under clinical trials for treatment of diseases such as cancer, infectious
diseases, allergies, autoimmune diseases, cardiovascular diseases, and inflammation (Reichert et al.,
2005). Development of therapeutic MAbs, however, remains challenging because of their unique
characteristics arising from their large size (approximately 150 kDa) and complex higher-order
structures. Aggregation is one of the crucial issues in therapeutic proteins because they potentially
impact on protein activity, pharmacokinetics and safety due to immunogenicity. Regulatory
agencies such as the Food and Drug Administration (FDA) and European Medicines Agency
(EMA) have posed safety and efficacy concerns of aggregates, and have recommended appropriate
control of aggregates in the therapeutic proteins (EMA guideline, 2007, FDA guidance, 2013).
Aggregates cover a large variety of heterogeneous species composed of folded and/or unfolded
monomers ranging in size from dimer in a few nanometers to visible particulates in the hundreds of
microns. In addition, there are reversible and irreversible aggregates formed by non-covalent and
covalent bonds, respectively. Various stresses (heat, freeze-thawing, and agitation) are known as
factors that induce aggregation, although the mechanism of aggregation formation by these stress
factors remains elusive. Thereby, aggregation of therapeutic MAbs can be promoted anytime in
their life cycle, including the period of manufacturing, storage, transportation, and administration
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to patients. High viscosity at a highly concentrated solution is also a crucial issue for therapeutic
MAbs because it prevents effective manufacturing and limits the route and mode of administration
to patients.
MAbs in the same subclass have similar primary structures composed of variable and
constant regions. The constant region occupies more than 75% of their primary structure, in which
the amino acid sequences determine the subclass of antibodies and are identical in the antibodies of
the same subclass. On the other hand, the variable regions, which occupy less than 25% of the
primary structure, are composed of different amino acid sequences and play an essential role in the
recognition and binding to antigens. It is known that individual MAbs show different physical
properties, i.e. aggregation propensity and viscosity, even though most of their amino acid
sequences are identical (Yadav et al., 2010b, Sahin et al., 2010). In addition, various environmental
factors such as pH, ionic strength and excipients in the formulation contribute differently to the
physical properties of MAb solutions. Optimization of the formulation should be conducted for
each MAb, which is essential to produce superior therapeutic MAbs with a longer shelf life, higher
manufacturability and ability for more effective administration.

1.2 Immunogenicity risk of aggregates
Immunogenicity of therapeutic proteins is an increasing problem with serious clinical
consequences and safety concerns (Rosenberg, 2006). Therapeutic proteins can potentially induce
an early innate immune response through cells that defend the host from infection in an immediate
and nonspecific manner that is not associated with long term memory. An innate response can lead
to a late stage T-cell mediated adaptive response (Matzinger, 2002, 2007), resulting in the breaking
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of tolerance and induction of T-cell dependent and B-cell mediated anti-drug antibody (ADA)
responses (Fig. 1.1). These innate and adaptive immune responses to therapeutic proteins imply
safety risks inducing serious side effects such as anaphylaxis and infusion reactions in patients. In
addition, ADAs potentially alter the pharmacokinetic/pharmacodynamic profile of proteins by
enhancing the clearance of prolonging systemic exposure. Furthermore, ADAs neutralize the
function of therapeutic proteins by disrupting their ability to bind to the target, resulting in lower
biological activity (Singh, 2010). In worst-case scenarios, formation of ADAs can be
life-threatening as in the cases of pure red cell aplasia (PRCA) after administration of Eprex
(synthetic erythropoietin), where Eprex developed ADAs neutralizing the endogenous
erythropoietin (Peces et al., 1996). Even in the case of therapeutic MAbs, including fully human
MAbs such as adalimumab and panitumumab, the formation of ADAs is commonly observed
(Singh, 2010). In the case of adalimumab, ADA response is associated with loss of clinical
responses (Bender et al., 2007). Thus, the development of ADA potentially impacts the safety and
efficacy of the therapeutic protein.
Many product-related factors are considered to contribute to the immunogenicity of
therapeutic proteins, including primary structure and impurities. Aggregation has been, in particular,
considered as the most important structural change (Hermeling et al., 2004). Multiple publications
have implied potential risk of protein aggregates that induce adverse immunogenic responses as
shown in Table 1.1 (Rosenberg, 2006, Sauerborn et al., 2010, Wang et al., 2012). For example,
administration of heavily aggregated human interferon 2 induced significant formation of ADAs
relative to fresh sample in both wild-type and transgenic mice (Hermeling et al., 2006). A relevant
clinical observation was also reported where the administration of aggregates containing
recombinant human IL-2 induced the high level of ADA formation (Prummer, 1997). A widely
accepted theory for immunogenicity enhancement by protein aggregates is the T-cell independent
3

activation of B-cells through cross-linking mechanisms owing to presenting the multiple and
repetitive epitopes in protein aggregates, which are analogues to bacterial antigens (Vos et al.,
2000) (Fig. 1.1). Another obvious mechanism for enhancing immunogenicity of aggregates is
aggregation-induced structural changes toward more foreignness. Even in the cases of therapeutic
MAbs, a potential linkage between protein aggregation and enhanced immunogenicity has been
reported. Wright et al. (1980) reported that oligomers of immunoglobulin activated the complement
fixation, which may induce serious adverse effects such as hemolytic anemia. Joubert et al. (2012)
reported that aggregated antibodies prepared by various stresses, such as stirring and heating,
enhanced the in vitro innate and adaptive T-cell immune responses. Notably, this immune response
depended on the aggregate type, inherent immunogenicity of the monomer, and donor
responsiveness, and required a high number of particles. Filipe et al. (2012) investigated the
immunogenicity response by the administration of differently stressed MAbs (IgGs) to both
wild-type and transgenic mice containing human genes. Herein, the stress induced aggregation of
MAb led to enhanced immunogenicity, but not all aggregates posed the same immunogenic risk.
Under such circumstances, regulatory agencies have recently highlighted the subvisible particulates
in the 0.1-10 m range due to the uncertainty around the potential immunogenicity risk, and have
recommended to monitor these particles and to assess their immunogenicity risks during the
non-clinical study (Carpenter et al., 2009, Singh et al., 2010). In spite of these recognized risks of
aggregates, the assessment of immunogenicity in non-clinical study remains difficult because the
appropriate animal model reflecting the immunogenicity in humans does not exist (Singh, 2010).
Therefore, the reduction of aggregation has been claimed to reduce the immunogenicity risk of
therapeutic MAbs.
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Table 1.1. Examples of protein aggregates linked to enhanced immunogenicity
Protein
Soluble aggregates

Aggregate level and type

Dose and administration

Test model

Reference

Epoetin 

Low amount of dimers and
other aggregates induced by
tungsten
Variable levels of aggregates
by heating at 63◦C for 15 min
Variable levels of aggregates
by heating at 63◦C for 30 min
Variable levels of aggregates

25 IU/kg 3 times per week or
75 IU/kg weekly; SC

Anemic
patients

Seidl et al., 2011

5 mg; IV

Rabbits

100 g; IP

A/J mice; IP

Biro and Garcia,
1965
Gamble, 1966

0.1-2U 3 times per week; SC

Children

50% dimer and very small
amount of oligomers
Variable levels of oxidized
aggregates
∼80% oligomeric or large
aggregates formed by metal
catalysis
Small amount of mainly
non-covalent aggregates
20% to 42% dimers and
aggregates by shaking

0.3 g weekly for 5 weeks; IP

Balb/C and
transgenic mice
Wild-type and
transgenic mice
Transgenic
mice

Human -globulin
Human -globulin
Human growth
hormone
Human interferon-2
Human interferon-2b
Human interferon-1a

Human interferon-1a
IFN-2b-HSA fusion
protein

10 g repeated dose; SC
5 g repeated dose; IP
5 g repeated dose; IP
100 g twice per week for 4
weeks; SC

Moore and
Leppert, 1980
Braun et al., 1997
Hermeling et al.,
2006
van Beers et al.,
2011

Transgenic
mice
Mice

van Beers et al.,
2010a
Zhao et al., 2009

CBA mice

Claman, 1963

Mice

Insoluble aggregates or mixtures
Bovine -globulin
Murine growth
hormone
Human growth
hormone (product A &
B)
Human interferon-2b
Human interferon-1a

Insoluble aggregates by
centrifugation
1.2% subvisible particles
(based MFI) vs control
5% soluble and 72% insoluble
(A) and 31% soluble through
F/T
17% large aggregates and 10%
insoluble formed by metal
catalysis
More aggregates as monitored
by light scattering

2 mg adsorbed on Bentonite;
IP
2 g repeated dose; SC
10 g weekly for 2 weeks; SC

Naive and
primed mice

Fradkin et al.,
2011a
Fradkin et al.,
2009

10 g repeated dose; IP

Wild-type &
transgenic mice

Hermeling et al.,
2005

0.25 g (SC) or 0.5 g (IN); 3
days/week for 4 or 5 weeks

C57BL/6 mice

Rifkin et al., 2011

10 g on Days 0, 14, 28; IM

Balb/c mice

Barrett et al., 2010

3 g on Days 0 and 14; SC

Balb/c mice

200 g twice with Freund’s
adjuvant; SC
5 g twice; SC

Rabbits

Weldon et al.,
2010
Hopp, 1984

Protein aggregates as vaccines
Bacterial needle
protein MxiH5
Hemagglutinin
Hepatitis B peptide
antigen
HIV Tat101 protein
derivative
HIV envelope protein
GP120
Horse heart
cytochrome c
Human muscle creatine
kinase
KEI polypeptide

Multimers, induced with a full
length
Trimers, induced via trimeric
motif
Multimers, derivatized with
dipalmityl-lysine
Disulfide bonded dimers
Trimers, induced via a trimeric
motif
Aggregates induced by
glutaraldehyde
Aggregates induced by
glutaraldehyde
Oligomerized by PEGylation

7-9 g 3 times with 1X Ribi
adjuvant; SC
5 mg per animal with
Freund’s adjuvant; IV
150 g per animal with
Freund’s adjuvant; IP
100 g with a 50 g boost at
week 4; SC

This table is cited from Wang et al., 2012.

6

Balb/c mice
Balb/c mice
Rabbits

Kittiworakarn et
al., 2006
Yang et al., 2001

Balb/c mice

Reichlin et al.,
1970
Man et al., 1989

C57BL/6 mice

Rudra et al., 2010

1.3 Colloidal and conformational stabilities
Appropriate control of aggregation is a considerable challenge because of the contributions
of multiple aggregation pathways (Chi et al., 2003a, Hawe et al., 2009, Mahler et al., 2009).
Knowledge of aggregation mechanisms has accumulated, and models of the aggregation pathways
have been proposed, as shown in Fig. 1.2 (Chi et al., 2003a, Chi et al., 2003b, Goldberg et al., 2011,
Chou et al., 2012). Two types of stability, colloidal and conformational, are related to the formation
of aggregates in these models. Colloidal stability is a measure of molecular dispersity and
predominantly affects pathway I (Zhang and Liu, 2003, Saluja et al., 2008), which is determined by
the marginal balance of attractive and repulsive intermolecular interactions among protein
molecules. The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory states that for a solution
with high colloidal stability, the repulsive forces arising from electrostatic interactions among
molecules are greater than the attractive forces attributed to van der Waals interactions (Verwey and
Overbeck, 1948). A pathway to enhance the viscosity has been also explained in terms of colloidal
stability, where enhancement of viscosity is attributed to network formations among monomers by
weak attractive interactions, however the presence of this pathway has not been fully evidenced
(Guo et al., 2012, Yadav et al., 2012). In contrast, the conformational stability is defined as the free
energy difference between the folded and unfolded states (GFU) (Chi et al., 2003a, Garber and
Demarest, 2007, Zhang et al., 2012). A higher GFU indicates greater conformational stability,
because the population of unfolded states is smaller (Fig. 1.2, pathway II). Unfolded states consist
of an ensemble of various structures. For example, hydrophobic residues that are buried in the
native structure are exposed, making them prone to aggregate. A protein with higher
conformational stability is therefore expected to possess a lower aggregation propensity. In practice,
multiple pathways independently, additively, or synergistically contribute to the aggregation.
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scattering (DLS). SLS and DLS are used most frequently for the evaluation of B2 and kD,
respectively (Narayanan et al., 2003, Zhang et al., 2003, Attri and Minton, 2005, Alford et al.,
2008). SIC provides values of B2 comparable to those determined using SLS in a shorter time and
with a smaller amount of samples (Tessier et al., 2002, Brun et al. 2010a, Sule et al., 2012).
AUC-SE is a conventional but powerful method for the determination of B2 from the concentration
dependence of the apparent molecular weight (MW,app) of a protein in solution (Fujita, 1962, Liu et
al., 2005, Jiménez et al., 2007). This method is applicable to samples over a wide range of
concentrations and of various solvent compositions (Liu J et al., 2005, Jiménez et al., 2007).
Winzor et al. (2007) reported that B2 values evaluated from AUC-SE data represent
specificintermolecular interactions, whereas light scattering techniques such as DLS and SLS
provide an indication of both solute-solute interactions and solute-solvent interactions.
The conformational stability of a protein is evaluated using several approaches, including
differential scanning calorimetry (DSC), DLS, circular dichroism spectroscopy (Vermeer et al.,
2000, Harn et al., 2007), and differential scanning fluorimetry. The apparent unfolding temperature
(Tm), the temperature at which unfolding begins (Tonset), or aggregation temperature (Tagg), partly
reflects GFU at temperatures not far from the unfolding temperature. DSC, in particular, enables
direct thermodynamic assessment of the conformational stability per domain based on the
endothermic reaction accompanying unfolding. DLS enables the monitoring of the increase of the
hydrodynamic radius with an elevating temperature and provides the Tagg representing the
temperature at which aggregation begins. Generally, indicators of colloidal and conformational
stabilities such as B2 or Tm, Tonset and/or Tagg provide good correlation with aggregation propensities
and/or viscosity, although exceptions have been frequently observed (Goldberg et al., 2011, Saito et
al., 2012).
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1.4 Objectives of the present study
The relationship between colloidal or conformational stabilities, and long-term storage
stability or viscosity remains uncertain. Nevertheless, in practice, the assessment of long-term
storage stability and direct viscosity measurement, which are time consuming and requires a large
amount of samples, have been conducted taken for evaluating aggregation propensity and viscosity.
In this context, further understanding of the relationship between colloidal or conformational
stabilities, and aggregation propensity or viscosity are urgently needed to develop alternative
techniques for long-term storage stability and direct viscosity measurement. The goal of this study
is to understand the mechanisms of aggregation and viscosity enhancement in MAbs and to
develop a general strategy for optimizing MAb formulations without the direct assessment of
long-term stability and viscosity. Throughout the present studies, we focused on B2 obtained from
AUC-SE as a technique to determine the type and degree of colloidal stability.
This thesis is composed of five chapters. In Chapter 1, the objectives and background of
this thesis are mentioned in the general introduction.
In Chapter 2, the relationships between B2 obtained at low concentration, and the viscosity
and aggregation propensity of highly concentrated MAbs solutions were investigated. Herein, we
evaluated B2 obtained from our optimized AUC-SE method as an indicator of aggregation
propensity and viscosity. The pH dependencies of B2 were qualitatively correlated with the
aggregation propensity and viscosity of the three MAbs, indicating that increases in aggregation
and viscosity can be attributed to a reduction in colloidal stability, and that B2 can be used as an
effective indicator of the viscosity and aggregation propensity of highly concentrated MAb
solutions. However, the correlation became insignificant in particular between different MAbs
when the B2 values were negative.
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In Chapter 3, we further evaluated the B2 from AUC-SE for the general purpose of
investigating the influence of pH, salt and sugars, which are representative formulation parameters
for therapeutic MAb, on aggregation propensity under different stresses. In addition, we
investigated the contribution of conformational stability to aggregation. We found that assessment
of colloidal stability at the lowest ionic strength is particularly effective for the optimization of
formulations. If necessary, salts were added to enhance the colloidal stability. Sugars further
improved aggregation propensities by enhancing conformational stability. These behaviors are
rationally predictable according to the surface potentials of MAbs. On the basis of these findings,
we presented the aggregation and viscosity enhancement model.
In Chapter 4, we presented a strategy for optimizing MAb formulation in terms of colloidal
and conformational stabilities and confirmed that our strategy enables optimization of the
formulation with smaller sample requirements and a shorter assessment time compared to the
conventional strategy on the basis of direct assessments of stability and viscosity, and in-silico
strategy using the IgG1 structural model.
In Chapter 5, we summarized our studies in the general conclusion.
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2.

Chapter 2
Predictions of aggregation propensity and viscosity at
high concentrations based on the second virial
coefficient (B2) at low concentrations
2.1 Introduction
Antibody treatment generally involves administration of high doses of antibodies. Therefore,
intravenous (IV) administration is often the first choice for an administration route. IV
administration, however, requires a significant amount of time, and sufficient care needs to be
provided by skilled healthcare professionals. Therefore, patients must receive treatments at clinics
specializing in antibody treatment. More convenient administration routes such as subcutaneous
(SC) and intramuscular (IM) routes are favorable because they would reduce the burden on patients.
In both routes, the maximum injection volume should be below approximately 1.5 mL per dose in a
single injection. To achieve a therapeutic effect, an antibody solution with a concentration as high
as 100 mg/mL needs to be administered.
Development of high-concentration MAb solutions is challenging because unfavorable
phenomena such as increased viscosity and aggregates formation are frequently induced by
increases in the concentration of MAb solutions (Treuheit et al., 2002, Shire et al., 2004). These
properties pose challenges in effective manufacturing, formulation development, analytical
characterization, and administration of therapeutic MAbs. Although direct measurements of the
viscosity and aggregation propensity using high-concentration solutions provide useful information,
the preparation of such solutions itself remains challenging, even on a small scale. In addition, it is
technically difficult to measure the very weak intermolecular interactions (Kd ~mM) that become
12

dominant at concentrations above 100 mg/mL (Liu J et al., 2005, Jiménez et al., 2007).
Furthermore, even in cases where successful measurements have been made, interpretation of the
data is extremely difficult since no concrete theory regarding the intermolecular interactions at high
concentrations has yet been established. For example, the contribution of the repulsive interactions
due to the excluded volume effects becomes more significant (Minton, 2001, Minton, 2005) and the
shorter interactive intermolecular distances change the short-range intermolecular interactions as
the concentration increases. This causes the intermolecular interaction profile to become more
complicated (Harn et al., 2007, Kamerzell et al., 2009). In practice, an analytical technique for
estimating potential risks involved in developing high-concentration antibody solutions is strongly
required.
Reversible self-association of MAbs is thought to induce high viscosity (Liu J et al., 2005,
Kanai et al., 2008, Yadav et al., 2010a) and aggregation at high concentrations (Zhang et al., 2003,
Saluja et al., 2007a, Alford et al., 2008). The mechanism of self-association at the molecular level
is complicated. Different types of intermolecular forces are involved in reversible intermolecular
interactions, such as electrostatic interactions, van der Waals forces, and hydrophobic interactions
(Chari et al., 2009). Environmental factors such as pH, ionic strength, and additives can alter the
intermolecular interaction profile drastically (Chi et al., 2003a, Alford et al., 2008a, Gokarn et al.,
2009, Mahler et al., 2009). In our recent study, we reported that ionic strength has a significant
effect on the reversible self-association of an MAb, leading to liquid-liquid phase separation and an
increase in viscosity at low ionic conditions (Nishi et al., 2010). These studies indicate that the
selected formulation is critical for reducing viscosity (Liu J et al., 2005, Salinas et al., 2010). As for
the relationship between self-association and aggregation, Wu et al. (2010a) reported that
hydrophobic patches on the surface of MAb molecules cause low solubility and induce aggregation
due to self-association. Primary and higher-order structures of MAbs are also important factors,
13

and different types of self-association have been reported such as Fab-Fab and Fc-Fc interactions
(Nezlin, 2010). Kanai et al. (2008) reported that self-association between Fab fragments is
responsible for high viscosity at high concentrations where electrostatic interactions are a major
driving force for self-association. However, this is not always true for all MAbs. The types and
strength of interactions are highly dependent on the amino acid sequence of the MAbs.
In this chapter, we first carried out AUC-SE of three MAbs at nine different concentrations
to determine a concentration range suitable for the estimation of B2. Then, B2 was determined in
solutions of varying pH for three different MAbs. We also measured the viscosity and aggregation
propensity of MAb solutions at high concentrations. All MAbs showed a marked B2 trend as a
function of pH, and this is in good qualitative agreement with both the viscosity and the
aggregation propensity. Our study demonstrates that B2 values derived from AUC-SE using MAb
solutions below 10 mg/mL as the initial loading concentration can be a reliable, qualitative
indicator of MAb behaviors at high concentrations.

2.2 Materials and methods
2.2.1 Materials
The humanized monoclonal antibody A (IgG1 subclass, MAb-A), B (IgG1 subclass, MAb-B),
and C (IgG1 subclass, MAb-C) were produced and highly purified at Daiichi Sankyo Co., Ltd.,
Tokyo, Japan. All MAbs are humanized IgG1, but recognize different antigens. The theoretical
isoelectric points (pIs) of MAb-A, MAb-B, and MAb-C are 6.7, 8.9, and 8.8, respectively. The
selected three MAbs cover pI ranges of general therapeutic MAbs on the market, which ranges
from 6 to 9 (Fig. 2.1). The molecular weights (MWs) of MAb-A, MAb-B, and MAb-C calculated
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from amino acid sequences with two oligosaccharide chains (MW,cal) are 150, 147, and 148 kDa,
respectively. All MAbs were stocked at -80°C in 10 mM sodium citrate buffer and 140 mM sodium
chloride (pH 6). MAbs were dialyzed against the desired buffers (pH 5, 6, 7, and 8) before use, and
the concentrations were determined based on the absorbance at 280 nm. MAbs were diluted to
adjust the desired concentration prior to each experiment. Sodium chloride was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and sodium phosphate and sodium acetate
were purchased from Kanto Chemical Co. (Tokyo, Japan). Four buffers of different pH were
prepared. The composition at pH 5 was 10 mM sodium acetate buffer containing 140 mM NaCl,

MAb-C

10

8

7

MAb-A

pI

9

MAb-B

and those at pH 6, 7, and 8 were 10 mM sodium phosphate buffer containing 140 mM NaCl.

6

5

Figure 2.1. Theoretical pIs of therapeutic MAbs
The theoretical pIs were calculated based on the amino acid sequences for 25 therapeutic MAbs on
the market, MAb-A, MAb-B and MAb-C.

15

2.2.2

Analytical ultracentrifugation sedimentation equilibrium (AUC-SE)
studies
Sedimentation equilibrium was carried out using XL-I (Beckman Coulter, Inc. Brea, CA). A

volume of 100 μL of each solution was applied into the sample sectors of 6 holes, a charcoal-filled
epon centerpiece (1.2 cm) with sapphire windows, and 100 μL of reference solutions were applied
into the reference sectors. The runs were carried out at 11,000 rpm at 20°C by using the An-60Ti
rotor. The concentration gradient was acquired by Rayleigh interference (IF) optics. The
concentration gradients were acquired at 2-hour intervals, and were judged to be at equilibrium
when the 3 successive gradients were completely superimposed. MW,app was estimated by nonlinear
least-squares fitting of data according to Eq. 2.1 using the OriginLab software, ver 4.1 or 6.04
(OriginLab Co., Northampton, MA):
 M W ,app (1    ) 2 2

c(r )  c0 exp 
(r  ro2 )  Baseline
2 RT



(2.1)

,where c(r) (mg/mL) is the protein concentration at the radial position r (cm), c0 is the protein
concentration at the reference radial position r0,  (cm3/g) is the partial specific volume of solute
defined as the change in volume of a solution by the addition of the solute divided by the mass of
the solute, ρ (g/cm3) is the solvent density, ω (rad/s) is the angular velocity, T (K) is the absolute
temperature, and R is the gas constant. The partial specific volume and solvent density were
calculated using the Sednterp software (Laue et al., 1992). The partial specific volumes of MAb-A,
MAb-B, and MAb-C, according to their amino acid compositions, were 0.7261, 0.7272, and 0.7275
cm3/g, respectively.
B2 was obtained from the slope of the plot of the inverse of MW,app against the
concentration, according to Eq. 2.2:

16

1
M W ,app



1
 2 B2 c
MW

B22  B2  M W

(2.2)

2

(2.3)

,where MW is the weight-average molecular weight at infinite dilution and c is the initial loading
concentration (mg/mL). B22 was obtained using Eq. 2.3 (Winzor et al., 2007).

2.2.3 Estimation of concentration dependence of diffusion coefficient by

dynamic light scattering (DLS)
A 20 μL volume of 1.0, 2.0, 4.0, 6.0, 8.0, and 10 mg/mL sample solutions (after filtration
with a 0.22-μm filter) were applied to 384-well optically clear-bottom microtiter plates. From the
following centrifugation at ×50 g for 3 min to remove bubbles, the diffusion coefficient was
measured from time dependent fluctuation of scattered light using a DynaPro Plate Reader (Wyatt
Technology Co., Santa Barbara, CA) at 20°C. The interaction parameter (kD) was calculated using
Eq. 2.4, where Dm is the measured diffusion coefficient, DS, is the diffusion coefficient at infinite
dilution, and c is the concentration of MAb (mg/mL) (Narayanan et al., 2003, Zhang et al., 2003).

Dm  DS (1  k D c)

(2.4)

kD represents the thermodynamic term of B2 and the hydrodynamic term of (ξ1 +  ) as shown in
the following equation:

k D  2 B2 M W  (1   )

(2.5)

,where ξ1 is the coefficient of the linear term in the virial expansion of the frictional coefficient as a
function of solute concentration (Chari et al., 2009).
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2.2.4 Viscosity measurement
Concentrated samples for viscosity measurement were prepared followed by the buffer
exchange using a Vivapore-2 concentrator device (Sartorius AG, Goettingen, Germany). Following
centrifugal filtration (filter size: 0.45 μm), samples were adjusted to a concentration of 150 mg/mL.
The concentrations of the sample were determined by size exclusion chromatography (SEC) using
reference solutions for the respective MAbs; the concentrations of these solutions were calculated
based on the absorbance at 280 nm. SEC analysis was conducted with a TSK gel G3000SWXL
(TOSOH Co., Tokyo, Japan) column using the mobile phase of 30 mM sodium phosphate buffer
and 300 mM NaCl (pH 6.7) at a flow rate of 1.0 mL/min and a column temperature of 20°C. The
sample solution was diluted to approximately 1.0 mg/mL, and 50 L of each solution was injected
for analysis. The peak area was monitored at 280 nm using a UV detector. Viscosity was measured
by VROC (RheoSense, Inc., San Ramon, CA) at the controlled temperature of 20°C (Nishi et al.,
2010).

2.2.5 Stability study
Volumes of 100 μL of 100 mg/mL MAb solutions were applied in triplicate to a 96-well
polypropylene polymerase chain reaction (PCR) plate with cap. Plates were stored at 40°C for 2 or
4 weeks. Each sample was diluted to 1.0 mg/mL, and their aggregation profiles were analyzed by
SEC, DLS, and turbidity analyses. It was confirmed that there was no change in concentration
during storage.
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2.2.6 Size exclusion chromatography (SEC)
Diluted samples of 1.0 mg/mL were filtered using 96-well filtration plates (0.45 μm). The
SEC analysis was carried out with a TSK gel G3000SWXL (Tosoh Co.) column, using 30 mM
phosphate buffer and 300 mM NaCl (pH 6.7) as the mobile phase at a flow rate of 1.0 mL/min and
a column temperature of 25°C. A 50 L volume of each solution was injected into the column. The
elution was monitored at 280 nm by a UV detector. The percentage of aggregates, determined from
the sum of peaks eluted in front of the monomer peak, was estimated by dividing the aggregate
peak area by the total peak area. The rate of increase in the aggregates, the aggregation rate (% per
month), was estimated from least-squares fitting of the time dependence of the percentage of
aggregates.

2.2.7 DLS
Volumes of 20 μL of samples were applied to 384-well optical clear-bottom microtiter
plates. Following centrifugation at ×50 g for 3 min to remove the large particulates and bubbles, the
average hydrodynamic diameter was measured at 20°C using a DynaPro Plate Reader (Wyatt
Technology Co.). Herein, hydrodynamic diameter was calculated from the diffusion coefficient on
the assumption that the solute molecule is spherical in shape.

2.2.8 Turbidity measurement
Volumes of 200 μL of samples were applied to 96-well optical clear-bottom microtiter
plates. The turbidity was monitored at 350 nm by a SpectraMax M2 plate reader (Molecular
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Devices, Sunnyvale, CA). The optical path length d was determined experimentally based on the
published method (McGown and Hafeman, 1998). The turbidity of the solution was calculated
according to the following equation:

Turbidity(AU/cm)

A350
(2.6)
d

,where A350 is the absorbance at 350 nm.

2.2.9 Thermal stability assessment by DLS
Samples were diluted with buffers to a concentration of 1.0 mg/mL. Volumes of 20 μL of
sample solutions after filtration (0.22 μm) were applied to 384-well optical clear-bottom microtiter
plates. Following centrifugation at ×50 g for 3 min to remove bubbles, samples were covered with
10 μL of mineral oil to prevent evaporation. Thermal stability assessments were performed using a
DynaPro Plate Reader (Wyatt Technology Co.). The average hydrodynamic diameter (dH) was
acquired by Dynamics Ver. 7.0.2 (Wyatt Technology Co.) The plate temperature was increased
from 50°C to 75°C at a temperature increment of 1°C. The plate temperature was monitored during
the assay. The dH at each temperature was measured after the plate temperature became stable at the
set temperatures. Consequently, the average heating rate was approximately 0.032°C/min ±
0.005°C/min. Tagg was defined as the temperature where the average dH drastically jumps from the
value of the MAb monomer (approximately 10 nm) to over 200 nm, which corresponds to a large
aggregate.
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2.3 Results
2.3.1 B2 measurement by AUC-SE
Fig. 2.2 shows the concentration dependence of 1/MW,app, from which B2 could be estimated
for all MAbs. As described in Section 2.2.2, a positive B2 value is obtained from an increase in
1/MW,app with an increase in concentration. This indicates the presence of repulsive intermolecular
interactions. Negative B2 values obtained from concentration-dependent decrease in 1/MW,app
indicate the presence of attractive intermolecular interactions (Neal et al., 1998, Holde et al., 2006).
Three MAbs showed significant differences in the concentration dependencies of 1/MW,app. The
1/MW,app of MAb-A decreased as the concentration increased, indicating the presence of attractive
intermolecular interactions. On the other hand, 1/MW,app of MAb-C increased as the concentration
increased, indicating the presence of repulsive intermolecular interactions. The concentration
dependencies of 1/MW,app were successfully fitted using a linear model for MAb-A and MAb-C
with the correlation coefficients (R) of R > 0.95 in the tested concentration range from 1 to 12
mg/mL. The concentration dependence of 1/MW,app of MAb-B was different from that of MAb-A
and MAb-C; 1/MW,app of MAb-B was observed to increase in the concentration range of 1 to 3
mg/mL and decrease in the higher concentration range of 4 to 12 mg/mL. Obviously, a linear model
could not be applied to MAb-B over the entire concentration range examined. Thus, the
concentration range was divided into 2 ranges, and linear regressions were calculated for each
concentration range. The lower range was defined as 0 to 3 mg/mL, at which the fitting was
successful as confirmed by R = 1.00. The higher range was defined as 4 to 12 mg/mL. The linear
fitting using the data at a higher concentration range provided a slope that is clearly different from
the slope obtained for the lower range. Thus, two B2 values were obtained from the different
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concentration ranges. The MW values of MAb-A, MAb-B, and MAb-C at infinite dilution obtained
by AUC-SE according to Eq. 2.2 were 150, 147, and 147 kDa, respectively. As for MAb-B, the B2
value obtained for the lower concentration range was employed because B2 is estimated from the
lower concentration range by definition. All MW values were in good accordance with the MW,cal
values (150, 147, and 148 kDa). These results indicate that concentration dependencies of 1/MW,app
for all MAbs are represented as linear models and that reliable B2 values can be obtained for the
concentrations examined.
Thus, in our study in this chapter, subsequent AUC-SE measurements of MAb-A and
MAb-C were carried out at 1, 5, and 10 mg/mL, from which 1/MW,app values for B2 were estimated.
AUC-SE measurements of MAb-B were performed at 1, 2, 3, 5, 7.5, and 10 mg/mL. B2 values of
MAb-B were estimated from the concentration dependence of 1/MW,app values at 1, 2, and 3 mg/mL,
and/or the concentration dependence of 1/MW,app values at 5, 7.5, and 10 mg/mL in order to
investigate the influence of the concentration for B2 estimation.
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Figure 2.2. Concentration dependence of 1/MW,app obtained from AUC-SE
The results of MAb-A (●), MAb-B(□), and MAb-C (▲) in 10 mM citrate buffer containing 140
mM NaCl (pH6) are shown. Regression lines are generated from the least-squares fitting of the
concentration dependence of 1/MW,app. The data obtained over the entire concentration range of 1 to
12 mg/mL are used for MAb-A and MAb-C. Those with lower concentrations of 1 to 3 mg/mL or
higher concentrations of 4 to 12 mg/mL are used for MAb-B. The error bars were estimated from 3
independent experiments under the same conditions. The intercepts of the regression line is 1/MW
according to Eq. 2.2, and the values of MAb-A, MAb-B, and MAb -C were 6.69, 6.81, and 6.81 ×
10-6 kDa-1, respectively, corresponding to MW values of 150, 147, and 147 kDa, respectively.

2.3.2 pH dependence of B2

B2 and kD have been investigated as a function of solution pH because pH is recognized as
an important parameter influencing intermolecular interactions by changing the electrostatic
environment of proteins. In fact, B2 and kD are known to vary according to pH (Saluja et al., 2007a,
Sahin et al., 2010, Yadav et al., 2010a). In this chapter, we investigated the effect of pH on the
23

intermolecular interactions of MAbs. Ionic strength also slightly varies according to pH, however
its influence to intermolecular interaction can be negligible in the presence of 140 mM NaCl. B2
determined by AUC-SE at different pH values is shown in Fig. 2.3. All three MAbs clearly show
remarkable pH dependencies of B2 values with only small standard deviations estimated from three
repeated experiments. B2 values of MAb-A increased with an increase in pH; being negative at pH
5 and 6 and positive at pH 7 and 8. These results indicate that attractive intermolecular interactions
dominate at pH 5 and 6 while repulsive intermolecular interactions dominate at pH 7 and 8. In
contrast, B2 values of MAb-C decreased as the pH increased. As for MAb-B, the B2 values were
estimated from two concentration ranges. Obviously, the pH dependencies of both B2 values were
qualitatively comparable: both B2 values were observed to decrease with an increase in pH. On the
other hand, the absolute magnitudes of B2 values from the two different concentration ranges were
different from each other at all pH values examined. This indicates that the magnitude of the
intermolecular interactions depends upon the concentration. These results indicate that attractive
intermolecular interactions of MAb-B and MAb-C become dominant at high pH.
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A (A), MAb
b-B (B), an
nd MAb-C ((C) were ob
btained from
m
The secondd virial coefficient (B2) for MAb-A
the concenntration deppendence of
o MW,app att 3 differen
nt concentraations in 1 0 mM sod
dium acetatee
buffer conttaining 1400 mM NaCl (pH 5) or 10 mM pho
osphate bufffer containiing 140 mM
M NaCl (pH
H
6, 7, and 88). B2 of MAb-A
M
and MAb-C w
were obtaineed from con
ncentrationn range at 1,
1 5, and 100
mg/mL. B2 of MAb-B
B were obtaained from tthe 2 conceentration ran
nges at 1, 22, and 3 mg//mL (×) andd
5, 7.5, andd 10 mg/mL (□).

2.3.3 kD measurem
ment by DLS
D
DL
LS is widelyy used to estimate
e
inteermolecularr interactions. It has tthe advantaages of highh
throughputt and operaability. DLS
S has been employed to
t investigaate kD basedd on the co
oncentrationn
dependencce of the difffusion consstant using E
Eq. 2.4. kD is regarded
d as a factorr that reflectts the extennt
of intermolecular inteeractions (N
Narayanan ett al., 2003, Zhang et all., 2003).
ncentrations
Thee results inndicate that all MAbs show decrreases in Dm with inccreasing con
under all ppH conditioons, indicatiing negativve kD valuess. As shown
n in Fig. 2..4, MAb-A has a moree
25

B and MAb
b-C becomee
negative kD value ass the pH deecreases. Inn contrast, kD values of MAb-B
gradually lless negativve as the pH
H decreases,, except forr the kD of MAb-C
M
at ppH 8. Conseequently, thee
kD value off MAb-C was
w minimall at pH 7.

Figuree 2.4. pH d ependencee of kD based on DLS
The kD vaalues were obtained frrom 6 diffeerent conceentrations—
—1.0, 2.0, 44.0, 6.0, 8.0, and 10.00
mg/mL forr 3 MAbs. MAb-A
M
(A)), MAb-B ((B), and MA
Ab-C (C) were
w formullated in 10 mM
m sodium
m
acetate bufffer containning 140 mM
M NaCl (ppH 5) and 10 mM phosphate bufffer containing 140 mM
M
NaCl (pH 6, 7, and 8).
8 The erro
or bars weree estimated
d from 3 ind
dependent eexperimentss performedd
under the ssame condittions.

2.3.4 Th
hermal staability asssessment by DLS
Agggregation innduced by thermal unnfolding can
n be monito
ored by meaasuring the average dH
value withh elevated teemperaturess. The diam
meter of an MAb
M monom
mer is approoximately 10
1 nm whilee
above the Tagg, the obbserved diam
meter is greeater than several
s
hund
dred nm, inndicating th
he formationn

26

of large aggregates. Figs. 2.5A–C illustrate the average dH with elevated temperatures for three
MAbs with different pH values. The Tagg of MAb-A is clearly dependent on pH (Fig. 2.5D). The
lowest thermal stability was confirmed at pH 5 and was found to be enhanced according to the
following trend: pH 5 < pH 6 < pH 7 = pH 8. Herein, MAb-A showed unique behavior at pH 7 and
8, where dH was observed to first increase to approximately 100 nm with a subsequent jump to
more than 200 nm at higher temperature. The higher temperature was defined as Tagg of MAb-A.
No significant difference among Tagg values was confirmed in either MAb-B or MAb-C for all pH
values investigated.
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2.3.6 Aggregation propensities of highly concentrated MAbs during storage
Stability assessment under accelerated conditions (40°C) was carried out for highly
concentrated solutions (100 mg/mL) of all three MAbs. In this study, changes in the aggregate
profile during storage were evaluated by SEC, DLS, and turbidity in order to monitor the wide
ranges of aggregates in terms of size (Engelsman et al., 2011). SEC is widely used for the
evaluation of small soluble aggregates that pass through the SEC column (invisible aggregates of
sizes less than 0.1 μm). DLS is suitable for the detection of sub-micron (subvisible aggregates of
sizes between 0.1 to 1 μm: subvisible) particles, and turbidity measurements can detect insoluble
aggregates (visible aggregates of sizes greater than 1 μm).
Fig. 2.7 illustrates the amounts of soluble aggregates obtained and the rates of aggregation
increases per month as estimated from SEC measurements. The increase in amounts of small
soluble aggregates was observed for all MAbs at 40°C. MAb-A clearly shows pH dependence
where the aggregation rate accelerates as the pH decreases. In contrast, the pH dependencies of the
aggregation rates for MAb-B and MAb-C accelerate as the pH increases.
The results of turbidity measurements are summarized in Table 2.1. The absorbance
increase due to particulate formation was not observed for all MAbs. The formation of
submicron-sized particles represented by dH on DLS is also shown in Table 2.1. No significant
change in dH was observed during storage. These results indicate that neither submicron
particulates nor insoluble aggregates are formed under any pH conditions.
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Tab
ble 2.1. Stab
bility assesssments bassed on turb
bidity and the
t hydroddynamic diameter
Turbbidity (AU/cm
m)
dH (nm)
40ºC
40ºC
Initiall
Initial
pH 5
0.14 ± 0..01
0.12 ± 0.00
10.6 ± 0.1
10.9 ± 0..1
pH 6
0.14 ± 0..00
0.13 ± 0.00
10.6 ± 0.1
10.7 ± 0..0
MAb-A
pH 7
10.7 ± 0.2
0.14 ± 0..00
0.12 ± 0.00
11.0 ± 0..0
pH 8
10.5 ± 0.1
0.14 ± 0..01
0.13 ± 0.00
11.6 ± 0..4
pH 5
10.4 ± 0.0
0.14 ± 0..01
0.13 ± 0.00
10.5 ± 0..1
pH 6
0.13 ± 0..01
0.13 ± 0.00
10.4 ± 0.1
10.5 ± 0..0
MAb-B
pH 7
10.5 ± 0.1
0.13 ± 0..00
0.13 ± 0.00
10.7 ± 0..1
pH 8
10.5 ± 0.1
0.13 ± 0..00
0.13 ± 0.00
11.1 ± 0..1
pH 5
10.4 ± 0.0
0.14 ± 0..01
0.13 ± 0.00
10.8 ± 0..2
pH 6
0.13 ± 0..00
0.13 ± 0.00
10.4 ± 0.1
10.8 ± 0..5
MAb-C
0.13 ± 0..00
0.13 ± 0.00
10.6 ± 0..2
pH 7
10.6 ± 0.1
pH 8
10.5 ± 0.0
0.13 ± 0..01
0.13 ± 0.00
11.3 ± 0..5
MAbs weere stored at 40°C
4
for 4 weeeks at 4 diffeerent pH valu
ues. The hydro
odynamic diam
meters dH weere obtained frrom
DLS. Thee error values were estimateed from 3 indeependent experiments perfformed under tthe same conditions.
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2.4 Discussion
2.4.1

Evaluation of B2 from AUC-SE for characterizing the intermolecular
interactions of MAbs
The purpose of the study in this chapter was to investigate whether B2 determined at low

concentrations of MAbs can be correlated with viscosity or aggregation propensity so that one can
select MAbs with superior physical properties such as low viscosity and low aggregation
propensity in the final product. Although direct measurements of viscosity and aggregation
propensity using highly concentrated solutions are desirable, it is difficult to prepare highly
concentrated solutions, and large amounts of samples are required for the measurements. These
drawbacks reduce the numbers of candidate MAbs and formulation parameters such as type and
concentration of excipients for comprehensive characterization, and cause MAbs to be selected in
the context of specific formulations for further development without sufficient data on the physical
properties of the MAbs. Instead of direct measurements, predictions of viscosity and aggregation at
high concentrations from the solution properties of diluted solutions can be an effective approach.
In this chapter, the relationships between intermolecular interactions at low concentrations
reflected by B2 values and viscosity/aggregation propensity at high concentrations were
investigated. As the first step to estimate B2 values under different conditions, the concentration
dependencies of 1/MW,app were precisely measured at concentrations ranging from 1 to 12 mg/mL.
In the cases of MAb-A and MAb-C, the 1/MW,app values changed linearly with the increase of
concentrations, which is consistent with linear-regression fitting having high R values. In contrast,
it was unexpected that MAb-B showed two phases with different slopes and intercepts.
Concentrations ranging from 1 to 3 mg/mL and from 4 to 12 mg/mL gave two different B2 values
suggesting that repulsive interactions are dominant within the concentration range of 1 to 3 mg/mL,
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and attractive interactions become gradually dominant above 4 mg/mL. This change in the type of
intermolecular interactions with increasing concentrations leads to the unique concentration
dependence of 1/MW,app. Importantly, although the two B2 values of MAb-B differ from each other
under all pH conditions, they similarly vary as the solution pH changes (Fig. 2.3B). Hence, the
relationship of B2 with pH showed similar patterns in the concentration ranges 1 to 3 mg/mL and 4
to 12 mg/mL (Fig. 2.3B). In addition, the two B2 values of MAb-B, which are either positive or
negative, coincide with each other under all pH conditions. Our study demonstrated that B2 values
as a function of pH at concentrations lower than 10 mg/mL are in good qualitative agreement with
measurements of viscosity and aggregation propensity at concentrations higher than 100 mg/mL for
all three MAbs as detailed in Sections 2.4.2 and 2.4.3. Each MAb used in this study recognizes
different antigens and has a different primary structure. Therefore, all MAbs have different pI
values and amino acid compositions (Fig. 2.1). This suggests that our approach could be applicable
to other MAbs. Thus, for MAb solutions under physiological conditions, we can infer that there is
qualitative consistency of intermolecular interactions at low and high concentrations.
The kD from DLS has been successfully used as an indicator of intermolecular interaction
(Yadav et al., 2010b). However, it should be noted that an exceptional relation in the pH
dependence of MAb-C between kD and B2 was observed in the present study where kD reached

its

minimum value at pH 7 but B2 did so at pH 8 (Figs. 2.3C and 2.4C). Herein, the pH dependencies
of viscosity and aggregation propensities are in good qualitative agreement with that of B2 but not
that of kD as shown in Fig. 2.8, where kD deviated from the linear correlation with aggregation
propensity, indicating that kD did not accurately reflect the aggregation propensity. Thus, the kD
value obtained by DLS may be misleading with respect to the magnitude of intermolecular
interactions because kD is related not only to B2, but also to ξ1, which depends upon the shape and
hydration state of the MAb as described in Eq. 2.5 (Yamakawa et al., 1962, Frost et al., 1976,
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2.4.2 Relationship between viscosity and B2
Fig. 2.9 describes a model of MAb viscosity enhancement. In this pathway, high viscosity
would be induced at high concentrations due to transiently cross-linked networks among MAbs
formed via weak reversible self-association. The relationship between self-association of antibodies
and the viscosity of antibody solutions has been investigated by Liu et al. (2005) who showed that
viscosity is enhanced at around its own pI and at low ionic conditions for specific IgG1 via
reversible self-association. Yadav et al. (2010a) evaluated the self-association of the same IgG1
based on the ultrasonic storage module, and suggested that short-range electrostatic interactions
such as dipole-dipole and dipole-charge interactions play significant roles in highly concentrated
solutions. A similar case was reported by Chari et al. (2009) for an IgG2. These intermolecular
interactions causing the high viscosity can be evaluated by B2 estimated from MAb solutions in the
native state at a relatively low concentration, as indicated in the present study. Higher viscosities
were observed at the pH levels where MAbs have lower B2 values for all of the MAbs, as indicated
in Fig. 2.10A (generated from the values described in Fig. 2.6 and Table 2.2). These results support
the contribution of the pathway in Fig. 2.9 and indicate that B2 (determined by AUC-SE at low
concentrations) could be a reliable predictor of the viscosity of the highly concentrated MAb
solution. The viscosities of three MAbs vary significantly with respect to conditions that provide
larger negative B2 values indicating the presence of stronger attractive interactions. This variation
in viscosity is attributed to the type of attractive interactions contributing to the viscosity
enhancement. There are various types of attractive interactions, such as dipole-dipole and
hydrophobic interactions, the magnitudes of which are largely dependent on the state of the protein
surface. The profile of attractive intermolecular interactions is largely dependent on the MAbs
because each MAb has primary and higher order structures, which provide specific functions
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Figuree 2.10. Corrrelation of B2 with visscosity (A),, aggregatio
on propenssity (B), an
nd thermal
staability (C): MAb-A (●), MAb-B ((×: 1-3 mg//mL, □: 5-1
10 mg/mL)), and MAb
b-C (∆)
B2 values were obtaiined from AUC-SE.
A
T agg values were obtaiined from D
DLS. Visco
osities weree
obtained att a concentrration of 15
50 mg/mL, aand aggregaation rates were
w estimaated based on
o SEC.

Tablle 2.2 Summ
mary of ph
hysical para
ameters
pI

MAb--A

6.7

MAb--B

8.9

MAb--C

8.8

pH
5
6
7
8
5
6
7
8
5
6
7
8

B2
(× 10-5･mL･mol･g-2)

-2.71
-1.28
1.15
2.08
0.34 (2.03)
-0.72 (-0.77)
-1.15 (-1.83)
-1.49 (-3.21)
2.03
0.76
-0.22
-1.06

kD
(mL/g)
-12.2 ± 1.7
7
-8.6 ± 0.9
-5.5 ± 1.1
-4.6 ± 0.3
-6.7 ± 0.5
-7.8 ± 0.2
-8.1 ± 1.0
0
-9.3 ± 1.0
0
-6.2 ± 1.0
0
-8.1 ± 1.2
-9.7 ± 0.9
-6.9 ± 0.2

Tagg
(ºC)
57
61
70
70
67
68
67
67
70
71
70
70

Viscossity
(mPs･･s)
11.77
10.44
9.1
8.77
9.77
10.33
11.44
12.77
8.88
9.44
10.99
13.77

Aggregation rate
(%//Month)
2.14
4 ± 0.03
1.88
8 ± 0.04
1.21 ± 0.03
1.25
5 ± 0.05
1.87
7 ± 0.05
2.33
3 ± 0.07
3.18
8 ± 0.18
4.23
3 ± 0.20
1.84
4 ± 0.08
3.02
2 ± 0.14
4.63
3 ± 0.30
5.77
7 ± 0.33

B2 values were obtaineed from AUC--SE. For MAbb-B, B2 valuess were obtained from the cooncentrationss of 1, 2, and 3
mg/mL (iin parenthesiss), and 5, 7.5, and 10 mg/m
mL. kD and Tagg values were obtained fr
from DLS. Viiscosities were
obtained aat a concentraation of 150 mg/mL,
m
and agggregation rattes were estim
mated from SE
EC.
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2.4.3 Relationship between aggregation propensity and B2
To predict the aggregation propensity of MAb solutions, the physical properties of the
MAbs must be assessed in terms of colloidal and conformational stabilities. Colloidal stability is
attributed to intermolecular interactions. On the other hand, conformational stability is attributed to
a free energy difference, GFU, between folded (F) and unfolded (U) states of protein. Each aspect
of stability is related to aggregation via different pathways, as shown in Fig. 2.11 (Chi et al., 2003a,
Chi et al., 2003b, Hawe et al., 2009, Saito et al., 2012). One major pathway related to colloidal
stability is initiated by reversible self-association of a MAb in the folded state (Fig. 2.11, pathway
I). The other pathway related to conformational stability is initiated by structural changes resulting
in the accumulation of a MAb in the unfolded state, followed by the successive formation of large
aggregates via the formation of small aggregates (Fig. 2.11, pathway II). In the present study, it was
found that aggregation was accelerated under conditions that give a large negative B2 attributable to
the presence of attractive intermolecular interactions in all MAbs (Fig. 2.10B). Thus, colloidal
stability is related to the formation of aggregates as previously mentioned (Chi et al., 2003a, Chi et
al., 2003b) and B2, estimated from AUC-SE of MAbs solutions at low concentrations, is an
effective indicator of stability for highly concentrated solutions.
Conformational stability by pathway II, in which the difference in free energy between
folded and unfolded states contributes to aggregation at higher temperatures, was investigated
based on the thermal stability using DLS (Fig. 2.5 and Table 2.2). In this pathway, intermolecular
interactions among MAbs in the folded state (represented as B2(F-F)) do not contribute to the
formation of aggregates, whereas intermolecular interactions between unfolded states (represented
as B2(U-U)) contribute to the formation of aggregates (Fig. 2.11). B2 values determined by AUC-SE
at ambient temperatures do not reflect aggregation occurring via pathway II. In fact, there is no

38

significantt correlationn observed between B 2 and Tagg (Fig. 2.10C). In one exception, B2 showedd
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Figure 2.111. Model of
o aggregation
B2(F-F) is the secondd virial coeefficient forr MAbs in the folded state and B 2(U-U) is the secondd
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virial coefficient for MAbs in the unfolded state. GFU is the free energy difference between MAbs
in the folded and unfolded states.

2.5

Conclusion
Aggregation and viscosity are difficult problems to overcome in the development of

therapeutic MAbs. Therefore, a reliable strategy to predict viscosity and aggregation propensity is
an important requirement. In this study, we investigated the intermolecular interaction of MAbs by
determining B2 using AUC-SE measurements. As a whole, we ensured that the intermolecular
interactions at low concentrations are qualitatively comparable to those determined at high
concentrations. In fact, B2 determined by AUC-SE was in good qualitative accordance with
viscosity and aggregation propensity for all the MAb solutions studied. In particular, the better
correlation was confirmed when B2 values are positive. However, the relationship was found to be
only qualitative in the presence of attractive interactions that are presented as negative B2 values.
We also determined based on the comparison of AUC-SE data with DLS data, that AUC-SE
provides B2 values that are qualitatively consistent with viscosity and aggregation propensity. A
good relationship was confirmed between B2 determined from AUC-SE and kD determined from
DLS. AUC-SE and DLS have been widely used to evaluate dispersion in protein solutions. An
exception was observed in the correlation of kD with viscosity and aggregation propensity. These
results indicate that B2 determined from AUC-SE is a better indicator for the estimation of the
viscosity and aggregation propensity of highly concentrated solutions. Although AUC-SE is
recognized as a low throughput technique, the information obtained from this technique is highly
valuable and can provide useful details about the type of dominant intermolecular interactions and
the critical physical parameters of target therapeutic proteins.
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3.

Chapter 3
Exploration of a predictive indicator for aggregation
propensity of monoclonal antibodies in terms of colloidal
and conformational stabilities
3.1 Introduction
Multiple pathways independently, additively, or synergistically contribute to the formation
of aggregates. Various factors in solution such as pH, ionic strength and the presence of sugars and
surfactants impact each pathway, resulting in different aggregation propensity. Likewise, different
stress factors such as heat, freeze-thawing and agitation differently impact these multiple pathways.
Thus, deeper understanding of the role and impact of these factors from the aspect of the
aggregation pathway is necessary to accurately predict the aggregation propensity of MAb
solutions. In Chapter 2, we focused on the colloidal stability and investigated the correlations
between B2 from AUC-SE and aggregation propensity for three different MAbs (Saito et al., 2012).
The pH dependencies of B2 were qualitatively correlated with the aggregation propensity of the
three MAbs, indicating that aggregation is attributed to the colloidal stability regulating pathway
(Fig. 2.11, pathway I). However, the correlations were limited in qualitative manner and became
insignificant when the B2 values were negative. Thus, the attribution of the colloidal stability to
aggregation has not been fully elucidated. In addition, the contribution of other pathways to
aggregation remains uncertain.
In this chapter, we aimed to develop a general strategy for the development of MAb
formulation through the proper assessment of colloidal and conformational stabilities. To assess
these stabilities, we studied four MAbs, namely, MAb-A, MAb-B, MAb-C, and MAb-D, which
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differ in the amino acid sequences of their variable regions. The colloidal stabilities were assessed
in terms of B2 from AUC-SE, kD from DLS, and zeta potential and net charge from electrophoretic
light scattering. Zeta potential and/or net charge have been evaluated to characterize the
electrostatic potential of proteins. The electrostatic interaction is a major attribution to repulsive
interaction according to the well-known DLVO theory, therefore the electrostatic potential has been
regarded as an indicator of colloidal stability. Zeta potential is estimated from electrophoretic
mobility measured under an applied electric field using the Henry equation (Jachimska et al., 2008,
Lehermayr et al., 2011), and the zeta potentials of several MAbs were reported (Salinas et al., 2010,
Nishi et al., 2011). The effective net charge of a protein is derived from its electrophoretic mobility
and diffusion constant, from which the protein net charge is calculated based on the
Debye-Hückel-Henry model (Moody et al., 2005). The electrostatic properties of a protein can be
accurately determined by its net charge (Durant et al., 2002, Moody et al., 2005). As the net charge
of a protein is a global attribute which depends on the properties of protein, the properties of the
counter ion and co-ions, and the behavior of ions in the vicinity of proteins, this parameter is highly
complex. Therefore, it is necessary to determine the actual charge of the protein (Moody et al.,
2005, Chase et al., 2008). On the other hand, the conformational stability can be assessed based on
the Tm obtained from DSC. DSC enables direct assessment of the conformational stability per
domain, and provides more accurate information than other techniques, such as DLS which
provides Tagg.
We focused first on the effect of salts on the intermolecular interaction in terms of the
electrostatic interaction, which have recently received much attention (Nishi et al., 2010, Saluja et
al., 2010, Yadav et al., 2010b, Yadav et al., 2012), because colloidal stability is largely modulated
by ionic strength and the species of ion. An increased ionic strength will suppress the electrostatic
interactions among molecules and lead to reduced repulsive forces, resulting in promotion of
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aggregation, as predicted by the DLVO theory of colloidal stability. Our findings emphasize the
great importance of measuring the type of electrostatic interaction. Furthermore, electrostatic
repulsion and attraction were determined from electrostatic potential surfaces simulated according
to the Poisson–Boltzmann equation using the structure of IgG1 as a model. Second, we assessed the
effect of sugars which are representative excipients in protein pharmaceutics. Sugars enhance
conformational stability through a preferential solvation mechanism in solution (Timasheff, 2002,
Thakkar et al., 2012). Finally, we confirmed the contribution of colloidal and conformational
stabilities to aggregation propensities in the presence of different stress factors.

3.2 Materials and methods
3.2.1 Materials
Humanized monoclonal antibody A (IgG1 subclass, MAb-A), B (IgG1 subclass, MAb-B), C
(IgG1 subclass, MAb-C), and D (IgG1 subclass, MAb-D) were produced and highly purified at
Daiichi Sankyo Co. Ltd. All the MAbs were humanized IgG1. The theoretical isoelectric points
(pIs) of MAb-A, MAb-B, MAb-C, and MAb-D were 6.7, 8.9, 8.8, and 9.0 respectively. The
molecular weights (MWs) of MAb-A, MAb-B, MAb-C, and MAb-D, calculated from amino acid
sequences with two oligosaccharide chains, were 150, 147, 148, and 151 kDa, respectively. All the
MAbs were dialyzed against appropriate initial buffers (pH 5, 6, 7, and 8) before use, and the
concentrations were determined based on the absorbance at 280 nm. The MAbs were diluted to
adjust the concentration to 20 mg/mL for storage. Each MAb in the initial buffer was diluted
two-fold with the necessary buffer to give a solution concentration of 10 mg/mL prior to each
experiment. NaCl was purchased from Wako Pure Chemical Industries, Ltd., and sodium phosphate
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and sodium acetate were purchased from Kanto Chemical Co. Sucrose, sorbitol, and trehalose were
purchased from Merck (Darmstadt, Germany), Roquette Co. (Lestern, France) and Hayashibara Co.
(Okayama, Japan), respectively.

3.2.2 Formulations
The initial buffer at pH 5 was 10 mM sodium acetate buffer. The initial buffers at pH 6, pH
7, and pH 8 were 10 mM sodium phosphate buffer. The initial buffers for MAb-A additionally
contained 30 mM NaCl because the solution become opaque at an NaCl concentration of less than
30 mM. These initial buffers correspond to the lowest ionic strength. Buffers designated as +70,
+140, and +300 mM NaCl each contained the indicated concentration of NaCl. The buffers
represented as +Sorbitol, +Sucrose, and +Trehalose contained 5% sorbitol, 10% sucrose, and 10%
trehalose, respectively under the lowest ionic strengths.

3.2.3 AUC-SE studies
AUC-SE was conducted using a Proteome XL-I (Beckman Coulter, Inc.). A volume of 60
μL of each solution at 1, 5, or 10 mg/mL, was placed in sample sectors with six holes, a
charcoal-filled epon centerpiece (1.2 cm) with sapphire windows, and 60 μL of reference solutions
were added to the reference sectors. Measurement and B2 determination were carried out according
to the method already mentioned in Section 2.2.2. The partial specific volumes of MAb-A, MAb-B,
MAb-C, and MAb-D, according to their amino acid compositions, were 0.7261, 0.7272, 0.7275,
and 0.7287 cm3/g, respectively.
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3.2.4 Estimation of concentration dependence of diffusion coefficient by DLS
Samples of volume 15 μL of 2.0, 4.0, 6.0, 8.0, and 10 mg/mL sample solutions (after
filtration with a 0.22-μm filter) were applied to 384-well optical clear-bottomed microtiter plates.
Following centrifugation at ×135 g for 3 min to remove bubbles, the diffusion coefficient was
measured using a DynaPro Plate Reader (Wyatt Technology Co.) at 20°C. The interaction
parameter (kD) was calculated using Eq. 2.4

3.2.5 Determination of zeta potential and net charge
Approximately 600 μL of 2.0 mg/mL sample solution (after filtration through a 0.22-μm
filter) was injected using a syringe pump. The zeta potential, ,was measured using a Mobius
mobility instrument (Wyatt Technology Co.) at 20°C equipped with an ATRAS N2 gas pressure
device (Wyatt Technology Co.). The ATRAS device prevents the generation of air bubbles by
pressurizing the solution and enables  measurements in the presence of high concentrations of
salts. The solution state was monitored by DLS during the measurements to confirm that
aggregation and precipitation did not occur.
The zeta potential is calculated using the following equation (Jachimska et al., 2011,
Yadav et al., 2011):

 

3

2f Rh 

(3.1)

,where  [m2/(V s)] is the measured electrophoretic mobility, mPa) is the solvent viscosity at
20°C, calculated based on the buffer components using Sednterp software,  [(A2 s4)/(kg m3)] is the

45

absolute dielectric constant of water, and ƒ(Rh) is Henry’s function.
The net charge z was estimated using the following equation (Chase et al., 2008):

z

k BT
DS e



1  Rh 

(3.2)

f (Rh )

,where kB is the Boltzmann constant (1.3807 × 10-23 J/K), T is the temperature (293 K), DS is the
self-diffusion coefficient (m2/s) determined from the extrapolation of diffusion coefficients
obtained from DLS to zero concentration at different concentrations, e is the elementary charge
(1.6 × e-19 C),  is the inverse Debye length, Rh is the sum of the Stokes radii for the protein and its
counter ion in the solution. The product Rh has values near 2 and ƒ(Rh) is ~1. Hence, as a rough
approximation, the net charge can be estimated according to the following equation:

z

3.2.6

k B T
DS e

3

(3.3)

Conformational stability assessment by differential scanning calorimetry
(DSC)
DSC studies were performed using a VP capillary DSC system (GE Healthcare, Little

Chalfont, UK). Samples of volume 400 μL of 1.0 mg/mL solutions were injected. Changes in the
heat capacity (Cp) were measured as the samples were heated from 20 to 100°C at a scanning rate
of 60°C/h and a filtering period of 10 s. Data analysis was performed using the OriginLab software
(OriginLab Co.). For each sample, a relevant buffer composed of the same composition as the
sample was subtracted as a reference. Normalized Cp data were corrected for the buffer baseline.
An apparent transition midpoint (Tmax) was determined from the exothermic peak providing the
highest Cp.
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3.2.7 Stability studies

Antibody solutions (150 μL, 10 mg/mL) were applied in triplicate to a 96-well
polypropylene PCR plate with cap. One plate was analyzed immediately after preparation. Other
plates were stored at 40°C for 1, 2, and 4 weeks. Another plate was frozen at -40°C and then
thawed at 25°C using an aluminum block matching the shape of the storage plate. This freeze-thaw
procedure was repeated 10 times. The aggregation profiles before and after stressing (40°C for 1, 2,
and 4 weeks or 10-times freeze-thaw) were analyzed using SEC, DLS, and turbidity measurements.
There was no detectable change in concentration during storage.

3.2.8 SEC

Samples were filtered without dilution using 96-well filtration plates (0.45 μm). SEC
analysis was conducted according to the method mentioned in Section 2.2.6. A 20-L sample of
each solution was injected into the column. The rate of increase in the amount of aggregates, the
aggregation rate (percentage per month or percentage per 10-times freeze-thaw cycles), was
estimated from least-squares fitting of the aggregation percentages to a linear function.

3.2.9 DLS

The samples were diluted to 1 mg/mL with the corresponding formulation buffers and
filtered using 96-well filtration plates (0.45 μm). Samples of volume 15 μL were applied to
384-well optical clear-bottomed microtiter plates. Following centrifugation at ×135 g for 3 min to
remove large particulates and bubbles, the average hydrodynamic diameter was measured at 20°C
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using a DynaPro Plate Reader (Wyatt Technology Co.).

3.2.10 Turbidity measurements

Samples of volume 20 μL were applied to 384-well optical clear-bottomed microtiter plates
without dilution. The turbidity of the solution was obtained according to the procedure previously
mentioned in Section 2.2.8.

3.2.11 Calculation of electrostatic potential surface

Full-length IgG1 model structures of MAb-A and MAb-B were generated using Discovery
Studio software (Accelrys Inc., San Diego, CA). The crystal structure of Anti-HIV-1 GP 120 IgG1
was used as a template (PDB id: 1HZH). The electrostatic potential surfaces were determined
according to the Poisson–Boltzmann equation at different pHs and ionic strengths, and +1 and -1
kBT/e isovalue surfaces were mapped on the model structures.

3.3 Results
3.3.1

Influence of pH, NaCl concentration and type of sugars on B2
The B2 values of MAb-A and MAb-B were measured using AUC-SE in the formulations

containing different concentrations of NaCl or sorbitol, sucrose, or trehalose to investigate their
influence on intermolecular interactions. Evaluations of B2 values were conducted at two different
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pHs, at pH 5 and pH 7, where both MAbs showed distinct B2 values at low ionic strength (Figs
3.1A and C); MAb-A showed negative at pH 5 and small negative at pH 7 and MAb-B showed
large positive at pH 5 and small negative at pH 7, indicating the presence of different types of
intermolecular interactions. This enabled the evaluation of the influence of salt and sugars on the
different types of intermolecular interactions.
At the lowest NaCl concentration, negative B2 values of MAb-A at pH 5 and pH 7 showed
the presence of attractive intermolecular interactions. The B2 values increased as the NaCl
concentration increased and inverted from negative to positive values at 300 mM (pH 5) and 70
mM (pH 7). Such dependencies of B2 on NaCl concentrations for MAb-A were similarly confirmed
at pH 5 and pH 7; however, the B2 values determined in each salt concentration at pH 7 were higher
than those at pH 5, suggesting increased attractive intermolecular interactions at pH 5 than at pH 7.
The addition of sugars did not significantly alter the B2 values, although slight increases in B2 were
observed at pH 7 in the presence of sucrose and trehalose (Fig. 3.1B).
Figs. 3.1C and D show the B2 values of MAb-B. The dependence of B2 on the NaCl
concentration was similar to that for MAb-A at pH 7, at which the B2 values were negative in
solutions of the lowest ionic strength. The B2 values increased as the NaCl concentration increased
and inverted to positive values in the presence of NaCl greater than 70 mM. In contrast, the B2
value of MAb-B at pH 5 was high and positive, indicating the presence of strong repulsive
intermolecular interactions. The B2 values of MAb-B decreased strikingly by increasing the NaCl
concentration, suggesting that NaCl greatly suppressed the repulsive intermolecular interactions.
Sucrose enhanced the value of B2, while sorbitol and trehalose did not.
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3.3.2 B2 measurements at low and high ionic strengths

The effects on B2 of changes in the ionic strength were further investigated for four different
MAbs (MAb-A, MAb-B, MAb-C, and MAb-D) at pH 5, pH 6, pH 7, and pH 8 at low ionic strength
(30 mM NaCl for MAb-A, no NaCl for MAb-B, MAb-C, and MAb-D) or high ionic strength (300
mM NaCl for all MAbs). As shown in Figs. 3.2A–D, the B2 values of all the MAbs were affected to
some extent as the ionic strength changed, except for MAb-D at pH 7. The negative B2 values for
MAb-A at all pHs, MAb-B and MAb-C at pH 7 and pH 8, and MAb-D at pH 8 indicate the
presence of weak attractive interactions at low ionic strength. Importantly, negative B2 values were
all inverted to positive values by the addition of 300 mM NaCl. Positive B2 values were obtained at
low ionic strength for MAb-B and MAb-C at pH 5 and pH 6, and MAb-D at pH 5, pH 6, and pH 7.
These positive B2 values were significantly reduced by the addition of 300 mM NaCl, except for
MAb-D at pH 7.
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3.3.3 Zeta potential and net charge determination

The values for zeta potential, , and the net charge, z, were determined in the presence of
different buffer conditions to assess the relationship of the electric potential surface with B2. Figs.
3.3A-B and Table 3.1 show that MAb-A is positively charged at pH 5 in the presence of the lowest
ionic strengths, which is consistent with our previous study (Nishi et al., 2011) and is reasonable
when the pI of the MAb-A is considered (pI = 6.7). The charge decreased with increasing NaCl
concentration and ultimately changed to a negative value in the presence of high ionic strengths.
MAb-A was negatively charged at pH 7 in the presence of the lowest ionic strengths. The negative
charge, as was the case at pH 5, decreased as the NaCl concentration increased.
When sugars were added, similar effects on reducing the net charger were observed. Sorbitol,
sucrose, and trehalose reduced positive and negative charges at pH 5 and pH 7, respectively. For
MAb-B, a positive value was observed in the presence of the lowest ionic strengths at pH 5 and pH
7 (Fig. 3.3C). The charges decreased as the NaCl concentration increased. The trends in net charge
as a function of NaCl concentration were similar at pH 5 and pH 7, but the magnitudes of the
positive charges at each NaCl concentration were slightly larger at pH 5 than those at pH 7. The
decreases in the net charge of MAb-B observed upon the addition of sugars was not significant (Fig.
3.3D). The net charge is estimated from the observed electrophoretic mobility of a protein, which is
also influenced by the diffusion coefficient, DS (Eq. 3.2). In MAb-A at pH 5, DS decreased while kD
was unchanged in the presence of sucrose and trehalose, implying that protein molecules are more
hydrated and become bulky by the addition of these sugars (Table 3.1). The reduction of
electrophoretic mobility by sugars, however, cannot be explained only by the reduction of DS,
because DS was reduced by only one-fifth in the presence of sugars, whereas electrophoretic
mobility was reduced to approximately one-fifth, indicating that the addition of sugars reduced the

53

net charge.
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Table 3.1 Influence of formulations on the physical parameters of MAbs
MAb

pH

5

MAb-A

7

5

MAb-B

7

Initial buffer

-7.53±1.69

kD
(mL/g)
-30.5±0.8

+70 mM NaCl

-3.35±1.53

-18.7±0.8

3.9±0.0

+140 mM NaCl

-1.36±0.95

-12.8±0.7

4.0±0.0

1.7

1.7

+300 mM NaCl

1.09±0.73

-7.5±0.9

3.9±0.0

-2.1

-2.1

Initial buffer

-7.53±1.69

-30.5±0.8

4.0±0.0

4.8

4.8

+Sorbitol

-6.62±1.97

-26.9±1.5

3.4±0.0

1.2

1.1

+Sucrose

-7.24±1.57

-30.4±0.6

3.2±0.1

0.0

0.0

Formulation

B2

(×10-5·(mL·mol)/g2)

DS
(×10-7cm2/sec)
4.0±0.0

Zeta potential
(mV)
4.8
2.7

Net charge
4.8
2.7

+Trehalose

-6.27±1.58

-29.7±0.1

3.2±0.0

1.3

1.2

Initial buffer

-2.63±1.23

-14.3±0.9

3.9±0.1

-6.8

-7.0

+70 mM NaCl

2.24±0.84

-7.8±1.0

3.9±0.0

-3.5

-3.7

+140 mM NaCl

4.26±0.60

-3.7±0.2

3.8±0.0

-2.6

-2.6

+300 mM NaCl

5.94±0.64

-3.1±0.6

3.7±0.1

1.1

1.0

Initial buffer

-2.63±1.23

-14.3±0.9

3.9±0.1

-6.8

-7.0

+Sorbitol

-2.05±1.06

-13.1±1.6

3.3±0.0

-5.9

-6.2

+Sucrose

-0.73±0.73

-18.3±1.8

2.9±0.1

-2.1

-2.3

+Trehalose
Initial buffer

-0.88±0.78
51.83±2.39

-17.1±3.5
19.6±2.3

3.0±0.1
4.1±0.0

-1.8
3.2

-1.7
3.2

+70 mM NaCl

3.61±0.47

-6.2±1.2

4.1±0.0

1.5

1.5

+140 mM NaCl

2.72±0.96

-8.5±0.7

4.1±0.0

1.6

1.5

+300 mM NaCl

0.47±0.72

-8.8±1.0

4.0±0.0

-1.4

-1.3

Initial buffer

51.83±2.39

19.6±2.3

4.1±0.0

3.2

3.2

+Sorbitol

56.02±3.00

18.2±2.2

3.6±0.0

1.5

1.5

+Sucrose

73.34±3.30

13.3±0.3

3.3±0.0

0.9

0.9

+Trehalose

51.63±3.72

5.0±1.5

3.4±0.0

1.2

1.1

Initial buffer

-2.41±1.29

-16.0±1.4

4.2±0.0

1.7

1.6

+70 mM NaCl

0.42±0.89

-8.3±0.7

4.0±0.0

-0.3

-0.2

+140 mM NaCl

0.76±0.85

-8.6±0.1

4.0±0.0

-0.6

-0.6

+300 mM NaCl

1.30±0.67

-6.6±1.5

3.9±0.0

-2.3

-2.4

Initial buffer

-2.41±1.29

-16.0±1.4

4.2±0.0

1.7

1.6

+Sorbitol

-2.48±0.92

-17.7±1.0

3.6±0.0

1.4

1.7

+Sucrose

-3.53±1.24

-23.1±0.4

3.3±0.0

0.7

0.7

+Trehalose
-3.93±1.19
-23.6±1.8
3.3±0.0
1.1
The lowest ionic strength buffers (initial buffers) contained 30 mM NaCl for MAb-A and no NaCl for MAb-B.
The standard deviation of Z potential and Net charge was approximately less than 2.5 mV and 2.5, respectively
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0.9

3.3.4 Aggregation propensities of MAbs during storage under accelerated

conditions at 40°C or under freeze-thaw stress
Stability assessments under accelerated storage conditions at 40°C or freeze-thaw cycles
were conducted for MAb-A and MAb-B at pH 5 and pH 7. In the present study, changes in the
aggregate profile were evaluated by SEC, DLS, and turbidity in order to monitor the wide range of
aggregates in terms of size (Engelsman et al., 2011).
Fig. 3.4 shows the aggregation rates of MAb-A and MAb-B at pH 5 and pH 7. The
aggregation rates during storage at 40°C decreased as the NaCl concentration increased for MAb-A
at pH 5 (Fig. 3.4A) and pH 7 (Fig. 3.4B), and MAb-B at pH 7 (Fig. 3.4D). These results suggested
that NaCl effectively improved the solution stability at 40°C. In contrast, the aggregation rate of
MAb-B increased with increasing the NaCl concentration at pH 5 (Fig. 3.4C), indicating a
destabilizing effect of NaCl. Under freeze-thaw stress, aggregation was suppressed in MAb-A at
pH 7 (Fig. 3.4B) but accelerated in MAb-B at pH 5 (Fig. 3.4C) as the NaCl concentration increased.
The trends in aggregation rates as a function of the NaCl concentration under freeze-thaw stress
were in good qualitative agreement with those for storage at 40°C. MAb-A at pH 5 showed the
opposite trend in aggregation rates under freeze-thaw stress to those for storage at 40°C. In this
case, aggregation was accelerated by freeze-thaw stress but was suppressed for storage at 40°C as
the NaCl concentration increased (Fig. 3.4A). MAb-B at pH 7 showed unique aggregation rate
behavior under freeze-thaw stress. The aggregation rates slightly decreased with increasing the
NaCl concentration from 70 mM to 300 mM, which was the same trend as those for storage at 40°C
(Fig. 3.4D). However, different from the storage at 40°C, the aggregation rate was well suppressed
significantly in the absence of NaCl, which was out of line in terms of the relation between the
aggregation rate and NaCl concentration.
The addition of sugars slightly improved the aggregation propensities under storage at 40°C
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for MAb-A at pH 5 and pH 7 (Figs. 3.4A and B). No significant differences were observed for
MAb-B, and the aggregation rates in formulations containing sugars were identical to those under
the lowest ionic strength conditions in the absence of sugars (Figs. 3.4C and D).
In this stability assessment, the initial level of the small soluble aggregates at each pH for
MAb-A and MAb-B were almost equivalent regardless of the buffer composition (Table 3.2). Both
the DLS and turbidity measurements showed that neither submicron particulates nor insoluble
aggregates were formed in any of the buffers before or after the acceleration test at 40°C and under
freeze-thaw stress.
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Table 3.2 Influence of formulations on the aggregation propensity
pH

5

MAb-A

7

5

MAb-B

7

Formulation

Starting level of
aggregates (%)

Initial buffer

Aggregation rate
40ºC
(%/Month)

25ºC
(%/Month)

Freeze-thaw
(%/10-cycles)

1.71±0.03

1.06±0.06

0.18±0.00

0.04±0.01

70 mM NaCl

1.74±0.01

0.72±0.02

0.10±0.00

0.30±0.01

140 mM NaCl

1.72±0.02

0.45±0.04

0.04±0.00

0.63±0.02

300 mM NaCl

1.73±0.01

0.50±0.04

0.00±0.00

0.56±0.02

Initial buffer

1.71±0.03

1.06±0.06

0.18±0.00

0.04±0.01

+Sorbitol

1.73±0.02

0.71±0.02

0.07±0.00

0.02±0.01

+Sucrose

1.74±0.02

0.45±0.02

0.04±0.00

0.00±0.01

+Trehalose

1.75±0.02

0.41±0.03

0.06±0.00

0.01±0.01

Initial buffer

1.80±0.01

0.24±0.10

0.08±0.01

1.17±0.07

70 mM NaCl

1.94±0.00

-0.01±0.09

-0.02±0.00

1.14±0.03

140 mM NaCl

1.91±0.00

0.13±0.06

-0.04±0.00

0.83±0.01

300 mM NaCl

1.89±0.01

0.02±0.04

-0.04±0.00

0.68±0.02

Initial buffer

1.80±0.01

0.24±0.10

0.08±0.01

1.17±0.07

+Sorbitol

1.85±0.01

0.07±0.08

0.04±0.01

0.05±0.01

+Sucrose

1.88±0.01

-0.07±0.07

-0.04±0.01

0.02±0.01

+Trehalose

1.89±0.00

-0.12±0.06

-0.05±0.00

0.02±0.01

Initial buffer

1.30±0.00

0.02±0.04

0.00±0.00

0.07±0.01

70 mM NaCl

1.36±0.00

0.36±0.01

0.12±0.00

0.57±0.05

140 mM NaCl

1.38±0.00

0.44±0.08

0.13±0.00

1.94±0.01

300 mM NaCl

1.38±0.00

0.45±0.02

0.13±0.00

1.68±0.18

Initial buffer

1.30±0.00

0.02±0.04

0.00±0.00

0.07±0.01

+Sorbitol

1.29±0.00

-0.11±0.03

-0.04±0.00

-0.01±0.00

+Sucrose

1.29±0.00

-0.17±0.02

-0.06±0.00

-0.01±0.00

+Trehalose

1.30±0.00

-0.13±0.02

-0.04±0.00

-0.01±0.00

Initial buffer

2.45±0.00

0.94±0.02

0.36±0.01

0.02±0.02

70 mM NaCl

2.31±0.00

0.43±0.04

0.12±0.03

1.92±0.07

140 mM NaCl

2.29±0.00

0.36±0.05

0.12±0.01

1.81±0.03

300 mM NaCl

2.23±0.00

0.17±0.05

0.10±0.01

1.38±0.04

Initial buffer

2.45±0.00

0.94±0.02

0.36±0.01

0.02±0.02

+Sorbitol

2.36±0.00

0.88±0.05

0.41±0.02

-0.06±0.00

+Sucrose

2.34±0.00

0.47±0.02

0.35±0.01

-0.07±0.00

+Trehalose

2.37±0.00

0.69±0.05

0.28±0.00

-0.07±0.01

The lowest ionic strength buffers (initial buffers) contained 30 mM NaCl for MAb-A and no NaCl for MAb-B.
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3.3.5 Conformational stability assessment by DSC

DSC was performed to investigate the contribution of the conformational stability to
aggregation propensities in the presence and absence of sugars. Tmax values, which were defined as
the transition temperature of the highest endothermic peak, are summarized in Table 3.3, and their
heat capacity curves are shown in Fig. 3.5. Both MAb-A and MAb-B had higher Tmax values in the
presence of sugars under the lowest ionic strength conditions, indicating that sugars improved the
thermal stabilities of MAbs.

Table 3.3 Effect of sugars on conformational stability assessed by DSC

pH

5

7

Formulation

Tmax (˚C)
MAb-A

MAb-B

68.6
69.7
70.1
70.6
68.5
69.2
69.6
69.6

76.9
77.7
78.0
77.9
67.7
74.4
74.8
74.8

Initial buffer
+Sorbitol
+Sucrose
+Trehalose
Initial buffer
+Sorbitol
+Sucrose
+Trehalose

The lowest ionic strength buffers (initial buffers) contained 30 mM NaCl for MAb-A and no NaCl for MAb-B.
The standard deviation of Tmax was approximately less than 0.1ºC.
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Figure 3.5. Thermal unfolding curves in different formulations
Thermal unfolding curves in formulations containing different concentrations of NaCl and different

sugars were obtained using DSC for MAb-A at pH 5 (A), MAb-A at pH 7 (B), MAb-B at pH 5 (C),
and MAb-B at pH 7 (D).
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3.3.6 Electrostatic potential surfaces

The electrostatic potential surfaces of MAb-A and MAb-B were simulated as a function of
ionic strength at pH 5 and pH 7, as shown in Fig. 3.6. The positive potential (+1 kBT/e) and
negative potential (-1 kBT/e) isovalue surfaces are presented as blue and red areas, respectively.
MAb-A at pH 5 and at an ionic strength of 40 mM had a positive potential surface over its structure
except for the negative potential surface area around the CDR region (Fig. 3.6A). At pH 7 and an
ionic strength of 40 mM, the negative potential surface increased slightly, whereas the positive
potential surface decreased significantly and a negative potential surface appeared around the
center of the molecule (Fig. 3.6C). In the case of MAb-B at pH 5 and an ionic strength of 10 mM, a
large positive potential surface covered the entire structure and hardly any negative potential
surface was observed (Fig. 3.6E). At pH 7, the positive potential surface decreased drastically, and
small potential patches appeared around the center of the molecule (Fig. 3.6G). For all the MAbs,
these distinct large potential surfaces observed at low ionic strength completely disappeared and
many small potential surfaces appeared at an ionic strength of 310 mM (Figs. 3.6B, D, F, and H).
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Figure. 3.6. Electrostatic potential surfaces of MAbs at different ionic strengths and pHs
A, B: MAb-A at pH 5; C, D: MAb-A at pH 7; E, F: MAb-B at pH 5; G, H: MAb-B at pH 7.
A, C, E, and G describe the electrostatic potential surface at the lowest ionic strength (40 mM ionic
strength for MAb-A and 10 mM ionic strength for MAb-B), and B, D, F, and H describe those at an
ionic strength of 310 mM. Isovalue surfaces are represented in blue and red as positive (+1 kBT/e)
and negative (-1 kBT/e) charged surfaces, respectively.

3.4 Discussion
3.4.1 Relationship between colloidal stability and net charge

Under accelerated storage conditions at 40°C, at which the MAbs maintained their folded
state (Fig. 3.5), the aggregation propensities were in quantitatively good agreement with the
colloidal stability assessed from the values of B2 (Figs. 3.1 and 3.4). We first tried to interpret these
observations according to the DLVO theory, which accounts for the interaction between two
identical molecules in solution. The DLVO theory states that the dispersity of a molecule is
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determined by the sum of two major intermolecular forces, namely, charge–charge and van der
Waals interactions. The van der Waals interactions are dispersive forces that are effective over
shorter intermolecular distances than charge–charge interactions. The magnitude of intermolecular
forces depends on the intermolecular distance between two molecules (Chari et al., 2009). For
spherical colloidal particles, charge–charge and van der Waals interactions induce repulsive and
attractive intermolecular interactions, respectively. Charge–charge interactions are long-range
intermolecular interactions; they are inversely proportional to the intermolecular distance between
two molecules and can be significant even at distances of 1.5–2.0 nm under conditions of low ionic
strength (Chari et al., 2009). When the electrostatic repulsion is significantly greater than the van
der Waals force, the molecules can stably disperse. Charge–charge interactions are directly related
to the charge states on the surfaces of molecules and are affected by environmental conditions, such
as the dielectric constants of the solvent and ionic solutes. We therefore determined the net charge
to estimate the degree of electrostatic repulsion that enhances colloidal stability. In contrast to the
recent report by Lehermayer et al. (2011) in which B2 was shown to increase as the net charge
increased, the correlation of net charge with B2 holds in only a limited number of cases, and
therefore, the aggregation propensity is not always predictable from the net charge (Figs. 3.3 and
3.4). The DLVO theory regards particles as spherical molecules with uniform charge distributions
on their surfaces. In some cases, the localization of positive and negative charges are heterogeneous
in proteins composed of multi-domains, such as MAbs. These uneven distributions of charges can
induce attractive interactions even if the apparent net charge is positive. In MAb-A, the absolute
values of the net charges were approximately +5 to +7 under low ionic strength at pH 5 and pH 7
(Fig. 3.3A). Increasing the NaCl concentration to 140 mM reduced the net charge to approximately
+2 kBT/e, which is one-third of that under low ionic strength. Contrary to the prediction based on
the uniform charge distribution model, aggregation decreased as the NaCl concentration increased
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(Figs. 3.4A and B). These trends in aggregation propensities as a function of the NaCl
concentration were the inverse of the trends for the relationship to net charge. Thus, again, the net
charge does not always reflect colloidal stability. Unexpectedly, the net charge was reduced by the
addition of sugars. Cosolvents, including sugars, change the hydration state of proteins through a
preferential hydration mechanism and/or preferential interaction between sugars and proteins (Liu
et al., 1995, Timasheff, 1998, Kaushik et al., 2003), which might change the electrostatic state of
MAbs.

3.4.2 Molecular origins of aggregation propensities

In the present study, the MAbs showed distinct dependencies of B2 on pH or ionic strength,
as shown in Figs. 3.1 and 3.2, indicating that colloidal stability was sensitive to pH and ionic
strength. The interaction between two protein molecules can be described by B22:

B22  

1 NA
2 M W2

 e

W22 / k BT



 1 4r 2 dr
(3.4)

,where T is the temperature, r is the center-to-center separation of the two solute molecules, NA is
Avogadro’s number, and W22 is described as follows:

W 22 ( r )  W hs ( r )  W ch arg e ( r )  W disp ( r )  W osm ( r )  W dip ( r )  W ass ( r )

(3.5)

,where Whs represents the hard sphere potential, Wcharge is the energetic potential comprising
charge–charge interactions, Wdisp is the dispersion (van der Waals) attractive potential, Wosm is the
attractive potential resulting from the osmotic effect of high salt concentrations, Wdip represents the
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interactions arising from the permanent and induced dipole moments of the molecules, and Wass is
the square-well interaction, which accounts for protein self-association. The square-well potential
results from strong short-range interactions, such as hydrophobic interactions, hydrogen bonds, and
ionic bonds (Curtis et al., 1998). This equation, Eq. 3.4, was originally proposed by McMillan and
Mayer (1945), and theoretical and experimental studies address the contribution of each term to the
overall potential (Curtis et al., 1998, Elcock and McGammon, 2001, Kumar et al., 2011). In Eq. 3.5
for W22, Whs and Wcharge generate repulsive forces, while other potentials generate attractive forces.
At concentrations of <10 mg/mL where B2 was determined, the minimum average intermolecular
distance between MAbs is 30 nm. At this concentration range, electrostatic repulsion (Wcharge),
which is a long-range interaction, is effective and the dominant contribution to W22 (Chari et al.,
2009). The addition of salts suppresses electrostatic repulsion (Wcharge), resulting in a reduction in
colloidal stability. Aggregation and/or reductions in solubility are therefore promoted by increased
salt concentrations. In our present study, MAb-B, MAb-C, and MAb-D demonstrated excellent
colloidal stabilities at pH 5 with strong repulsive intermolecular interactions in the absence of NaCl
as indicated by their high B2 values [B2 > 40 × 10-5 (mL mol)/g2]. Significant suppression of
repulsive forces was observed in the presence of 300 mM NaCl as apparent from the small B2
values [B2 < 3 × 10-5 (mL mol)/g2]. Likewise, suppression of repulsive forces was observed in all
MAbs at pH values resulting in positive B2 values at low NaCl concentrations (Fig. 3.2). In these
cases, Wcharge contributes significantly to W22 as repulsive intermolecular interaction. The salt
concentration in the formulation therefore requires minimization. Exceptionally, positive B2 for
MAb-D at pH 7, approximately 2 × 10-5 (mL mol)/g2, was unchanged by the addition of NaCl (Fig.
3.2D). One possible explanation for the positive value of B2 for MAb-D at pH 7, even under low
ionic strength, is a contribution not from electrostatic repulsion but from the excluded volume as
discussed later.
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Whs might potentially contribute to the repulsive forces represented by W22. The contribution
of Whs by each MAb to B22 was estimated using Eq. 3.6, describing the excluded volume (Winzor et
al., 2007):

B22 

16N A R23 Z 22 1  2R2 

2
3
4 I 1  R2 

(3.6)

,where Z is the net charge, I is the ionic strength, and  is the inverse screening length, calculated
from the molar ionic strength as 3.27 × 107√I (cm-1). The estimated values were approximately 4–5
× 10-5 (mL mol)/g2, with the assumption that MAbs are spheres with a diameter of 9 nm. The
contribution of excluded volume to B2 are less than one-eighth of B2 values [40 × 10-5 (mL mol)/g2]
for the MAbs with higher colloidal stability, such as in the cases of MAb-B, MAb-C, and MAb-D
at pH 5. This indicates that the electrostatic repulsion (Wcharge) is dominant in influencing colloidal
stability at the lowest ionic strength. In contrast, at high ionic strength, Wcharge contributes little to
the repulsive forces, and Whs, the excluded volume potential, becomes dominant for positive B2
values. Notably, MAb-A at pH 5 and pH 6, and MAb-B, MAb-C, and MAb-D at all pH values had
similar B2 values, 0 < B2 < 3 × 10-5 (mL mol)/g2, in the presence of 300 mM NaCl which were close
to those estimated from the excluded volume, 4–5 × 10-5 (mL mol)/g2, (Fig. 3.2). Exceptionally, in
MAb-A at pH 7, the B2 values [6 × 10-5 (mL mol)/g2] were slightly higher than those calculated
from the excluded volume. This phenomenon could be explained by findings that anion binding
generates repulsive interactions among protein molecules (Collins et al., 1997, Collins et al., 2004,
Fesinmeyer et al., 2009). The marginally positive value of B2 for MAb-A at pH 5 could also be
attributed to binding of anions, which would mainly occur at positively charged patches on the
MAb-A. Note the uneven charge distribution on the surface of MAb-A (Figs. 3.6A and C, also see
discussion below). Considering the pI (6.7) of MAb-A, the total area of positively charged patches
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on MAb-A at pH 7 is smaller than that at pH 5 (Figs. 3.6A and C); therefore, anion binding is less
effective at pH 5 than at pH 7.
When B2 is negative at the lowest ionic strength, like the cases of MAb-A at pH 5 and pH
7, and MAb-B at pH 7, according to Eq. 3.5, the possible contributions to attractive potentials are
Wdisp, Wosm Wdip, and Wass. The osmotic attraction (Wosm) is not important at the low salt
concentrations tested in the present study (Asakura and Oosawa, 1954, Asakura and Oosawa 1958,
Curtis et al., 1998). Furthermore the dispersion force (Wdisp) and the square-well interaction (Wass)
are short-range intermolecular interactions; therefore, they contribute little to attractive interactions
at the concentrations used here. However, the dipole-related interaction (Wdip), which is effective
over relatively long molecular distances, can play a dominant role in attractive interactions (Elcock
et al., 2001). Note that increases in the NaCl concentration enhanced colloidal stability in some
cases, such as that observed for MAb-A at all pH values, MAb-B and MAb-C at pH 7 and pH 8,
and MAb-D at pH 8 (Fig. 3.2). Specifically, the stabilities of MAb solutions with negative B2
values improved as the ionic strength increased. Such cases imply the presence of attractive dipolar
electrostatic interactions that are progressively screened at higher salt concentrations. Salts,
therefore, represent a two-edged sword, reducing or enhancing the colloidal stability depending on
either repulsive or attractive intermolecular interaction.

3.4.3 Relationship between electrostatic interactions and electrostatic potential

surfaces
The electrostatic potential surfaces simulated according to the Poisson–Boltzmann equation
show uneven localizations of negative (-1 kBT/e) and positive (+1 kBT/e) potential surfaces,
particularly for MAb-A at an ionic strength of 40 mM at pH 5. The positive potential surface
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covered most of the molecules, with an exception around the FV region, where a negative potential
surface was observed (Fig. 3.6A). This uneven localization of negative and positive potential
surfaces is consistent with the large negative B2 value [-8 × 10-5 (mL mol)/g2] of MAb-A at pH 5
under low salt conditions, suggesting the presence of dipolar attractive electrostatic interactions.
Yadav et al. (2012) also suggested that uneven localizations of positive and negative potential
surfaces were attributable to attractive interactions, resulting in viscosity enhancement. In contrast,
MAb-B at pH 5 showed an evenly distributed electrostatic potential surface with the positive
potential surface covering the entire structure, and hardly any negative potential surface was
observed (Fig. 3.6E). The positive potential surface occupied a larger volume than the actual
molecular size. This large positive potential surface is considered to contribute to strong repulsive
intermolecular interactions. Indeed, the presence of strong repulsive interactions was indicated by
the large positive B2 values [B2 > 50 × 10-5 (mL mol)/g2], which require a large contribution from
Wcharge, as illustrated above, besides that from Whs [5 × 10-5 (mL mol)/g2] in Eq. 3.5.
The electrostatic potential surfaces at higher ionic strengths showed significant reductions
in the large potential surfaces (Figs. 3.6B, D, F, and H). The large potential surfaces disappeared
and small potential surfaces were distributed sparsely over the molecule. The volume occupied by
the potential surface became as small as the molecular size, in contrast to those at low ionic
strengths. These potential surfaces contributed to the small repulsive intermolecular interactions, as
indicated by B2. These findings support the observation that the dispersity was enhanced by
increasing the salt concentration for MAb-A at pH 5. Uneven localization of large negative and
positive potential surfaces should therefore be eliminated to prevent attractive electrostatic
interactions.
In the case of humanized IgG1, all MAbs have the same amino acid sequences and
three-dimensional structures in a constant region: this provides a strong positive potential surface
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around pH 5–6, which is a condition frequently used for MAb formulations. Designing the amino
acid sequence in the variable region avoids negative potentials and is therefore a promising
approach of generating stable MAbs with low aggregation propensities. It should be noted that the
positive potential surfaces that are dominant at pH 5 weaken at pH 7, and then negative potential
surfaces appear in the constant region, resulting in uneven localization of the potential surfaces.
Consistently, the presence of attractive interactions was indicated by B2 for both MAb-A and
MAb-B at pH 7. The simulation of the electrostatic potential surfaces should therefore be
conducted with consideration of the pH and ionic strength.

3.4.4 Effects of colloidal and conformational stabilities on aggregation of MAbs

stored at 40°C
As shown in Fig. 3.7, linear correlations were observed between B2 values and aggregation
rates in the formulations containing different concentrations of NaCl, indicating that B2
representing the colloidal stability well reflects the aggregation propensities for all the MAbs under
accelerated storage condition at 40°C, which are normally used in stability tests. These results
suggest that electrostatic interactions make major and quantitative contributions to the aggregation
propensities of these MAbs and can therefore be predicted from the experimental estimates of B2. It
is important to note that aggregation was suppressed almost completely when B2 was sufficiently
positive; empirically B2 > 40 × 10-5 (mL mol)/g2.
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in the presence of sugars for MAb-A at pH 5 and pH 7, and MAb-B at pH 7. To evaluate the
relationship between the enhancement of Tmax and the degree of increase in conformational stability,
we calculated GFU at 40°C (GFU, 313.15K) using H, Cp, and Tmax obtained from DSC, assuming
that the unfolding of MAbs occurs in a two-state manner. This calculation provides only a rough
estimate, because MAbs unfold through multiple intermediates, which is different from the
two-state unfolding of small proteins we studied previously (Uchiyama et al., 2002). The 2K
difference in the Tmax values of MAb-A in initial buffer (Tmax = 68.8°C) and that in the buffer
containing trehalose (Tmax = 70.8°C) at pH 5 corresponds to a difference in GFU, 313.15K (GFU,
313.15K)

of 1.6 kcal/mol, implying that the population of unfolded molecules in the initial buffer is

10-times higher than that in the buffer containing 10% trehalose. This may contribute to the
difference in the aggregation propensity after 4 weeks of storage at 40°C. Consistent with our
estimate above, Kaushik and Bhat reported stabilization of lysozyme by 2.22 kcal/mol with 1 M
(34%) trehalose (Kaushik et al., 2003). It should be noted that in the present study, the heat
capacity change upon unfolding (Fig. 3.5), Cp, was decreased by the addition of sugars. A
decrease in Cp generally results in a shallower dependence of GFU on temperature (Kaushik et al.,
2003); therefore, the addition of sugars may stabilize MAbs over a broad range of temperatures.
The Tmax values for MAb-B at pH 5 were higher in the presence of sugars than those at the
lowest ionic strength, whereas the stabilization effect was not observed in aggregation propensities.
The Tmax values of MAb-B at pH 5 were higher than those determined under other conditions,
indicating superior conformational stability even in the absence of sugars. This may explain why
the contribution of conformational stability was not significant for MAb-B at pH 5.
In Chapter 2 and the current chapter, B2 was measured at 20°C using AUC-SE. As already
mentioned, the value of B2 at 20°C correlated significantly with aggregation propensities at 40°C
(Fig. 3.7). This result is consistent with the findings that the B2 values at 20°C show a linear
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potentially alter colloidal stability because of changes in the intermolecular distances between
solutes and the ionic strength of the solution. In contrast, cold denaturation and adsorption to an
ice–liquid interface alter the conformational stability by increasing the exposure of the hydrophobic
residues buried in the proteins. Thus, aggregation under freeze-thaw stress needs to be assessed in
terms of both conformational and colloidal stabilities.
The colloidal stability defined by B2 failed to explain aggregation behaviors under
freeze-thaw stress. This is evident for MAb-A at pH 5 and MAb-B at pH 7. Aggregation rates of
MAb-A at pH 5 were effectively suppressed even in the presence of stronger attractive interactions
(Fig. 3.4A and 3.10A). Similarly, significant suppression of aggregation was observed in the
absence of NaCl in MAb-B at pH7, and B2 was more attractive than those in the presence of NaCl
(Fig. 3.4D and 3.10B). In contrast, the aggregation propensities of all MAbs were significantly
improved by sugars, independent of B2 values (open symbols, Fig. 3.10). Here, enhancements in
Tmax values were observed in the presence of sugars for MAb-A and MAb-B, which correlated
qualitatively with aggregation propensities (Table 3.3). It should be noted that sugar suppressed the
aggregation under freeze-thaw stress regardless of the NaCl concentration (Fig. 3.11).
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our results suggest that conformational stability correlates with aggregation under freeze-thaw
stress. Unlike sugars, Tmax values obtained from buffers containing different concentrations of NaCl
did not show clear correlations with aggregation propensities (data not shown). Thus, the
relationships of colloidal and conformational stabilities with aggregation under freeze-thaw stress
in the presence of salts has not been clarified and requires further investigation.

3.5 Conclusion

In this chapter, in order to develop the optimization strategy for MAb formulation we
evaluated colloidal and conformational stabilities of MAbs and then confirmed their relations to the
aggregation behaviors. The colloidal stabilities were accurately assessed according to B2 values
obtained from AUC-SE. The net charge reflected the magnitude of the electrostatic interactions,
although only partly correlated with the colloidal stability; as observed in this study, the
electrostatic attraction and repulsion contributed oppositely to colloidal stability. Salts both
stabilize and destabilize the MAbs, depending on the type of electrostatic interaction, i.e., repulsion
or attraction. Exact evaluation of the intermolecular interactions is therefore of great importance for
optimizing salts in formulations. The electrostatic potential surfaces showed that an uneven
localization of potential surfaces contributed to attractive interactions, resulting in higher
aggregation propensities. In contrast, the evenly distributed potential surface induced strong
repulsive intermolecular interactions. Sugars did not have a significant influence on the colloidal
stabilities but improved aggregation propensities at 40°C and under freeze-thaw stress mainly by
improving the conformational stability of the Fab fragment. The colloidal and conformational
stabilities therefore both contributed to aggregation to different degrees, depending on the stress
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factors. In conclusion, assessment of colloidal stability at the lowest ionic strength is particularly
effective for the formulation development. If necessary, salts are added to enhance the colloidal
stability. Sugars further improve the aggregation propensities, in particular under freeze-thaw stress,
by enhancing conformational stability. These behaviors are rationally predictable according to the
potential surfaces of MAbs.
On the basis of the finding obtained in the present studies, we present pathways for
aggregation and viscosity enhancement in Fig. 3.12. Colloidal stability relates to both aggregation
(pathway I) and viscosity enhancement (pathway IV). Conformational stability relates to the
aggregation pathways which is initiated by unfolding of the protein. Unfolding of the protein in the
native state is induced by two major environmental factors as follows: a temperature increase
(pathway II) and/or contact with a hydrophobic interface (pathway III). These multiple pathways,
which are influenced by various stress factors, contribute with a different degree to aggregation.
Both pathway I and II attributed to aggregation at the accelerated storage condition at 40°C with
different degrees. On the other hand, pathway I is not attributed to aggregation under the
freeze-thaw stress but pathway III is. Thus, aggregation propensity and viscosity need to be
predicted on the consideration of stress factors.
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4.

Chapter 4
Novel strategy for formulation optimization of
therapeutic MAbs

4.1 Introduction

As mentioned in Chapters 2 and 3, the solution pH, ionic strength and addition of sugars
have significant impact on the physical properties, i.e., aggregation propensity and viscosity, of
MAbs. Likewise, the concentration and kinds of surfactant and buffer components, and the
concentration of MAb are also parameters, which are known to influence the physical properties of
MAbs (Chi et al., 2003a, Bhambhani et al., 2012). Thus, tremendous efforts are necessary to
evaluate all these parameters for optimization of MAb formulations. The conventional strategy for
formulation optimization are direct assessments of long-term stability and viscosity, which are time
consuming and require a large amount of samples. In contrast, prediction of the aggregation
propensity and viscosity based on the indicators of colloidal and conformational stabilities allows
rational screening of various parameters with small sample requirement.
In this chapter, we proposed a formulation strategy to predict the aggregation propensity and
viscosity in terms of colloidal and conformational stabilities on the basis of our findings presented
in Chapters 2 and 3. The advantage of our strategy was demonstrated by the comparison with the
conventional strategies based on the direct assessments of long-term stability and viscosity in
combination with a statistical approach, and based on in-silico prediction of aggregation
propensities by using the IgG1 structure model.
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4.2 Results and discussion
4.2.1 Relationship between kD from DLS and B2 from AUC-SE

The value of kD, which is obtained from the concentration dependence of the diffusion
constant, Dm, is widely used to estimate the degree of intermolecular interactions (Zhang et al.,
2003). The kD is available from DLS in the high-throughput manner, however, poor correlation of
kD with aggregation propensity and viscosity are often observed. We therefore evaluated kD as a
indictor of colloidal stability of MAbs based on the relationship with B2.
The kD values of MAb-A and MAb-B in different formulations (Table 3.1) showed a linear
relationship with those of B2 obtained by AUC-SE (Fig. 4.1) in the range B2 < 10 (mL mol)/g2
showing a good correlation coefficient (R = 0.95), providing the following empirical equation:

k D  1.50B2 M W  12.4

(4.1)

The intercept of Eq. 4.1 has a larger negative value than that calculated from the previously
proposed equation, kD = 1.06A2MW − 8.9 (Lehermayr et al., 2011), where A2 is the secondary virial
coefficient estimated from light scattering. Winzor et al. (2007) reported that A2 becomes smaller
than B2 because A2 reflects the combined contributions of protein self-interactions and protein–
buffer interactions due to thermodynamic nonideality. Theoretically, kD is composed of a
thermodynamic term, B2, and a hydrodynamic term, ξ1 +  , as shown in the Eq. 2.4 where the
frictional drag of the protein, ξ1, increases with increasing protein solvation. The values of ξ1 and

 are positive, making a negative contribution to kD as evidenced from the larger negative
intercept in Eq. 4.1. In fact, kD was negative in several cases in the present study, with AUC-SE
giving positive values of B2 (MAb-A at pH 5 with 300 mM NaCl, MAb-B, MAb-C, and MAb-D at
pH 5 with NaCl > 70 mM, Table 3.1). Thus, the determination of the type of intermolecular
interaction, i.e. repulsive or attractive, is difficult from kD due to the contribution of the
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hydrodynamic term. Therefore, the conversion of the kD value according to Eq. 4.1 is necessary to
properly estimate the intermolecular interaction. It should be noted that some exceptional relations
between kD and B2 were observed. When B2 exceeded 50 × 10-5 (mL mol)/g2, the kD values were
smaller than those estimated from Eq. 4.1 as shown in Fig. 4.1 (open symbol). In addition,
deviation from the linear relationship between B2 and kD was also observed in the pH dependence
of MAb-C as mentioned in Section 2.4.1, where good correlation was observed between
aggregation propensity and B2 but not kD (Fig. 2.8). These results suggest that a higher degree of
hydration and/or conformational change increase the frictional drag of the MAb. In conclusion,
although B2 from AUC-SE is the most reliable approach, kD can be used as an indicator of colloidal
stability and is useful when high-throughput assay is required. However, the type of interaction
needs to be determined according to Eq. 4.1. In addition, it should be kept in mind that kD has a risk
of misleading the intermolecular interaction. Therefore, B2 from AUC-SE is recommended to
estimate the colloidal stability when critical parameters such as pH and ionic strength which
potentially change the colloidal stability dramatically.
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addition, solution pH drastically changes the electrostatic interaction depending on the pI of
proteins. Furthermore, pH is known to change the physical properties of MAb. For example, higher
pH accelerates the chemical degradation such as deamidation of asparagine residue. Low pH
destabilizes the conformational stability of the Fc domain. The optimization of electrostatic
interactions is therefore performed in terms of ionic strength and pH as a first step in the selection
of the optimum formulation. Here, the formulation is selected to suppress electrostatic attraction
and to enhance electrostatic repulsion.
In a practical experiment, B2 is first measured at low ionic strength at acidic and neutral pHs.
The solution with the pH providing the largest B2 is selected. If B2 is positive at the desired pH,
salts should not be added, because their addition would lead to a reduction in colloidal stability by
cancelling favorable electrostatic repulsions. If B2 is negative at the desired pH, salts can be added
to improve the colloidal stability by cancelling the electrostatic attractions. In the present study,
MAb-B, MAb-C, and MAb-D at pH 5 are the preferred formulations and are characterized by
large positive B2 values [B2 > 40 × 10-5 (mL mol)/g2]. The second step is the selection of sugars to
improve the conformational stability. Basically, sugars are added to improve the freeze-thaw
stability. In the experiment, Tmax, which reflects Tm of the Fab fragment, measurements using DSC
are performed in selected formulations containing various sugars. All sugars that we tested slightly
differed in their ability to improve stability, therefore the sugars providing the highest Tmax would
be the first choice. The third step, is the further optimization of other parameters such as
concentrations of salt, sugar and surfactant and solution pH based on B2. In formulation
development, restrictions in osmolality are often required, depending on the dosage form. In this
step, the kD can be used as an alternative indicator in case the higher throughput analysis is required.
However, the negative contribution from hydrodynamic terms should be taken into account. The kD
should not be evaluated as a single value but as trends of values as a function of screening
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parameters to avoid an incorrect assessment. In case an abnormal trend is observed, the AUC-SE
should be conducted for conformation. As a final step, assessment of stability is performed by the
directly measurements of the aggregation propensity.
In summary, the optimum formulation is selected according to the following steps (Fig.
4.2): [1] Assessment of pH and ionic strength on the basis of colloidal stability, [2] selection of
sugar on the basis of conformational stability, [3] optimization of formulation on the basis of
colloidal stability, and [4] assessment of stability and viscosity by direct measurement in the
selected formulation. This approach proposed here could reduce the burden of direct stability
assessment which is time consuming and requires a large amount of samples. In practice, an
optimum formulation for MAb-A can be predicted according to this strategy. The B2 value for
MAb-A was larger at pH 7 than at pH 5 in the presence of low concentrations of NaCl. The B2
value was negative even at pH 7, indicating the presence of attractive intermolecular interactions. A
formulation containing salts is therefore selected. Moreover, sugars are added to improve the
freeze-thaw stability and to enhance conformational stability, providing a higher Tmax. The selected
formulation is at pH 7 and contains salts and sugars. The concentrations and types of salts and
sugars are optimized in the third or final step. The tentative formulation is the same as the
formulation providing the lowest aggregation propensities under the storage at 40°C and under
freeze-thaw stress. For MAb-B, a larger B2 is obtained at pH 5. The B2 value is positive at pH 5;
therefore, only sugars are added. The selected formulation is at pH 5, containing sugars but not
salts. This formulation is also the same as that providing the lowest aggregation propensities for
storage at 40°C and under freeze-thaw stress.
MAb-A and MAb-B represent typical types of MAbs, and specifically, MAb-A and MAb-B
have unevenly and evenly distributed electrostatic potential surfaces, respectively. MAb-A showed
higher colloidal stability in the presence of salts, whereas the trend for MAb-B was the opposite.
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Our strategy for optimization is applicable to both types of MAbs and can be generalized. This
strategy can be applied to highly concentrated MAb solution because the B2 obtained at a low
concentration of less than 10 mg/mL correlated well with aggregation propensity and viscosity at a
high concentration of more than 100 mg/mL as shown in Chapter 2.
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Figgure 4.2. Prroposed strrategy for formulation optimizaation
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4.2.3 Comparison of the proposed strategy to conventional strategy in

combination with design of experiment (DOE)
As mentioned previously, various parameters including type and concentration of salt, sugar,
surfactant, other excipients, and pH have to be evaluated to optimize the formulation of therapeutic
MAbs (Chi et al., 2003a, Bhambhani et al., 2012). The conventional strategy for formulation
optimization has been based on the direct assessments of long-term stability and viscosity, which
generally requires a large amount of samples and longer assay time. Therefore, an experiment using
the conventional strategy has been planned for efficient collection of data and a quick approach to
optimum formulation according to the design of the experiment (DOE) which is a commonly used
statistical approach to reduce the points for required measurements. Nevertheless, the optimization
of formulation by the conventional strategy still requires a large amount of samples and long
assessment time, and remains as a bottleneck in the development of therapeutic MAbs.
In this section, we compared our proposed strategy based on the indicators for colloidal and
conformational stabilities to the conventional strategy with a DOE approach. Table 4.1 shows the
estimated amount of samples and time required for each strategy. The standard screening
parameters for formulation optimization are shown in Table 4.2. Herein, the types of sugar, pH and
concentrations of NaCl and sugar are selected as parameters. Practically, more parameters such as
the concentration of MAb and buffer species, type and concentration of surfactant are required (Chi
et al., 2003a, Bhambhani et al., 2012). Ideally, all conditions should be evaluated, however the
number of conditions, 147, is too extensive to be evaluated. Therefore, the experimental design for
formulation optimization was simulated based on the DOE approach with statistical data processing
software JMP 8.0.1 (SAS Institute Japan, Tokyo, Japan). Twenty-one conditions are recommended
for evaluating the parameters in Table 4.2 with the restriction that osmolarity be more than 280
mOsm/kg as shown in Table 4.3. The amount of samples required for the conventional strategy
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with the DOE approach is approximately 1.5 g in the case of 100 mg/mL MAb solution. Herein, the
required assessment time is 1.5 months. On the other hand, steps 1 to 3 of our proposed strategy
requires 30 mg of MAb and 1 week as shown in Table 4.4. Obviously, our proposed strategy
dramatically reduces the sample requirement and shortens the assessment time. In practice, the
additional stability study is performed with a selected range of conditions as the final step both in
the conventional and the proposed strategies to confirm the optimized formulation. It should be
noted that the preparation of high concentrated MAbs is another problem in the conventional
strategy as mentioned in Chapter 2. Therefore, the prediction of aggregation propensity and
viscosity based on the indicators of colloidal and conformational stabilities from the MAb solutions
at a low concentration is an effective strategy for the formulation development of highly
concentrated MAb solution.
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Table 4.1 Required amount and time for analysis
Volume

Concentration

(L)

(mg/mL)

100

20

3

6

1.5 Months

100

100

3

30

1.5 Months

Viscosity

150

100

3

45

20 samples/Day

AUC-SE

60

1, 5, 10

2

2

7 samples/Day

DLS

15

2, 4, 6, 8, 10

3

2

100~ samples/Day

DSC

500

1

1

0.5

10 samples/2 h

Analysis

Conventional
strategy
Proposed
strategy

Stability

Repetition

Amount

Time

(mg)

Required amounts were calculated by multiplication of volume, repetition and concentration.
Required time for stability testing is estimated at 1-month for storage at an accelerated condition of 40°C and 0.5-month for assay

Table 4.2 Standard screening parameters for formulation optimization
Sugar

Sugar conc.
(mM)

NaCl conc.
(mM)

pH

Sorbitol

0

0

4.5

Sucrose
Trehalose
-

150
300
-

150
300
-

5.0
5.5
6.0
6.5
7.0
7.5
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Table 4.3 Experimental protocol based on DOE
Sugar
Sorbitol
Sorbitol
Sorbitol
Sorbitol
Sorbitol
Sorbitol
Sorbitol
Sucrose
Sucrose
Sucrose
Sucrose
Sucrose
Sucrose
Sucrose
Trehalose
Trehalose
Trehalose
Trehalose
Trehalose
Trehalose
Trehalose

Sugar conc.
(mM)

NaCl conc.
(mM)

pH

0
150
300
0
300
150
300
150
300
300
300
0
0
150
300
0
150
150
300
300
0

300
300
150
150
0
75
0
150
0
0
300
150
300
150
0
150
300
75
300
150
300

4.5
5.0
5.5
6.0
6.5
7.0
7.5
4.5
5.0
5.5
6.0
6.5
7.0
7.5
4.5
5.0
5.5
6.0
6.5
7.0
7.5

The experimental protocol was generated by statistical data processing software JMP 8.0.1.

Table 4.4 Sample amount and analysis time for formulation optimization
Step
1 Optimization of pH and salts
2 Selection of sugars
3 Further optimization of excipients

Number of

Amount

sample

(mg)

B2 (AUC-SE)

2

4

1 Day

Tm (DSC)

4

2
24
(54)
24
(54)
--

1 Day
4 Days
(8 Days)
1 Day
(1 Day)
1.5 Months

Indicator

B2 (AUC-SE)
kD (DLS)

4 Direct stability assessment

Stability/Viscosity

12
(27)
--

Time

The number of samples for step 3 was generated according to DOE by JMP from three pHs, and concentrations of sugar and NaCl with the
restriction in the osmotic ration to be more than 280 mOsm/kg. The maximum estimations without DOE are shown in parentheses.
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4.2.4

Comparison with the in-silico approach using an IgG1 structure model
Engineering of the amino acid sequence in CDR regions has been attempted to generate

aggregation resistant MAbs based on the higher order structure model obtained from in-silico
simulation (Escamilla et al., 2004, Wang et al., 2009, Wu et al., 2010b). There are several structural
properties which are potentially prone to aggregation such as -sheet rich structures and
hydrophobic patches. The statistical in-silico approaches for the prediction of such aggregation
prone structures have been proposed. Recently, some numerical parameters generated from
in-silico simulation have been used for high-throughput prediction of aggregation propensity of
proteins (Spassov et al., 2008, Lauer et al., 2012). Spatial aggregation propensity (SAP), is one of
these parameters. SAP is a measure of the local hydrophobicity of surface patches which is
considered to be responsible for hydrophobic interaction, and is defined as Eq. 4.2.

SAA of side chain atoms within radius R
SAP   
SAA
of side chain atoms of fully exposed residue




  residue hydrophobi city 



(4.2)

,where SAA is the solvent accessible area. SAA of the side chain of fully exposed residue is
obtained by calculating the SAA of the side chain of an amino acid residue, X, of tripeptide
“Alanine-X-Alanine” in fully extended conformation. Residue hydrophobicity is obtained from the
hydrophobicity scale of Black and Mould (1991). The scale is normalized such that glycine has a
hydrophobicity of zero, the most hydrophobic residue (i.e., Phenylalanine) has a value of 0.5, and
the least hydrophobic residue (i.e., Arginine) has a value of –0.5. The SAP score is determined by
the sum of all positive SAP values of the atoms in the Fab domain. SAP scores for MAb-A, MAb-B,
MAb-C and MAb-D were calculated by using Discovery Studio ver. 3.5 (Accelrys Inc.).
Developability Index (DI) is the other parameter to predict the aggregation propensity. The
higher DI value means the higher aggregation propensities. DI is calculated according to the
following equation where the contribution of electrostatic interactions to aggregation in addition to
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that of hydrophobic interaction (SAP) is incorporated.

DI  SAP    e 2

(4.3)

,where weighting factor, , determines the relative importance of SAP and net charge, and e is the
total net charge. For the calculation of DI in the present study, the constant value of 0.05, which is
experimentally estimated from MAbs in the previous study (Lauer et al., 2012), was used for  to
compare with the aggregation propensities of MAb-A, MAb-B, MAb-C and MAb-D in different
formulations. Total net charges at given pH and ionic strength were calculated from the pKa of
individual residues of the protein molecule (Bashford and Karplus, 1991) by using Discovery
Studio ver. 3.5 (Accelrys Inc.).

4.2.4.1

Evaluation of spatial aggregation propensity (SAP)
SAP distributions on the surfaces and SAP scores of MAb-A, MAb-B, MAb-C and MAb-D

are shown in Fig. 4.3 and Table 4.5, respectively. Only single SAP scores are available from each
MAb regardless the formulation according to Eq. 4.2. All MAbs showed almost comparable SAP
distributions with an exception that MAb-B and MAb-D have higher SAP regions on the tips of
Fab when compared to those of MAb-A and MAb-C (Fig. 4.3). SAP scores become larger in the
rank order of MAb-A < MAb-B < MAb-C < MAb-D. The same rank order of the aggregation
propensities was observed only in the formulation containing 300 mM NaCl at pH 5 (Table 4.5 and
Fig. 4.4), while a good correlation was not observed in the other formulations. Thus, overall
correlation between SAP scores and aggregation propensities is unsatisfactory and we could not
find the general rule for prediction of aggregation propensities on the basis of SAP.
Theoretically SAP is estimated based only on the hydrophobicity of the protein surface,
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o consideraation. Howeever, as thee
whereas, eelectrostaticc propertiess of a proteein are nott taken into
present stuudy showedd, aggregatiion propenssities of eaach MAb arre highly ddependent on
o the NaC
Cl
concentration and pH
H, indicatin
ng that eleectrostatic interactions
i
s play an iimportant role
r
on thee
aggregatioon propensitties of MA
Abs. The beetter correlaation observ
ved in the fformulation
n containingg
300 mM N
NaCl at pH
H 5 might be attribuuted to the shielding effect of ssalt which cancels thee
contributioon of electroostatic interraction to aaggregation, although poor
p
correlaation was confirmed
c
inn
other soluttion conditions. These results indiicate that prrediction off the aggreggation propeensity basedd
on the solee hydrophoobicity has the risk of a misleadin
ng or wron
ng predictioon. The con
ntribution of
electrostatiic interactioons to aggreegation has to be incorrporated.

Figure. 4.3.
4 Spatiaal aggregatiion propensities (SAP
P)
A), MAb-B (B), MAbb-C (C) and MAb-D (D) were oobtained baased on thee
SAPs for MAb-A (A
®
Discovery Studio
S
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gher SAP suurfaces are representedd
full-lengthh IgG1 modeel structuress by using D
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Table 4.5: Spatial aggregation propensity (SAP) score
Aggregation rate
pH
5
MAb-A
7
5
MAb-B
7
5
MAb-C
7
5
MAb-D
7

Formulation

SAP score

Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl
Initial buffer
300mM NaCl

298.4

310.9

314.6

369.8

40ºC
(%/Month)
1.06±0.06

Freeze-thaw
(%/10-cycles)
0.04±0.01

0.50±0.04

0.56±0.02

0.24±0.10

1.17±0.07

0.02±0.04
0.02±0.04
0.45±0.02
0.94±0.02
0.17±0.05
0.18±0.01

0.68±0.02
0.07±0.01
1.68±0.18
0.02±0.02
1.38±0.04
0.15±0.01

0.76±0.01

1.15±0.08

2.06±0.22

0.29±0.02

1.06±0.02
0.29±0.00
0.92±0.01
0.93±0.01
0.57±0.02

0.92±0.04
0.09±0.01
1.01±0.09
0.12±0.01
1.26±0.03

SAP scores were calculated by Discovery Studio®. Aggregation rates were obtained from the SEC analysis.
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Figgure 4.4. Reelation of S
SAP score with
w aggreg
gation proppensity
SAP scores for four MAbs
M
were obtained baased on the full-length IgG1 modeel structuress by using
Discovery Studio® (A
A). Aggregattion rates w
were evaluatted at 40°C (B: pH5, D
D: pH7) and
d under
freeze-thaw
w stress (C:: pH5, E: pH
H7) at low ionic streng
gth (30 mM
M NaCl for M
MAb-A and
d 10 mM
NaCl for M
MAb-B, MA
Ab-C and MAb-D)
M
andd high ionic strength (3
300 mM NaaCl for all MAbs)
M
based on thhe SEC anaalysis.

4.2.4.2

Evaluation of dev
velopabilitty index (DI)
(
As described previously,
p
the higher D
DI value im
mplies the hiigher aggreegation prop
pensities. DI

values for MAb-A, MAb-B,
M
MA
Ab-C and M
MAb-D in the formullations conntaining diff
fferent NaC
Cl
conditions are shownn in Table 4.6. The trennds of DI value
v
and ag
ggregation ppropensity among fouur
MAbs are shown in Fig
F 4.5. Thee trends of D
DI value aree qualitativeely comparrable regard
dless pH andd
ionic strenngth, where the rank orrder of DI iis MAb-B < MAb-A < MAb-C < MAb-D. On
O the other
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hand, the rank orders of actual aggregation propensities among four MAbs changed depending on
the pH and ionic strength. They obviously have no clear correlation with that of DI. It should be
noted that all MAbs provided larger DI values at low ionic strength than at high ionic strength,
indicating that the aggregation is accelerated at lower ionic strength. Whereas opposite trends of
aggregation rates were observed in MAb-B, MAb-C and MAb-D at pH 5 at 40°C, and MAb-A at
pH5, and MAb-B, MAb-C and MAb-D at pH 7 under freeze-thaw stress. Furthermore, the
significant correlation between DI and aggregation propensity are not found when DI values are
plotted against the aggregation propensities for all MAbs in the four different NaCl concentrations
at pH 5 and pH 7 (Fig. 4.6). Herein, the higher DI values do not indicate the higher aggregation
propensities. Thus, we concluded that employment of DI for the prediction of aggregation
propensities can be used only for MAbs under limited circumstances.
These poor correlations between DI and aggregation propensities can be explained in terms
of the type of electrostatic interactions, i.e. repulsive or attractive. According to Eq. 4.3,
electrostatic interactions attribute to only stabilization of protein. However, as we mentioned in
Chapter 3, electrostatic interactions attribute not only to stabilization but also to destabilization. In
the case where the electrostatic attraction is present, the larger net charge accelerates aggregation,
whereas the larger net charge provides smaller DI values. Thus, DI according to Eq. 4.3 misleads
aggregation propensities. Therefore, not only the total net charge but also the distribution of
charges have to be incorporated for appropriate prediction of the aggregation propensity. However,
to our knowledge, it remains difficult to generate numerical parameters reflecting the uneven or
even distribution of surface potential by in-silico approaches. In addition, it should be noted that
the effect of ionic strength on the calculated net charge used for DI estimation is different from that
on the measured net charge. Normally, the net charge decreased as ionic strength increased as
shown in Fig. 3.3 resulting in suppression of electrostatic interaction. Whereas the calculated net
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charge increased as ionic strength increased (Table 4.6), indicating that the calculated net charge
did not reflect the shielding effect of salts. Thus, two aspects from the electrostatic interactions
need to be taken into account in order to estimate accurate DI. First, the types of electrostatic
interaction need to be consideredon the basis of the charge distribution on the surface of protein.
Second, the shielding effect to electrostatic interaction by increased ionic strength needs to be
incorporated.
The other possible cause of poor correlation is the fact that SAP represents only the
hydrophobicity of MAb in the folded state. As shown in Chapter 3, the conformational stability
contributes to aggregation propensities at 40°C and under freeze-thaw stress, indicating that
hydrophobicity in an unfolded state is more important to predict the aggregation propensity. In
addition, the relative importance of SAP and net charge, which is represented as  in Eq. 4.3, is
dependent on the formulation and type of MAb (Lauer et al., 2012), making the prediction of
aggregation propensities more difficult.
To estimate the relative importance of SAP and net charge, the  were calculated from the
actual stability data at 40°C according to the following equations.

 

k agg C  SAP

(4.4)

e2

dCM
 k agg C 2M
dt

(4.5)

,where C is a weighting factor, CM is the concentration of non-aggregated MAb, kagg is the
aggregation rate constant. A constant value of 50,000 is used for C, which was obtained by fitting
the stability data of six different MAbs at 40°C into Eq. 4.4 (Laue TM, et al., 2012). The  values
are variable (Table 4.6), indicating that relative contribution of electrostatic and hydrophobic
interactions are dependent on the pH, ionic strength and MAbs. Thus, the DI may not be suitable
for comparison of MAbs in the different formulations.
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In conclusion, DI and SAP still need further improvements for prediction of aggregation
propensities. In particular, the proper estimation of electrostatic interaction needs to be
incorporated. On the contrary, our proposed strategy allows researchers to appropriately evaluate
the impacts of electrostatic interactions and conformational changes. Therefore, our suggested
procedure has more advantages than in-silico approaches for prediction of aggregation
propensities.

Table 4.6: Developability Index
pH

5

Formulation

Net charge

40ºC
(%/Month)

Freeze-thaw
(%/10-cycles)

Initial buffer

230

37

1.06±0.06

0.04±0.01

0.19

70 mM NaCl

218

40

0.72±0.02

0.30±0.01

0.17

140 mM NaCl

202

44

0.45±0.04

0.63±0.02

0.15

183

48

0.50±0.04

0.56±0.02

0.12

295

8

0.24±0.10

1.17±0.07

4.72

70 mM NaCl

295

8

-0.01±0.09

1.14±0.03

4.98

140 mM NaCl

295

8

0.13±0.06

0.83±0.01

5.01

300 mM NaCl

294

9

0.02±0.04

0.68±0.02

3.96

Initial buffer
7

5
MAb-B

5
MAb-C
7
5
MAb-D
7

298.4

Initial buffer

223

42

0.02±0.04

0.07±0.01

0.18

70 mM NaCl

181

51

0.36±0.01

0.57±0.05

0.12

140 mM NaCl

160

55

0.44±0.08

1.94±0.01

0.10

300 mM NaCl

137

59

0.45±0.02

1.68±0.18

0.09

Initial buffer
7


(40ºC)

DI

300 mM NaCl

MAb-A

Aggregation rate

SAP
score

310.9

284

23

0.94±0.02

0.02±0.02

0.56

70 mM NaCl

274

27

0.43±0.04

1.92±0.07

0.42

140 mM NaCl

272

28

0.36±0.05

1.81±0.03

0.39

300 mM NaCl

266

30

0.17±0.05

1.38±0.04

0.34

Initial buffer

239

39

0.18±0.01

0.15±0.01

0.21

300 mM NaCl

152

57

0.76±0.01

1.15±0.08

0.09

Initial buffer

314.6

297

19

2.06±0.22

0.29±0.02

0.81

300 mM NaCl

286

24

1.06±0.02

0.92±0.04

0.53

Initial buffer

282

42

0.29±0.00

0.09±0.01

0.21

300 mM NaCl

178

62

0.92±0.01

1.01±0.09

0.09

350

20

0.93±0.01

0.12±0.01

0.90

336

26

0.57±0.02

1.26±0.03

0.54

Initial buffer

369.8

300 mM NaCl

SAP scores and DI values were calculated by Discovery Studio , in which  of 0.05 was used for conditions. Aggregation rates were obtained from the
SEC analysis.  values were calculated from aggregation rates at 40ºC, SAP and net charge according to Eqs. 4.4 and 4.5 where C of 50000 was used.
®
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Figure 4.5
5. Relation of DI with
h aggregatio
on propenssity
DI values ffor four MA
Abs were ob
btained baseed on the fu
ull-length Ig
gG1 model sstructures by
b using
®
Discovery Studio at low (40 mM
M for MAb--A and 10 mM
m for MA
Ab-B, MAb--C and MAb-D) and
high ionic strength (310 mM for all MAbs). Aggregatio
on rates werre evaluatedd at 40°C (B
B: pH5, E:
pH7) and uunder freezee-thaw stresss (C: pH5,, F: pH7) att low ionic strength
s
(300 mM NaCll for
MAb-A annd 10 mM NaCl
N
for MA
Ab-B, MAbb-C and MA
Ab-D) and high
h
ionic sttrength (300 mM NaC
Cl
for all MA
Abs) based on
o the SEC analysis.
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Figure 4.6
6. Relation of DI with
h aggregatio
on propenssity
DI values ffor four MA
Abs were ob
btained baseed on the fu
ull-length Ig
gG1 model sstructures by
b using
Discovery Studio®. Aggregation
A
rates were evaluated at
a 40°C (A) and under freeze-thaw
w stress (B)
based on thhe SEC anaalysis.

4.3 Conc
clusions
Wee suggest a novel strateegy for form
mulation op
ptimization of MAbs bbased on th
he indicators
for the collloidal and conformatiional stabiliities. The estimated
e
optimum forrmulations for MAb-A
A
and MAb-B accordinng to the pro
oposed genneral strateg
gy were in good agreeement with aggregationn
propensityy observed at
a the acceleerated conddition of 40ºC and und
der freeze-thhaw stress. In additionn,
our strateggy has a grreat advanttage in term
ms of the sample
s
amo
ount and asssay time required
r
for
assessmentt comparedd to the con
nventional strategy baased on thee direct ass essments of
o long-term
m
stability annd viscositty in combiination witth the DOE
E approach. We also eevaluated the
t in-silicoo
approach, however a consisten
nt correlatiion betweeen in-silico parameterrs, SAP an
nd DI, andd

102

aggregation propensity were not found. Thus, our proposed strategy for formulation optimization in
terms of colloidal and conformational stabilities enables the reduction of resources and
development time for therapeutic MAbs.
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5.

Chapter 5
General conclusions

We demonstrated the presence of multiple pathways for aggregation and that for viscosity
enhancement of the MAbs in terms of colloidal and conformational stabilities, and suggested the
models for aggregation and viscosity enhancement. We focused on the B2 obtained from AUC-SE
and found that B2 is an effective indicator of the viscosity and aggregation propensity of the MAb
solutions. Based on findings in the present studies, we proposed the novel strategy for formulation
optimization that is generally applicable for the different MAbs. Our strategy dramatically saved
the sample and evaluation time compared to those based on direct assessments of long-term
stability and viscosity. Thus, our proposed strategy for formulation optimization in terms of
colloidal and conformational stabilities enables the reduction of resources and development time
for therapeutic MAbs.
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