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1 General Information

Study of proteins, especially monoclonal antibodies as therapeutics has recently attracted a
great deal of attention from the pharmaceutical industry. In the last 20 years, over twenty
monoclonal antibodies have been approved in various therapeutic categories [1]. As shown in Table
1, twenty biologics pharmaceuticals and six antibody pharmaceuticals including Humira®
(adalimumab) and Remicade® (infliximab) which are ranked as the two highest ranks have already
been ranked in the sales top 30 of pharmaceuticals in 2012 [2]. These biopharmaceutical products
have been drastically improving the quality of life of patients.

Compared to small pharmaceutical molecules, therapeutic protein products are considerably
large entities with inherent physicochemical complexity. Therefore, many physical and chemical
factors may lead to protein degradation and consequently affect the quality of therapeutic protein
products during manufacturing, storage, shipping and handling steps [3-5]. Chemical degradation of
proteins involves fragmentation, oxidation (mostly occurring at methionine and tryptophan residues),
deamidation (mostly occurring at asparagine residues) and disulfide scrambling. Physical
degradation of proteins involves unfolding, dissociation, denaturation, adsorption, precipitation
processes and aggregates [5]. Their efficacy and safety should be evaluated and they should be
controlled on the basis of their risk.

Immune response or immunogenicity of the therapeutic proteins remains one of the major
risks. The testing of the immune response to these biological products such as the anti-drug
antibodies (ADA) are an important part of the product development and post marketing monitoring
of drug safety [6]. The appearance of antibodies against the drug can trigger safety issues such as
autoimmune disorders by neutralizing the endogenously secreted proteins. The major causes of
immunogenicity to the pharmaceutical proteins are still unclear, but protein aggregates are
suspected to trigger an immune response [7, 8]. For example, it is reported that the presence of
aggregates in human growth hormone (hGH) products correlated with an increased frequency of
immune response in the patients [9]. A storage temperature of interferon-alpha (IFN-alpha) vial also

correlated with the increase in the immunogenicity. The immunogenicity increased when the vials



were stored at ambient temperature which could cause increases in aggregates, but not when stored
at 4°C [9]. Furthermore, since it was shown that IFN-alpha aggregates could induce auto antibody in
human IFN-alpha transgenic mice, the key factor of the immune response to IFN-alpha is expected
to be the aggregate species [10]. The enhancement of immunogenicity of protein aggregates is
interpreted by their multiple-epitope character and/or conformational changes of the aggregated
protein molecules [11].

Therefore, protein aggregates are considered a critical attribute in terms of their potential to
elicit immune response and affect the product activity, enhancing or diminishing potency. For this
reason, aggregates in protein pharmaceuticals should be accurately quantified, characterized in
detail and minimized as possible.

In this study for accurately quantification of protein aggregates, we propose a new size
exclusion chromatography (SE-HPLC) method that can separate the polysorbates that interfere with
aggregate quantitation in SE-HPLC from protein samples in an on-line mode using a precolumn
with mixed characteristics of size exclusion phase and reversed-phase (chapter 1). Then, we
examined the effect of the setting parameters on fractographic characteristics and attempted to
adjust the conditions of the Hollow fiber flow field flow fractionation (HF5, Figure 1 shows
schematic diagram of the principle of HF5) that can be orthogonal method to SE-HPLC such as
analytical ultracentrifugation-sedimentation velocity (AUC) and asymmetric flow field flow
fractionation (AF4) for quantification of monoclonal antibody aggregates (chapter 2).

In this study for characterization and minimization of protein aggregates, we used eight kinds
of immunoglobulin G (IgG) 1 as model protein pharmaceuticals, and five physicochemical
parameters experimentally evaluated and two physicochemical parameters calculated based on the
information from the amino acid sequence, as explanatory valuables to be related to the aggregate
formation. The aggregation formation data were correlated to the experimental and the calculated
parameters. Multivariate analysis was done based on Akaike’s Information Criterion (AIC) [12, 13]
to pick out the important explanatory parameters to characterize the aggregate formation. We also
discuss the mechanism and the potent approach to suppress the soluble and insoluble aggregate

formation of IgG.



Table 1 Top 30 of global sales of therapeutic drugs in 2012

Trade name Generic name Type Category/Effect Sales (million$)
1 Humira® Adalimumab Biologic Rheumatoid arthritis 9.603
2 Remicade® Infliximab Biologic Rheumatism 9.071
3 Embrel® Etanercept Biologic Rheumatoid arthritis 8.476
4 Adoair® Salmeterol Small molecule Antiasthmatic agent 8.216
5 Crestor” Rosuvastatin Small molecule Hypolipidemic agent 7.430
6 Rituxan® Rituximab Biologic Non-Hodgkin's Iymphoma 7.227
7 Lantus® Insulin Glargine Biologic Diabetes 6.555
8 Herceptin® Trastuzumab Biologic Breast cancer 6.444
9 Avastin® Bevacizumab Biologic Metastatic colon cancer 6.307
10 Januvia® Sitagliptin Small molecule Type II diabetes 6.208
11 Diovan® Valsartan Small molecule Antihypertensive agent 5,793
12 Plavix® Clopidogrel Small molecule Antiplatelet agent 5.277
13 Cymbalta® Duloxetine Small molecule iﬁig::;?ﬁ?;&?;:lmme 5.107
14 Abilify® Aripiprazole Small molecule Schizophrenia 5.105
15 Lipitors Atorvastatin Small molecule Hyperlipidemia 5.028
16 Spil‘i\'as' Tiotropium Small molecule ﬁizﬁfagjilt:?e?;: 4,707
17 Glivec® Imatinib Small molecule Anticancer agent 4,675
18 NovoRapid® Insulin aspart Biologic Diabetes 4,436
19 Lyrica® Pregabalin Small molecule Nerve pain 4,320
20 Singulair® Montelukast Small molecule Antiasthmatic agent 4.314
21 Nexium® Esomeprazole Small molecule Antiulcer agent 4,195
22 Prevenar® S:Sc]it:;c pueumococeal Biologic Infection prophylaxis 4,117
23 Neulasta® Pegfilgrastim Biologic Neutropenia 4.092
24 Lucentis® Ranibizumab Biologic Macular degeneration 4.019
25 (‘opax«me® Glatiramer Small molecule Multiple sclerosis 3.968
26 Revlimid® Lenalidomide Small molecule Multiple Myeloma 3.767
27 Atripla® Efavirenz Small molecule Anti-HIV agent 3.574
28 Symbicort® Budesonide Small molecule Antiasthmatic agent 3.516
29 ]Epog':nS Epoetin alfa Biologic Renal anenua 3.448
30 Micardis® Telmisartan Small molecule Antihypertensive agent 3.386

Source: Homepage of Cogedim Strategic Data K. K. (partially, modified) [2]
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2 Utilization of a precolumn with size exclusion and reversed-phase
modes for size-exclusion chromatographic analysis of polysorbate-
containing protein aggregates (Chapter 1)

2.1 Introduction

Nowadays, protein-based pharmaceutical products have rapidly been advanced. The situation
increases demands for development of analytical technologies for protein aggregates, which are
common sources of protein instability and are considered to concern their potential to elicit immune
responses [1-5]. Various analytical methods that can evaluate protein aggregates have been
developed such as analytical ultracentrifugation and asymmetric field flow fractionation [6-10].
However, these methods still have several weak points, for example, low throughput, need for
professional skills, or difficulty in method development [10]. In contrast, size-exclusion high
performance liquid chromatography (SE-HPLC) with high throughput capacity and highly
quantitative performance is frequently used and indispensable for quantification of protein
aggregates.

In SE-HPLC, proteins and their aggregates are separated based on the difference in the
permeation property into pores of stationary phase (e.g., silica-based polymeric beads). Larger
molecules (e.g., aggregates) or non-spherical (e.g., straight chain) molecules in a mixture are rapidly
excluded and therefore eluted from the resin pores, while smaller molecules with greater access to
the pores are eluted more slowly [11]. In many marketed biopharmaceuticals, nonionic surfactants
such as polysorbate 80 (PS80) and polysorbate 20 (PS20) are included as stabilizers to protect the
active protein against denaturation or aggregate formation [12-16]. The molecular mass of the
polysorbates is usually lower than that of most of proteins and protein aggregates. However, the
polysorbates present in some formulations are eluted at retention times close to those of protein
aggregates and then interfere with aggregate quantitation in SE-HPLC. This interference becomes a
serious problem to perform sensitive and quantitative SE-HPLC methods capable of quantitating
protein aggregates in formulated products. Unfortunately, it is very difficult to selectively separate
detergents from protein solutions. Some methods are reported to separate detergents from protein

solutions [17-22], but these methods take time because they cannot be connected directly to an



analytical column and the recovery of protein is not 100%. Gunturi et al. proposed to utilize
potassium phosphate buffer containing isopropyl alcohol as a mobile phase in SE-HPLC [23]. They
found that the peaks of the polysorbates were completely disappeared when isopropyl alcohol
content was increased up to 20-25% range in the mobile phase [23]. However, isopropyl alcohol at
such high concentrations may cause some damage to proteins. Therefore, some separation methods
without use of organic solvents are strongly desired for long time. In this study, we will propose a
new SEC-HPLC method that can separate the polysorbates from protein samples in an on-line mode
using a precolumn with mixed characteristics of size exclusion phase and reversed-phase. We will
also show the significance of the temperature control in the on-line separation to perform sensitive

and quantitative SE-HPLC methods.

2.2 Experimental

2.2.1 Chemicals and reagents

Sodium monobasic phosphate, sodium dibasic phosphate and human serum albumin (HSA,
lyophilized powder, Fatty acid free, globulin free, > 99%, product # A3782) were from Sigma-
Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl) was from Wako Pure Chemicals (Tokyo,
Japan). Dulbecco’s phosphate-buffered saline (PBS) was from Nissui Seiyaku (Tokyo, Japan).
Polysorbate 80 (PS80) was from NOF Corp. (Tokyo, Japan), while polysorbate 20 (PS20) was from
Croda (East Yorkshire, England). Synagis injection containing Palivizumab was purchased from
Abbvie (IL, USA). The pure standard sample of recombinant human erythropoietin (r-HUEPO) was

obtained from Kyowa Hakko Kirin (Tokyo, Japan).

2.2.2 Sample preparations

HSA and synagis injection were reconstituted by addition given amount of water and dialyzed
with PBS for 24 h. The HSA was diluted with the PBS to 3 mg/mL, and the synagis injection was
diluted with the PBS to 1 mg/mL. The commercially available r-HUEPO was also dialyzed with the
PBS and diluted with the PBS to 1 mg/mL. Heat-induced r-HUEPO aggregate-containing samples

were prepared by heating the diluted r-HUEPO sample for one day at 40 °C. PS80 and PS20 were



diluted with the PBS to 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and 1 mg/mL. All the samples were stored at

2-8 °C until the HPLC characterization described in Section 2.2.3.

2.2.3 SE-HPLC methods
SE-HPLC was performed with an Agilent 1100 chromatography system connected to a Tosoh

TSKgel G3000SWy, (300 x 7.8 mm, 5 pum particle size). The chromatographic control, data
acquisition and data analysis were performed using Chemstation (Agilent Technologies). The
samples were set on an auto-sampler (as an accessory of the Agilent 1200 chromatography system)
at 4 °C in a refrigerator. The UV detector was operated at a wavelength of 215 nm. The mobile
phases for the SE-HPLC method were the PBS (HSA, r-HUEPO) and 50 mM NaH,PO./Na,HPO,
500 mM NaCl pH7 (synagis injection). The mobile phase was filtered with a 0.45-um Millipore
filter and was degassed with an online degasser. The flow rate was 0.5 mL/min and the column was
maintained at 25 °C unless otherwise noted. In order to prevent automatic stopping (due to
condensation detection at lower temperatures), the leak sensor of the column oven was turned off.
The method run time was set to 40 min.

A Shodex MSpak GF-4A (10 x 4.6 mm, 9 um particle size) was used as a precolumn to
separate the polysorbates. The column, when necessary, was connected to the front of the main

column (Tosoh TSKgel G3000SW(x, ) with a stainless steel capillary and fittings.

2.3 Results and discussion

2.3.1 SE-HPLC characteristics of HSA aggregates and polysorbates

Figure 1 shows chromatograms of the HSA sample and the diluted polysorbate samples on the
SEC-HPLC system without the precolumn at 215 nm. Spectrophotometric detection of proteins is
frequently performed at 280 nm based on the absorption of tryptophan and aromatic amino acid
residues. However, the photometric detection at 215 nm due to amide bonds is required for highly
sensitive detection of protein targets at extremely low concentrations such as protein aggregates in
protein-based pharmaceutical products. The main peak at a retention time of 17 min corresponds to

HSA monomer, while the peaks at 15, 14.5, 14 min correspond to dimer, trimer and tetramer of



HSA, respectively. Larger aggregates were eluted in the region of retention times from 11 to 14 min.
In order to characterize the aggregation, the peak analysis of this region is very important.
Unfortunately, PS80 and PS20 were eluted at retention times very close to that of as the aggregates
of HSA. Although the molecular mass of PS80 and PS20 are smaller than that of HSA, the
polysorbates were eluted at retention times earlier than the time expected from the molecular mass.
The reason may be that PS80 and PS20 can be formed in a micellar state in an aqueous solvent. This
is a typical example of the interference from PS80 and PS20 in the SE-HPLC quantification of
aggregate contents as reported before [23].

We tried in this work to separate the polysorbate's peaks from the protein-derived ones by
using a precolumn method because on-line analysis without any specific separation pretreatment of
protein samples is convenient for chromatographic analysis of protein aggregates in protein-based
pharmaceutical products. One of separation modes to be utilized for this purpose may be
electrostatic interaction in anion or cation exchange. However, separation conditions for ion
exchange chromatography have to be tuned for every protein, because the isoelectric points of
proteins are different from each other. Another separation mode may be hydrophobic interaction in
reversed-phase. One of weak points of this method is that the method requires organic solvents or
ammonium sulfate in elution buffer. The situation may give some damages to proteins and may
cause the dissociation of some non-covalent aggregates in reversed-phase chromatography and
hydrophobic interaction chromatography. As a result, we have considered that some porosity silica
gel with some hydrophobic characteristics may be effective to remove hydrophobic surfactants with
relatively large molecular mass such as PS80 and PS20. In preliminary experiments we tried to use
two kinds of anion exchange columns, one anion/cation multi-mode column and several reversed-
phase columns as precolumn. However, these columns were not efficient for this purpose. We
finally focused on Shodex MSpak GF-4A, which has been developed for column-switching method
to eliminate surfactant from surfactant-containing protein/peptide samples. Although MSpak GF-4A
is mainly used for LC-MS because surfactants degrade LC-MS columns and decrease the
reproducibility of LC-MS, we tried to use MSpak GF-4A as a precolumn connected to SEC column

and to develop a new online SE-HPLC method without column-switching system.



As expected, on the SE-HPLC system without MSpak GF-4A, the peak area of PS80 and
PS20 increased in proportion to the injection amount of the polysorbates (Fig. 2A, B; black triangle).
In contrast, when MSpak GF-4A was connected as a precolumn to the SE-HPLC system, the PS80
peak was not detected at least up to 8-pg injection (Fig. 2A; gray triangle). Very small peak of PS80
was detected at 20-pg injection and clearly detected at 40-ug injection with an area of 170
mAUxsec. However, the peak area was much smaller than those observed in the separation without
MSpak GF-4A. In the case of PS20, only very small peak was detected even at 20-ug and 40-pg
injections when the MSpak GF-4A column was used (Fig. 2B; gray triangle). These results indicate
that the MSpak GF-4A precolumn is very effective to trap PS80 and PS20 in the on-line mode. The
limiting value of the trapping is about 10 ug for PS80 and 20 ug for PS20. The difference of the
trapping characteristics between PS20 and PS80 seem to be ascribed to multiplier effect of mixed
characteristics of size exclusion phase and reversed-phase of the precolumn. Actually the difference
cannot be simply explained from the hydrophobic properties of the polysorbates, and precolumns
with the revered-phase characteristics alone did not work well to trap the polysorbates selectively.
When 40 pg of PS80 was injected to the precolumn-SE-HPLC system, the precolumn must be
saturated with PS80. Therefore the succeeding injection of even small amounts of PS80 (for
example 8 pg) could not be trapped. However, the PS80-suturated precolumn can still trap PS20.
PS20 was scarcely detected at 20-ug injection when the PS80-saturated precolumn was use. It is
noteworthy that the detergent trapped in MSpak GF-4A is easily washed out with mixed aqueous
mobile phase containing organic solvents such as acetonitrile. Actually, the precolumn was cleaned
with acetonitrile (30% v/v)-containing aqueous mobile phase after each analysis unless otherwise

noted, when large amounts of polysorbates were injected.
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Fig. 2. Effects of the precolumn MSpak GF-4A on the peak area of (A) PS80 and (B) PS20 detected
on the SEC-HPLC system; (black triangle) without or (gray triangle) with the precolumn MSpak GF-
4A. The error bars indicate the standard deviation (n = 3).
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2.3.2 Effects of temperature on the one separation of protein aggregates on SE-
HPLC with MSpak GF-4A

As described in Section 2.3.1, the MSpak GF-4A is very effective to trap polysorbates.
However, it was found that the chromatograms of the HSA sample depend on the column
temperature (Fig. 3A). Figure 4A shows the dependence of the total peak area of the HSA
aggregates on the column temperature. The peak area of the HSA aggregate increased with an
increase in the column temperature from 5 °C to 20 °C and reached a constant value above 20 °C at
least up to 30 °C (Fig. 4A, gray square), although the HSA monomer peak area was not affected by
the column temperature (data not shown). In contrast, when only the SE column was used without
the precolumn, the total peak area of the aggregate and monomer was independent of the column
temperature (data not shown). These results suggest that the HSA aggregates are specifically
trapped on the MSpak GF-4A precolumn at lower temperatures predominantly by hydrophobic
interaction. It has been reported that the high-order structure of protein aggregates usually differs
from that of the monomer [24-26], although some protein aggregates seem to retain the high-order
structure similar to that of monomer [26, 27]. In the case of HSA, the fluorescence spectral
characteristics of the aggregates are different from those of the monomer (data not shown). This
evidence suggests the change in the high-order structure on the aggregation. Since the aggregates
are susceptible to the adsorption on the precolumn at lower temperatures, the hydrophobic
interaction between the aggregates and the stationary phase of the precolumn seems to be a major
contribution to trap the aggregates on the precolumn. The hydrophobic interaction decreases with an
increase in the column temperature, and the HSA aggregates can pass through the precolumn at
column temperatures over 20 °C.

In contrast, the peak area of the heat-induced r-HUEPO aggregates decreased with an increase
in the column temperature (Fig. 3B and Fig. 4B (gray diamond)) on the SE-HPLC system with
MSpak GF-4A. The limiting value of the peak was observed at column temperature lower than 10
°C. The peak area of the r-HUEPO monomer was independent of the column temperature at least in

the range from 5 to 30 °C as in the case of the HSA monomer. These phenomena may be caused by

-12 -



the high-order conformational change of the heat-induced r-HUEPO aggregates at increased column
temperatures to induce the exposure of these hydrophobic surface.

We also show another example of the column temperature dependence of protein aggregates.

As shown in Figs. 3C and 4C, the peak shape and the area of the aggregate (dimer, peak 1)
and monomer in the synagis injection are independent of the column temperature in the range from
5 °C to 30 °C. The synagis injection dimer seems to have characteristics similar to those of the
monomer in view of the high-order structure and the surface property. The hydrophobic interaction
between the synagis injection aggregate and the stationary phase of the MSpak GF-4A column is
not so strong, as in the case of the monomer of the other proteins examined here.

Anyway, it is very important to control the column temperature to avoid the adsorption of
protein aggregetes in the MSpak GF-4A precolumn. The optimum temperature of the column must

be selected for individual protein targets.
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Fig. 3. Chromatograms of (A) the HSA sample (3 mg/mL x 10 uL), (B) heat-induced r-HUEPO
sample (1 mg/mL x 30 pL), (C) synagis injection sample (1 mg/mL x 20 pyL) on the SE-HPLC
system with MSpak GF-4A at various column temperatures. Purple, blue, green, yellow, orange and
red lines are each protein samples analyzed at 5, 10, 15, 20, 25 and 30°C respectively. The peaks
numbered as 1, 2, 3 and 4 of the HSA aggregates correspond to the dimer, trimer, tetramer and
larger oligomer(s), respectively. Peak 1 of heat-induced r-HUEPO and synagis injection corresponds
to the dimer.
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MSpak GF-4A (black diamonds) and (C) synagis injection sample with MSpak GF-4A (gray circles)
and without MSpak GF-4A (black circles). The error bars indicate the standard deviation (n = 3).

2.3.3 HSA with and without PS80 analyzed by SE-HPLC with and without MSpak
GF-4A
In the region from 10 to 15 min, the peak shape of HSA with PS80 was significantly different

from that of HSA without PS80 by analyzing SE-HPLC without MSpak GF-4A (Fig 5-A). Not only
aggregates but PS80 were eluted in the region. While, the peak shape of the HSA sample with PS80
on SEC-HPLC with MSpak GF-4A was almost the same as that of the HSA sample without PS80
on SEC-HPLC without MSpak GF-4A (Fig 5-B). PS80 was successfully trapped by MSpak GF-4A.
The results clearly show that the connection of MSpak GF-4A to SEC column and the setting of
proper column temperature (e.g., 25 °C for HSA) allow to perform quantification of protein

aggregate contents, because MSpak GF-4A can effectively eliminate of the interference from PS80.
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Fig. 5. (A) Chromatograms of HSA by SE-HPLC without MSpak GF-4A, black line corresponds to
the HSA sample (3 mg/mL x 10 pL) without PS80 and gray line is the HSA sample containing PS80
(HSA: 3 mg/mL x 10 pL, PS80: 1 mg/mL x 10 pL). (B) Chromatograms of HSA; black line
corresponds to the HSA sample (3 mg/mL x 10 pL) without PS80 on SEC-HPLC without MSpak
GF-4A and gray line corresponds to the HSA sample containing PS80 (HSA: 3 mg/mL x 10 pL,
PS80: 1 mg/mL 10 pL) by SE-HPLC with MSpak GF-4A.
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3 Separation and quantification of monoclonal-antibody aggregates by
hollow-fiber-flow field-flow fractionation (Chapter 2)

3.1 Introduction

Study of therapeutic protein products, especially monoclonal antibodies, has recently attracted
a great deal of attention from pharmaceutical industries. In the last 20 years, over 20 monoclonal
antibodies have been approved in various therapeutic categories [1], and six antibody
pharmaceuticals including Humira (adalimumab) and Remicade (infliximab) that make the top two
of the sales of pharmaceuticals in 2012 [2]. These biopharmaceutical products have been drastically
improving the quality of life of patients.

Compared to small pharmaceutical molecules, therapeutic protein products are considerably
large entities with inherent physicochemical complexity. Therefore, many physical and chemical
factors may lead to protein degradation and consequently affect the quality of therapeutic protein
products during manufacturing, storage, shipping and handling steps [3-5]. Chemical degradation of
proteins involves fragmentation, oxidation (mostly occurring at methionine and tryptophan residues),
deamidation (mostly occurring at asparagine residues) and disulfide scrambling. Physical
degradation of proteins involves unfolding, dissociation, denaturation, adsorption, precipitation
processes and aggregates [5].

Aggregates are one of the most hazardous protein impurities of therapeutics because of its
high risks of immune response or immunogenicity [6-10]. Therefore, the rapid development of
therapeutic protein products leads to the demand for robust analytical methods for quantifying
protein aggregates such as analytical ultracentrifugation-sedimentation velocity (AUC) and
asymmetric flow field flow fractionation (AF4) to assess the risks of aggregates [11-15]. The
authorities demand pharmaceutical companies to strictly quantify and qualify the aggregates of
therapeutic protein products [16]. Size-exclusion high performance liquid chromatography (SE-
HPLC) is a well-known method to quantify the amount of aggregates with high throughput capacity
and quantitative performance. Therefore, SE-HPLC is an indispensable method and is frequently
used for quantification of protein aggregates. However, SE-HPLC has several issues to be solved

such as limited analytical range (<100 nm), interaction of proteins with silica-based resin pores of
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the column (which may lead to a decrease in the recovery ratio of soluble and insoluble aggregates),
and exposure to mobile phase containing high concentrations of salts (which may lead to protein
aggregates or dissociation due to hydrophobic interaction) [17-20].

Nowadays, AUC and AF4 are widely used for quantification of protein aggregates as the
orthogonal methods to SE-HPLC. In AUC experiments, a centrifugal force is used to accelerate
sedimentation of very small particles such as protein molecules. Each protein species forms a
unique boundary and sediment at a specific speed. The velocity of the moving boundary is
characterized by the sedimentation coefficient governed by the molecular mass and shape [14]. An
AUC assay can usually be performed without a matrix in most of formulation buffers with a
minimal manipulation. Furthermore, a c(s) distribution analysis on a recent analytical software
(SEDFIT [21]) has provided improved resolution and can be applied to a wide variety of samples in
distribution, because it can correct the broadening due to diffusion, and all the scans can be served
for the analysis [11, 12]. Therefore, AUC with the ¢(s) distribution analysis has been widely used in
biopharmaceutical industries for the measurement of the size distribution of aggregates. However,
AUC has still several issues to be solved in throughput and precision of analysis. The maximum
number of samples for an assay is limited (seven). Technical skills for cell assembly and knowledge
for the data analysis are required. In addition, the low precision of AUC requires large number of
repeated analyses to get analytical data with acceptable precision. On the other hand, AF4 is a
technique that can separate protein molecules based on their diffusion coefficients. The AF4 method
does not use a stationary phase and thus has a broad dynamic range compared with SE-HPLC [15,
22]. AF4 is a high throughput method with high precision compared with AUC. However, proteins
may interact with the membrane because the pressure (which presses protein molecules on the
membrane) is generated by the flow field in AF4 experiments. In addition, professional skills are
required to develop the AF4 method due to the complexity of the flow field and the affluence of
setting parameters. The fact that the large quantity of the mobile phase is required for an assay is
also one of the disadvantages in AF4.

Hollow fiber flow field flow fractionation (HF5) can also serve to separate protein molecules

based on the diffusion coefficient. The principle and device of HF5 were constructed and developed
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by Jan Aake Jonsson and AIf Carlshaf [23-26]. Although the principle of HF5 is similar to that of
AF4, the membrane of HF5 is set cylindrically and the force of the HF5 cross flow is applied
radially (in contrast, the force of the AF4 cross flow is applied vertically). The amount of the mobile
phase per one test with HF5 is about one-third or one-fourth of that with AF4 and almost the same
as that with SE-HPLC. In addition, one another advantage of HF5 is that the channel can be easily
replaced with a new. Despite of these merits, HF5 seems to remain a minor method and only a few
papers deal with the quantification of protein aggregates with HF5 [27]. The reason might be that
HF5 instrumentation became commercially available only in the very last years and that the
information on the separation conditions is limited.

In this study, we examined the effect of the setting parameters on fractographic characteristics
and attempted to adjust the conditions of the HF5 method that can serve to separate antibody dimer
and larger aggregates from monomer. We also precisely quantified the total amount of aggregates,
and analyzed heat-induced antibody aggregate-containing samples with HF5 and compared the

results with those of SE-HPLC, AUC and AF4.

3.2 Experimental

3.2.1 Chemicals and reagents

The pure standard sample of recombinant human monoclonal antibody (IgG1, Mab A) was
obtained from Kyowa Hakko Kirin (Tokyo, Japan). Mab A was expressed in Chinese Hamster
Ovary cells, cultured and purified by using a series of chromatographic and filtration steps. Mab A
solution contained 10 mM sodium glutamate, 262 mM D-sorbitol, and 0.05 mg/mL polysorbate 80.
Glutamate was selected from the buffer compounds commonly used in clinical antibody formulation.
D-Sorbitol was selected from the tonicity agents commonly used in antibody formulation.
Polysorbate 80 was added to prevent protein particle formation. All excipients conform to the
United States Pharmacopeia 37 and National Formulary 32. Two Heat-induced Mab A aggregate-
containing samples were prepared by heating Mab A for two weeks and one month at 60 °C,

respectively. Other chemical reagents were of analytical reagent grade.
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3.2.2 HF5
HF5 was performed on a Wyatt Technology Eclipse DUALTEC and an Agilent 1200

chromatography system. The chromatographic control, data acquisition and data analysis were
performed using Chemstation (Agilent Technologies). For the separation, a hollow fiber cartridge
(130 X 0.8 mm) used held a polyethersulfone membrane with a cutoff molecular mass of 10 kDa.
The samples were set on an auto-sampler (as an accessory of the Agilent 1200 chromatography
system), of which the temperature was set at 4 °C. The UV detector was operated at a wavelength of
215 nm. Phosphate buffer saline (PBS) was used as a mobile phase unless otherwise noted. The
mobile phase was filtered with a 0.45-um Millipore filter and degassed by an online degasser. The
main flow rate, the cross flow rate, the focus flow rate, the focus point, and the injection amount
were set at 0.7 mL/min, 0.5 mL/min, 1.2 mL/min, 15% and 2 pg, respectively, unless otherwise

noted.

3.23 AUC

AUC was performed on a Beckman Coulter XL-A ultracentrifuge using 12-mm Epon
charcoal-filled double-sector centerpieces with absorbance detection at 280 nm. The sample
concentration was set at 0.5 mg/mL. The rotor speed and the rotor temperature were set for 40000
rpm and at 20 °C, respectively. The data analysis was carried out using a continuous c(s)

distribution model with the software program SEDFIT [21].

3.24 AF4
AF4 was performed with the Wyatt Technology Eclipse DUALTEC and the Agilent 1200

chromatography system. For the separation, a long channel equipped with a 350-um spacer and a
regenerated cellulose membrane with a cutoff molecular mass of 10 kDa was used. The mobile
phase for the AF4 method was the PBS. Main flow rate, cross flow rate and focus flow rate were set
at 1.2, 2.8, 2.8 mL/min, respectively. Focus point was set at 18% and injection amount of samples

was set at 5 pug. The method run time was set to 60 min. Other conditions were set as the HFS5.
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3.3 Results and discussion
3.3.1 Optimization of setting parameters of HF5

The schematic diagrams of the HF5 procedure are given in Fig. S1. In HF5, the solvent is
pumped through a channel allowing a part of the flow to penetrate the membrane. This creates a
cross flow which is perpendicular to the main solvent flow that has a parabolic profile and is
directed to the channel outlet. The combination of the two forces applied eventually results in the
separation of the sample compounds based on the difference in the diffusion coefficient. At first, we
analyzed a non-heated Mab A (pure standard sample) on HF5 under the conditions recommended
for BSA in the manufacturer instruction. The recommended conditions are listed in Table 1. A
fractogram under the recommended conditions for BSA is given in Fig. 1A. The shape of the
monomer peak was broadened and collapsed.

Therefore, we examined the effect of the setting parameters including the main flow rate, the
cross flow rate, the focus flow rate, the focus point, and the injection amount on the fractographic
characteristics. As shown in Fig. 2A, with an increase in the main flow rate, the retention time
decreased and the peak broadening occurred. An increase in the cross flow rate drastically caused
the increase in the retention time and the resolution, as judged from Fig. 2B. These results show that
the main flow rate and the cross flow rate are the key factors in the HF5 method, as reported by
Dukjin Kang and Myeong Hee Moon [28]. Although the focus flow rate slightly affected the
fractographic characteristics (Fig. 2C), we considered that the focus flow rate should be set to a
value larger than the main flow rate to effectively focus protein samples, because sample would
pass over the focus point before focusing at increased main flow rate compared with the focus flow
rate. As shown in Fig. 2D, the effect of the focus point was not so remarkable, but at 15% of the
focus point, the main peak height was larger and the peak resolution between the monomer and
dimer peaks was better compared with those at 20% and 25%. Further shortening of the focus point
caused an increase in the diffusion effect. Therefore, the focus point was set to 15%. As shown in
Fig. 2E, the injection amount was also a significant factor in the separation. Although signal-to-

noise ratio is in proportion to the injection amount, a better separation was achieved at 2-ug
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injection between the monomer and dimer peaks in view of the signal-to-noise ratio and the
resolution. In case of protein aggregate evaluation with AF4, the injection amount is usually set
over 5 ug. However, the shape of the main peak at 5-ug injection with HF5 was collapsed. The
difference seems to be due to the difference in the flow field form (cylindrical or rectangular), the
diffusion direction with protein, and the speed of the several flows. All these factors affect the
density of proteins during the focusing. At any rate, the injection amount should be optimized
strictly.

The knowledge and information mentioned above are very useful for us to optimize the
analytical conditions of HF5. During this work, we also realized that several subtle factors affected
the separation characteristics in the HF5 method. The system pressure was tuned for each connected
detector (diode array detector, florescence detector, or multi angle laser light scattering detector),
and the direction of the hollow fiber cartridge affected the cross flow line (data not shown). We
confirmed that the system pressure before the starting sequence should be within 16.5 to 17.5 bar
(main flow rate: 0.7 mL/min, cross flow rate: 0.5 mL/min) and the cross flow line faced downward
in all the experiments. These factors should be controlled strictly to improve reproducibility on HF5.
In addition, the cartridge was conditioned by analyzing antibody aggregate-containing samples
before acquiring all results in this work. These factors are also important to improve the
reproducibility on HF5.

We optimized the HF5 conditions based on the knowledge on the characteristics of the setting
parameters mentioned above. Table 1 summarizes the optimized conditions and Fig. 1B shows a
fractogram of non-heated Mab A analyzed under the optimized conditions. The monomer peak
became sharp, and a good separation was achieved between the dimer and the monomer peaks. The
aggregation ratio of several commercial antibodies such as Synagis injection and Ritxan can also be

evaluated under these optimized conditions.
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Fig. 1. Comparison of the fractograms of non-heated Mab A obtained under (A) the recommended
conditions for BSA analysis at routine inspection and (B) the conditions optimized in this work. The
details of the analytical conditions are summarized in Table 1.
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Fig 2. Effects of several setting parameters on the fractograms of non-heated Mab A with the HF5
method. Panel A: main flow rate dependence. The main flow rate is: (black solid line) 0.5 mL/min,
(gray solid line) 0.7 mL/min, and (black dot line) 0.9 mL/min. Panel B: cross flow rate dependence.
The cross flow rate is: (black solid line) 0.3 mL/min, (gray solid line) 0.5 mL/min, and (black dot line)
0.7 mL/min. Panel C: focus flow rate dependence. The focus flow rate is: (black solid line) 1.0
mL/min, (gray solid line) 1.2 mL/min, and (black dot line) 1.4 mL/min. Panel D: focus point
dependence. The focus point is: (black solid line) 15%, (gray solid line) 20%, and (black dot line)
25%. Panel E: injection amount dependence. The injection amount is: (black solid line) 0.2 ug, (gray
solid line) 1 ug, (black dot line) 2 ug, and (gray dot line) 5 ug. The standard conditions are: main
flow rate = 0.7 mL/min, cross flow rate = 0.5 mL/min, focus flow =1.2 mL/min, focus point = 15%,

and injection amount = 2 ug.
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3.3.2 Verification of mobile phase condition of HF5 method

Aake Jonsson and Alf Carlshaf have already concluded the effects of the ionic strength of the
mobile phase from the theoretical viewpoints [25]. However, they studied the effects not for protein
samples but for polymer latex particles. Therefore, we examined the effect of the ionic strength and
pH of the mobile phase on protein sample separation in the HF5 method. Fig. 3A and 3B revealed
that pH is not an important factor, but the ionic strength extremely affected the peak shape, the
recovery of the total area, the retention time, and the separation between the dimer and monomer
peaks. With the mobile phase without NaCl, the peak height and the recovery of the total area were
extremely low. Since Mab A (pl: 9.09 calculated from the amino acid sequence referred by [29])
has a positive charge in the mobile phase used, strongly attractive electrostatic interaction occurs
with the negatively charged fiber wall membrane, especially at low ionic strength. This is the
opposite situation in the polystyrene latex particles [25]. With the mobile phase containing 40 mM
NaCl, the height of the monomer peak and the recovery of the total area increased most probably
because NaCl could reduce the electrostatic interaction between Mab A and the membrane.
However, the resolution between the dimer and monomer peaks became poor. With the mobile
phase containing 140 mM NacCl, the dimer peak was separated well from the monomer peak. At
increased concentration of NaCl (250 mM and 500 mM), the separation between the monomer and
dimer peaks was poor. It is considered that the van der Waal’s interaction between Mab A and Mab
A increases under such high ionic strength conditions, and that the interaction may reduce the
hydrodynamic volume of Mab A dimer compared with Mab A monomer, because the structural
flexibility of the dimer is larger than that of the monomer. With a decrease in the difference of the
hydrodynamic size between the dimer and the monomer, the separation becomes worse. These
results indicate that the setting of the salt concentration in the mobile phase is also a key factor in
the HF5 method, and that PBS (10 mM phosphate buffer, 140 mM NaCl, pH7.4) as the optimized

mobile phase is the best compositions for the quantification of antibody aggregates.
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Fig 3. Effects of the NaCl concentration and pH of the mobile phase on the fractograms of non-
heated Mab A with the HF5 method. Panel A: NaCl concentration dependence. The NaCl
concentration is: (black solid line) 0 mM, (gray solid line) 40 mM, (black dot line) 140 mM, (gray dot
line) 250 mM, and (black dash line) 500 mM. Panel B: pH dependence. The value of pH is: (black
solid line) 6, (gray solid line) 7, and (black dot line) 8. The standard conditions are: NaCl = 140 mM,
pH = 7. Other conditions are same as those in Fig. 2.

3.3.3 Qualification of HF5 method

Performance characteristics such as specificity, precision-repeatability, precision-intermediate
precision, accuracy, linearity and quantitation limits of the HF5 method under optimized conditions
were assessed to ensure that the method fits into its intended purpose to evaluate the aggregation
ratio of the monoclonal antibody. Table 2 summarizes the method qualification results. The
improved HF5 method provides satisfactory performance and it can be used to evaluate the

aggregation ratio of monoclonal antibody samples.

Table 2 Summary of qualification results for the improved HF5 method

Performance characteristics Qualification results

Specificity No significant detectable interference observed with matrix

R? of main peak area vs. protein load = 0.9998, R? of aggregates area vs. protein load = 0.9991

Linearity
No significant trend observed in residual plot
Precision-repeatability RSD of % main peak = 0.1%, RSD of % aggregates peaks = 0.9%
Precision-intermediate precision RSD of % main peak = 0.2%, RSD of % aggregates peaks = 2.6%
Accuracy main peak Accuracy = -3.5%, aggregates peaks Accuracy = -2.3%

Quantitation limit = 0.16% of total area at 2 pg protein load
Quantitation limit
RSD of % aggregates (0.16% total area) = 5.7%, recovery % = 98.3%
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3.3.4 Comparison HF5 to SE-HPLC, AUC and AF4

We evaluated the aggregation ratio of the pure standard Mab A sample and heat-induced Mab
A aggregate-containing samples with HF5, SE-HPLC using two types of mobile phase, AUC and
AF4. Here the aggregation ratio is defined and evaluated as area% of peaks eluted later than the
monomer in HF5, AUC and AF4, while area% of peaks eluted earlier than monomer in SE-HPLC.
The fractographic patterns are given in Fig. 4 and the detailed characteristics are summarized in
Table 4. The aggregation ratios of the pure standard Mab A sample evaluated with the five methods
were almost identical with each other. However, the standard deviation of AUC was higher than
that of SE-HPLC, AF4 and HF5. For heat-induced Mab A aggregate-containing samples (60 °C 2
weeks and 60 °C 1 month), the aggregate ratios evaluated by SE-HPLC with moderate ionic
strength-mobile phase (20 mM phosphate buffer, 300 mM NaCl) was evidently smaller than those
evaluated by the other four methods. SE-HPLC may cause under-estimation of the aggregation ratio
(especially for relative large aggregates eluted near void region) under irrelevant conditions. On the
other hand, the aggregation ratios of non-heated Mab A and heat-induced Mab A aggregate-
containing samples were suitably evaluated by HF5, AUC and AF4. The distribution extent of heat-
induced Mab A aggregate-containing samples with HF5 was quite similar to those with AF4. AUC
appears to show slightly better resolution than HF5, however, the reproducibility of the distribution
extent with AUC was worse than that with HF5. These facts indicate that the HF5 method under the

optimized conditions can be utilized in place of AUC and AF4.

Table 3 Summary of quantification results of the aggregation ratio with HF5, SE-HPLC, AUC, and
AF4

Aggregation peaks%

Methods Initial 60 °C, 2 weeks 60 °C, 1 month
HF5 1.7+00 154+04 315102
SE-HPLC1 (mobile phase : 20 mM Phosphate buffer, 300 mM NacCl) 16=01 106+02 198102
SE-HPLC2 (mobile phase : 50 mM Phosphate buffer, 500 mM NacCl) 1.7=01 157+04 323+02
AUC 1817 15.2+0.3 307125
AF4 1.7+£00 153+04 325102
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Fig. 4. Comparison with the fractograms of non-heated Mab A and heat-induced Mab A aggregate-
containing samples (60 °C 2 weeks and 60 °C 1 month) recorded with five method/conditions. The
separation methods are: (Panel A) HF5, (Panel B) SE-HPLC with a mobile phase containing 20 mM
Phosphate buffer 300 mM NacCl, (Panel C) SEC-HPLC with a mobile phase containing 50 mM
phosphate buffer 500 mM NaCl, (Panel D) AUC, and (Panel E) AF4. The analyte is: (black solid
line) non-heated Mab A, (gray solid line) heat (60 °C, 2 weeks)-induced Mab A aggregate-
containing sample, and (black dot line) heat (60 °C, 1 month)-induced Mab A aggregate-containing
sample.
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4 Factors to govern soluble and insoluble aggregate-formation in
monoclonal antibodies (Chapter 3)

4.1 Introduction

Study of therapeutic protein products, especially monoclonal antibodies (Mabs), has recently
attracted a great deal of attention from pharmaceutical industries. In the last 20 years, over 20 Mabs
have been approved in various therapeutic categories and hundreds of Mabs are currently in various
stages of development [1]. Six antibody pharmaceuticals including Humira (adalimumab) and
Remicade (infliximab) retain the top two market positions of pharmaceuticals in 2012 [2]. These
biopharmaceutical products have been drastically improving the quality of life of patients.

Antibodies have been studied for over a century, and the basic structures and functions are
now well understood [3-5]. Antibodies consist of two pairs of the light and heavy polypeptide
chains which are held together through disulfide bridges. Light chains have two isotypes, A and «,
which differ with each other in the sequence composition. Heavy chains are classified into five
isotypes based on the chain structure and the effector function. All therapeutic Mabs currently
approved belong to the immunoglobulin G (IgG) class. IgG has the simplest form among antibodies
and is the major immunoglobulin type in human sera. 1gGs are further divided into four subclasses,
1gG1, 1gG2, 1gG3 and 1gG4. The sequences of the light chain and the N-terminal domain of the
heavy chains (called Fab domain) are variable, while the remaining domain are conserved. The
variable domain, especially the complementarity determining region (CDR), determines the antigen
binding specificity. Each IgG subclass has characteristic disulfide bonding pattern, which differs
mostly in the hinge region [6,7].

Compared to small pharmaceutical molecules, therapeutic protein products such as Mabs are
considerably large entities with inherent physicochemical complexity. Therefore, many physical and
chemical characteristics may have significant relations to protein degradation and consequently
affect the quality of therapeutic protein products during manufacturing, storage, shipping, and
handling steps [8-10]. Chemical degradation of proteins involves fragmentation, oxidation (mostly

occurring at methionine and tryptophan residues), deamidation (mostly occurring at asparagine
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residues), and disulfide scrambling. Physical degradation of proteins involves unfolding,
dissociation, denaturation, adsorption, precipitation processes, and aggregate formations [10].

Aggregates are one of the most hazardous protein impurities of therapeutics because of its
high risks of immune response or immunogenicity [11-15]. It is important to prevent aggregation
during the shelf-life of drug products. However, it takes a prolonged time for conducting long-term
storage tests of biopharmaceutical products. Therefore, the stability test under accelerated
conditions is generally applied to predict the long-term stability from the property of heat-stressed
samples.

On the other hand, several methods are known to examine the degradation pathways by
evaluating the characteristics of the biopharmaceutical products prior to the stability tests. The
typical measures are the melting temperature (T,) and the standard enthalpy of the melting point
(AnH®) of the variable domains by differential scanning calorimetry (DSC). Since it has been
considered that the increase in Ty, results in the suppression of the agplgregate formation and the
denaturation, several trials including solvent selection are reported to increase T, of each antibody
domain, especially of the Fab domain [16,17]. Fluorescence spectroscopy with extrinsic fluorescent
probe dyes such as 1-anilinonaphthalene-8-sulfonate (ANS), 4,4’-bis-1-anilinonaphthalene-8-
sulfonate (bis-ANS), Nile Red, and Congo Red can also be employed as a highly sensitive method
for protein characterization. Noncovalent hydrophobic or electrostatic interactions of the extrinsic
dyes with proteins and protein degradation products are utilized for the characterization of
pharmaceutical formulations [18]. Semisotnov et al. have revealed a strong affinity of ANS to the
solvated hydrophobic core of molten globular intermediates of carbonic anhydrase B and a-
lactalbumins [19]. The wavelength (1max) and the intensity (Fiy) of the maximum florescence peak
of the noncovalently bound extrinsic fluorescent dyes may be utilized as measures for protein
characterization in screening tests in early stages of formulation development and in selection of
formulation buffer suitable for biopharmaceutical products.

In formulation development, samples are dissolved in various kinds of solutions for DSC and
fluorescence spectral test with dyes. However, the observed DSC and spectral parameters are

affected not only by intrinsic conformational change of proteins but by solvent-related changes.
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Therefore, DSC and fluorescence spectral tests should be performed with a given common solution.
However, there are only few papers dealing with these parameters evaluated in a common solution
for comprehensive assessment and prediction of Mabs aggregation [20, 21].

Recently, assessment and prediction of protein aggregation by computational approaches
attract attention. For example, Wangv et al. have attempted to predict the susceptibility to the
aggregation of commercial antibodies based on the information on the amino acid sequences and the
Fab structures of potential aggregation-prone regions (APR) by using sequence-based
computational tools [22]. This proposal is quite innovative because aggregation risk of each
antibody can be predicted only from its amino acid sequence. However, in this study, we confirmed
that some antibody with few aggregation prone regions easily aggregated under heat-stressed
conditions. It thus appears to be risky to predict the tendency of the aggregation based on the
information alone from the amino acid sequence of APR. Therefore, the combinational utilization of
the sequence information and physical properties evaluated experimentally is important for more
appropriate prediction of the aggregation propensity of proteins.

In this study, we used eight kinds of IgG1 antibodies as model protein pharmaceuticals, and
five physicochemical parameters experimentally evaluated and two physicochemical parameters
calculated based on the information from the amino acid sequence, as explanatory valuables to be
related to the aggregate formation. The experimental parameters used are: Tr, and AH® evaluated by
DSC, Amax and Fiy evaluated by fluorescent spectroscopy with ANS; and the z-average diameter (D)
evaluated by dynamic light scattering (DLS). All of the experimental parameters were obtained for
the samples dissolved in a given phosphate buffer. The calculated parameters used are: the
isoelectric point (pl) and the hydrophobicity of the CDR (Hpn,) evaluated from the amino acid
sequence of the antibody sample, since it has been reported that these parameters are strongly
related with the formation of the protein aggregation [23-25]. The heat-stressed samples of the
target antibodies were prepared and the soluble and insoluble aggregation formations were assessed
by size exclusion chromatography (SE-HPLC). The aggregation formation data were correlated to
the experimental and the calculated parameters. Multivariate analysis was done based on Akaike’s

Information Criterion (AIC) [26, 27] to pick out the important explanatory parameters to
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characterize the aggregate formation. In this paper, we also discuss the mechanism and the potent

approach to suppress the soluble and insoluble aggregate formation of IgG.

4.2 Experimental
4.2.1 Chemicals and reagents
The pure standard samples of six recombinant human Mabs (IgG1l) were obtained from
Kyowa Hakko Kirin (Tokyo, Japan). These antibodies were expressed in Chinese Hamster Ovary
cells, cultured and purified by using a series of chromatographic and filtration steps. Synagis
injection containing Palivizumab and Rituxan containing Rituximab were purchased from Abbvie
(IL, USA) and F. Hoffmann-La Roche (Basel, Schweiz), respectively. All antibody samples were
reconstituted with phosphate buffer saline (PBS; 10 mM Na,HPO,, 1.76 mM KH,PO,4, 137 mM
NaCl, 2.7 mM KCI, pH7.4; M = mol dm’s) and named randomly as Mab A to H. Heat-induced Mab
aggregate-containing samples were prepared by heat-induction of the native Mabs at 50 °C for
typically one week, two weeks and one month. Other chemical reagents were of analytical reagent

grade.

4.2.2 Size-exclusion chromatography

Size-exclusion chromatography (SE-HPLC) was performed with an Agilent 1100
chromatography system connected to a Tosoh TSKgel G3000SWy, (300 x 7.8 mm, 5-um particle
size). The mobile phase was 50 mM NaH,PO4/Na,HPO, (pH 7) containing 500 mM NaCl. The flow
ratio was 1.0 mL/min and the column temperature was set at 25 °C. The injection amount of

samples and the method run time were set at 20 png and 20 min, respectively.

4.2.3 Differential scanning calorimetry

The thermal stability of individual domains was evaluated by differential scanning calorimetry
(DSC). Measurements were performed on a 1.0 mg/mL IgG solution using a capillary VP-DSC
system (MicroCal LLC, Northampton, MA) with a cell volume of 0.135 mL. The temperature scan
was performed from 5 to 100 °C at a scan rate of 1 °C/min. A buffer—buffer reference scan was

subtracted from the corresponding sample scan before the concentration normalization. Baselines
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were created with Origin 7.0 (OriginLab, Northampton, MA) by cubic interpolation of the pre- and

post-transition baselines.

4.2.4 Fluorescence probe spectrometry

Fluorescence measurements were performed on a Tecan Infinite 200 plate reader at an
excitation wavelength of 380 nm. Emission intensity was collected in the range of 400-600 nm. The
excitation bandwidth and the emission bandwidth were set as 9 nm and 20 nm, respectively.
Measurements were performed at 25 °C. The samples were diluted by PBS containing ANS at 0.3
mg/mL (100 uM as the final concentration) and injected 100 uL each to the 96 well black plate

/clear bottom.

4.2.5 Dynamic light scattering

Dynamic light scattering (DLS) analysis was performed on a DynaPro TM plate reader system
equipped with an 832-nm laser using a 384-well bottom-read plate (Wyatt, Santa Barbara, CA).
Measurements were performed at 25 °C. Each well contained 30 puL of a sample solution at a
protein concentration of 10 mg/mL. The scattering data were fit (Dynamics software; Wyatt)

assuming Rayleigh sphere scatterering.

4.3 Results and discussion
4.3.1 Physicochemical experimental characteristics of the antibodies
To characterize each antibody in terms of the conformational stability, the surface
hydrophobicity, and the molecular size were measured by DSC, fluorescence assay with ANS, and
DLS, respectively.

Figure 1 shows the DSC scanning patterns of the native antibody samples. The antibody
sample solutions exhibited typical profiles with two or three transitions in the temperature range
from 60 °C to 90 °C. The largest endothermic peak in each sample corresponds very likely to the
thermal transition of the Fab domain as judged from the observed temperature and the magnitude of
the peak, based on the literature [28-30]. Since the structural stability of the Fab domain makes a

significant contribution to the structural stability of the antibody [20, 21, 29], we focused first on Ty,
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of the Fab domain as an index parameter of the structural stability of the antibody. The data are
summarized in Table 1. T, of the Fab domain of Mab B was 67.3 °C, which was the lowest among
the eight antibodies. On the other hand, Mab E showed the highest T, of the Fab domain (90.3 °C).

In addition, A,H® representing the energy required for the structural change is another index
parameter of the structural stability. It is generally considered that antibody with large AzH® has the
structural stability [29]. The evaluated A,H® values are also summarized in Table 1. Mab B showed
the lowest AH®, while Mab E showed the highest value among the samples. The tendency is well
correlated to that of T,, of the Fab domain.

Fluorescence spectra of ANS in the presence of the native antibody are given in Fig. 2. A
significant blue shift and intensification of the fluorescence maximum peak are observed for Mab G,
as compared with other antibodies. It is known that the blue shift of the ANS fluorescence is
associated with its binding to a hydrophobic core of proteins [19]. Hence most likely, Mab G has
significant hydrophobic regions on the protein surface compared with other Mabs. Mab B also
shows a slight blue shift and intensification of the fluorescence maximum. On the other hand, no
significant change was observed for other antibodies. The Anax and Fiy values are summarized in
Table 1.

The DLS distribution patterns of the native antibody are given in Fig. 3. The D value was
calculated from the particle size by using the Stokes-Einstein equation on the assumption that each
molecule is in sphere. The any antibody used here has the same amino-acid sequence except the
CDR with a similar molecular mass of about 150 kDa. However, as summarized in Table 1, it has
been revealed that each antibody has a characteristic D value. Mab H gave a smallest D valuer, and
Mab F gave the largest one.

Furthermore, the pl value of CDR was calculated from the amino acid sequence according to a
method proposed by Henriksson G et al. [31]. The data are also summarized in Table 1. The CDR
of Mab B gave a rather small value of pl (4.48) compared with the other antibodies. On the other
hand, pl of CDR of Mab D, E, F, and G were located in a narrow region from 9 to 9.6. In addition,

the hydrophobicity of the CDR was also calculated from the amino acid sequence according to the
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method proposed by Kyte J et al. [32]. The data summarized in Table 1 show that the CDR of Mab

B is most hydrophobic, and that of Mab H is most hydrophilic among the eight antibodies examined.
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Fig. 1 DSC scans of each antibody (black solid line (1): Mab A, blue solid line (2): Mab B, red
solid line: Mab C (3), green solid line (4): Mab D, black dash line (5): Mab E, blue dash line (6):
Mab F, red dash line (7): Mab G, green dash line (8): Mab H)
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Fig. 2 Fluorescence spectra with ANS of each antibody (black solid line (1): Mab A, blue solid
line (2): Mab B, red solid line: Mab C (3), green solid line (4): Mab D, black dash line (5): Mab E,
blue dash line (6): Mab F, red dash line (7): Mab G, green dash line (8): Mab H)
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Fig. 3 Size intensity distributions by DLS of each antibody (black solid line (1): Mab A, blue
solid line (2): Mab B, red solid line: Mab C (3), green solid line (4): Mab D, black dash line (5):
Mab E, blue dash line (6): Mab F, red dash line (7): Mab G, green dash line (8): Mab H)
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4.3.2 Soluble and insoluble aggregate formation in the heat-induced antibody
samples

Figure 4 shows the SE-HPLC chromatograms of native and heat-induced aggregate-
containing samples of Mab B and Mab G. In the case of Mab B (Panel A), the main peak of the
monomer (at a retention time of about 7.8 min) decreased and the broad peaks (at retention times of
5-5.5 min) assigned to soluble aggregates increased with an increase in the heat-treatment time. The
small peak at 6.7 min is assigned to dimer, and the peak area remain almost constant. By
considering the time dependence of the peak area, the monomer is gradually denaturated in part
during the heat treatment to form the multimeric and soluble aggregates via the dimeric aggregate.
In the case of Mab G (panel B), the main peak of the monomer decreased with the heat-treatment
time, but the broad peaks assigned to the soluble aggregates remained small. Therefore, the decrease
in the main peak is mainly attributed to the formation of the insoluble aggregates, which could not
be detected on the present SE-HPLC.

In this study, we will define a soluble aggregate ratio (As) by
As=P,-Ps 1)

where Ps is the peak area of the broad soluble aggregates of the 1-month heat-treatment sample, and
P, is the peak area the native one. We also define an insoluble aggregate ratio (A;) by
A = (P, —Pn)/P, 2

where Py, is a total area of all peaks of heat-treatment samples. We also evaluated dAs/dt and dA;/dt as
a kinetic index (rate constant) of the soluble and insoluble aggregate formation, respectively, where t is
storage time of heat-treatment samples. Figure 5 shows dA¢/dt and dA;/dt plots of Mab B and Mab G,
and the data are summarized in Table 2. Mab B gave a significantly large value of dAJ/dt, indicating
that Mab B is labile to form soluble aggregates during the heat treatment at 50 °C. On the other
hand, Mab G gave a large dAy/dt, indicating that Mab G is labile to form insoluble aggregates.
Indeed, clear precipitates were observed in heat-induced aggregate-containing Mab G for 2 weeks

and 1 month treatment at 50 °C (data not shown).
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Table 2 Physicochemical parameters of each antibody

Increment of soluble/insoluble aggregates (50 °C 0—1 month)

Method SE-HPLC

Patameter dA s /dt (Y%/day) dA;/dt (%/day)
Mab A 0.288 + 0.001 -0.196 + 0.007
Mab B 1.146 + 0.003 -0.382 + 0.005
Mab C 0.583 + 0.002 -0.176 + 0.001
Mab D 0.320 + 0.005 0.247 +0.007
Mab E 0.387 £ 0.001 -0.193+0.011
Mab F 0.335+0.001 -0.191 +0.012
Mab G 0.160 +0.013 0.858 + 0.025
Mab H 0.346 + 0.001 -0.143 +0.011

xxx £ xxx indicates average of slope value + SD of slope value (n =3)
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Fig. 4 The SE-HPLC chromatograms of non-heated and heat-induced aggregate-containing
samples. Panel A shows Mab B, and panel B shows Mab G. The analyte is: (black solid line) non-
heated, (black dash line) heat (50 °C, 1 week)-induced aggregate-containing sample, (black dot
line) heat (50 °C, 2 weeks)-induced aggregate-containing sample and (grey solid line) heat (50 °C, 1
month)-induced aggregate-containing sample.
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Fig. 5 The dAg/dt (panel A) and dAy/dt (panel B) plots of Mab B and Mab G. The analyte is: (gray
squares) non-heated and heat (50 °C, 1 week, 2 weeks and 1 month)-induced aggregate-containing
sample of Mab B, (gray triangles) non-heated and heat (50 °C, 1 week, 2 weeks and 1 month)-
induced aggregate-containing sample of Mab G.

4.3.3 Statistical analysis and discussion

Table 3 summarizes correlation coefficients between the physicochemical parameters (T,
AnH®, Amax, Fint » D, pl, and Hypo) and between each of physicochemical parameters and each of the
aggregation kinetic parameters (dAs/dt and dAi/dt). Strong correlations are recognized between T,
and ApH° evaluated from DSC, and between Am.x and Fi evaluated by fluorescence probe
spectroscopy. It seems to be reasonable to consider that an antibody with a high Ty, is thermo-stable
and then gives a large A,H®. It also seems to be reasonable to consider that interactions of ANS
with hydrophobic binding sites within proteins accompanied by both an increase in fluorescence
intensity and a blue shift of the peak maximum [18, 33].

Strong correlation is also observed between D and the calculated pl of CDR. The fact suggests
that since all Mabs have molecular mass of about 150 kDa, the net charge of the CDR may affect the
higher-order structure such as the angle of the hinge. The CDR is the antigen-recognizing site and
thus locates on the surface of the antibody. The D value may change, when the angle of the hinge is
changed by the electrostatic repulsive or attractive force between the CDR and the domains except

for the CDR due to the charge of the CDR.
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For the aggregation parameters, dAi/dt is strongly related to Fiy, but the correlations between
dAi/dt and each of other physicochemical parameters and between dAJ/dt and each of the
physicochemical parameters are not so strong. Thus, we conducted multivariate analysis between
the physicochemical characters as the explanatory variables and the aggregation parameters as the
response variables by using Akaike's Information Criterion (AIC) [26, 27]. The parameters AnzH®,
Amax, @nd D were excluded from the explanatory variables, because those are strongly correlated
with T, Fiy, and pl, respectively. Therefore, the physicochemical parameters used as the
explanatory variables are: T, Fin, pl, and Hyno to correlate with the response variable dAs/dt and
dAy/dt. Table 4 shows the result of multivariate analysis treated on R software (R i386 3.1.0) by

using AIC. The AIC is defined by
AIC = NIn S+2K (3)

where N, K, and S are the number of data, the number of explanatory variables, and the residual sum
of the squares, respectively. When there are several competing models, the fitting model which
gives the minimum AIC is a statistically maximum likelihood one. The AIC values for dAs/dt were:
—21.4 for K =4 (Tn, Fint, pl, and Hpro), —22.2 for K = 3 (Tr, Fint, and pl), —22.2 for K = 2 (T, and pl),

and —20.8 for K =1 (pl). Therefore, the best expression is:
dAy/dt =—0.0819 pl — 0.0203 T, + 2.67 (R = 0.801) 4)

This regression equation means that antibodies with low pl and T, are labile to form soluble
aggregates. Since an antibody with low pl has positively charged CDR at neutral pH, the
electrostatic interaction between the positively charged CDR and other negatively charged region
may lead to the formation of soluble aggregates. Furthermore, the calculated pl values of whole
antibody (Mab A to H) are from 9.0 to 9.4, so there are many negatively charged regions in the
antibodies at neutral pH. Therefore, an increase in pH and the salt concentration of the solution
might effective to -suppress the soluble aggregate formation. On the other hand, since T,, represents
the thermo-stability of Fab, an antibody with high T, may have resistance to the thermal

denaturation, which leads to the soluble aggregate formation. It seems to be helpful for an antibody
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with low T, to be stored at low temperature. It would also be effective to find a solution
composition to increase Ty, of the target antibody.
The AIC values for dAi/dt were: —21.3 for K = 4 (T, Fin, pl, and Hppo), —23.1 for K = 3 (T,

Fine and pl), —24.6 for K = 2 (Fi and pl), and —21.9 for K =1 (Fi,). Therefore, the best expression is:
dAy/dt = 0.000119 Fi, + 0.0757 pl — 1.14 (R = 0.917) (5)

This regression equation means that antibodies with large Fi,; and high pl are labile to form
insoluble aggregates. The situation may lead to insoluble aggregate formation. Large Fin value
means that the protein has rather large hydrophobic region (or core). Since an antibody with high pl
of CDR has negatively charged CDR and other regions at neutral pH, repulsive force should be
generated between each antibody molecule. However, in case that there exist some positively charged
metal ions as ultra-trace impurities in solutions, the positively charged metal ions may mediate the
formation of insoluble aggregates. There are several reports of metal ion-mediated aggregate formation
[34, 35], and these metal ions are hard to be completely eliminated from buffer solutions.

Figure 6 shows the dAJ/dt and dAi/dt plots of experimental values acquired by SE-HPLC
versus theoretical values calculated by formula 4 and 5. The dAi/dt plots indicates that one plot
located upper right (Mab G) may greatly affect statistical analysis and correlation coefficient of
dA/dt plots. Therefore, some antibody that forms insoluble aggregates slightly may not fit formula 5.
Nevertheless, the formula can help for us to detect some antibody which has high risk of insoluble
aggregate formation.

The aggregate formation pathway is generally considered as: “native” == “denatured” —
soluble aggregates — “insoluble aggregate”. This means that a reversible structural change from the
native to a denatured form(s) triggers the soluble aggregate formation, and the insoluble aggregation
is mediated by soluble aggregate formation [23]. Since antibodies with “low” pl and Ty, are labile to
form soluble aggregates and antibodies with large Fi and “high” pl are labile to form insoluble
aggregates, this study shows that the explanatory variables strongly correlated with dAs/dt are
different from those correlated with dAj/dt. Therefore, the rate determining step of the soluble

aggregate formation is different from that of the insoluble aggregate formation. However, a
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possibility cannot also be ruled out that the pathway of the soluble aggregate formation is inherently
different from that of the insoluble aggregate formation. In the soluble aggregate formation, an
electrostatic interaction seems to be a predominant one as the driving force and the kinetic barrier is
reflected by the thermo-stability as expressed by T, (or ApH®). On the other hand, the critical
parameter of the insoluble aggregate formation seems to be the formation of hydrophobic core, and
when the hydrophobic core mediates the aggregate formation, the insoluble aggregates may be
formed predominantly. These discussions indicate that an approach to prevent the soluble aggregate
formation should be different from that to prevent the insoluble aggregate formation. The
stabilization of native antibody may be the key factor to prevent soluble aggregates, and the
minimization of the hydrophobic core formation may be the key factor to prevent insoluble
aggregates. Since antibodies with low or large pl are labile to form soluble or insoluble aggregates,
respectively, it may also be effective to set the appropriate salt concentration of the solution for
suppression of the soluble and insoluble aggregate formation. In addition, to make the pl of the CDR
close to the neutral pH with some charged amino acid substitution may effective to suppress soluble and
insoluble aggregate formation. In addition, some report indicates that amino acid substitution would

increase the binding affinity between antigen and antibody [36, 37].
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Table 4 Statistical analysis using the Akaike information criterion (Gray: lowest AIC)

Statistical Analysis with AIC

Output parameter dA/dt dA;/dt
Input parameters (K) T Fine Pl Hpho T Fine Pl Hopho
Start AIC (K =4) -21.4 -21.3
K=3 -22.2 (- Hpno) -23.1 (- Hopho)
K=2 -22.2 (-Fin -24.6 (-Tw
K=1 -20.8 (-Tm) -21.9 (-pl)
Final AIC -22.2 (-Hpro - Firn) -24.6 (-Hpro-Tm)
[dAs/dt] = [dA;/dt] =
Formula -0.0203 x [T ] 0.000119 x [Finy]
-0.0819 x [pl] + 2.67 +0.0757 x [pl] - 1.14
15 1
0 0
] Q
=) =
g - g
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Fig. 6 The dAs/dt (panel A) and dAy/dt (panel B) plots of experimental values acquired by SE-HPLC
(table 2) versus theoretical values calculated by formula 4 and 5. Black squares and triangles are
Mab A ~ Mab H.
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5 Summary

5.1 Chapter1l

Size-exclusion chromatography (SE-HPLC) is a useful method for quantification of protein
aggregates because of its high throughput capacity and highly quantitative performance. One of the
problems in this method concerns polysorbates, which are well-known additives for protein-
containing products to prevent protein aggregation, but frequently interfere with the photometric
detection of protein aggregates. We developed a new SE-HPLC method that can separate
polysorbates from protein sample solutions in an on-line mode with a precolumn with size exclusion
and reversed-phase mixed modes. The precolumn can effectively trap polysorbates in aqueous
mobile phase, and the trapped polysorbates are easily eluted with acetonitrile-containing aqueous
mobile phase to clean the precolumn. Small parts of protein aggregates may be also trapped on the
precolumn depending on temperature and proteins. Setting appropriate column temperature can

minimizes such inconvenient trapping of aggregates.

5.2 Chapter 2

Hollow fiber flow field flow fractionation (HF5) serves to separate protein molecules on the
basis of the difference in the diffusion coefficient and can evaluate the aggregation ratio of proteins.
However, HF5 is still minor because the information on the separation conditions is limited. We
examined in detail the effects of various setting parameters including the main flow rate, the cross
flow rate, the focus point, the injection amount, and the ionic strength of the mobile phase on
fractographic characteristics. Based on the results, we proposed the optimized conditions of the HF5
method for the quantification of monoclonal antibody in sample solutions. The HF5 method was
qualified in view of the precision, the accuracy, the linearity of the main peak, and the quantitation
limit. In addition, the HF5 method was applied to non-heated Mab A and heat-induced antibody
aggregate-containing samples to evaluate the aggregation ratio and the distribution extent. The
separation performance was comparable with or better than that of the conventional methods such as

analytical ultracentrifugation-sedimentation velocity and asymmetric flow field flow fractionation.
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5.3 Chapter 3

The aggregation formation of monoclonal antibodies as biopharmaceuticals induced by heat
stress was evaluated by size-exclusion chromatography, and was correlated with several
physicochemical parameters of the antibodies to clarify the factors to govern the aggregate
formation. The parameters to which we paid attention are: the melting temperature (T,,) and the
standard enthalpy of the melting point (AnH®) evaluated by differential scanning calorimetry under
given and common conditions; the wavelength (4n.x) and the intensity (Fiy) of the maximum
florescence peak of l-anilinonaphthalene-8-sulfonate as a probe dye; the z-average diameter (D)
evaluated by dynamic light scattering; and the isoelectric point (pl) and the hydrophobic index
(Hpno) of the complementarity determining region calculated from the amino acid sequence.
Multivariate statistical analysis with these explanatory variables based on Akaike’s information
criterion indicates that the soluble aggregate formation is correlated with T,, and pl, while the
insoluble aggregate formation is correlated with Fi; and pl. Based on these results, mechanisms of

and measures to prevent the aggregate formation are discussed.
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6 Conclusion

6.1 Chapter1l

We have proposed an improvement of the conventional SE-HPLC method for analysis of
protein aggregates in protein-based samples containing some detergents such as PS80 and PS20 by
using MSpak GF-4A as a precolumn. The method performs an on-line analysis of protein
aggregates. The mixed modes based on size exclusion phase and reversed-phase seem to effectively
work to trap the detergents. However, some hydrophobic interaction between protein aggregates
(especially with hydrophobic nature) and the stationary phase of the precolumn might cause to trap
the protein aggregates in part. This work has also revealed that such interference can be minimized

by tuning the column temperature.

6.2 Chapter 2

We have revealed the effects of several setting parameters of the HF5 method on the
fractographic characteristics including the retention time, the peak shape, and the separation
between the dimer and monomer peaks. Finally, we have proposed the optimized conditions of the
HF5 method for analysis of antibody aggregates. This work and information are very useful for
development of the HF5 method for wide range of protein aggregate evaluation. We have also
qualified the proposed HF5 method and confirmed that the method provides satisfactory
performance and that it can be used to evaluate the aggregation ratio of monoclonal antibodies. In
addition, we have clarified that the antibody aggregates can be evaluated with HF5 method, and that
HF5 method can replace SE-HPLC, AUC and AF4 to compare the aggregation ratio of non-heated

and heat-induced antibody aggregate-containing samples.

6.3 Chapter 3

As for antibodies in the same class, an amino acid sequence of more than 90% is stored in
theprimary structure, and that the difference in the amino acid composition is almost limited in the
CDR. However, the difference causes the difference in the electrostatic and hydrophobic
interactions, which leads to the large variety of the thermo-stability, the high-order structure, and the

z-average diameter. It is reconfirmed that these differences contribute to the difference in the
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soluble and insoluble aggregate formation. We have also confirmed that the soluble aggregate
formation induced by heat stress is correlated to the thermo-stability of the Fab domain and pl of the
CDR, and the insoluble aggregate formation is correlated with the hydrophobic core (high-order
structure) of the antibody and the hydrophobicity of the CDR. These results suggest that the rate-
determining step, or more strongly, the pathway of the soluble and the insoluble aggregate
formation is different from each other, and that the prediction of the risk of the soluble and insoluble
aggregate formation of antibody seems to be possible. Since the present approach to predict the
aggregation formation has acceptable reliability and requires only a small amount of test sample in a
short time, it would be very useful for selecting an appropriate cell to express a target antibody with high

resistance to the aggregate formation from a large variety of candidates.
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