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ABSTRACT
Immunoglobulin G-based monoclonal antibodies (mAbs) have become a dominant class of biotherapeutics 
in recent decades. Approved antibodies are mainly of the subclasses IgG1, IgG2, and IgG4, as well as their 
derivatives. Over the decades, the selection of IgG subclass has frequently been based on the needs of Fc 
gamma receptor engagement and effector functions for the desired mechanism of action, while the effect 
on drug product developability has been less thoroughly characterized. One of the major reasons is the lack 
of systematic understanding of the impact of IgG subclass on the molecular properties. Several efforts have 
been made recently to compare molecular property differences among these IgG subclasses, but the 
conclusions from these studies are sometimes obscured by the interference from variable regions. To 
further establish mechanistic understandings, we conducted a systematic study by grafting three indepen-
dent variable regions onto human IgG1, an IgG1 variant, IgG2, and an IgG4 variant constant domains and 
evaluating the impact of subclass and variable regions on their molecular properties. Structural and 
computational analysis revealed specific molecular features that potentially account for the differential 
behavior of the IgG subclasses observed experimentally. Our data indicate that IgG subclass plays 
a significant role on molecular properties, either through direct effects or via the interplay with the variable 
region, the IgG1 mAbs tend to have higher solubility than either IgG2 or IgG4 mAbs in a common pH 6 
buffer matrix, and solution behavior relies heavily on the charge status of the antibody at the desirable pH.
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Introduction

Over the past 20 years, monoclonal antibodies (mAbs) have 
become the most dominant biotherapeutics in the pharmaceu-
tical industry.1 Since the commercialization of the first anti-
body therapeutic (Orthoclone Okt3) in 1986, over 100 
antibody-related therapeutics have been approved in the 
United States for various indications such as oncology, immu-
nology, cardiovascular, neurology, and infectious diseases 
(www.antibodysociety.org/antibody-therapeutics-product- 
data/). The high specificity, long half-life, and generally safe 
profiles have made antibodies attractive as human therapeutics.

Although there are five naturally occurring classes of human 
immunoglobulins (IgA, IgD, IgE, IgG, and IgM), the majority 
of recombinant therapeutic antibodies under development to 
date belong to the IgG class. Among the antibody therapeutics 
marketed in the United States and Europe, ~90% (including 
antibody-drug conjugates) are IgG immunoglobulin and ~ 
10% are either bispecific antibody, PEGylated antigen- 
binding fragments (Fabs), single-chain variable fragment 
(scFv), Fab, or nanobody. The IgG antibody family consists 
of IgG1, IgG2, IgG3, and IgG4 subclasses based on small 
differences in the constant region of the heavy chain (HC). 
These four IgG subclasses distinctly differ in their effector 
functions via interactions with Fc gamma receptors (FcγRs) 
and C1q, and only IgG1, IgG2, and IgG4 have been used for 

human therapeutics due to the favorable serum half-life. The 
most popular IgG subclass used as mAb therapeutics is IgG1, 
and its variants. Currently, ~74% of approved IgG antibody 
therapeutics are IgG1-based, while IgG2 and IgG4 comprise 
~13% each. Inspired by the success of antibody therapeutics, 
there has been a tremendous interest in engineering antibodies 
to modulate effector functions such as antibody-dependent 
cell-mediated cytotoxicity (ADCC), antibody-dependent cellu-
lar phagocytosis (ADCP), and complement-dependent cyto-
toxicity (CDC) to derive superior antibody therapeutics, and 
some of these have also entered the clinical pipeline or have 
become human therapeutics.2,3

Due to their unique structures, the different IgG subclasses 
have distinct characteristics in product development. However, 
systematic physicochemical property studies across IgG1, 
IgG2, and IgG4 subclasses remain limited. This is compounded 
by the difficulty of separating the effect of the highly diversified 
variable region sequence from the IgG subclass structures. In 
1997, Roux et al. found that IgG1 has greater Fab-Fab/Fab-Fc 
flexibility than IgG4 while IgG4 has greater flexibility than 
IgG2 with identical variable regions by electron microscopy.4 

Later, Tian et al. used small-angle X-ray scattering technique to 
characterize the conformational flexibility of IgG1, IgG2, and 
IgG4 and confirmed the findings of Roux et al.5 These authors 
also suggested that the flexibility of IgG1 might shield the 
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aggregation-prone motifs and contribute to IgG1’s stability 
against aggregation.6 In another study, Tian et al. found that 
antibodies of different IgG subclasses had distinctly different 
aggregation pathways under low pH condition, indicating the 
electrostatic charge of IgG subclasses plays a critical role of 
mAb aggregation.5 More recently, Heads et al. studied the 
electrostatic interactions and relative aggregation propensities 
for seven IgG1 and IgG4 pairs and concluded that the net 
charge state of the variable domain relative to that of the 
constant domain has a dominant effect on aggregation propen-
sity over the global net charge status of the molecules.7 Despite 
these previous reports, the findings cannot be used to fully 
explain the relationship between IgG subclass and the physio-
chemical properties of IgG, such as hydrophobicity, viscosity, 
and solubility. The desire to understand the direct impact of 
IgG subclass on these physiochemical properties has recently 
become stronger due to the demand for faster drug discovery 
and development.

In this study, we conducted a systematic investigation of 
three independent series of mAbs. The molecules in each series 
share identical variable region sequences, bind to the same 
unique target, and are composed of IgG1, an IgG1 variant 
with diminished effector functions (IgG1EN), IgG2, and an 
IgG4 variant with reduced FcγR interaction and enhanced 
serum stability (IgG4PAA). By a detailed analysis of the bio-
chemical and biophysical properties of these antibodies, we 
identified trends in molecular properties that are unique to 
each IgG subclass, as well as the interplay between the variable 
region and the IgG subclass structure. Homology modeling 
and structural analysis are leveraged to shed light on the 
mechanism of the observed differences. Our findings provide 
useful insight into the relationship between antibody physico-
chemical properties and IgG subclass, laying the foundation for 
subsequent investigation into how these properties manifest on 
developability of these antibodies.

Results

Description of the antibodies tested

Three unrelated humanized variable regions (Fv A, Fv B, and 
Fv C) for unique targets with distinct charge and hydrophobi-
city profiles were selected and cloned into respective IgG sub-
class series. Each series is comprised of IgG1, IgG1 L234A, 
L235E, G237A, A330S, P331S (IgG1EN),8 IgG2, and IgG4 
S228P, L234A, L235A (IgG4PAA),9–11 resulting in a total of 
12 antibodies (Table 1).

All the antibodies were expressed in Chinese hamster ovary 
(CHO) cells and purified using standard antibody purification 
procedures. The purity of the mAbs was measured by analytical 
size-exclusion chromatography (SEC). All mAbs were >96% 
monomer by SEC-HPLC with the exception of IgG1EN-C and 
IgG2-C at 90% and 88%, respectively.

Isoelectric points

The isoelectric point (pI) of each mAb was measured by capil-
lary isoelectric focusing (cIEF), and the results are summarized 
in Table 2 and included in Supplemental Material. With 

identical variable regions, IgG1 and IgG1EN mAbs demon-
strated higher pI (~0.4–1.0 unit) compared to the correspond-
ing IgG2 and IgG4PAA mAbs. The IgG2 mAb also showed 
~0.3–0.5 units higher pI in comparison to the IgG4PAA mAb 
with the same variable region. The mutations introduced into 
IgG1EN mAbs resulted in a very minor pI reduction of ~0.1– 
0.2 units. In contrast to the IgG subclass, the variable regions 
had a more pronounced effect on the pI. The mAbs with Fv 
A exhibited the highest pIs, ranging from 8.2 to 9.1, regardless 
of IgG subclass. The mAbs with Fv C demonstrated pIs in the 
range of 6.3–7.4, while the mAbs with Fv B showed the lowest 
pI in the range of 6.1–7.1.

To further understand the impact from IgG subclass con-
stant regions, the pI of the IgG, Fab, and Fc were calculated 
from the primary sequences (Table 2). The discrepancy 
between the calculated and measured IgG pI is not surprising 
in light of the fact the calculated pI values are based on a fixed 
theoretical pKa value for each amino acid, whereas the mea-
sured pI is affected by the three-dimensional structure. 
Nevertheless, the calculated IgG pIs follow the same trend as 
the measured IgG pIs. Given the sequence differences in the 
CH1 domain between the IgG subclasses, the calculated pI of 
the Fab domain for a given variable region varies by ~0.5–1 
unit and is only mildly affected by IgG1, IgG1EN, and 
IgG4PAA while exhibiting a more notable decrease for IgG2. 
The decrease for IgG2 Fab is due to multiple charged residue 
differences within its CH1 domain. There is also a subtle 

Table 1. List of the antibodies used in the study.

mAb 
name

Constant region
Variable 
region

Mutations from germlineCH CL Fv

IgG1-A IgG1 Kappa A None
IgG1EN-A IgG1EN Kappa A L234A, L235E, G237A, A330S, P331S
IgG2-A IgG2 Kappa A None
IgG4-A IgG4PAA Kappa A S228P, F234A, L235A
IgG1-B IgG1 Kappa B None
IgG1EN-B IgG1EN Kappa B L234A, L235E, G237A, A330S, P331S
IgG2-B IgG2 Kappa B None
IgG4-B IgG4PAA Kappa B S228P, F234A, L235A
IgG1-C IgG1 Kappa C None
IgG1EN-C IgG1EN Kappa C L234A, L235E, G237A, A330S, P331S
IgG2-C IgG2 Kappa C None
IgG4-C IgG4PAA Kappa C S228P, F234A, L235A

Table 2. Isoelectric points of the antibodies measured by cIEF and calculated from 
primary sequences.

Antibodies Measured pI

Calculated pI

IgG Fab Fc

IgG1-A 9.1 8.0 8.4 6.7
IgG1EN-A 9.0 7.9 8.4 6.4
IgG2-A 8.7 7.6 7.9 6.7
IgG4PAA-A 8.2 7.4 8.2 5.7
IgG1-B 7.1 6.7 6.4 6.7
IgG1EN-B 6.9 6.5 6.4 6.4
IgG2-B 6.4 6.2 5.7 6.7
IgG4PAA-B 6.1 5.9 6.1 5.7
IgG1-C 7.4 7.0 6.9 6.7
IgG1EN-C 7.2 6.8 6.9 6.4
IgG2-C 6.7 6.4 5.8 6.7
IgG4PAA-C 6.3 6.0 6.5 5.7

e1993768-2 Y. TANG ET AL.



difference in the calculated pIs for the Fc domain between 
IgG1, IgG1EN, and IgG2, while a more significant pI decrease 
of 0.7–1.0 unit is found for IgG4PAA.

Thermal stability by differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to evaluate 
the impact of IgG subclass and variable region on mAb stability 
against thermal denaturation. The thermal stability profiles of 
the 12 mAbs are shown in Figure 1. Both IgG subclass and 
variable region demonstrated significant effects on the thermal 
stability of the mAbs. The IgG1, IgG2, and IgG4PAA mAbs 
showed typical thermal stability profiles as reported 
previously,12–15 with an unfolding onset temperature (Tm- 
onset) of ~60°C . The thermogram of the IgG2 mAbs, espe-
cially IgG2-A, is more complex, presumably due to different 
disulfide isomer conformations.16,17 For a given variable region 
and with the assumption that the highest peak originates from 
the Fab transition, a trend emerges that the IgG1 mAbs 
demonstrate similar or slightly higher Fab transition tempera-
ture than that of the IgG2 mAb and higher Fab transition 
temperature than that of the IgG4PAA mAb. The mutations 
in IgG1EN shifted the Tm-onset and CH2 unfolding tempera-
ture to as low as ~54°C and ~64°C (Figure 1), respectively, 
without a significant effect on the thermal unfolding tempera-
tures of the other domains.

Beyond the IgG subclass, the variable regions dominate the 
Fab unfolding transition temperatures as expected. Antibodies 
with Fv A showed the highest Fab transition temperature of 
80.3–86.0°C, whereas the mAbs with Fv B and Fv C displayed 
Fab transition temperature of 76.0–77.2°C and 76.4–77.7°C, 
respectively.

Hydrophobicity

In contrast to pIs and thermal stability, the apparent hydro-
phobicity measured by hydrophobic interaction chromatogra-
phy (HIC) is almost solely driven by the variable regions with 
little impact from the IgG subclass except a small effect from 
IgG4PAA. The data is summarized as both retention time and 
hydrophobicity interaction potential (HIP%) in Table 3 and 
included in Supplemental Material. Longer retention time or 
higher HIP% indicate molecules with higher hydrophobicity. 
The mAbs with Fv A and Fv B exhibit retention times ranging 
from 13.0 to 14.0 minutes or HIP% ranging from 40.0–44.8%, 
while the mAbs with Fv C are more hydrophobic, with reten-
tion times of ~ 16 minutes or HIP% in a range 55.0–56.9%. For 
each series, a slight increase of hydrophobicity associated with 
the IgG4PAA subclass is observed.

Viscosity

The viscosity of each mAb except IgG2-A was measured at 
125 mg/mL in a common pH 6 buffer matrix. The IgG2-A mAb 
was not measured due to significant precipitation during sto-
rage at 5°C in an intermediate buffer at a relative high protein 
concentration before buffer exchanging to pH 6. The mechan-
ism of precipitation is pending further investigation. The visc-
osity results are summarized in Table 4. The effect from both 
variable region and the IgG subclass on viscosity is evident.

The mAbs with Fv A display the highest viscosity (18.4–28.7 
cP) compared to mAbs with Fv B (9.1–13.4 cP) and Fv C (9.4– 
14.9 cP). This observation illustrates a dominant impact of the 
variable domain on the viscosity. Interestingly, IgG subclass 
also shows a significant impact. For mAbs with Fv A, the 
viscosity rank order is IgG4PAA > IgG1EN > IgG1. Similarly, 

Figure 1. DSC profiles of the 12 antibodies with Fv A, Fv B, Fv C at pH 6. Temperatures listed represent the Tm of the highest peak.
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the rank order for the mAbs with Fv B is IgG4PAA > IgG2 
≈ IgG1EN > IgG1. In both cases the IgG4PAA mAbs show 
notably higher viscosity compared to the other IgG subclass 
mAbs. However, for mAbs containing Fv C the rank order is 
IgG2 > IgG4PAA ≈ IgG1EN ≈ IgG1. These results point to 
a likely interplay between the variable domain and the IgG 
subclass.

Solubility

The absolute maximal solubility of a protein is usually difficult 
to measure with confidence. During the concentration process, 
the solution viscosity normally dramatically increases, which 
prevents the protein solution from being further concentrated 
to its maximal solubility. Additionally, protein insolubility 
manifests through a wide variety of phenomenon, such as 
haze formation, high turbidity, visible precipitation, and 
phase separation, and may take days to months to be observed. 
The challenges in sample preparation and observation duration 
make the direct measurement of “solubility” difficult. 

Therefore, instead of measuring maximal soluble protein con-
tent, PEG-induced precipitation and microturbidity methods 
have been widely adopted to evaluate relative solubility at 
appropriate development stage.18,19

Solubility ranking by PEG-induced precipitation
The PEG-induced precipitation method was used to rank the 
solubility of the mAbs (Figure 2(a)). Both IgG subclass and 
variable region exert notable effects on apparent solubility as 
reported by %PEGonset. Within the series of identical variable 
region, the mAbs with IgG1 or IgG1EN required the highest % 
PEG to precipitate compared to the corresponding IgG2 or 
IgG4PAA mAbs, indicating higher solubility, which is more 
obvious for mAbs with Fv A and Fv C. No clear differentiation 
between IgG1 and IgG1EN mAbs was observed on solubility 
ranking by %PEG onset. No apparent difference was observed 
between IgG2 and IgG4PAA, when bearing either Fv B or Fv C.

Of the three series of mAbs assessed by PEG-induced pre-
cipitation, the impact of the variable region is more pro-
nounced than the impact of IgG subclass. As shown in 
Figure 2(a), all mAbs with Fv A demonstrate higher % 
PEGonset in comparison to the mAbs with the other two 
variable regions. In general, the solubility ranking order is: 
mAbs with Fv A > mAbs with Fv C > mAbs with Fv B, while 
mAbs with Fv A having the highest solubility.

Solubility ranking by micro-turbidity assay
In the micro-turbidity assay, mAbs were concentrated to 
90 mg/mL in the common pH 6.0 buffer matrix and the solu-
tion turbidity was measured using a microplate reader. The 
turbidity readout is taken as an indicator of protein association, 
which is a precursor of reaching maximal solubility.18 Higher 
turbidity values indicate a lower maximal solubility. Because of 
its reliability and ease of use, the microturbidity assay is fre-
quently used in supporting formulation screening.19

As shown in Figure 2(b), both IgG subclass and variable 
regions demonstrate a significant effect on the mAb solubility 
ranking by microturbidity measurements. The overall ranking 

Table 3. Hydrophobicity interaction potential of the antibodies by hydrophobic 
interaction chromatography.

HIC-HPLC retention time (minutes)
Hydrophobicity interaction 

potential (HIP%)

IgG subclass Fv A Fv B Fv C Fv A Fv B Fv C

IgG1 13.4 13.0 16.0 42.1 40.1 55.0
IgG1EN 13.4 13.0 16.0 42.1 40.0 55.2
IgG2 13.5 13.0 16.1 42.3 40.1 55.7
IgG4PAA 14.0 13.6 16.4 44.8 43.0 56.9

Table 4. Viscosity of the antibodies.

Variable region

Viscosity (cP)

IgG1 IgG1EN IgG2 IgG4PAA

A 18.4 20.9 ND* 28.7
B 9.1 10.0 10.0 13.4
C 9.4 10.0 14.9 10.4

*Not determined due to insufficient material for measurement.

Figure 2. Solubility Ranking by PEG-induced precipitation assay (2a) and by microturbidity assay (2b). The %PEG onset required for protein precipitation and the 
turbidity (NTU) measured by microturbidity are plotted in the category of variable region and IgG subclass.
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is mAbs with Fv A > mAbs with Fv C > mAbs with Fv B. Given 
the same variable region, the impact of IgG subclass on solu-
bility ranking is also apparent. For mAbs with either Fv B or Fv 
C, the relative solubility ranking is IgG1 ≈ IgG1EN > IgG2 
> IgG4PAA. The IgG subclass impact for mAbs with Fv A, 
however, is indistinguishable, as the turbidity for mAbs in this 
series is below the lower limit of assay quantification.

Computational interrogation on biophysical properties of 
variable and constant domains

In order to understand the potential mechanisms that drive the 
above observations, we performed computational analysis of 
the variable domains and the constant domains separately, 
focusing on their charge (Figures 3(a,b)) and hydrophobicity 
profiles (Figure 3(c)). On the surface electrostatic potential 
profile presented in Figure 3(a), the three Fv domains demon-
strate distinctively different overall charge properties as well as 
charge distributions. At pH 6, the Fv A domain has a net charge 
of 4.1 and a predominantly charge-positive surface. The Fv 

B domain presents a pronounced charge-negative patch across 
its complementarity determining region (CDR) surface with 
a net charge of −3.3, while the Fv C domain presents a small 
charge-negative patch on its heavy chain CDR, with a net 
charge of −2.6. The charge profile of the constant domain of 
various IgG subclass is different from one another as well, 
especially in the CH3 surface (Figure 3(b)). The IgG1 constant 
domain has the most charge-positive surface at pH 6 with the 
highest net charge of 16.1, while the IgG4PAA constant 
domain has a strong charge-negative patch at the tail of CH3 
and the least overall net charge of 8.9. The constant domain 
charge profile of IgG1EN and IgG2 are in between IgG1 and 
IgG4PAA with net charge of 14.7 and 12.3, respectively.

Similarly, we inspected the hydrophobicity profile of the 
three Fv domains and the corresponding constant domains 
by spatial aggregation potential (SAP). Hydrophobicity hot 
spots in Fv that potentially attribute to aggregation are shown 
in red in Figure 3(c). Among the Fv domains, Fv A has the least 
hydrophobic hotspots, Fv B has a protruding hotspot at the 
center of CDRs, and Fv C has the largest hydrophobic hotspot 

Figure 3. Surface charge analysis at pH 6 (3a and 3b) and hydrophobic patch analysis (3c) for the antibodies with variable region of Fv A, B, and C (3a) in the subclass 
structure of IgG1, IgG1EN, IgG2, and IgG4PAA by homology modeling.
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on its CDR surface. This is in contrast to the constant domain 
hydrophobicity profiles, where no significant difference is 
observed for various IgG subclasses (data not shown).

Discussions

To date, the antibody therapeutics extensively used for the 
treatment of cancer, immunology, cardiovascular, and infec-
tious diseases are primarily based on human IgG1, IgG2, or 
IgG4 and their variants. Choosing appropriate IgG subclass is 
not only crucial to the therapeutic efficacy, but also the mAb 
properties that can expedite and reduce the cost for product 
development. The frequent necessity for high concentration 
liquid formulations places limitations on the selection of mAb 
properties, which must be suitable for the manufacturing 
design space and allow for dosage form flexibility.

The emergence of many engineered Fc variants have pro-
vided options to tailor antibodies to specific FcγR interactions 
(for example, see reviews by Wang et al.2 and Saunders3) and to 
optimize molecular properties. The physicochemical proper-
ties of mAbs are generally viewed as mostly driven by CDR 
sequences, which usually have unique charge or hydrophobi-
city for antigen engagement. However, there has been a gradual 
realization that IgG subclass could also play an important role 
in mAb physiochemical properties, which can affect the sub-
sequent drug product development.

In this study, three distinct series of antibodies with variable 
regions targeting three independent targets (Fv A, Fv B, and Fv 
C) were used to investigate the physiochemical properties that 
are associated with four representative constant domains: 
IgG1, IgG1EN, IgG2, and IgG4PAA. IgG1EN is an Fc variant 
engineered to eliminate the effector functions, while IgG4PAA 
is an Fc variant with enhanced interchain stability and reduced 
FcγR interactions. The impact both of variable region and of 
IgG subclass was observed in a number of molecular proper-
ties. Interestingly, this study not only shows that both the 
variable region and the IgG subclass can play a dominant role 
in particular molecular properties, but also highlights the inter-
play between them that contributes to the difficulty of devel-
oping a general guideline on the properties of IgG subclasses.

The overall hydrophobicity of the antibodies is almost solely 
determined by the variable region regardless of IgG subclass. 
Fv C introduced significant hydrophobicity to the antibodies 
while Fv A and Fv B antibodies were affected to a lesser extent. 
Within each mAb series, all antibodies demonstrated similar 
hydrophobicity interaction potential with a minor increase for 
IgG4PAA (Table 3). These observations are consistent with the 
homology modeling results, which identified the largest hydro-
phobic patch in the CDR surface of Fv C, but the least hydro-
phobic patch on Fv A and only a protruding hydrophobic area 
on Fv B. No significant difference in hydrophobic patches was 
observed across all IgG subclass constant domains from the 
structural analysis, in agreement with the experimental results 
from the HIC measurements. Therefore, switching IgG sub-
class is unlikely to affect overall hydrophobicity to a significant 
degree.

Unlike hydrophobicity, other molecular properties, includ-
ing the transition temperature of thermal-induced unfolding, 
pI, viscosity, and solubility, can be significantly affected by both 

variable domain and IgG subclass. It is noted that, while the 
IgG subclass impact on thermal unfolding, pI, and solubility 
shows a clear trend, their effect on viscosity is more compli-
cated, likely due to the interaction between the variable domain 
and the constant domains. It is also noted that, although the 
IgG2 antibodies are well known to have disulfide-mediated 
structural isoforms,17,20 they mainly manifest in the thermal- 
induced unfolding profiles with negligible impact on the other 
molecular attributes in our investigations.

We observed a significant impact of the variable region and 
IgG subclass on thermal stability (Figure 1). Consistent with 
previous reports,12,13,21,22 the first melting temperatures, pre-
sumably reflecting the CH2 domain unfolding, largely remain 
the same within each IgG subclass. The mutations in IgG1EN 
located in the CH2 domain led to a significantly lower CH2 
melting temperature, analogous to some other IgG molecules 
with FcγR interactions modulated by either mutagenesis or 
deglycosylation.23–25 In this study, the individual domain melt-
ing temperature is difficult to determine unequivocally due to 
the overlapping transitions. Assuming that the highest peak in 
each thermogram represents Fab transition, the Fab melting 
temperature is affected by both variable domain and IgG sub-
class. Within each mAb series, the Tm of the Fab in IgG1 is 
virtually identical to that in IgG1EN, similar or slightly higher 
than that in IgG2 mAb, and higher than that in IgG4PAA. The 
observation of a decrease in Fab Tm changing from IgG1 to 
IgG4 is in agreement with a previous report by Heads et al.26 

The mAbs with Fv A show higher Fab transition temperatures 
than the mAbs with either Fv B or Fv C. It has been reported 
that the unfolding temperature of antibodies could be corre-
lated with the physical and chemical stability of the molecules 
at storage, accelerated degradation, and under other stress 
conditions.14,27,28 We are investigating the effect of the unfold-
ing temperatures, especially the low CH2 unfolding tempera-
ture in IgG1EN, in another study.

The mAbs in this study have measured IgG pI in the range 
of 6–9, within the range reported by Kingbury et al.29 in their 
comprehensive studies of 59 therapeutic mAbs that included 
43 FDA-approved products. The pI of a mAb is a molecular 
property highly affected by the variable region, but also mod-
erately affected by the IgG subclass. The pI of mAbs with Fv 
A are in the basic pH range and are significantly higher than 
the pI of mAbs with either Fv B or Fv C. These high pIs are 
directly related to the charge contribution from the variable 
regions, as evidenced by the predominantly charge-positive 
surface located on Fv A by homology model (Figure 3(a)). 
The IgG subclass also makes noticeable contributions to the 
overall pI of the molecules. As shown in Table 2, the calculated 
pI of the Fc of IgG1, IgG1EN, and IgG2 are close to the neutral 
pH in the range of 6.4–6.7, but the pI of the Fc of IgG4 is 
significant lower (pI = 5.7), falling in the acidic range, which is 
attributed to the significant negative charge patches at the end 
of the CH3 domain of IgG4 shown by structural analysis of the 
homology model (Figure 3(b)).

The viscosity of protein solutions is complex, with elu-
sive underlying principles. It has been proposed that multi-
ple mechanisms could contribute to viscosity, such that 
several weak attractive interactions form network-like asso-
ciation. A surface charge map (SCM) was devised to 
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quantify the sum of charge negative patch on the surface of 
the variable domains. Qualitatively, SCM has shown corre-
lation with viscosity in a study of 19 mAbs by Agrawal 
et al.,30 which included only IgG1 subclass molecules. We 
calculated SCM scores for Fv A, Fv B, and Fv C to test the 
SCM and viscosity correlation. Our experimental viscosity 
data, however, contradict the previous finding that 
a variable region with higher SCM leads to higher viscosity, 
implicating contributing factors beyond the variable 
domain. In addition, the Fv charge symmetry parameter 
(Fv-CSP) was also computed. Yet there is no correlation 
of Fv-CSP to viscosity, as previously reported.29,31 We 
hypothesize that certain local hot spots on CDRs could 
make transient interactions with neighboring molecules in 
crowded environments, via Fv–Fv interaction, Fv–Fc inter-
action, or a mixture of both. In a recent report by Lai 
et al.,32 the role of net charge, hydrophobicity, and hydro-
philicity on viscosity was extensively discussed. The authors 
reported a decision tree model to classify low- and high- 
viscosity mAbs, which could be very useful for hit screening 
at the early discovery stage. Yet it is still challenging to 
apply generalized rules describing complex high- 
concentration behavior when subtle changes are involved. 
Coarse-grained simulation, rational-based mutational stu-
dies, domain swapping, and salt influence experiments are 
worthy of further investigation.33,34 For the three antibody 
series studied, we found that the IgG1 and IgG1EN mAbs 
have either the lowest or similar viscosity compared with 
the corresponding IgG2 or IgG4 mAbs. Although the 
IgG4PAA mAbs with Fv A and Fv B show higher viscosity 
compared to the other IgG subclasses, the IgG4PAA mAb 
with Fv C exhibits viscosity similar to the corresponding 
IgG1EN mAb. This result underscores the importance of an 

interplay between Fv C and the constant domains. Among 
the IgG subclasses, IgG4PAA is the only one with a notable 
charge negative patch at the tail of the CH3 domain. We 
speculate that this CH3 tail in IgG4 creates additional 
attractive interactions and leads to more potential intermo-
lecular association at high concentrations compared with 
other IgG subclasses.

Interestingly, we found a trend between ΔpI (Fab – Fc) and 
mAb viscosity in the common pH 6 buffer matrix used in our 
studies. As shown in Figure 4, when ΔpI (Fab – Fc) is >1, such 
as for mAbs with Fv A, the larger ΔpI (Fab – Fc) leads to higher 
viscosity. Structural analysis of the homology models reveals 
that this observation can be potentially attributed to the elec-
trostatic attractive interaction between the highly positively 
charged Fv A with the negatively charged patches on 
a neighboring Fc, particularly in the case of IgG4PAA, which 
has a strong negatively charged CH3 terminal, and warrants 
further investigations. We note that Heads et al. described 
similar electrostatic interactions when comparing IgG1 and 
IgG4 mAbs with identical variable regions, and found 
a correlation between the electrostatic interaction and aggrega-
tion propensity, which is believed to be the potential root cause 
of mAb viscosity behavior.7 More detailed modeling work and 
extensive data set is needed to further reveal the nature of the 
relationship between the overall pI, individual domain pI, 
hydrophobic patches, charge patches, and viscosity behavior.

Given that IgG subclass switching has been used as an 
engineering tool to improve mAb solubility,22,35 we are very 
interested in comparing the solubility of these antibodies. 
However, protein solubility is a complex phenomenon. 
Differing from precipitation or crystallization of small chemi-
cals, the physical appearance of insoluble protein varies from 
protein to protein and in different buffer matrices. When 

Figure 4. Correlation of the difference (Δ) of the calculated Fab isoelectric point (Fab pI) and the calculated Fc isoelectric point (Fc pI) with measured viscosity at 125 mg/ 
mL in pH 6.0 L-histidine-based buffer at 15°C.
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protein concentration is beyond the solubility limit under 
a specific buffer condition, the insolubility phenomenon can 
be defined by terms such as precipitation, phase separation, 
haziness, high turbidity, and significant visible particulate for-
mation. Additionally, the concentrated protein solution is pre-
pared by centrifugation using appropriate molecular weight cut 
off membrane. The operational difficulties are significantly 
increased by increased viscosity when the protein is concen-
trated. Therefore, we decided to use the PEG-induced precipi-
tation method and the micro-turbidity method to rank the 
solubility of the molecules instead of directly measuring the 
maximal solubility. Although the results are not quantitatively 
transferable between PEG-induced precipitation data (%PEG 
needed to precipitate mAb) and nephelometric turbidity unit 
(NTU) data, the overall trend is highly consistent between the 
two solubility ranking methods. Solubility can be highly pH/ 
buffer-dependent and we chose to conduct these studies in 
a histidine buffer matrix, as such a buffer system is common 
for mAb-based drug products29 and has been shown to induce 
minimal injection site pain.36 Antibodies with Fv A require the 
highest %PEG to precipitate, which also show the lowest tur-
bidity compared to the antibodies with the other variable 
regions. Similarly, the antibodies that require the lowest % 
PEG to precipitate also demonstrate the highest turbidity, 
such as the mAbs with Fv B. For the three series in this 
study, we found that the IgG1 and IgG1EN mAbs tend to 
display the highest %PEGonset and the lowest turbidity com-
pared to the other IgG subclasses, indicating that the IgG1 and 
IgG1EN mAbs have higher solubility. This finding is consistent 
with the results from Kingsbury et al.,29 where a higher per-
centage of IgG1 mAbs exhibited good solution behavior than 
the percentage for the other two IgG subclasses.

Antibody solution behavior can be affected by both mAb 
charge status and hydrophobicity.35,37 We found that for the 
mAbs in our study, however, the solubility is predominantly 
driven by the overall charge property at pH 6, with little impact 
from hydrophobicity in the current range. As plotted in 
Figure 5(a), for antibodies that have a measured pI between 
6.0 and 7.5, a strong linear correlation is observed between 
measured pI and solution turbidity at pH 6, where the increase 
of pI resulted in significant decrease of turbidity, such as the 
observation for mAbs with either Fv B and Fv C. This observa-
tion indicates that changing the overall net charge of the mAb 

can improve its solubility. However, when the measured pI is 
1.5 units higher than the buffer pH, a plateau of solution 
turbidity is observed. Further increase of the pI does not result 
in further decrease of solution turbidity, which is the case for 
mAbs with Fv A.

Charge properties from IgG subclass constant regions 
(CH1, CH2, and CH3) contribute to overall pI of mAb mole-
cules. To remove the impact from the variable region and 
investigate the role of charge property from IgG subclass on 
mAb solubility, the measured pI of the antibodies was com-
pared against the turbidity data for a given variable region 
(Figure 5(b)). As expected, the antibodies with Fv A that have 
overall pI higher than 7.5 demonstrate insignificant differences 
on solution turbidity among IgG1, IgG1EN, and IgG4PAA. 
When the overall pI is below 7.5, however, a clear impact 
from IgG subclass is observed for mAbs with either Fv B or 
Fv C. Based on the turbidity trending, the solubility of IgG 
subclasses with Fv B and Fv C can be ranked as IgG4PAA < 
IgG2 < IgG1EN ≈ IgG1, following the increasing pI.

Although mAbs with Fv A exhibit higher viscosity than 
mAbs with Fv B and Fv C, they display the highest % 
PEGonset and the lowest turbidity. Such an inverse correlation 
between viscosity and solubility was also observed for some 
mAbs by Kingsbury et al.29 and warrants further investigations. 
It is interesting to note that, although in our studies IgG1 and 
IgG1EN mAbs display higher solubility than either IgG2 or 
IgG4 mAbs in each series, Pepinsky et al.22 found IgG2 and 
IgG4 mAb more soluble than the corresponding IgG1 mAb, 
and Bethea et al.35 found IgG4 mAb more soluble than the 
corresponding IgG1 mAb. These findings, together with our 
viscosity data, point to the potential for a significant amount of 
interplay between the variable domain and the constant 
domains.

In summary, we found that both variable domain and IgG 
subclass structure can contribute significantly to the molecular 
properties of an antibody. Some properties are unique to each 
IgG subclass, some are dominated by the variable region, while 
others are influenced by both the variable region and the IgG 
subclass. There can also be a significant interplay between the 
variable region and the IgG subclass for some antibodies. 
Among the mAbs studied in this report, the IgG1 and 
IgG1EN mAbs tend to have higher solubility and lower or 
similar viscosity compared with either IgG2 or IgG4 mAbs of 

Figure 5. Correlation of mAb solution microturbidity (NTU) with measured isoelectric points (pI) of mAbs. (5a); Correlation of measured pI with solution microturbidity 
(NTU) of mAbs with Fv A, with Fv B, and with Fv C (5b).
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identical variable regions. The solubility ranking, whether by 
PEG-induced precipitation or by microturbidity, relies heavily 
on the charge status of the antibody at a fixed pH, which is 
attributed to charge status of both variable domain and IgG 
subclass. In addition to mechanistic considerations for subclass 
selection, our data indicate that IgG subclass choice can have 
a significant impact on the molecular properties, which may 
affect the success of drug product development. Therefore, 
consideration of subclass selection should be explored early 
in each case to enable a balanced decision between biology and 
product development. Our findings establish a foundation for 
the subsequent investigation of how the IgG subclass proper-
ties influence the developability of these antibodies.

Materials and methods

Antibody preparation

Three antibodies (denoted mAb A, mAb B, and mAb C) with 
discrete targets were obtained from rabbit immunizations and 
subsequently humanized and affinity matured. Humanized 
variable domains were cloned into respective constant 
domains; each VL was cloned into a human kappa constant 
domain while each VH was cloned into IgG1, IgG1EN, IgG2, 
and IgG4PAA constant domains.9,38,39

The antibodies used in this study were expressed in CHO by 
either transient transfection or stable bulk cell lines using 
methods adopted from Barnard, Rajendra and coworkers.40,41 

Each antibody was purified using conventional antibody pur-
ification processes.

Isoelectric point measurement and calculation

Isoelectric points were measured by capillary isoelectric focus-
ing (cIEF) for each mAb using Protein Simple iCE3 with 
autosampler on a FC-coated cIEF cartridge (Protein Simple 
Part # 101701). Antibody samples were prepared at 0.25 mg/ml 
in 3 M urea/0.35% methylcellulose with Pharmalytes 3–10 
(Sigma-Aldrich Cat.# 17–0456-01) and pI markers 
(ProteinSimple). Samples were focused at 1500 V for 1-minute 
followed by a second focusing period of 3000 V for 8 minutes. 
MAb pIs were calibrated to low and high internal pI makers. 
The pI of each Fab and Fc were calculated from the primary 
sequence using algorithm in Molecular Operating 
Environment (MOE2019) (Chemical Computing Group, 
Montreal, Canada) and outlined in Sillero and Ribeiro.42

Differential scanning calorimetry

Thermal stability of the antibody samples was assessed by DSC. 
Samples were prepared at 1 mg/mL in 5 mM histidine, 280 mM 
mannitol, pH6.0. Thermal transition of each antibody was mea-
sured using an automated MicroCal PEAQ-DSC (Malvern 
Panalytical, UK) in a scan rate of 1°C/min for the temperature 
range of 20–110°C, after equilibration at 20°C for 3 minutes. 
Thermograms for each sample were buffer referenced, baseline 
subtracted, and fit to three peaks using Origin 7. The CH2 and 
CH3 domain peaks were assigned based on convention.12,43

Hydrophobic interaction chromatography

Relative hydrophobicity was assessed by HIC-HPLC. Samples 
were diluted to 1 mg/ml in phosphate-buffered saline and 
injected onto a MAbPac HIC-10 1000 Å, 5um, 4.6 × 100 mm 
(Thermo) HIC column preequilibrated in 25 mM potassium 
phosphate, 1.5 M ammonium sulfate, pH 6.8. Samples were 
eluted with a 20-minute linear gradient into 25 mM potassium 
phosphate, pH 6.8, 20% isopropanol. Hydrophobicity interac-
tion potential (HIP%) was calculated based on % retention 
time over gradient as reported by Datta-Mannan et al.44

Viscosity measurement

All mAbs were concentrated to 125 mg/ml in 5 mM histidine 
buffer at pH 6.0, with 280 mM mannitol and 0.02%(w/v) 
polysorbate 80. Viscosity of each antibody was measured at 
15°C on VROC Initium (RheoSense, San Ramon, CA) visc-
ometer at a shear rate of 1550 1/s with 8–10 measurements per 
sample.

PEG-induced precipitation for mAb solubility ranking

Stock solutions of 0.4 M L-histidine, pH 6.0 and 20% (w/v) 
D-mannitol, were used to prepare a matrix containing varying 
final Polyethylene glycol 3350 (PEG 3350) levels (from 4 to 
36%) in a deep well 2× Master Block plate using a Formulator 
(Formulatrix, Bedford, Ma), which was mixed overnight at 
1200 RPM at room temperature on a BioShakeIQ plate shaker 
(QInstruments, Jena, Germany). MAb samples were buffer- 
exchanged into and diluted with water to 1 mg/mL and plated 
(50 μL/well) onto the wells of four rows of a 96-well polystyr-
ene, V-bottomed assay plates (Greiner Cat # REF651101). 
A Biomek i7 (Beckman Coulter, Indianapolis, IN) liquid hand-
ler was used to add 50 μL/well of the stock solutions from the 
2x Master Block plate into the assay plates containing mAb 
samples. The assay plates were sealed with Microseal ‘F’ Foil 
(Cat# MSF1001, Bio-Rad, Hercules, CA) and then incubated at 
room temperature on a titer plate shaker (Lab-Line 
Instruments, Melrose Park, IL) for three hours on gentle shak-
ing (setting 3). After incubation 80% of the contents of the 96- 
well plates were transferred to a 384-well optical bottom plate 
(Thermo Scientific, Cat# 242764) using a Biomek i7. The 
optical bottom plate was read on a SpectraMax Pro plate reader 
(Molecular Devices, San Jose, CA) at 350 nm. The absorbance 
data was de-convoluted and plotted in Excel (Microsoft, 
Redmond, WA), where onset of precipitation (abrupt increase 
in A350) was determined visually. After reading, the assay plates 
were sealed with Microseal ‘F’ Foil and then incubated at room 
temperature on the bench for a total of 24 hours. After incuba-
tion the assay plate was centrifuged at 3500 RPM for 15 minutes 
at 25°C on an Allegra X12R benchtop centrifuge (Beckman 
Coulter, Brea, CA). Without disturbing the pelleted precipi-
tants, 50 μL per well was transferred from each well of the 384- 
well optical bottom plate into a new UVStar 384-well plate 
(Greiner Cat # 781801) using a Biomek i7. After sealing the UV 
Star plate with Microseal ‘F’ Foil, the plate was centrifuged for 
two minutes at 3000 RPM to remove air bubbles. Finally, the 
plate was read on a Tecan Infinite M1000 Pro UV/Vis 
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Spectrophotometer (Männedorf, Switzerland) at 280 nm (with 
background subtraction at 320 nm), using iControl software. 
The absorbance data was de-convoluted and plotted in Excel 
(Microsoft, Redmond, WA), where the point of abrupt 
decrease in absorbance was determined visually.

Turbidity measurement by micro-turbidity method

Turbidity was assessed by microplate spectrofluorometer 
(SpectraMax M5, San Jose, CA). 100 μL aliquot samples were 
plated in 96-well Special Optics Black Plates (Corning, 
Glendale, AZ) and read at ambient temperatures of 20–25°C. 
Plate based small-volume turbidity analysis (Microturbidity) is 
a noncompendial method, developed in-house that affords 
a numerical value to the opalescence and turbidity of mAb 
formulations. Analysis is based on using absorbance, to mea-
sure the amount of light transmission through a sample at 
a wavelength of 540 nm. The increase or decrease in absor-
bance can be converted to NTU by a linear regression means 
using a calibration curve generated from Formazin calibration 
standards (Millipore Sigma, St. Louis, MO) at various ranges of 
turbidity. All mAb samples were measured in formulation 
condition of 90 mg/mL in buffer matrix consisting of 5 mM 
histidine buffer pH6.0, 280 mM mannitol, and 0.02% (w/v) 
polysorbate 80. All prepared samples were equilibrated at 5°C 
over 24 hours prior to measurement.

Homology modeling and surface property analysis

Homology models of Fab region and Fc portion are built by the 
Molecular Operating Environment (MOE2019) (Chemical 
Computing Group, Montreal, Canada), based on crystal struc-
tures of Fab obtained in house and closest matching templates. 
Specifically, structure modeling of Fv-B, and Fv-C is based on 
crystal structures obtained in house. Fv-A homology model is 
built using MOE with the top scoring homology model among 
5 models selected for further analysis. Solvent-accessible sur-
face area, surface exposure (%) for each residue, and net charge 
and hydrophobicity score for each CDR were calculated based 
on the modeled structure using the protein properties analysis 
module (MOE2019). Specifically, hydrophobicity and net 
charge of each CDR segment are computed and reported in 
supplemental material. IMGT definition is applied to CDR 
segment and standard calculation by MOE protein descriptor 
calculation was used, which include pro_patch_cdr related 
calculation, Fv-CSP, and parsed score for each CDR segment. 
In addition, electrostatic potential calculation, spatial aggrega-
tion propensity (SAP), and spatial-charge map (SCM) were 
computed according to the method in the BIOVIA Discovery 
Studio 2020 software (San Diego, CA).
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ADCC Antibody-dependent cell-mediated cytotoxicity
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