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ABSTRACT

Purpose To develop a general strategy for optimizing mono-
clonal antibody (MADb) formulations.

Methods Colloidal stabilities of four representative MAbs solu-
tions were assessed based on the second virial coefficient (B,) at
20°Cand 40°C, and net charges at different NaCl concentrations,
and/or in the presence of sugars. Conformational stabilities were
evaluated from the unfolding temperatures. The aggregation pro-
pensities were determined at 40°C and after freeze—thawing. The
electrostatic potential of antibody surfaces was simulated for the
development of rational formulations.

Results Similar B, values were obtained at 20°C and 40°C,
implying little dependence on temperature. B, correlated quan-
titatively with aggregation propensities at 40°C. The net charge
partly correlated with colloidal stability. Salts stabilized or desta-
bilized MAbs, depending on repulsive or attractive interactions.
Sugars improved the aggregation propensity under freeze—thaw
stress through improved conformational stability. Uneven and
even distributions of potential surfaces were attributed to at-
tractive and strong repulsive electrostatic interactions.
Conclusions Assessment of colloidal stability at the lowest ionic
strength is particularly effective for the development of formu-
lations. If necessary, salts are added to enhance the colloidal
stability. Sugars further improved aggregation propensities by
enhancing conformational stability. These behaviors are ratio-
nally predictable according to the surface potentials of MAbs.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0965-4) contains supplementary material,
which is available to authorized users.
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ABBREVIATIONS

AUC-SE  analytical ultracentrifugation sedimentation
equilibrium

By second virial coefficient

Byy osmotic second virial coefficient

CDR complementarity determining region

DLS dynamic light scattering

DSC differential scanning calorimetry

MAb monoclonal antibody

PDB protein databank

Tn (Tmax)  apparent unfolding temperature

INTRODUCTION

Aggregation of therapeutic proteins is a crucial issue be-
cause of the potential risk of this inducing adverse immuno-
genic responses (1). It is therefore necessary to minimize the
aggregation of therapeutic proteins such as monoclonal
antibodies (MAbs) during their life cycle, including their
manufacture, storage, transfer, and administration to
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patients. However, appropriate control of aggregation is a
considerable challenge because of the contributions of mul-
tiple aggregation pathways (2—4). Knowledge of aggregation
mechanisms has accumulated, and models of the aggrega-
tion pathways have been proposed (3,5-8). 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 (9,10), which is deter-
mined 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 at-
tributed to van der Waals interactions (11). In contrast, the
conformational stability is defined as the free energy
difference between the folded and unfolded states (AGpy)
(3,12,13). A higher AGyy indicates greater conformational
stability, because the population of unfolded states is
smaller. Unfolded states consist of an ensemble of various
structures. For example, hydrophobic residues that are bur-
ied in the native structure are exposed, making them prone
to aggregate. A protein with higher conformational stability
1s therefore expected to possess a lower propensity to aggre-
gate. The unfolding of the protein in the native state is
induced by two major environmental factors as follows: a
temperature increase and/or contact with a hydrophobic
interface, which triggers aggregation. In practice, multiple
pathways independently, additively, or synergistically con-
tribute to the formation of aggregates.

Colloidal and conformational stabilities have been assessed
for optimizing formulations, stabilizing proteins, and deter-
mining the mechanisms of aggregation (5,7,8,14,15). In these
studies, several parameters were used as indicators of colloidal
and conformational stabilities. The osmotic second virial co-
efficient (Byo) is one of the parameters that represents the
degree of intermolecular interactions in relatively dilute sol-
utions and can be used to assess colloidal stability. The second
virial coeflicient, By (By = BQQ/M\\'2>, can be determined
experimentally using static light scattering (SLS), self-
interaction chromatography (SIC), or analytical ultracentrifu-
gation sedimentation equilibrium (AUC-SE). SLS is used
most frequently for the evaluation of B, (16,17). SIC provides
values of By comparable to those determined using SLS in a
shorter time and with a smaller amount of sample (18-20).
AUC-SE is a conventional but powerful method for the
determination of B, from the concentration dependence of
the apparent molecular weight (Myy .p,p) of a protein in solu-
tion (15,21). Winzor et al. reported that By values evaluated
from AUC-SE data represent specifically intermolecular
interactions (22). Positive and negative By values imply the
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presence of repulsive and attractive intermolecular interac-
tions, respectively (14,23).

Electrostatic interactions have recently received much
attention (24—27), because colloidal stability 1s largely mod-
ulated by ionic strength and the species of ion. Zeta
potential and/or net charge have been evaluated to
characterize the electrostatic potential of proteins. Zeta
potential is estimated from electrophoretic mobility mea-
sured under an applied electric field using the Henry
equation (28,29), and the zeta potentials of MAbs are
known (30,31). The effective net charge of a protein is
derived from its electrophoretic mobility and diffusion
constant, from which protein net charge is calculated
based on Debye-Hiickel-Henry model (32). The electro-
static properties of a protein can be accurately deter-
mined by its net charge (32,33). Because the net charge
of a protein is a global attribute that 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
(82,34).

The conformational stability of a protein is evaluated
using several approaches, including differential scanning
calorimetry (DSC), circular dichroism spectroscopy (35,36),
and differential scanning fluorimetry. The apparent unfold-
ing temperature (7,,), or the temperature at which unfold-
ing begins (7, partly reflects AGgy at temperatures not
far from the unfolding temperature. DSC, in particular,
enables direct thermodynamic assessment of the conforma-
tional stability per domain based on the endothermic reac-
tion accompanying unfolding. By and 7, and/or 7,
provide good correlations with aggregation propensities,
but exceptions have been frequently observed (5,7). Further,
it should be noted that the relationship between colloidal
and conformational stabilities and long-term storage stabil-
ity remains uncertain. Nevertheless, in practice, the assess-
ment of long-term storage stability, which is time consuming
and requires a large amount of sample, is an essential
strategy for evaluating aggregation propensity. In this
context, the developments of high-throughput and sen-
sitive techniques are urgently needed for the estimation of
aggregation propensity.

In our previous study, we focused on colloidal stability
and investigated the correlations between By from AUC-SE
measurements of solutions at concentrations less than
10 mg/mlL and aggregation propensity or viscosity enhance-
ment in high-concentration formulations (=100 mg/mL) for
three different MAbs (5). The pH dependences of By were
qualitatively correlated with the aggregation propensity of
the three MAbs, indicating that increases in aggregation can
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be attributed to a reduction in colloidal stability. However,
the correlation became insignificant when the By values were
negative. Thus, different MAbs exhibited different aggrega-
tion propensities even if the B, values were the same.

In the present study, we aimed to develop a general strat-
egy for the development of MAb formulation through the
proper assessment of colloidal and conformational stabilities.
To assess these stabilities, we studied four MAbs, namely,
MADb-A, MAb-B, MAb-C, and MAb-D, which differ in the
amino acid sequences of their variable regions. The colloidal
stabilities were assessed in terms of B, from AUC-SE, kp from
dynamic light scattering (DLS), and zeta potential and net
charge from electrophoretic light scattering.

We focused first on the effect of salts on the intermolec-
ular interaction in terms of the electrostatic interaction. 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—Boltz-
mann equation using the structure of IgG1l as a model.
Second, we assessed the effect of sugars to represent exci-
pients in protein pharmaceutics. Sugars enhance conforma-
tional stability through a preferential solvation mechanism
in solution (37,38). However, to our knowledge, the contri-
bution of sugars to colloidal stability is unknown. Finally, we
confirmed the contribution of colloidal and conformational
stabilities to aggregation propensities in the presence of
different stress factors. Based on our findings, we propose
an effective strategy for optimizing formulations.

MATERIALS AND METHODS
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., Tokyo, Japan. All the MAbs were
humanized IgG,. The theoretical isoelectric points (pl) of
MAD-A, MAb-B, MAb-C, and MAb-D were 6.7, 8.9, 8.8,
and 9.0 respectively. The molecular weights (Myy) of MAb-A,
MADb-B, MAb-C, and MAb-D, calculated from amino acid
sequences with two oligosaccharide chains (Myy ), 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 MAD 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. (Osaka, Japan), and sodium phosphate and
sodium acetate were purchased from Kanto Chemical Co.
(Tokyo, Japan). Sucrose, sorbitol, and trehalose were purchased
from Merck (Darmstadt, Germany), Roquette Co. (Lestern,
France) and Hayashibara Co. (Okayama, Japan), respectively.

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 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 1onic strengths.

Analytical Ultracentrifugation Sedimentation
Equilibrium Studies

AUCG-SE was conducted using a Proteome XL-I (Beckman
Coulter, Inc., Brea, CA, USA). A volume of 60 pL 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 pL of reference solutions
were added to the reference sectors. The runs were carried
out at 11 000 rpm at 20°C using an An-50T1i rotor. The
concentration gradient was monitored based on Rayleigh
interference (IF) optics. The concentration gradients were
acquired at 2-h intervals and were judged to be at equilib-
rium when three successive gradients were completely
superimposed. The My ., was estimated by nonlinear
least-squares fitting, using OriginLab software, ver 6.04
(OriginLab Corporation, Northampton, MA, USA) (5).
The partial specific volume and solvent density were calcu-
lated using Sednterp software (39) or literature values. The
partial specific volumes of MAb-A, MAb-B, MAb-C, and
MADb-D, according to their amino acid compositions, were
0.7261, 0.7272, 0.7275, and 0.7287 cmg/g, respectively.

By was obtained from the slope of the plot of the inverse of
My .pp against the concentration, according to Eq. 1:

:—Y"‘V_QBQC (1)

By = By x My”* (2)
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where My is the weight-average molecular weight at infinite
dilution and ¢ 1s the initial loading concentration. Byy was
obtained using Eq. 2 (22).

Estimation of Concentration Dependence of Diffusion
Coefficient by Dynamic Light Scattering

Samples of volume 15 pL of 2.0, 4.0, 6.0, 8.0, and 10 mg/
mL sample solutions (after filtration with a 0.22-pum filter)
were applied to 384-well optical clear-bottomed microtiter
plates. Following centrifugation at 135 for 3 min to remove
bubbles, the diffusion coefficient was measured using a
DynaPro Plate Reader (Wyatt Technology Corp., Santa
Barbara, CA, USA) at 20°C. The interaction parameter
(kp) was calculated using Eq. 3, where D,, is the measured
diffusion coeflicient, Dg is the diffusion coeflicient at infinite
dilution, and ¢ is the MAb concentration (mg/mL).

D, = Dg(1 + kpe) (3)

Determination of Zeta Potential and Net Charge

Approximately 600 pL of 2.0 mg/mL sample solution (after
filtration through a 0.22-pm filter) was injected using a
syringe pump. The zeta potential, {; was measured using a
Mobius mobility instrument (Wyatt Technology Corp.) at
20°C equipped with an ATRAS Ny gas pressure device
(Wyatt Technology Corp.). The ATRAS device prevents
the generation of air bubbles by pressurizing the solution
and enables ¢ measurements in the presence of high con-
centrations of salts. The solution state was monitored by
DLS during the { measurements to confirm that aggregation
and precipitation did not occur.

The equations for calculating zeta potential and net
charge are detailed in the Supplementary Material (Equa-
tion S1). Briefly, { was estimated according to the Henry
equation (29,40) using DYNAMICS ver 7.2.3.5 software
(Wyatt Technology Corp.) and the electrophoretic mobility
and solvent viscosity at 20°C. Solvent viscosity was calculat-
ed according to the buffer components using Sednterp soft-
ware. The net charge, z, was estimated according to a
published procedure (34). The self-diffusion coefficient
(Ds) using DLS was determined from the extrapolation of
diffusion coefficients to zero concentration at different
concentrations.

Conformational Stability Assessment by Differential
Scanning Calorimetry

DSC studies were performed using a VP capillary DSC

system (GE Healthcare, Little Chalfont, UK). Samples of
volume 400 pL of 1.0 mg/mL solutions were injected.

@ Springer

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 OriginLab software (OriginLab Corpora-
tion). For each sample, a relevant buffer blank containing
the same buffer and excipient concentration was subtracted
as a reference. Normalized Cp data were corrected for the
buffer baseline. An apparent transition midpoint (7,,,)
was determined from the exothermic peak providing the
highest Cp.

Stability Studies

Antibody solutions (150 pL, 10 mg/mL) were applied in
triplicate to a 96-well polypropylene polymerase chain re-
action (PCR) plate with a 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 size-exclusion chro-
matography (SEC), DLS, and turbidity measurements.
There was no detectable change in concentration during
storage.

Size-Exclusion Chromatography

Samples were filtered without dilution using 96-well filtra-
tion plates (0.45 pm). Size-exclusion chromatography (SEC)
analysis was conducted using a TSKgel G3000SWx,
(TOSOH Co., Tokyo, Japan) column, and 30 mM phos-
phate buffer, 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 20-pL sample of each solution was injected into the
column. The peak area was monitored at 280 nm using a
UV detector. The percentage of aggregates, determined
from the sum of the peaks eluted in front of the monomer
peak, was estimated by dividing the aggregate peak area by
the total area of the peak. 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.

Dynamic Light Scattering

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

Turbidity Measurements

Samples of volume 20 puL were applied to 96-well optical
clear-bottomed microtiter plates without dilution. The tur-
bidity was monitored at 350 nm using a SpectraMax M2
plate reader (Molecular Devices, Sunnyvale, CA, USA).
The turbidity of the solution was obtained according to
the procedure previously reported (5).

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, USA). 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 AT/e isovalue surfaces were mapped on the model
structures. Herein, A is the Boltzmann constant.

RESULTS
Measurements of B, in Different Solutions

The By values of MAb-A and MAb-B were measured using
AUC-SE 1in the formulations containing different concentra-
tions of NaCl or sorbitol, sucrose, or trehalose to investigate
their influence on intermolecular interactions. Evaluations of
By values were conducted at two different pHs, at pH 5 and
pH 7, where both MAbs showed distinct B, values at low ionic
strength (Fig. la, ¢); 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 type of the intermolecular interactions (5). This en-
abled the evaluation of the influence of salt and sugars on the
different types of intermolecular interactions.

At the lowest NaCl concentration, negative By values of
MAb-A at pH 5 and pH 7 showed the presence of attractive
intermolecular interactions. The By 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 B, on NaCl concentration for MAb-A were

Fig. | Second virial coefficient a b
(B,) for MAb-A (a, b) and MAb-B 10 10
(e, d) in formulations containing — g4 —@—pH5 — 8- —0—pH>5
different concentrations of NaCl 5 D 6 O—pH7
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centration dependence of MWapp 2 bR
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similarly confirmed at pH 5 and pH 7; however, the B
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 B, values,
although slight increases in By were observed at pH 7 in the
presence of sucrose and trehalose (Fig. 1b).

Figure lc, d show the B, values of MAb-B. The depen-
dence of By on NaCl concentration was similar to that for
MADb-A at pH 7, at which the B, values were negative in
solutions of the lowest ionic strength. The By values in-
creased as the NaCl concentration increased and inverted
to positive values in the presence of greater than 70 mM
NaCl. In contrast, the By value of MAb-B at pH 5 was high
and positive, indicating the presence of strong repulsive
intermolecular interactions. The B, values of MAb-B de-
creased strikingly with increasing NaCl concentration, suggest-
ing that NaCl greatly suppressed the repulsive intermolecular
interactions. Sucrose enhanced the value of By, while sorbitol
and trehalose did not.

B, Measurements at Low and High lonic Strengths
The effects on By 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 1onic

strength (30 mM NaCl for MAb-A, no NaCl for MAb-B,
MADb-C, and MAb-D) or high ionic strength (300 mM NaCl
for all MAbs). As shown in Fig. 2a—d, the B, values of all the
MAbs were affected to some extent as the ionic strength
changed, except for MAb-D at pH 7. The negative B, values
for MAb-A at all pHs, MA-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 B,
values were all inverted to positive values by the addition of
300 mM NaCl. Positive B, values were obtained at low ionic
strength for MAb-B and MAb-C at pH 5 and pH 6, and
MADb-D at pH 5, pH 6, and pH 7. These positive By values
were significantly reduced by the addition of 300 mM NaCl,
except for MAb-D at pH 7.

Measurement of kp Using Dynamic Light Scattering

The value of kp, which is obtained from the concentration
dependence of the diffusion constant, D,,, 1s widely used for
estimating the degree of intermolecular interactions (9). The
kp values determined using different formulations were es-
timated by DLS to compare them with B, values obtained
using AUC-SE. The kp values of MAb-A and MAb-B
(Table I) showed a linear relationship with those of B,
obtained by AUC-SE (Supplementary Material Figure S1)
in the range B, < 10 (mLmol)/g” with a good correlation

Fig. 2 Second virial coefficient a b
B, for MAb-A (a), MAb-B (b), 8 Nacl () 60 NGl o
MAb-C (c), and MAb-D (d) at 6] N ol o
four pHs. B, was obtained from —_ — i
the concentration dependence of :g 4 N___E 20 4 2 1
Myapp Obtained by analytical ul- _g P _g -4
tracentrifugation sedimentation 4 4 30 6 4
equilibrium at three different Eo : T . E -8
C(q)ncentrations, ie., 1,5, and - & 20 PHE pHG pHT pHB
10 mg/mL, in 10 mM AcONa S %
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phosphate buffer (pH 6, pH 7, 4 4 o
and pH 8) at the lowest ionic =611 : : '
strength (30 mM NaCl for MAb- 8 10
A and no NaCl for MAb-B, MAb- pH5 pH6 pH7 pH8 pHS pH6 pH7 pH8
C, and MAb-D) or at the highest
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Table I Influence of Formulations on the Physical Parameters of MAbs

MAb pH Formulation B, (X \075-(mL-moI)/g2) ko (mL/g) Ds (X 1077 em?/sec) Zeta potential (mV) Net charge

MAb-A 5 Initial buffer -7.53%=1.69 -30.5+0.8 4.0%0.0 4.8 4.8
+70 mM NaCl -3.35=1.53 -18.7+0.8 3.9+0.0 2.7 2.7
+140 mM NadCl -1.36+0.95 -12.8+0.7 4.0=0.0 [.7 .7
+300 mM NadCl 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 [
+Sucrose -7.24=1.57 -30.4+0.6 3.2%0.1 0.0 0.0
+Trehalose -6.27+1.58 -29.7%0.1 3.2+0.0 1.3 .2

7 Initial buffer -2.63x1.23 -143%0.9 3.9+0.1 -6.8 -7.0

+70 mM NaCl 2.24x0.84 -7.8x1.0 3.9+0.0 -3.5 -3.7
+140 mM NadCl 4.26=0.60 -3.7%=0.2 3.8x0.0 -2.6 -2.6
+300 mM NadCl 5.94x0.64 -3.1x0.6 3.7x0.1 [ 1.0
Initial buffer -2.63%1.23 -143x0.9 3.9x0.1 -6.8 -7.0
+Sorbitol -2.05%=1.06 -13.01x1.6 3.3x0.0 -5.9 -6.2
+Sucrose -0.73%=0.73 -183%1.8 2.9=x0.1 2.1 -2.3
+Trehalose -0.88+0.78 -17.1%£3.5 3.0x0.1 -1.8 -1.7

MADb-B 5 Initial buffer 51.83£2.39 19.6+£2.3 4.1=0.0 3.2 32
+70 mM NaCl 3.61x0.47 -6.2%1.2 4.1=0.0 [.5 I.5
+140 mM NadCl 2.72x0.96 -8.5%+0.7 4.1=0.0 l.6 [.5
+300 mM NadCl 0.47=0.72 -8.8x1.0 4.0=0.0 -1.4 -1.3
Initial buffer 51.83£2.39 19.6%2.3 4.1=0.0 3.2 32
+Sorbitol 56.02+3.00 18222 3.6x0.0 1.5 [.5
+Sucrose 73.34+3.30 13.3%+0.3 3.3x0.0 0.9 0.9
+Trehalose 51.63%3.72 50=1.5 3.4x0.0 1.2 [

7 Initial buffer -241=1.29 -16.0x1.4 4.2+0.0 1.7 [.6

+70 mM NaCl 0.42+0.89 -8.3x0.7 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 NadCl 1.30=0.67 -6.6x1.5 3.9+0.0 -2.3 2.4
Initial buffer -241%+1.29 -16.0x=1.4 4.2+0.0 1.7 I.6
+Sorbitol -2.48+0.92 -17.7%=1.0 3.6=0.0 l.4 v
+Sucrose -3.53x1.24 -23.1x0.4 3.3+0.0 0.7 0.7
+Trehalose -3.93x=1.19 -23.6%1.8 3.3x0.0 [ 0.9

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

coeflicient (R = 0.95), providing the following empirical ~ in the following equation:

equation: kp = 2ByMyy — (51 + v) (5)

kp = 1.50By My — 12.4 (4)

The intercept of Eq. 4 has a larger negative value than
that calculated from the previously proposed equation, &p =
1.0642Myy — 8.9 (28), where Ay is the secondary virial
coefficient estimated from light scattering. Winzor et al.
reported that 49 becomes smaller than By because Ay reflects
the combined contributions of protein self-interactions and
protein-buffer interactions due to thermodynamic noni-
deality (22). Theoretically, kp 1s composed of a thermody-
namic term, Bo, and a hydrodynamic term, &; + v, as shown

where & is the frictional drag of the protein, which increases
with increasing protein solvation. The values of £} and v are
positive, making a negative contribution to &y, as evidenced
from the larger negative intercept in Eq. 4. In our present
study, kp was negative in several cases, with AUC-SE giving
positive values of By (MAb-A at pH 5 with 300 mM NaCl,
MADB-B, MAb-C, and MAb-D at pH 5 with NaCl >
70 mM, Table I). Notably, when B, exceeded 50 X 107°
(mLmol)/g”, the Ay, values were smaller than those estimat-
ed from Eq. 4. These results suggest that a higher degree of
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hydration and/or conformational change increase the fric-
tional drag of the MAb.

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
By. Figure 3a, b and Table I 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 (30)
and is reasonable when the p/ 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 nega-
tively 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 charge 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. 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 concentra-
tion 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. 3d). The net
charge is estimated from the observed electrophoretic mo-
bility of a protein, which is also influenced by the diffusion
coeflicient, D; (Supplementary Material Equation S2). In
MADB-A at pH 5, D, decreased while kp was unchanged in
the presence of sucrose and trehalose, implying that protein
molecules are more hydrated and become bulky by the addi-
tion of these sugars (T'able I). The reduction of electrophoretic
mobility by sugars, however, cannot be explained only by the
reduction of D;, because D; was reduced by only four-fifths in
the presence of sugars, whereas electrophoretic mobility was
reduced to approximately one-fifth, indicating that the addi-
tion of sugars reduced the net charge.

Fig. 3 Net charge for MAb-A (a, a b
b) and MAb-B (¢, d) in different 8
formulations were calculated —@—pH5
from electrophoretic mobility 6 =O—pH7
measured at a concentration of 4
2 mg/mL in 10 mM AcONa (pH e o
5) (®) and 10 mM sodium phos- = 2 2
phate buffer (pH 7) (o) containing S e 0
NaCl or sugars as indicated in the o °
figures. The lowest ionic strength =z é’ -2 A
buffer (initial buffer) contained 4
30 mM NaCl for MAb-A and no
NaCl for -6 A
MAb'B '8 1 1 1 1 1 1 8 ~ N N N
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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
MADb-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 (41). 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 pm). DLS can detect
submicron (subvisible aggregates of size between 0.1 and
1 um) particles, and turbidity measurements can detect insol-
uble aggregates (visible aggregates of size greater than 1 pm).

Figure 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 in-
creased for MAb-A at pH 5 (Fig. 4a) and pH 7 (Fig. 4b), and
MAD-B at pH 7 (Fig. 4d). These results suggested that
NaCl effectively improved the solution stability at 40°C. In

Fig. 4 Quantification of
aggregates by size-exclusion

a

contrast, the aggregation rate of MAb-B increased with
increasing NaCl concentration at pH 5 (Fig. 4¢), indicating
a destabilizing effect of NaCl. Under freeze—thaw stress,
aggregation was suppressed in MAb-A at pH 7 (Fig. 4b)
but accelerated in MAb-B at pH 5 (Fig. 4c) as the NaCl
concentration increased. The trends in aggregation rates as
a function of 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 aggre-
gation 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. 4a). MAb-B at pH 7
showed unique aggregation rate behavior under freeze—
thaw stress. The aggregation rates slightly decreased with
increasing NaCl concentration from 70 mM to 300 mM,
which was the same trend as those for storage at 40°C
(Fig. 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 aggregation rate and NaCl concentration.

b
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The addition of sugars slightly improved the aggregation
propensities under storage at 40°C for MAb-A at pH 5 and
pH 7 (Fig. 4a, b). No significant differences were observed for
MADb-B, and the aggregation rates in formulations containing
sugars were identical to those under the lowest 1onic strength
conditions in the absence of sugars (Fig. 4c, 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 (Sup-
plementary Material Table SI). Both the DLS and turbidity
measurements showed that neither submicron particulates
nor insoluble aggregates were formed in any of the buffers
before and after the acceleration test at 40°C and under
freeze—thaw stress.

Conformational Stability Assessment by Differential
Scanning Calorimetry

DSC was performed to investigate the contribution of the
conformational stability to aggregation propensities in the
presence and absence of sugars. 7., values, which were
defined as the transition temperature of the highest endo-
thermic peak, are summarized in Table II, and their heat
capacity curves are shown in Supplementary Material
Figure S2. Both MAb-A and MAb-B had higher 7.
values in the presence of sugars under the lowest ionic
strength conditions, indicating that sugars improved the
thermal stabilities of MAbs.

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. 5. The positive potential (+1 kgT/e)

Table Il Effect of Sugars on Conformational Stability Assessed by Differential
Scanning Calorimetry

pH Formulation Torax (°C)
MAb-A MAb-B

5 Initial buffer 68.6 76.9
+Sorbitol 69.7 77.7
+Sucrose 70.1 78.0
+Trehalose 70.6 77.9

7 Initial buffer 68.5 67.7
+Sorbitol 69.2 74.4
+Sucrose 69.6 74.8
+Trehalose 69.6 74.8

The lowest ionic strength buffers (initial buffers) contained 30 mM NaCl for
MAb-A and no NaCl for MAb-B

The standard deviation of T, Was approximately less than 0. 1°C

@ Springer

and negative potential (-1 AgT/e) isovalue surfaces are pre-
sented 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. 5a). 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. 5¢). In
the case of MAb-B at pH 5 and an ionic strength of 10 mM,
the large positive potential surface covered the entire struc-
ture and hardly any negative potential surface was observed
(Fig. 5¢). At pH 7, the positive potential surface decreased
drastically, and small potential patches appeared around the
center of the molecule (Fig. 5g). 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 (Fig. 5b,
d, f, h).

DISCUSSION

Relationship Between Colloidal Stability and Net
Charge

Under accelerated storage conditions at 40°C, at which the
MAbs maintained their folded state (Supplementary Mate-
rial Figure S2), the aggregation propensities were in quan-
titatively good agreement with the colloidal stability assessed
from the values of By (Figs. 1 and 4). We first tried to
interpret these observations according to DLVO theory,
which accounts for the interaction between two identical
molecules in solution. DLVO theory states that the disper-
sity of a molecule is 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 intermolec-
ular distances than charge—charge interactions. The magni-
tude of intermolecular forces depends on the intermolecular
distance between two molecules (42). For spherical colloidal
particles, charge—charge and van der Waals interactions
induce repulsive and attractive intermolecular interactions,
respectively. Charge—charge interactions are long-range in-
termolecular 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 con-
ditions of low ionic strength (42). 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
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Fig. 5 Electrostatic potential surfaces of MAb-A and MAb-B at different ionic strengths and pHs (a, b) MAb-A at pH 5; (¢, d) MAb-A at pH 7; (e, f) MAb-B
at pH 5; (g, h) MAb-B at pH 7). (a, ¢, e, g) Electrostatic potential surface at the lowest ionic strength (40 mM ionic strength for MAb-A and 10 mM ionic
strength for MAb-B); (b, d, f, h) those at an ionic strength of 310 mM. Isovalue surfaces are represented in blue and red as positive (+ | kg T/e) and negative

(-1 kgT/e) charged surfaces, respectively.

and ionic solutes. We therefore determined the net charge
to estimate the degree of electrostatic repulsion that enhan-
ces colloidal stability. In contrast to the recent report by
Lehermayer et al. in which By was shown to increase as the
net charge increased, the correlation of net charge with By
holds in only a limited number of cases, and therefore, the
aggregation propensity is not always predictable from the
net charge (Figs. 3 and 4) (28). DLVO theory regards
particles as spherical molecules with uniform charge distri-
butions 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 charge 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. 3a).
Increasing the NaCl concentration to 140 mM reduced the
net charge to approximately +2 kg'T/e, that is one-third of
that under low ionic strength. Contrary to the prediction
based on the uniform charge distribution model, aggrega-
tion decreased as the NaCl concentration increased (Fig. 4a,
b). These trends in aggregation propensities as a func-
tion of 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. Unex-
pectedly, the net charge was reduced by the addition of
sugars. Cosolvents, including sugars, change the hydra-
tion state of proteins through a preferential hydration
mechanism and/or preferential interaction between sugars
and proteins (43—43), which might change the electrostatic
state of MAbs.

Molecular Origins of Aggregation Propensities

In the present study, the MAbs showed distinct dependen-
cies of By on pH or ionic strength, as shown in Figs. 1 and 2,
indicating that colloidal stability was sensitive to pH and
ionic strength. The interaction between two protein mole-
cules can be described by Byo:

1 Ny W ks T 2
By = _§M—f1 / (g w/kT _ 1)47[7 dr (6)

where 7 is the temperature, 7 is the center-to-center separa-
tion of the two solute molecules, N, 1s Avogadro’s number,
and Wy 1s described as follows:

MQ(r) = ”/hs(7) + I/Vcharge(r) + Wdisp(r) + I/V()sm(r)
+ Waip(r) + Wass(r) (7)

where I, represents the hard sphere potential, Weparge s
the energetic potential comprising charge—charge interac-
tions, Wi 1s the dispersion (van der Waals) attractive
potential, W, is the attractive potential resulting from
the osmotic effect of high salt concentrations, WWg;, repre-
sents the interactions arising from the permanent and in-
duced dipole moments of the molecules, and W, 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 (46). This equation, Eq. 6,
was originally proposed by McMillan and Mayer, and the-
oretical and experimental studies address the contribution of
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each term to the overall potential (46—49). In Eq. 7 for Wy,
Whs and Weparge generate repulsive forces, while other
potentials generate attractive forces. At concentrations
of <10 mg/mL where B, was determined, the minimum
average intermolecular distance between MAbs is 30 nm. At
this concentration range, electrostatic repulsion (W page)s
which is a long-range interaction, is effective and the dom-
inant contribution to Wyy (42). The addition of salts sup-
presses clectrostatic repulsion (Weharee), resulting in a
reduction in colloidal stability. Aggregation and/or reduc-
tions in solubility are therefore promoted by increased salt
concentrations. In our present study, MAb-B, MAb-C, and
MADB-D demonstrated excellent colloidal stabilities at pH 5
with strong repulsive intermolecular interactions in the
absence of NaCl as indicated by their high By values [By > 40
X 10" (mLmol)/g”]. Significant suppression of repulsive forces
was observed in the presence of 300 mM NaCl as apparent
from the small B, values [B, < 3 X 107" (mLmol)/g”]. Like-
wise, suppression of repulsive forces was observed in all MAbs
at pH values resulting in positive By values at low NaCl con-
centrations (Fig. 2). In these cases, Wiparge contributes signifi-
cantly to Wa9 as repulsive intermolecular interaction. The salt
concentration in the formulation therefore requires minimiza-
tion. Exceptionally, positive By for MAb-D at pH 7, approxi-
mately 2 X 10~ (mLmol)/g”, was unchanged by the addition
of NaCl (Fig. 2d). One possible explanation for the positive
value of By for MAb-D at pH 7, even under low ionic strength,
is a contribution from the excluded volume instead of by
electrostatic repulsion as discussed later.

Wy might potentially contribute to the repulsive forces
represented by Wso. The contribution of W}, by each MAb
to By was estimated using Eq. 8, describing the excluded
volume (22):

C16mNGRS 231+ 2kRy)
3 4I(1 4 kRy)?

(8)

22

where {'is the net charge, 71s the ionic strength, and k is the
inverse screening length, calculated from the molar ionic
strength as 3.27 X 1071 (em™"). The estimated values were
approximately 4-5 x 107> (mLmol)/g’, with the assump-
tion that MAbs are spheres with a diameter of 9 nm. The
contribution of excluded volume to B, are less than one-
eighth of B, values [40 X 107> (mLmol)/g”] of 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 (W paree) is dominant in influencing
colloidal stability at the lowest ionic strength. In contrast, at
high ionic strength, W e contributes little to the repulsive
forces, and W, the excluded volume potential, becomes
dominant for positive By values. Notably, MAb-A at pH 5
and pH 6, and MAb-B, MAb-C, and MAb-D at all pH

@ Springer

values had similar By values, 0 < By < 3 x 107° (mLmol)/ gQ,
which were close to those estimated from the excluded
volume, 4-5 x 107> (mLmol)/g?, in the presence of
300 mM NaCl (Fig. 2). Exceptionally, in MAb-A at pH 7,
the By values [6 X 107> (mLmol)/g”] were slightly higher
than those calculated from the excluded volume. This phe-
nomenon could be explained by findings that anion binding
generates repulsive interactions among protein molecules
(50-52). The marginally positive value of By for MAb-A at
pH 5 could also be attributed to binding of anions, which
would mainly occur at positively charged patches on the
MADB-A. Note the uneven charge distribution on the surface
of MAb-A (Fig. 5a, ¢, also see discussion below). Consider-
ing the pI (6.7) of MAb-A, the total area of positively
charged patches on MAb-A at pH 7 1s smaller than that at
pH 5 (Fig. 5a, c); therefore, anion binding is less effective at
pH 5 than at pH 7.

When B 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. 7, the possible contributions to attractive
potentials are Weigp, Wosm Waip, and Wi The osmotic
attraction (W) 1s not important at the low salt concen-
trations tested in the present study (46,53,54). Furthermore
the dispersion force (IWg;,) and the square-well interaction
(W,ss) are short-range intermolecular interactions; therefore,
they contribute little to attractive interactions at the concen-
trations used here. However, the dipole-related interaction
(Waip), which is effective over relatively long molecular dis-
tances, can play a dominant role in attractive interactions
(47). Note that increases in NaCl concentration enhanced
colloidal stability in some cases, such as that observed for
MAD-A at all pH values, MAb-B and MAb-C at pH 7 and
pH 8, and MAb-D at pH 8 (Fig. 2). Specifically, the stabil-
ities of MAD solutions with negative B, values improved as
the ionic strength increased. Such cases imply the presence
of attractive dipolar electrostatic interactions that are pro-
gressively screened at higher salt concentrations. Salts,
therefore, represent a two-edged sword, reducing or en-
hancing the colloidal stability depending on either repulsive
or attractive intermolecular interaction.

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 kgT/e) and positive (+1 AgT/e) potential surfaces,
particularly for MAb-A at an ionic strength of 40 mM at pH 5.
The positive potential surface covered most of the molecules,
exception around the Fy region, where a negative potential
surface was observed (Fig. 5a). This uneven localization of
negative and positive potential surfaces is consistent with the
large negative B, value [-8 X 10~ (mLmol)/g*] of MAb-A at
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pH 5 under low salt conditions, suggesting the presence of
dipolar attractive electrostatic interactions. Yadav ef al. also
suggested that uneven localizations of positive and negative
potential surfaces were attributable to attractive interactions,
resulting in viscosity enhancement (24,42). 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 ob-
served (Fig. 5e). 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 posi-
tive By values [B, > 50 x 107 (mLmol)/g?], which require a
large contribution from W paree, as illustrated above, besides
that from W [5 % 107 (mLmol)/g’] in Eq. 7.

The electrostatic potential surfaces at higher ionic
strengths showed significant reductions in the large potential
surfaces (Fig. 5b, d, f, h). The large potential surfaces dis-
appeared 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 B,. These findings support the
observation that the dispersity was enhanced by increasing
the salt concentration for MAb-A at pH 5. Uneven locali-
zation of large negative and positive potential surfaces
should therefore be eliminated to prevent attractive electro-
static 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 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 By 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.

Effects of Colloidal and Conformational Stabilities
on Aggregation of MAbs Stored at 40°C

As shown in Fig. 6, linear correlations were observed be-
tween B, values and aggregation rates in the formulations
containing different concentrations of NaCl, indicating that

Y
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Fig. 6 Correlation of second virial coefficient B, with aggregation propen-
sity for storage at 40°C of MAb-A (a) and MAb-B (b) at pH 5 (circles) and
pH 7 (triangles); filled symbols represent formulations containing NaCl and
open symbol represents formulations containing sugars. Linear regression
was generated from formulations excluding those containing sugars. The
correlation coefficients were R = -0.939 (MAb-A: pH 5), R = —0.719
(MADb-A: pH 7), R = —0.986 (MAb-B: pH 5), and R = —0.992 (MADb-B:
pH 7). The error bar was estimated from three independent experiments
performed under the same conditions.

B representing the colloidal stability well reflect the aggrega-
tion 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
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of these MAbs and can therefore be predicted from the exper-
imental estimates of Bs. It is important to note that aggregation
was suppressed almost completely when B, was sufficiently
positive; empirically B, > 40 x 10~ (mLmol)/g”.

The By values for the formulations containing sugars also
corresponded well with the aggregation propensities. The
aggregation rates were, however, slightly lower than the
values predicted from By for MAb-A (open symbols,
Fig. 6). This stabilization effect by sugars is attributed to
factors other than colloidal stability. The different aggrega-
tion pathways related to conformational stability should be
considered, particularly heat-induced aggregation resulting
from structural and chemical perturbations. The 7,,, val-
ues determined from the formulations containing sugars
were higher than those in the initial buffer for all MAbs
(Table II). These improvements in conformational stability
contribute, in part, to the slight improvements in aggrega-
tion propensities in the presence of sugars for MAb-A at pH
5 and pH 7, and MAb-B at pH 7. To evaluate the relation-
ship between the enhancement of 7,,,, and the degree of
increase in conformational stability, we calculated AGyy at
40°C (AGyuy, s13.15k) using AH, ACp, and T,,,, 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 intermedi-
ates, which is different from the two-state unfolding of small
proteins we studied previously (55). The 2 K difference in
the 7.« values of MAb-A in initial buffer (7,,,, = 68.8°C)
and that in the buffer containing trehalose (7,,,, = 70.8°C)
at pH 5 corresponds to a difference in AGpy, 315.15K
(AAGyy, 313.15K) of 1.6 kcal/mol, implying that the popula-
tion 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 (43).
It should be noted that in the present study, the heat capac-
ity change upon unfolding (Supplementary Material Figure
S2), ACp, was decreased by the addition of sugars. A de-
crease in ACp generally results in a shallower dependence of
AGyy on temperature (43); therefore, the addition of sugars
may stabilize MAbs over a broad range of temperature.

The 7. 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 aggre-
gation propensities. The 7, values MAb-B at pH 5 were
higher than those determined under other conditions, indi-
cating superior conformational stability even in the absence
of sugars. This may explain why the contribution of confor-
mational stability was not significant for MAb-B at pH 5.

In our previous and present studies, By was measured at
20°C using AUC-SE (5). As already mentioned, the value of
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By at 20°C correlated significantly with aggregation propen-
sities at 40°C (Fig. 6). This result is consistent with findings
that By values at 20°C show a linear correlation with those
determined for 40°C as shown in Fig. 7. The degree and
type of intermolecular interactions are temperature-
dependent, and the temperature dependencies of intermo-
lecular interactions are influenced by the buffer components
and proteins (56—58). However, in contrast to a study
reporting a dramatic change in By induced by a conforma-
tional change due to increasing temperature (59), the pop-
ulations of MAbs in the unfolded state have similar By values
at 20°C and 40°C. Consequently, in the present study, the
rank order and sign of B, values at two different temper-
atures are consistent with each other. Furthermore, aggre-
gation rates at 40°C were in good agreement with those at
25°C (Supplementary Material Figure S3), confirming that
determination of By at 20°C accurately reflects the aggre-
gation propensities at both temperatures.

Effects of Colloidal and Conformational Stability
on Aggregation during Freeze-Thaw Cycles

Aggregation caused by freeze—thaw cycles is attributed to a
combination of various stress factors such as cryo-
concentration (60), cold denaturation (61), generation of
an ice—solution interface (62), solute crystallization (63),
and shifts in pH (64). Cryo-concentration and solute crys-
tallization can potentially alter colloidal stability because of
changes in the intermolecular distances between solutes and
the ionic strength of the solution. In contrast, cold denatur-
ation and adsorption to an ice-liquid interface alter the
conformational stability by increasing the exposure of the
hydrophobic residues buried in the proteins. Thus, aggre-
gation under freeze—thaw stress needs to be assessed in terms
of both conformational and colloidal stabilities.

The colloidal stability defined by By failed to explain
aggregation behaviors under freeze—thaw stress. This is ev-
ident 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 (Figs. 4a and
8a). Similarly, significant suppression of aggregation was
observed in the absence of NaCl in MAb-B at pH7, and
By was more attractive than those in the presence of NaCl
(Figs. 4d and 8b). In contrast, the aggregation propensities of
all MAbs were significantly improved by sugars, indepen-
dent of By values (open symbols, Fig. 8). Here, enhance-
ments in 7,,,, values were observed in the presence of
sugars for MAb-A and MAb-B, which correlated qualita-
tively with aggregation propensities (Table II).

T nax reflects the conformational stability of the Fab do-
main of all MAbs (13,65). The reductions in aggregation
propensities in the presence of sugars were therefore attribut-
ed to enhanced conformational stability of the FFab domain.
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Fig. 7 Correlation of second virial coefficient, B, at 20°C and 40°C for
MAb-A at pH 5 (closed circle, solid line), MAb-A at pH 7 (closed triangle,
dotted line), MAb-B at pH 5 (open circle, solid line), and MAb-B at pH 7
(open triangle, dotted line). The correlation coefficients are R = 0.987
(MAb-A: pH 5), R = 0.982 (MAb-A: pH 7), R = 1.000 (MAb-B: pH 5),
and R = 0.998 (MAb-B: pH 7).

Preferentially excluded sugars stabilize protein conformations
by localizing water molecules around the protein (38), result-
ing in a lower aggregation propensity. This stabilizing effect
might play a major role on suppressing the unfolding at the
liquid-ice interface boundary under freeze—thaw stress.

Although the relationship between unfolding induced by an
increase in temperature and those caused by contact with a
hydrophobic interface was not fully elucidated here, our
results suggest that conformational stability correlates with
aggregation under freeze—thaw stress. Unlike sugars, 7.
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Fig. 8 Correlation of second virial coefficient B, with aggregation propen-
sity under freeze—thaw cycles of MAb-A (a) and MAb-B (b) at pH 5 (circles)
and pH 7 (triangles); filled symbols represent formulations containing NaCl
and open symbols represent formulations containing sugars. The correla-
tion coefficients from all formulations, excluding those containing sugars,
were R = 0.921 (MAb-A: pH 5), R = -0.869 (MAb-A: pH 7), R =
-0.765 (MAb-B: pH 5), and R = 0.882 (MAb-B: pH 7). The error bar
was estimated from three independent experiments performed under the
same conditions.
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values obtained from buffers containing different concentra-
tions of NaCl did not show clear correlations with aggregation
propensities (data not shown). Thus, the relationships of col-
loidal and conformational stabilities with aggregation under
freeze—thaw stress in the presence of salts has not been clari-
fied and requires further investigation.

General Strategy for Formulation Optimization
of MAbs

We suggest an effective strategy for the selection of optimum
MAD formulations according to our current study together
with previous studies. Colloidal stability correlates signifi-
cantly with aggregation propensity under storage at 40°C
and is strongly influenced by changes in salt concentration,
because electrostatic interactions have a large effect on
colloidal stability. The optimization of electrostatic interac-
tions is therefore performed as a first step in the selection of
the optimum formulation. Here, the formulation is selected
to suppress electrostatic attraction and to enhance electro-
static repulsion.

In a practical experiment, B, is first measured at low
ionic strength at acidic and neutral pHs. The solution with
the pH providing the largest By 1s selected. If B, 1s 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 B, is negative
at the desired pH, salts can be added to improve the colloi-
dal 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 very
large By values.

The second step is the selection of sugars to improve the
conformational stability. Basically, sugars are added to im-
prove the freeze—thaw stability. In the experiment, 7.« (71,
of the Fab fragment) measurements using DSC are per-
formed in selected formulations containing various sugars.
The sugars providing the highest 7,,,x would be the first
choice, although all sugars that we tested differed only
slightly in their ability to improve stability.

As a final step, assessment of stability is performed to
directly measure the aggregation propensity. In formulation
development, restrictions in osmolality are often required,
depending on the dosage form. Therefore, if necessary,
screening for different combinations of various concentra-
tions of salts and sugars is effective. In summary, the opti-
mum formulation is selected according to the following
steps: [1] optimization of pH and salts on the basis of
colloidal stability, [2] selection of sugar on the basis of
conformational stability, and [3] direct stability assessment
of the selected formulation. This proposed approach
reduces the burden of direct stability assessment, which is
time consuming and requires a large amount of sample. In
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practice, an optimum formulation for MAb-A can be pre-
dicted according to this strategy. The B, value for MAb-A
was larger at pH 7 than at pH 5 in the presence of low
concentrations of NaCl. The B, value was negative even at
pH 7, indicating the presence of attractive intermolecular
interactions. A formulation containing salts is therefore se-
lected. Moreover, sugars are added to improve the freeze—
thaw stability and to enhance conformational stability (Sup-
plementary Material Figure S4), providing a higher 7.
The selected formulation is at pH 7 and contains salts and
sugars. The concentrations and types of salts and sugars are
optimized in the final step. The tentative formulation is the
same as the formulation providing the lowest aggregation
propensities for storage at 40°C and under freeze—thaw
stress. For MAb-B, a larger B, is obtained at pH 5. The
By 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 stor-
age at 40°C and under freeze—thaw stress.

MADb-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.
MADb-A showed higher colloidal stability in the presence of
salts, whereas the trend for MAb-B was the opposite. Our
strategy for optimization is applicable for both types of
MADbs and can be generalized.

CONCLUSION

Elucidation of the aggregation mechanism and prediction of
aggregation propensity are considerable challenges because
multiple pathways, which are influenced by various stress
factors, contribute in different degree to aggregation. In the
present study, in order to develop optimization strategy for
MADb formulation we evaluated colloidal and conformation-
al stabilities of MAbs and then confirmed their relations to
the aggregation behaviors. The colloidal stabilities were
accurately assessed according to B, values obtained from
AUCG-SE. The net charge reflected the magnitude of the
electrostatic interactions, but only partly correlate with the
colloidal stability; as observed in the present study, the
electrostatic attraction and repulsion contributed oppositely
to colloidal stability. Salts both stabilize and destabilize the
MADbs, depending on the type of electrostatic interaction,
t.e., repulsion or attraction. Proper determination of the
intermolecular interactions is therefore of great importance
for optimizing salts in formulations. The electrostatic poten-
tial surfaces showed that an uneven localization of potential
surfaces contributed to attractive interactions, resulting in
higher aggregation propensities. In contrast, evenly distribut-
ed potential surface induced strong repulsive intermolecular
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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 con-
tributed to aggregation to different degrees, depending on
the stress factors.

In summary, 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 the freeze—thaw stress, by
enhancing conformational stability. These behaviors are
rationally predictable according to the potential surfaces of
MAbs.
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