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Abstract: To address how changes in the subclass of antibody molecules affect their thermodynamic

stability, we prepared three types of four monoclonal antibody molecules (chimeric, humanized, and

human) and analyzed their structural stability under thermal stress by using size-exclusion chroma-
tography, differential scanning calorimetry (DSC), circular dichroism (CD), and differential scanning

fluoroscopy (DSF) with SYPRO Orange as a dye probe. All four molecules showed the same trend in

change of structural stability; the order of the total amount of aggregates was IgG1 < IgG2 < IgG4. We
thus successfully cross-validated the effects of subclass change on the structural stability of anti-

bodies under thermal stress by using four methods. The Th values obtained with DSF were well corre-

lated with the onset temperatures obtained with DSC and CD, suggesting that structural perturbation
of the CH2 region could be monitored by using DSF. Our results suggested that variable domains

dominated changes in structural stability and that the physicochemical properties of the constant

regions of IgG were not altered, regardless of the variable regions fused.

Keywords: antibody; circular dichroism; differential scanning calorimetry; differential scanning fluo-

roscopy; subclass change; thermodynamic stability

Introduction
Monoclonal antibodies (mAbs) are very versatile

reagents and are under extensive development for

therapeutic use. To date, more than 30 therapeutic

antibodies have been approved for clinical use and

more than 240 molecules are under development.1–3

Antibodies are heterodimers composed of two

heavy chains and two light chains, which are linked

through disulfide bonds. As classified on the basis of

the constant region of the heavy chain there are five

classes of antibody, namely IgA, IgD, IgE, IgG, and

IgM. The constant heavy regions of IgA, IgD, and

IgG have three IgG domains and a hinge region to

Abbreviations: CD, circular dichroism; DSC, differential scan-
ning calorimetry; DSF, differential scanning fluoroscopy; DTT,
dithiothreitol; HMWS, high-molecular-weight species; LMWS,
low-molecular-weight species; MRW, mean residue weight;
SEC, size-exclusion chromatography; VH, variable regions of
heavy chains; VL, variable regions of light chains.
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give flexibility. Despite this range of choice of anti-

body classes to select from in the development of

therapeutic antibodies, all recombinant antibodies

under development to date have belonged to the IgG

class because it has the highest serum half-life

among all the classes.4,5

Four subclasses of IgG antibody have been iden-

tified, and each subclass has, in principle, highly

homologous constant region sequences. However, the

abilities of the IgGs in the four subclasses to trigger

effector functions differ distinctly. For therapeutic

applications the subclass needs to be carefully cho-

sen; to achieve the desired therapeutic effects and

avoid side effects, subclass selection is primarily dic-

tated by the effector functions needed. IgG1 and

IgG3 have greater ability to activate antibody-

dependent cellular cytotoxicity and complement-

dependent cellular cytotoxicity than do IgG2 and

IgG4.6–8 If the effector function is required to elimi-

nate targets (e.g., to destroy tumor cells in oncology

applications), one would expect IgG1 or IgG3 to be

used. However, in practice, the IgG3 subclass has

not been used as a therapeutic candidate owing to

its short half-life and long hinge region, which

makes it susceptible to proteolysis, along with its

allotypic polymorphism.9 Most of the therapeutic

antibodies approved to date have belonged to the

IgG1 subclass; only a few IgG2 and IgG4 antibodies

have reached the market.3 Nevertheless, subclasses

IgG2 and IgG4 are increasingly being developed as

therapeutic antibodies because of their blocking or

inhibitory functions.9 Selection of antibody subclass

is therefore considered increasingly critical in the

development of therapeutic antibodies.9

Products have been developed that have reduced

effector functions compared with those seen with the

IgG1 subclass.10–12 IgG2 and IgG4 have unique

physicochemical properties. Human IgG2 antibodies

can form covalent dimers and structural isoforms

via disulfide shuffling in vivo.13–17 IgG4 antibodies

can form half-antibodies (i.e., those with one heavy

chain and one light chain) that lack inter-heavy

chain disulfide bonds and form intra-chain disulfide

bonds. Recent studies have shown that a half-

antibody can exchange with another IgG4 half-

antibody, resulting in the production of a bispecific

antibody.18–20 Moreover, IgG2 and IgG4 are unstable

in terms of tendency to aggregate.21,22 Among the

physicochemical properties of antibodies, homogene-

ity and stability are particularly critical issues limit-

ing the successful development of therapeutic

antibodies.

Here, we focus on the effects of changes in IgG

subclass on the conformational and physicochemical

stability of antibodies. We prepared three types of

four antibody molecules, namely chimeric, human-

ized, and human. From our results, we concluded

that changes in variable domains dominate changes

in thermodynamic stability and that the trends in

thermodynamic stability caused by changes due to

subclass switching are in principle identical among

antibody molecules.

Results

Size-exclusion chromatography and SDS-PAGE

To compare differences in aggregation and degrada-

tion tendency among subclasses, we investigated

aggregation and degradation behavior in the pH

range of 4.0–7.0 at 25�C and 40�C. Samples taken at

different incubation times were analyzed by using

size-exclusion chromatography (SEC).

We tried to construct and analyze subclass-

substituted molecules of mAb-A, mAb-B, mAb-C,

and mAb-D. Here, we first give the results for mAb-

C, followed by those of the other antibody molecules.

Supporting Information Figures 1 to 1–6 give

representative SEC chromatograms of mAb-C (chro-

matographic UV profile) for various glutamate for-

mulations as a function of pH. The intact non-

aggregated antibody (monomer) was eluted at

approximately 31.5 min. Soluble aggregate (high-

molecular-weight species, HMWS) was eluted ear-

lier, and degraded species (low-molecular-weight

species, LMWS) were eluted later. The total amounts

of degraded species were enhanced with increasing

incubation time at 40�C.

All subclasses were most stable at pH 5.5, and

the total HMWS content was enhanced with increas-

ing pH in the range 5.5–7.0. In the case of IgG1, the

lower pH samples exhibited greater physical stabil-

ity, as evidenced by less aggregation. In contrast,

IgG2AAAS, IgG4, and IgG4PE showed greater

aggregation at lower pH (pH 4.0 and 5.5).

We examined the percentages of HMWS, as

revealed by SEC analysis as a function of pH after

storage at 25�C or 40�C for 1 or 3 months (Fig. 1).

IgG1 showed no increase in HMWS content over

time at pH 4.0 at 40�C from time zero (Initial) to 3

Figure 1. Size-exclusion high-performance liquid chromato-

graphic analysis of percentages of HMWS as a function of

pH after storage at 25 or 40�C for 1 or 3 months.
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months. In contrast, IgG2 (IgG2AAAS) and IgG4

(IgG4PE) showed an increase in HMWS content

over time at 40�C during the 3-month period at all

pH values. The rate of aggregation was strongly

dependent on the antibody subclass (IgG1 vs. IgG2

vs. IgG4). At 40�C, all IgG1s were resistant to low-

pH aggregation, but the IgG2s and IgG4s were

aggregated.

We examined the percentages of LMWS, as

revealed by SEC analysis as a function of pH after

storage at 25�C or 40�C for 1 or 3 months (Fig. 2).

All subclasses were most stable at pH 5.5–6.0 and

showed decreasing LMWS content with increasing

pH in the range 4.0–6.0. IgG1 samples exhibited

more LMWS than did IgG2 and IgG4 samples,

revealing the lower chemical stability of IgG1. The

amount of LMWS was highest at pH 4.0 for each

subclass, although to differing extents. Reducing

and non-reducing SDS-PAGE showed a high-

molecular-weight ladder (data not shown); this was

consistent with the heterogeneity observed within

the aggregates upon SEC.

The same trend was observed for other antibod-

ies: examples for mAb-D are given in Supporting

Information Figure 1 (1-7 to 1–11).

Differential scanning calorimetry

To determine whether antibodies of different sub-

classes exhibited different thermodynamic stabil-

ities, we obtained differential scanning calorimetry

(DSC) thermograms for antibodies of three different

subclasses, including mutations that had the same

variable region. We constructed and analyzed

subclass-substituted molecules of mAb-A, mAb-B,

mAb-C, and mAb-D. Here, we first describe the

results for mAb-C, followed by a discussion of the

other mutants.

We examined the profiles of temperature-

induced unfolding of all subclasses of mAb-C (IgG1,

IgG2AAAS, IgG4, IgG4PE) under the same solvent

conditions (Fig. 3). Table 1 lists the observed ther-

mal unfolding midpoint (Tm) values for mAb-C. In

the case of mAb-C, we prepared IgG1, IgG2AAAS,

IgG4, and IgG4PE. Thermal unfolding of mAb-C G1

resulted in three partially overlapping transitions

with Tm values of about 73, 78, and 84�C, respec-

tively, at pH 5.5 under optimized formulation condi-

tions. The results showed good agreement with

previous results from an IgG1 Mab, in which the

three transitions were assigned to unfolding of the

CH2 domain, the antigen-binding fragment (Fab),

and the CH3 domain.23,24 For mAb-C G2AAAS, G4,

and G4PE, the first transition shifted to the low

temperature side compared with that for IgG1. The

change in the number of transitions in members of

the IgG subclass with the same variable regions of

heavy and light chains (VH/VL region) suggests that

independent unfolding of the CH2, CH3, and Fab

domains is a general property of IgGs.

The apparent Fab Tm values of mAb-C in the

IgG1 and IgG2AAAS formats were similar to each

other (DTm< 0.3�C), whereas the apparent Fab Tm

values in the IgG4 and IgG4PE formats were about

1�C different from the Fab Tm values of mAb-C in

the IgG1 and IgG2AAAS formats. Among the four

antibodies with the same variable domains and dif-

ferent subclasses, the Tm values of the Fab frag-

ments differed in the order of IgG1� IgG2� IgG4

and IgG4PE.

The same trend was observed for the other anti-

bodies, namely mAb-A, mAb-B, and mAb-D: a list of

observed Tm values is given in Supporting Informa-

tion Tables 1–III and Supporting Information Figure

2. Average values of Tm for the four antibodies were

calculated and plotted against pH (Fig. 4). The CH1

and Fc sequences of the IgG subclasses have some

amino acid differences and different disulfide-

bonding patterns (data not shown); this might sug-

gest why the effects on the profiles of antibodies

with different variable domains were identical.

Changing pH had marked effects on the DSC

profiles of each antibody molecule reported here

(Table 1, Supporting Information Tables 1–III). A

decrease in pH resulted in broader endotherms that

occurred at lower temperatures. Notably, the CH2

Figure 2. Size-exclusion high performance liquid chromato-

graphic analysis of percentages of LMWS as a function of pH

after storage at 25 or and 40�C for 1 or 3 months.

Figure 3. Temperatures inducing melting (unfolding) of all

subclasses of mAb-C at pH 5.5, as measured by using DSC.

1544 PROTEINSCIENCE.ORG Subclass Change and Antibody Thermal Stability



domain displayed greater pH dependence of thermal

stability than did the CH3 domain; DTm was larger

for IgG4 than for IgG1 and IgG2.

Previous characterization of the Fc fragment

has identified an early transition due to unfolding of

the CH2 domain followed by thermal unfolding of

the CH3 domain.25 Previous studies indicate that

the CH3 region of IgG1 has an extremely high Tm

compared with other domains.25 Of the three human

IgG subclasses (IgG1, IgG2, and IgG4), IgG1 has the

most stable Fc, based on the Tm of its CH2 and CH3

domain.24 This subclass dependence is correlated

with reduced thermodynamic stability of IgG2 and

IgG4 CH2 relative to IgG1 CH2. Regardless of sub-

class, we found that thermodynamic stability of CH2

was an important determinant of the stability and

aggregation of Fc and intact antibody molecules

under acidic conditions. Some of these findings have

already been reported.26,27 Notably, also, the unfold-

ing transitions of the CH2 and CH3 domains for all

four IgG1 constructs were identical as described in

the results. This trend was also observed for the

other subclasses, namely IgG2, IgG2AAAS, IgG4,

and IgG4PE; in contrast, the Fab unfolding transi-

tions were highly variable.

Circular dichroism

We used far-UV circular dichroism (CD) to compare

the secondary structures of the subclasses (Support-

ing Information Figs. 3-1 to 3-3). First, we give the

results for mAb-C, followed by a discussion of those

for the other antibody molecules.

The CD spectra of all subclasses of mAb-C

before and after heating are shown in Supporting

Information Figure 3-1. The subclasses showed little

difference in terms of far-UV CD before heating

(Supporting Information Fig. 3-1a), regardless of pH

(data not shown). The spectra were characterized by

a single negative peak with a minimum at a wave-

length of 217 nm, suggestive of the expected b-sheet

structure of the immunoglobulin fold.28 These obser-

vations suggested that subclass changes did not

alter the overall secondary structure.

To probe the thermal stability, we monitored the

signal at 217 nm from 25 to 100�C and compared

the thermal stabilities of the subclasses (Fig. 5). In

all of the ellipticity–temperature profiles there were

two steps at which the intensity decreased, suggest-

ing that there were two distinct temperatures at

which changes in secondary structure occurred. At

pH 4.0, the antibody had a slightly lower transition-

onset temperature than at other pH values. The

transition-onset temperatures of the antibody at pH

5.0 and 6.0 were comparable, and the ellipticity did

not change until the temperature reached approxi-

mately 60�C, whereas a much lower onset tempera-

ture was observed at pH 4.0. At pH 4.0, the major

Table 1. Differential scanning calorimetry measurements of melting transition of mAb-C in all subclasses as a
function of pH.

Subclass domain

Tm (�C)

pH 4.0 5.0 5.5 6.0 7.0

G1
CH2 60.10 69.41 72.55 73.23 73.72
Fab 73.91 77.23 77.87 78.05 78.06
CH3 79.07 83.55 83.88 84.05 84.02

G2AAAS
CH2 52.78 64.55 67.73 69.24 70.50
Fab 72.58 77.19 78.04 77.58 77.99
CH3 NA NA NA NA NA

G4
CH2 54.76 64.07 67.40 69.04 69.90
Fab 71.07 76.55 77.05 76.36 76.06
CH3 NA NA NA NA NA

G4PE
CH2 53.77 61.42 64.08 65.79 67.74
Fab 71.25 76.55 76.90 76.27 75.56
CH3 NA NA NA NA NA

NA, not available; melting transition was not detected or well defined.

Figure 4. DSC measurements of CH2-domain melting transi-

tion of antibodies as a function of pH. IgG1, 4 (mAb-A, B, C,

D); IgG2, 2 (mAb-A, -B); IgG2AAAS, 2 (mAb-C, -D); IgG4, 2

(mAb-C, -D); IgG4PE, 4 (mAb-A, -B, -C, -D).
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changes occurred at 55�C, followed by a second step

at about 70�C, in all subclasses. The transition-onset

temperatures were in the order of

IgG4< IgG2< IgG1. Furthermore, in the case of the

IgG4 formats, precipitation was observed after heat-

ing at pH 6.0. The temperature values corresponded

well to the Tm values observed for the structural

transitions in the DSC experiments. IgG4 has the

lowest thermal stability among the subclasses

reported here.

Next, we obtained CD spectra of different sub-

classes of the other three antibodies, mAb-A, mAb-B,

and mAb-D; the results for mAb-A and mAb-D are

shown in Supporting Information Figures 3-2, 3-3

and 4-1, 4-2, respectively. The same trends as with

mAb-C were observed for these antibodies.

Differential scanning fluoroscopy

The typical differential scanning fluoroscopy (DSF)

profile of an IgG molecule consists of a sharp

sigmoid-like increase to the maximum level, followed

by a decrease in fluorescence intensity. This profile

represents changes in the environment of the dye.

The initial increase in fluorescence most likely

results from exposure of the dye to the hydrophobic

area of the protein during thermal unfolding; the

degree of exposure depends on the rate of transition

from the folded to the unfolded state. Fluorescence

quenching at increased solution temperature—a

nonspecific transition—also occurs and contributes

to the overall sigmoidal shape.29–31 Here, we used

SYPRO Orange as a probe in the DSF system.

We investigated four mAb molecules: mAb-A

and mAb-B (IgG1, IgG2, IgG4PE) and mAb-C and

mAb-D (IgG1, IgG2AAAS, IgG4, IgG4PE). We used

a variety of formulation pH values to generate DSF

profiles for each mAb’s subclasses.

Here, we give the results for mAb-C as an

example. The fluorescence profiles and temperatures

of hydrophobic exposure (Th) of each subclass-

changed IgG are shown in Supporting Information

Figures 5-1 to 5-5 and Table II, respectively. Com-

parison of fluorescence profiles at pH 5.5 revealed

that the fluorescence intensity increased at about

55�C; after two-step transitions it then decreased at

about 80�C. These findings were similar to the

results reported previously.29,30 The changes in

intensity started in the order of IgG4PE, IgG4,

IgG2AAAS, and IgG1. IgG1 had the highest Th1

value, followed by IgG2AAAS, IgG4, and IgG4PE.

The order was almost the same in the case of the

Th2 values.

Next, we examined the effects of pH on changes

in Th1 and Th2 values. In all subclass-changed IgGs

the Th1 and Th2 values were highest at neutral pH;

a decrease in pH led to a decrease in values. Nota-

bly, our DSF analyses showed that mutations into

IgG2 and IgG4 led to decreases in Th values, and

that the Th1 value of IgG2AAAS at pH 4.0 was

lower than that of IgG4. These results are in good

accordance with those obtained from DSC. The

trends were similar for the other mAbs.

Discussion

Here, we reported the effects of changes in antibody

subclass on stability in terms of molecule conserva-

tion and on structural stability. We focused on four

antibody molecules (chimeric, humanized, and

human), and three subtypes were constructed for

each of the four antibodies. We substituted another

subclass for the constant region of each antibody.

These subclass-changed molecules had the same

variable domains but different constant regions; we

could therefore evaluate how subclass affected the

physicochemical properties of IgG.

The results of SEC and SDS-PAGE revealed

clear differences in the physical and chemical degra-

dation of various IgGs. IgG1s were more susceptible

to fragmentation, whereas IgG2s and IgG4s were

more susceptible than IgG1 to aggregation at low

pH. Degradation of human IgG1 at low pH origi-

nates from non-enzymatic digestion of the upper

hinge region (i.e., EPKSCDKTHT; digested site is

Figure 5. Effect of temperature and pH on molar ellipticity at

a wavelength of 217 nm (a, pH 4.0; b, pH 5.5; c, pH 6.0) in

the case of mAb-C.
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underlined)32–35; these earlier findings are in good

agreement with our results. It is plausible to assume

that human IgG2 is more resistant than IgG1 to

non-enzymatic proteolysis for the following reasons:

(1) it is shorter at the hinge region; (2) the hinge

region has a more rigid structure owing to the pres-

ence of four S-S bonds; and (3) the amino acid

sequence of human IgG2 is distinctly different from

that of human IgG1. Aggregate formation increased

with decreasing pH, and the order of the total

amounts of aggregates within the pH range 4.0 to

7.0 was IgG1< IgG2< IgG4. IgG4 was unstable in

the acidic pH range. Our results are consistent with

those described previously.21,26,27,36,37 Moreover, in

these previous studies the pH-dependent effects of

subclass changes on the physicochemical stability of

Table II. Temperature of Hydrophobic Exposure (Th) Values of Antibodies Obtained From Differential Scanning
Fluoroscopy Measurements, as a Function of pH

Subclass

Tm (�C)

pH 4.0 5.0 5.5 6.0 7.0

Mab-A
G1

Th1 63 68 69.5 70 70.5
Th2 73 74.5 74.5 NA NA

G2
Th1 62.5 68 69.5 70 70.5
Th2 71.5 73 NA NA NA

G4PE
Th1 56.5 60 61 61.5 62
Th2 67.5 69.5 70 70 70

Mab-B
G1
Mab-C
G1

Th1 62.5 67.5 69 69.5 70
Th2 74 75 75 74.5 74

G2
Th1 61.5 67 69 70 70.5
Th2 73.5 74.5 74.5 74.5 NA

G4PE
Th1 56.5 60 60.5 61 62
Th2 73 74 74 73.5 73.5

Mab-C
G1

Th1 63.5 68 69.5 70 70.5
Th2 76.5 78 78 78 78

G2AAAS
Th1 58.5 63.5 65 66 66
Th2 74.5 76.5 77 77.5 77.5

G4
Th1 59 62.5 64 65 65.5
Th2 74 75.5 76 76 75.5

G4PE
Th1 56.5 60.5 61.5 62 62.5
Th2 74 75.5 75.5 75.5 75.5

Mab-D
G1

Th1 63 68 69 70 70
Th2 79 81 81.5 82 82.5

G2AAAS
Th1 58 63 65 65.5 66
Th2 75 82.5 82.5 83 83

G4
Th1 58 62.5 64.5 65.5 65.5
Th2 78 81 81 81.5 81.5

G4PE
Th1 56.5 60.5 61.5 62.5 63
Th2 78.5 81 81.5 81.5 81.5

NA,not available; melting transition was not detected or well defined.

Tm, thermal unfolding midpoint.
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antibodies were almost identical to the changes pro-

duced by each antibody variable domain reported

here.

Development of antibody formulations with

increased concentrations is desirable in biotherapeu-

tics38; however, aggregation capacity should be care-

fully evaluated in the case of high-concentration

formulations. It has been suggested that aggregates

of antibodies might be correlated with immunogenic-

ity.39,40 The choice of subclass might determine the

aggregation tendency of the antibodies to be

constructed.

We compared the thermal unfolding of each

subclass-changed mAb-C, as monitored by CD, DSC,

and DSF (Fig. 6). The DSC profile for subclass-

changed mAb-C showed two well-separated transi-

tions. For multi-domain proteins such as antibodies,

multiple DSC transitions usually suggest reduced

inter-domain interactions. Similar to DSC, DSF was

able to distinguish two separate transitions in the

thermal unfolding of mAb-C. At several test pHs,

the inflection point of the DSF curve corresponded

to the peak of the DSC curve and the CD thermo-

gram, with only a small onset. The small onset was

expected, because DSF monitors the exposure of

hydrophobic residues, whereas DSC measures the

change in excess heat capacity changes (DCp) and

CD measures the change in secondary structure.

The Th value derived from DSF was, in principle,

well correlated with the onset temperature value

obtained from DSC or CD. For the other three

mAbs, we observed profiles identical to those of

mAb-C. We therefore proposed the Th value obtained

from DSF as a parameter for evaluating the thermo-

dynamic stability of antibodies.

DSC is one of the methods most commonly used

to characterize conformational stability on the basis

of differences in thermal stability.31,41 We compared

the normalized DSC thermograms of IgG molecules

and DSF data (Supporting Information Fig. 6-1 to 6-

3). The Th obtained with DSF was slightly lower

than the first Tm determined by DSC under all

experimental conditions. At pH 4.0, the DSF profile

(Supporting Information Fig. 6) seemed similar to

the transition corresponding to that of the CH2

domain, which had the lowest melting temperature

for these mAb molecules, as determined by DSC.

The CH2 domain was more sensitive to pH changes

than the other IgG domains; this was consistent

with results reported previously.42 We plotted the

correlation between Th and the CH2 unfolding tem-

perature Tm for different molecules (Fig. 7). A linear

relationship between Th and CH2 unfolding temper-

ature Tm was observed. The transition of the Fab

domain did not vary at this pH, as analyzed by both

DSC and DSF (data not shown). At higher pH val-

ues the transition of the CH2 domain overlapped

with that of the Fab domain; on the other hand, Fab

domain transition did not change under the pH

range tested.

Direct comparison of DSF and DSC demon-

strated that both methods detected the same trends

in thermostability at different pH values and the

same relative stabilities of the domain. Th was con-

sistently lower than Tm determined by DSC. We suc-

cessfully cross-validated the effects of subclass

changes on the structural stability of antibodies

under thermal stress by using four methods. The Th

values for the CH2 domain obtained by DSF were

well correlated with the onset temperatures

obtained by DSC and CD, suggesting that structural

perturbation of the CH2 region can be monitored by

using DSF. Our evaluation of the structural stability

Figure 6. Comparison of thermal unfoldings of mAb-C

IgG4PE at pH 5.0, as monitored by (a) DSC and DSF, and (b)

CD and DSF.

Figure 7. Correlation between DSF Th1 (temperature of

hydrophobic exposure 1) and differential scanning calorimetry

(DSC) CH2 Tm (thermal unfolding midpoint) values. DSF Th1

values were determined as the midpoint of the first fluores-

cence transition in DSF profiles by using the first derivative

curves. DSC CH2 Tm values were determined as the lowest

melting temperature in DSC thermograms. Linear regression

yielded a linearity correlation coefficient of r2 5 0.9822–

0.9975.
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of subclass-changed antibodies suggested that the Fc

region of each subclass dominates the physicochemi-

cal characteristics of the molecules. All four mole-

cules showed the same trend in change in structural

stability, in the order of IgG1> IgG2> IgG4. Taken

together, our findings suggest that the state of the

CH2 region—the most unstable one in the domains

of antibodies—is strongly correlated with the struc-

tural stability of antibodies and that aggregation

tendency under acidic conditions originates from the

structural stability of the CH2 domain of each sub-

class. Our DSF analyses suggest that exposure of

the hydrophobic region upon thermal stress is corre-

lated with the tendency of antibodies to aggregate.

Our results suggest that a tendency toward

poorer physicochemical quality of antibodies is asso-

ciated with the subclass type and not with the vari-

able domain. The physicochemical properties of

antibodies may therefore be conserved even if the

variable domains have been exchanged with those of

other IgGs. This concept might help us to select

appropriate subclasses. Notably, we can exchange

IgG subclasses by appropriately predicting changes

in the physicochemical properties of the antibodies.

Our results should provide valuable insights into

antibody design using appropriate subclasses and

into the process of antibody production in accord-

ance with the physicochemical properties of different

subclasses.

Materials and Methods

Materials

All IgG antibodies used were manufactured by

Kyowa Hakko Kirin (Tokyo, Japan). All antibodies

were expressed in Chinese Hamster Ovary cells

under essentially identical conditions. Secreted anti-

bodies were recovered from the culture medium and

purified by using a series of chromatographic and

filtration steps. Carbohydrate structures bound to

all antibodies were confirmed by mass-spectroscopy,

demonstrating that no major differences have been

observed (data not shown).

Four IgG antibodies with different variable

regions, mAb-A (human), mAb-B (human), mAb-C

(chimeric), and mAb-D (humanized) have been used

in this study. IgG4PE contained an amino acid point

mutation of Ser228Pro and Leu235Glu in the heavy

chain of IgG4 (EU-index numbering scheme used) to

prevent half-antibody formation43 and reduce

antibody-dependent cytotoxicity.44 IgG2AAAS con-

tained an amino acid point mutation of Val234Ala,

Gly237Ala, and Pro331Ser in the heavy chain of

IgG2 to reduce effector functions.45–47 Thus, the

amino acid sequences of the light chains and VH

regions in each set were identical, but their sub-

classes were different (IgG1, IgG2 or IgG2AAAS,

IgG4, or IgG4PE). Their isoelectric points were in

the range of 8–9. The antibody 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 for-

mulation. Polysorbate 80 was added to prevent pro-

tein particle formation. All excipients met the

criteria of the monographs in the United States

Pharmacopeia and National Formulary.

All evaluated antibodies were buffer-exchanged

into formulations of the desired pH values by using

a desalting column (NAP25 column, GE Healthcare

U.K., Buckinghamshire, England), and their concen-

trations were adjusted to 5.0 mg/mL. The formulated

antibody solutions were sterilized with a 0.22-lm fil-

ter, and 1 mL of each solution was placed into a

sterilized USP-type 5-mL glass vial, which was

sealed with autoclaved rubber stopper. The prepared

samples were stored in a temperature-controlled

incubator at 25 or 40�C for 1 or 3 months before

SEC analysis and SDS-PAGE.

Size-exclusion high-performance liquid chro-

matography. To detect soluble aggregates and

fragments, size-exclusion high-performance liquid

chromatography was performed on an Alliance 2795

device equipped with a 2487 UV detector (Waters

Corporation, Mildford, MA) and a TSK G3000SWXL

7.8 3 300 mm2 column (Tosoh Biosep., Tokyo,

Japan). Separation was performed with a mobile

phase of 20 mM K2HPO4/KH2PO4 and 500 mM

NaCl (pH 7.0) at a flow rate of 0.5 mL/min at a con-

stant 25�C. A diluted sample was injected to obtain

a total loading amount of 200 lg, and detection was

performed at a wavelength of 215 nm. The resulting

chromatograms were analyzed by integrating the

area under each eluting peak by using Empower 2

Chromatography Data System software (Waters Cor-

poration) and recorded as percentages of HMWS and

LMWS.

SDS-PAGE. IgG samples were run on Novex 8% to

16% Tris-glycine 1.0 3 15-well precast SDS-PAGE

gels (Invitrogen, Carlsbad, CA). All samples were

diluted to 1 mg/mL or 0.1 mg/mL with formulation

buffer and diluted further to 0.1 mg/mL or 0.01 mg/

mL with a 43 solution consisting of 69 mM Tris–

HCl (pH 7.0), 2.2% SDS, 0.04% bromophenol blue,

and 22.2% glycerol buffer; under reducing conditions

111.1 mM dithiothreitol (DTT) was added to the 43

solution. The sample load was 1 lg or 0.1 lg. The

molecular weight maker (Mark12: 200- to 2.5-kDa

range) was purchased from Invitrogen.

Far-UV CD. The IgG formulations were diluted to

0.25 mg/mL with formulation buffer and quantified

with a Jasco J-820 CD spectrometer in combination
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with a Jasco PTC-423S temperature controller

(Jasco International, Tokyo, Japan) in quartz cuv-

ettes with a path length of 1 mm at 25�C. Far-UV

spectra were collected by continuous scanning from

200 to 260 nm at a scanning speed of 10 nm/min, a

response time of 1 s, a bandwidth of 1 nm, a sensi-

tivity of 100 m, steps of 0.5 nm, and an accumula-

tion of three scans. Spectra Analysis Software

(Version1.53.04, Jasco) was used to background-

correct the spectra for the spectrum of the respec-

tive buffer. Data were calculated as mean residue

ellipticity based on mean amino acid residue weight.

The mean residue ellipticity was determined as

[h]mrw, k 5 (MRW 3 hk)/(10 3 c 3 d), where MRW is

the mean residue weight, hk is the observed elliptic-

ity (in millidegrees) at wavelength k, c is the pro-

tein concentration in mg/mL, and d is the path

length in cm. Thermal studies were conducted by

raising the temperature in 0.5�C intervals from 25

to 100�C at a rate of 60�C/h. Far-UV CD spectrum

after heating have been measured by incubation of

the sample at 25�C for 15 min. The molar ellipticity

at 217 nm was monitored for changes in the rela-

tive content of the b-sheet structure of the

immunoglobulins.

DSC. The thermal stability of individual domains

was evaluated by using DSC. Measurements were

performed on a 1.0 mg/mL IgG solution using a cap-

illary VP-DSC system (MicroCal LLC, Northampton,

MA) with a cell volume of 0.135 mL. Temperature

scans were performed from 25 to 100�C at a scan

rate of 1�C/min. A buffer–buffer reference scan was

subtracted from each sample scan before concentra-

tion normalization. Baselines were created in Origin

7.0 (OriginLab, Northampton, MA) by cubic interpo-

lation of the pre- and post-transition baselines.

DSF. DSF was used to monitor IgG unfolding dur-

ing temperature melting. A 96-well microplate was

used during DSF, with each well containing 19.5 lL

of IgG sample and 0.5 lL of SYPRO Orange (Invitro-

gen Inc.) that had been diluted from the purchased

stock to 1:125 in water. The final dye concentration

was 1/5000 of that of the initial product. A CFX96

Real-Time PCR instrument (Bio-Rad Laboratories,

Hercules, CA) was used, and the “FRET” channel

setting was used to record fluorescence changes dur-

ing DSF measurement. Samples were incubated at

20�C for 3 min before the melting, during which

time the temperature was increased from 35 to 95�C

in 0.5�C increments, with an equilibration time of

10 s at each temperature. The hydrophobic exposure

temperature, Tm1 or Tm2, was reported as an indica-

tion of the transition midpoint of protein unfolding.

The first-order derivative curves and Tm values

were determined by using CFX Manager software

(Bio-Rad Laboratories).
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