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ABSTRACT

Human/humanized 1gG4 antibodies have reduced effector function relative to IgG1 antibodies, which is
desirable for certain therapeutic purposes. However, the developability and biophysical properties for
IgG4 antibodies are not well understood. This work focuses on the head-to-head comparison of key
biophysical properties, such as self-interaction and viscosity, for 14 human/humanized, and chimeric IgG1
and IgG4 S228P monoclonal antibody pairs that contain the identical variable regions. Experimental
measurements showed that the IgG4 S228P antibodies have similar or higher self-interaction and viscosity
than that of IgG1 antibodies in 20 mM sodium acetate, pH 5.5. We report sequence and structural drivers
for the increased viscosity and self-interaction detected in IgG4 S228P antibodies through a combination
of experimental data and computational models. Further, we applied and extended a previously estab-
lished computational model for IgG1 antibodies to predict the self-interaction and viscosity behavior for
each antibody pair, providing insight into the structural characteristics and differences of these two
isotypes. Interestingly, we observed that the IgG4 S228P swapped variants, where the CH3 domain was
swapped for that of an IgG1, showed reduced self-interaction behavior. These domain swapped IgG4
$228P molecules also showed reduced viscosity from experiment and coarse-grained simulations. We also
observed that experimental diffusion interaction parameter (kD) values have a high correlation with
computational diffusivity prediction for both IgG1 and IgG4 S228P isotypes.

Abbreviations: Af, constant region Hamaker constant; A}, variable region Hamaker constant; CDRs,
Complementarity-determining regions; CG, Coarse-grained model; CH1, Constant heavy chain 1; CH2
Constant heavy chain 2; CH3 Constant heavy chain 3; chgCH3 Effective charge on the CH3 region; CL
Constant light chain; cP, Centipoise; DLS, Dynamic light scattering; Fab, Fragment antigen-binding; Fc,
Fragment crystallizable; Fv, Variable domaing; (r) Radial distribution function; H1 CDR1 of Heavy Chain; H2
CDR2 of Heavy Chain; H3 CDR3 of Heavy Chain; HVI, High viscosity index; IgG1 human immunoglobulin of
IgG1 subclass; IgG4 human immunoglobulin of IgG4 subclass; kD, Diffusion interaction parameter; L1
CDR1 of Light Chain; L2 CDR2 of Light Chain; L3 CDR3 of Light Chain; mAb, Monoclonal antibody; MD,
Molecular dynamics; PPl Protein—protein interactions; SCM, Spatial charge map; UP-SEC, Ultra-high-
performance size-exclusion chromatography; VH, Variable domain of Heavy Chain; VL, Variable domain
of Light Chain
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Introduction i ’ .
relative to the IgG1.” The lack of effector functions, such as

The immunoglobulin G (IgG) is the most abundant class of
immunoglobulins in circulation as well as the most used class
as therapeutic proteins.' The IgG class has four isotypes:
IgGl1, 1gG2, IgG3, and IgG4.> In 2021, antibody drugs
approved in the United States and European Union include
~60% hIgGl, ~9% hIgG2, ~17% hIgG4, and ~15% other
isotypes or formats (Fab, domain, mouse, hybrid
molecules).* Selection of isotype often depends on the
required interaction with the human immune system.
Typically, 1gG4 antibodies have reduced effector function

antibody-dependent cell-mediated cytotoxicity and comple-
ment-dependent cytotoxicity, is desirable for therapeutic pur-
poses when the objective is to block certain receptors or
deliver a toxic payload.’

Although IgG1 and IgG4 share high sequence similarity at
the amino acid level, these two isotypes differ structurally. The
length and flexibility of the hinge region vary among the IgG
isotypes.” The hinge region of IgG4 (12 amino acids) is shorter
and less flexible than that of IgGl (15 amino acids). The
interchain disulfide bonds between light chain and heavy
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chain for IgG1 and IgG4 differ in their position.” The disulfide
bonds form between light chain C-terminus (C214) and upper
hinge region (C220) for IgG1 and N-terminal CH1 (C131) for
IgG4, respectively. Wildtype IgG4 is also known to undergo
antibody-binding fragment (Fab)-arm exchange where a half
molecule (one heavy and one light chain) may dissociate and
form a whole antibody with other half molecules.”* A mutation
for IgG4 (S228P), IgG4P, on the hinge region was reported to
abolish Fab-arm exchange.g’lo However, the reverse mutation,
P228S, for IgG1 did not induce Fab-arm exchange, suggesting
that the core hinge alone is not responsible for this dynamic
process.'’ A residue (K409) on the CH3 domain for IgG1 has
also been reported to be essential for stabilizing the half
molecules.'" Despite these intriguing features of IgG4, the
underlying mechanisms and biophysical properties compared
to their IgG1 counterparts remain unclear.

The stability of monoclonal antibodies (mAbs) is crucial for
new drug development in different stages, including manufac-
turing, storage, and delivery."> However, many therapeutic
proteins can present developability and instability
challenges."'™">  These include solubility, aggregation,
depressed colloidal properties, stability, and viscosity. It has
been reported that IgG4s have lower thermostability than IgG1
due in part to a different pattern in the disulfide bond network
between heavy chain and light chain of the two isotypes. The
thermostability of IgG4 Fab regions can be improved to be
closer to that of an IgGl Fab by manipulating the IgG4’s
disulfide bond arrangement to mimic that of IgG1 to reduce
disulfide bond heterogeneity.'®'” In addition, Neergaard et al.
compared the stability of IgG1 and IgG4P with the same vari-
able domain at high protein concentration and suggested that
the stability profile (aggregation tendency, thermostability,
chemical stability) of an antibody is likely dependent on the
IgG framework on the constant region and that IgG1s are more
stable than IgG4s.'® Moreover, Heads et al. reported that the
net charge state of variable domains relative to the net charge
state of the constant domains is predominantly responsible for
the different native state aggregation behavior of IgGl and
IgG4P mAbs."”” An independent study performed on the
panel of 152 mAbs (72 IgG1 and 80 IgG4 antibody molecules)
showed that IgG4P mAbs had overall less optimal developabil-
ity properties than IgG1 mAbs across several assays (aggrega-
tion formation upon low pH stress, AC-SINS, Tm/Tagg).
However, a caveat from this study was that most of these
mAbs that were examined on human IgG1 and IgG4 back-
bones had different variable domain sequences.*

The diftusion interaction parameter (kD) has been reported
to show some correlation and be predictive of viscosity
behavior.”” A study on the viscosity of IgG1 and IgG4 (which
included one IgG1 and two IgG4s) showed that solution visc-
osity can be predicted by quantifying protein-protein interac-
tions (PPI) such as kD measured by dynamic light scattering
(DLS).*" Another study found that kD is effective in predicting
poor solution behavior (high viscosity and opalescence) with
a set of 59 mAbs in low ionic buffer.>> However, Yadav et al.
showed a limitation of using kD measured in diluted solution
to predict high concentration behavior."””> Wang et al. showed
examples of antibody solutions that had low viscosities at high
concentrations >150 mg/ml across different pH conditions

while presenting strong negative second virial coefficient B,
values.” In a different study, it is reported that under a wide
range of pH and ionic strength, big changes in net PPI did not
always lead to significant changes in viscosities, putting into
question the validity of using kD as a predictor of viscosity.**
A systematic comparison of a larger number of antibody pairs
is required to corroborate the interplay between sequence,
structure, self-interactions, and viscosity characteristics of
IgG1s versus IgG4s.

In this work, we focused on the head-to-head comparison of
self-interaction (kD) measured by DLS and viscosity behaviors
of 14 IgGl and IgG4P mAb pairs, having identical variable
domain for each antibody pair. We implemented experimental
and computational methods to study and predict these self-
interaction and viscosity behaviors. All 14 IgG4P mAbs in our
study showed an increase in self-interaction as compared to
their corresponding IgG1 mAbs. Three computational models,
namely, spatial charge map (SCM),” a decision tree model
previously described,*® and a coarse-grained (CG) model,?’
were applied in an attempt to predict self-interaction and
viscosity behaviors of these IgG1/IgG4 pairs. The microstruc-
ture of clusters by the radial distribution function was also
analyzed to gain insight into domain interactions. Although
these models were previously developed based on the IgGl
isotype, this work aims to validate and extend these models
to the IgG4P isotype. We found that experimental self-
interaction (kD) correlated with computational diffusivity pre-
diction and the computational model also showed that IgG4P
antibodies have similar or higher viscosity than their IgGl
counterparts, which agrees with experimental results. In addi-
tion, our domain swapping experimental studies reveal
a critical role of the CH3 domain, which, when combined
with the net charge of the complementarity-determining
regions (CDRs), drives the self-interaction of some IgG4P
antibodies. This is further supported by the finding from com-
putational structure analysis that the CH3 region of the IgG4P
molecules interact more favorably with the variable regions
compared to that of the IgGl molecules. Predictive models
that can inform on the potential risk of increased self-
interaction and elevated viscosity are of utmost value to enable
candidate selection, drive sequence optimization via protein
engineering, or lead to the decision to use a mutated human
IgGl1 isotype with reduced effector function and favorable
biophysical properties instead of an IgG4 when effector func-
tion reduction is required for biological activity. Mutated IgG1
mAbs for reduced effector function (e.g., with L234A/L235A
mutations) maintain for the most part identical biophysical
properties and viscosity profiles than native IgG1 (unpublished
data).

Results

Experimental viscosity and kD of IgG1 and IgG4P mAbs

Fourteen approved monoclonal antibody sequences (sequences
obtained from patent and peer-reviewed literature in supple-
mental Table 1) were produced recombinantly in Expi-CHO
transient system as human/humanized I1gG1 and IgG4P iso-
types and purified via protein A chromatography alone or
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Table 1. Diffusion interaction parameter (kD) and viscosity at 150 mg/ml of human IgG1 and human IgG4P antibodies. The viscosity is averaged from different shear
rates. The zero-shear viscosity is calculated by extrapolating to zero shear rate using a polynomial fit. All mAbs except cetuximab exhibited Newtonian behavior for

viscosity.
human IgG1 human IgG4P
zero-shear viscosity at zero-shear viscosity at
kD (up to  Viscosity at 150 mg/ml (cP) 150 mg/ml (cP) kD (up to  viscosity at 150 mg/ml (cP) 150 mg/ml (cP)
mAbs 20 mg/ml) (Averaged experimental data) (Extrapolated) 20 mg/ml) (Averaged experimental data) (Extrapolated)
Ganitumab 38.2 10.1 10.9 4.73 19.2.0 19.1
Adalimumab 14.95 11.8 12.8 -2.89 234 23.7
Cetuximab -10.6 40.9 55.7 —26.49 205.6 264.6
Tremelimumab 8.8 14.3 14.2 434 17.2 17.3
Ipilimumab 8.6 17.8 18 4.95 13.5 13.7
Basiliximab 25.05 8 8.6 2.94 20.8 20.8
Natalizumab 13.67 1.1 1.3 —0.001 1.1 12.2
Vesencumab 23.57 1 12 4.65 33.9 34.1
Atezolizumab 11.56 21.8 223 —7.17 49.9 53
Trastuzumab 14.68 9.2 9.3 —4.45 8.7 8.8
TGN1412 16.42 6.1 6.1 —1.68 11.8 11.8
Omalizumab -13.37 30.3 (100 mg/ml) 32.5 (100 mg/ml) -31.3 (up 1.11 (20 mg/ml)
to 8 mg/
ml)
Bevacizumab 3.17 6.8 6.7 -11.82 12.9 12.8
Golimumab 9.31 7.5 7.6 -3.88 8.6 8.7

followed by polishing steps whenever necessary as described in
Materials and Methods. The 14 antibody pairs were dialyzed in
20 mM sodium acetate, pH 5.5 and concentrated to 50, 100,
150, and 175 mg/ml for viscosity measurements. Possible
aggregation at the various protein concentrations was moni-
tored by ultra-high-performance size-exclusion chromatogra-
phy (UP-SEC) and was <2% at all concentrations for all the
pairs and showed no signs of visible turbidity (data not shown)
unless otherwise specified.

Viscosities were measured from 50 to 175 mg/ml at various
shear rates (Figure S1). Viscosity values were also extrapolated
to zero shear-rate at concentrations up to 150 mg/ml to directly
compare with values obtained from simulation for the 14 IgG1/
IgG4P mAb pairs, which are reported in Table 1 and in
Figure 1. Experimental kD values were also measured at pro-
tein concentrations ranging from 1 to 20 mg/ml in 20 mM
sodium acetate, pH 5.5 (Table 1 and Figure S2). An increased
negative kD value would correspond to an increased tendency
for self-interaction whereas positive kD values would indicate
low self-interaction.

Experimental results showed that IgGl mAbs exhibit
viscosity values from ~6 to 40 cP, while IgG4P mAbs
exhibit noticeably higher viscosity values ranging from ~8
to 200 cP at 150 mg/ml. Eight of 14 IgG4P mAbs had
significantly elevated viscosity (~2-5-fold increase at
150 mg/ml) and noticeable increased self-interaction (kD
by DLS) as IgG4P compared to IgGl. These mAbs are
ganitumab, adalimumab, cetuximab, basiliximab, vesencu-
mab, atezolizumab, TGN1412, and bevacizumab. In one
case, omalizumab, the IgG4P antibody could not even be
concentrated past 20 mg/ml due to increased turbidity and
viscosity, while omalizumab IgG1 could be concentrated to
100 mg/ml (but not to higher concentrations due to
increased turbidity and viscosity). The high viscosity of
omalizumab has been reported previously by others.*®

Diffusion interaction parameter (kD) and correlations with
viscosity measurements

As shown in Table 1, kD was measured by DLS at 1-20 mg/ml in
20 mM sodium acetate, pH 5.5. Figure 2 shows the correlation of
experimental viscosity at 150 mg/mL with measured kD values
for IgG1 and IgG4P. The correlation coefficients are 0.62 and 0.8
for IgGl and IgG4P, respectively. However, the correlation
coefficients drop to 0.13 and 0.05 for IgG1 and IgG4P, respec-
tively, when excluding the measurements for cetuximab, which
has a significantly higher viscosity than the other antibodies in
the study. This indicates that kD does not always quantitatively
correlate with experimental viscosity but is a useful qualitative
tool to identify low and high viscosity trends.

Charge distribution of IgG1 and IgG4P mAbs

Protein net charge and charge distribution on the surface are
believed to be a dominating factor of antibody viscosity.*’
Experimental determination of the effective net charge on the
individual domain is challenging; therefore, net charge calcula-
tion based on sequence and structure are often used. Table 2
lists the net charge on different regions of IgGl and IgG4P
mADs based on sequence and molecular structure. The regions
include the six CDRs individually in the heavy and light chains,
total CDR (sum of the 6 CDR regions), VH, CH1, hinge, CH2,
CH3, VL, CL, variable fragment (Fv), fragment crystallizable
(Fc), and full-length mAb. The constant regions of IgG4P
mAbs (CH1, CH2, CH3, and Fc) have significantly less positive
charge compared to the corresponding constant regions of
IgGl mAbs. Of note is the significant charge difference
between the Fc domain of IgG4P and IgGl mAbs (2 e for
IgG4P vs. 12 e for IgGl) and between the CH3 region of
IgG4P and IgGl mAbs (a net negative charge of -1 e for
IgG4P versus +2 e for IgG1).
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Figure 1. Concentration dependence of the zero-shear rate (extrapolated) viscosity of 14 IgG1 and IgG4P mAbs at 50, 100, 150, and 175 mg/ml in 20 mM sodium acetate
at pH 5.5. The zero-shear viscosity was calculated by extrapolating viscosity at different shear-rate to zero. Omalizumab IgG1 cannot be concentrated >100 mg/ml and
omalizumab 1gG4P cannot be concentrated past 20 mg/ml.

60 1

50 1

o (a) IgGl

300 4

O

250 A

200 A

150 -

100 |

(b) IgG4P

X Ganitumab
QO Cetuximab

+ Adalimumab
3k Tremelimumab
% Ipilimumab 3 Basiliximab

v Natalizumab (@) Vesencumab
[J Atezolizumab A Trastuzumab
{ TGN1412
QO Golimumab

X Bevacizumab

Viscosity (cP) at 150 mg/mL

10 0
kp (mL/g)

10 20 30 40

0 : . . . . !
—-30 —25-20-15-10 =5 0 5
kp (mL/g)
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Table 2. Charges (e) of different regions based on sequence and molecular structure in 20 mM sodium acetate, pH 5.5. The protonation state of histidine is calculated
from PROPKA 3.0 using the homology model. H1, H2, H3, L1, L2, and L3 indicate different CDR regions. CDR indicates the sum of the six CDR regions.

mAbs H1 H2 H3 L1 L2 L3 CDR VH CH1 hinge CH2 CH3 VL CL Fv Fc mAb
Ganitumab IgG1 0 1 -1 1 1 1 3 4 6 1 4 2 1 1 5 12 38
Ganitumab IgG4P 0 1 -1 1 1 1 3 4 5 0 2 -1 1 1 5 2 24
Adalimumab IgG1 -2 1 -1 2 0 2 2 -2 5 1 4 2 5 1 3 12 32
Adalimumab IgG4P -2 1 -1 2 0 2 2 -2 4 0 2 -1 5 1 3 2 18
Cetuximab 1gG1 0 0 -2 1 -1 0 -2 2 5 1 4 2 -1 0 1 12 26
Cetuximab 1gG4P 0 0 -2 1 -1 0 -2 2 4 0 2 -1 -1 0 1 2 12
Tremelimumab IgG1 0 -1 -1 0 0 0 -2 3 5 1 4 2 1 1 4 12 34
Tremelimumab 1gG4P 0 -1 -1 0 0 0 -2 3 4 0 2 -1 1 1 4 2 20
Ipilimumab 1gG1 0 -1 -1 1 1 0 0 3 6 1 4 2 1 1 4 12 36
Ipilimumab 1gG4P 0 -1 -1 1 1 0 0 3 5 0 2 -1 1 1 4 2 22
Basiliximab 1gG1 1 -1 -2 1 0 1 0 3 5 1 4 2 4 1 7 12 40
Basiliximab 1gG4P 1 -1 -2 1 0 1 0 3 4 0 2 -1 4 1 7 2 26
Natalizumab 1gG1 0 -1 -2 1 0 -1 -3 1 4 1 4 2 1 1 2 12 28
Natalizumab IgG4P 0 -1 -2 1 0 -1 -3 1 4 0 2 -1 1 1 2 2 16
Vesencumab IgG1 0 0 0 1 1 0 2 1 5 1 4 2 3 1 4 12 34
Vesencumab IgG4P 0 0 0 1 1 0 2 1 4 0 2 -1 3 1 4 2 20
Atezolizumab IgG1 -1 0 1 0 0 0 0 1 5 1 4 2 1 1 2 12 30
Atezolizumab 1gG4P -1 0 1 0 0 0 0 1 4 0 2 -1 1 1 2 2 16
Trastuzumab IgG1 0 0 -2 0 0 0 -2 1 6 1 4 2 2 1 3 12 34
Trastuzumab IgG4P 0 0 -2 0 0 0 -2 1 5 0 2 -1 2 1 3 2 20
TGN1412 19G1 0 0 -1 1 2 0 2 2 5 1 4 2 4 1 6 12 38
TGN1412 IgG4P 0 0 -1 1 2 0 2 2 4 0 2 -1 4 1 6 2 24
Bevacizumab lgG1 0 -1 0 -1 1 0 -1 1 5 1 4 2 1 1 2 12 30
Bevacizumab IgG4P 0 -1 0 -1 1 0 -1 1 4 0 2 -1 1 1 2 2 16
Omalizumab IgG1 0 -1 2 -2 -1 -1 -3 3 5 1 4 2 -3 1 0 12 26
Omalizumab 1gG4P 0 -1 2 -2 -1 -1 -3 3 4 0 2 -1 -3 1 0 2 12
Golimumab IgG1 0 -1 -1 1 0 1 0 3 6 1 4 2 1 1 4 12 36
Golimumab 1gG4P 0 -1 -1 1 0 1 0 3 5 0 2 -1 1 1 4 2 22

Table 3. Summary of the key parameters used in this study. The molecular weight
(MW) has a unit of Da. The extinction coefficient (EC) has a unit of ml/mg/cm. The
net charge is based on the antibody’s full-length sequence and molecular struc-
ture (using Propka) and has a unit of e. SCM represents the spatial charge map
score. HVI represents the high viscosity index.

mAbs pl MW EC  netcharge SCM HVI

Ganitumab lgG1 8.75 1454554 1.606 38 806.5 15.15
Ganitumab |gG4P 7.58 145144.7 1.609 24 759.9 1515
Adalimumab IgG1 8.72 1451909 1.463 32 13166 16.67
Adalimumab 1gG4P 7.55 144880.3 1.466 18 1325  16.67
Cetuximab IgG1 8.54 145188.7 1.498 26 1127.9 2035
Cetuximab 1gG4P 7.25 144878 1.501 12 1046.3 2035
Tremelimumab IgG1 893 1465724 1.551 34 704.2 1897
Tremelimumab 1gG4P 823 146261.8 1.554 20 7236 18.97
Ipilimumab 1gG1 846 144911.7 157 36 754 1549
Ipilimumab 1gG4P 8.34 1447682 1.544 22 769.2  15.49
Basiliximab 1gG1 9.12 1435229 1.619 40 640.8 25.11
Basiliximab IgG4P 8.72 1432122 1.623 26 637.1  25.11
Natalizumab IgG1 8.68 1463443 1.533 28 8155 20.52
Natalizumab 1gG4P 7.55 146033.7 1.536 16 809.3 20.52
Vesencumab IgG1 897 1449107 1.41 34 6613 14.78
Vesencumab 1gG4P 8.25 144600.1 1414 20 693  14.78
Atezolizumab 1gG1 8.53 1443779 1.624 30 759.6 1333
Atezolizumab IgG4P  7.28 144067.3 1.627 16 7743 1333
Trastuzumab IgG1 841 150000 143 34 7002 17.18
Trastuzumab IgG4P 791 1447922 1.488 20 6906 17.18
TGN1412 IgG1 8.79 145689.5 1.554 38 8446 21.15
TGN1412 1gG4P 791 1453788 1.558 24 8083 21.15
Bevacizumab IgG1 825 146243.8 1.664 30 9873 191

Bevacizumab 1gG4P 7.05 1459332 1.668 16 997 19.1

Omalizumab lgG1 736 1462154 1.569 26 1193.7 21,6
Omalizumab |gG4P 6.63 145904.7 1.572 12 1086.8 21.6
Golimumab lgG1 898 146688.6 1.489 36 807.2 132

Golimumab IgG4P 832 146378 1.492 22 7852 132

Prediction of IgG1 and IgG4P viscosity by SCM

A spatial charge map (SCM) is a tool to predict low and high
viscosity based on the negative charge distribution on the sur-
face obtained from molecular dynamics (MD) simulation.?
SCM was developed based on the assumption that most con-
served regions of mAbs at common formulation conditions
carry a net positive charge. If there are negative charge patches
on the Fv region, they will produce favorable electrostatic
interactions with other positively charged regions. This tool
was previously tested on 19 IgG1 mAbs.*> The performance of
IgG4P mAbs has not been validated with a large dataset. Table
3 shows a summary of the key parameters used in this study for
IgGl and IgG4P mAbs (isoelectric point, molecular weight,
extinction coefficient, net charge, SCM, and HVI). Figure 3
displays the correlation of SCM with experimental viscosity at
150 mg/mL for IgG1 and IgG4P mAbs. Antibodies with SCM
scores of above 1000 are predicted to have high viscosity. The
cutoff value for low/high viscosity is 30 cP. Among the 14 IgG1
mADbs, 11 IgG1 mAbs were correctly classified as low viscosity
mADbs (ganitumab, tremelimumab, ipilimumab, basiliximab,
natalizumab, vesencumab, atezolizumab, trastuzumab,
TGN1412, bevacizumab, and golimumab) as their SCM scores
were below 1000, and 2 IgG1 mAbs were correctly classified as
high viscosity mAbs (cetuximab and omalizumab). Among the
14 IgG4P mAbs, 9 IgG4P mAbs were correctly classified as low
viscosity mAbs (ganitumab, tremelimumab, ipilimumab,
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Figure 3. The correlation of SCM with experimental zero-shear viscosity at 150 mg/mL for (a) IgG1 and (b) IgG4P mAbs. The blue dashed line indicates the cutoff value
(30 cP) of low and high viscosity mAbs from experimental measurements. The red dashed line indicates the cutoff value of predicted low and high viscosity mAbs. When
SCM > 1000, the mAbs are predicted to have high viscosity. The experimental viscosities of omalizumab are hypothetical. Omalizumab has been reported to exhibit high
viscosity. SCM model cannot predict precise viscosity values, but provide some directional information on potential low or high viscosity mAbs.

basiliximab, natalizumab, trastuzumab, TGN1412, bevacizu-
mab, and golimumab) and 2 IgG4P mAbs were correctly clas-
sified as high viscosity mAbs (cetuximab and omalizumab).
The prediction failed in the case of one IgGl (adalimumab)
and three IgG4P mAbs (adalimumab, vesencumab, and atezo-
lizumab), with a 7.1% and 21.4% failure rate for IgGl and
IgG4P variants, respectively.

Classification of IgG1 and IgG4P viscosity by the decision
tree model

The decision tree model depends on two parameters, namely,
mAD net charge and the high viscosity index (HVTI), to classify
low and high viscosity mAbs. It was trained based on 21 IgGl,
4 IgG2, and 2 IgG4 mAbs formulated in 10 mM histidine-HCl
at pH 6.0.%° The training set is slightly different from the
solution conditions in this study as all mAbs here are formu-
lated in 20 mM sodium acetate pH 5.5 and are pairs of mAbs
with the same variable domains on IgG1 and IgG4P isotypes.
For this purpose, we define high viscosity mAbs as having
viscosity values >30 cP at 150 mg/ml.

We believe the sequence-based charge might overestimate
the net charge difference between IgG1ls and IgG4Ps, requiring
different criteria for IgG4Ps. To determine the best lower and
upper charge bound range for IgG4Ps, a range of upper and
lower charge bounds were tested (Figure 5). It is assumed that
the lower bound is still 22 e lower than the upper bound. For
example, when the upper bound is +32 e, the lower bound is
+10 e. Finally, we found that, when the upper bound is +20 e,
having the corresponding lower bound -2 e gives the best
accuracy. Figure 4 (C) shows the classification of the IgG4P
mAbs with new splitting criteria. Ten of 14 IgG4P mAbs were
now correctly classified and only four mAbs were misclassified
(vesencumab, atezolizumab, natalizumab, and bevacizumab).
It should be noted that this is a training accuracy using the 14
IgG4P mAbs in this study. More elaborate datasets will be
needed to test the revised model.

Calculation of IgG1 and IgG4P viscosity by the CG model

In addition to low and high viscosity classifiers, we also imple-
mented a recently developed CG model combined with hydro-
dynamic calculations to calculate viscosity.”” This model was
developed and validated based on 20 IgG1 mAbs up to 150 mg/
ml in 10 mM histidine-HCI at pH 6.0.”” We attempted to
validate and extend this model to the IgG4P isotype. Figure 6
illustrates the concentration dependence of the viscosity from
CG models with the experimental viscosity data for IgG1 and
IgG4P mAbs extrapolated to zero shear rate. We investigated
structural details in an attempt to provide information on the
domain interactions involved in viscosity. Figure 7 shows the
radial distribution function of VH-VL, VH-VH, VL-VL, VH-
CH3, and VL-CH3 pairs for IgG1 and IgG4P mAbs. In short,
the radial distribution function (g(r)) describes how density
varies as a function of distance (r) between the various anti-
body domains. It was computed as described in the Materials
and Methods section. Although the CG simulation shows that
the viscosity of IgG4P mAbs is higher than that of IgG1 mAbs,
consistent with experimental data, the simulation tends to
overestimate the predicted viscosity of IgG4P mAbs at high
concentrations. The radial distribution function shows that the
CHS3 region interacts more strongly with the variable regions
for IgG4P mAbs compared to that of IgG1 mAbs.

Determination of the best parameters for the IgG4P CG
model

The CG model represents an antibody using 12 beads. The inter-
molecular interactions are governed by long-range electrostatic
interactions and short-range van der Waals interactions. The
electrostatic interactions are determined by the charge pairs on
the beads. The magnitude of van der Waals interactions is deter-
mined by the Hamaker constants on the beads. In our previous
work, the Hamaker constants were divided into variable and
constant region contributions.”> The constant region Hamaker
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Figure 4. Classification of low and high viscosity mAbs based on a decision tree model for (a) IgG1 (b) IgG4P (c) IgG4P with modified splitting criteria. MAbs with black
colors indicate correct classification, while mAbs with red colors indicate incorrect classification. The accuracy is based on the experimental zero-shear viscosity at

150 mg/ml using a cutoff value of 30 cP.

constants (Af;) were determined by using 20 IgG1 mAbs from
a previous study.”? It was hypothesized that it would not be
directly applicable to the IgG4P isotype. In addition, the negative
charge on the CH3 region of the IgG4P isotype tends to over-
estimate the electrostatic interactions present in the CG model.
The effective charge on the CH3 region (chgCH3) in the IgG4P
needs to be modified to properly characterize the various interac-
tions. In order to determine the best parameter sets, we performed
a parameter screening for Af; from 0.12 kcal/mol to 0.18 kcal/mol
with a step size of 0.02 kcal/mol and for chgCH3 from -0.2 e to
-0.8 e with a step size of 0.2 e to minimize the total deviation of
viscosity between experiment and simulation of IgG4P. The
deviation is defined as VisSs — Visgg — (VisSe — Visgy ). The
viscosity difference between experiment and simulation of IgG4P
isotype not only comes from the constant regions, but also comes

from the variable regions. The parameterization here is mainly for
the constant region of IgG4P. Some of the deviation between CG
prediction and experiment could come from the variable regions.

In order to exclude the contribution from the variable
regions affecting the parameterization of the IgG4P constant
regions, we decided to use IgG1 as a reference to remove the
effect from the variable regions when both IgGl and IgG4P
share the same variable domains. To account for this effect, the
deviation is offset by the viscosity difference between IgGl
experiment and simulation, Table 4 contains the result of the
total deviation Z|Visgf7\/isg{f ~visi=Vissh| - of g IgG4P mAbs
(ganitumab, tremelimumab, ipilimumab, basiliximab, trastu-
zumab, TGN1412, adalimumab, and golimumab) at 150 mg/ml
and 175 mg/ml. The four misclassified IgG4P mAbs from the
machine learning model were excluded (atezolizumab,
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22 e lower than the upper bound. The accuracy is defined as the number of
correctly classified mAbs divided by the total number of mAbs analyzed (14).

natalizumab, bevacizumab, and vesencumab) because their
viscosity difference comes primarily from the variable regions.
Cetuximab IgG4P was also excluded because its high viscosity
reached the limit of the CG simulation. The parameter set for
IgG4P which showed improved accuracy is Af; = 0.12 keal/
mol and chgCH3 = 0.8 e.

Correlation of kD values with diffusivities from the CG
model

The diftusivities calculated from CG models have been
reported to correlate well with measured kD values.*
Figure 8 shows that the linear correlation coefficients of the
normalized diffusivities with the measured kD are 0.81, 0.63,
and 085 for IgGl, IgG4P (Aj =02 kcal/mol and
chgCH3 = -1.0 e), and IgG4P (A = 0.12 kcal/mol and
chgCH3 = -0.8 e), respectively. The modified parameters for
the IgG4P CG model significantly improved the correlation.
For the high viscosity mAbs, cetuximab and omalizumab, the
normalized self-diffusivities are <0.62 for both IgG1 and IgG4
despite different measured kD values.
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Figure 6. Concentration dependence of the zero-shear viscosity from CG models with the experimental data for IgG1 and IgG4P mAbs. Blue circles indicate experimental
viscosity measurements of IgG1. Red squares indicate experimental viscosity measurements of IgG4P. Blue lines indicate CG results of IgG1. Red solid lines indicate CG
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Figure 7. Continued.

0

7.0
6.0
5.0
4.0
3.0
2.0
1.0

(a)

Basiliximab

— VH-VH
— VH-CH3
— VH-VL
— CH3-VL
— VL-VL

(b)

(©)

0.0
0
6.0

5.0

3.0
2.0

1.0

TGN1412

-
N
w
IS
5

=
N
w
IS
5

4.0

3.0

2.0

1.0

1 2

Tremelimumab

—_
%)
w
IS
5

-
N
w
IS
o

0.0
16.0
14.0
12.0
10.0

1 2
Natalizumab

ISH

-
[N
w
IS
o

-
N
w
.
S

3.0
2.5
2.0
15
1.0
0.5
0.0

Vesencumab

-
)
[
I
o

50.0

40.0

30.0

10.0

1 2
Omalizumab

—
N
5]
=
ot

—_
o
w
IS
S

0.0

4.0
3.5

Ipilimumab

w

,_.
IN)
w
'S
@

-
v
w0
IS
ot

—-
N
[
'
5

—-
o
'
S



MABS (&) e1991256-11

0.9 .09 0.9
(a) IgG1 o (b) IgG4P _original (C) IgG4P_optimized
= 0.81 .~ = 0.6: =0.
08 R=038 08 R =0.63 08 R =0.85
o X 3 .-
1/ go X, .
QS 0.7 A 0.7 o e 0T Ok ?
n)
T ,‘? "_,—’1 Y
0610 ol 0.6 5 e e 06{ o
() X ();GVAU;"' X Bov r'é r'e
0.5 ® S 0.5 0.5
=20 —10 0 10 20 30 40 50 —35 -25 —15 -5 5 15 =3 -25 —-15 -5 5 15

kp (mL/g)

kp (mL/g)

kp (mL/g)

Figure 8. Correlation of self-diffusivities (d) from CG simulation with measured kD values measured by DLS (1-20 mg/ml) for (a) IgG1 with Af; = 0.2 kcal/mol, (b) IgG4P with
A}, = 0.2 kcal/mol and chgCH3 = —1.0 e (original parameters) and (c) IgG4P with Af; = 0.12 kcal/mol and chgCH3 = —0.8 e (optimized parameters). The self-diffusivities are
calculated at 50 mg/ml. Dy is the single antibody diffusivity in free space. The dashed lines indicate linear correlation and R is the linear correlation coefficient.

Table 4. Total deviation of viscosity at 150 and 175 mg/ml for eight IgG4P mAbs
(ganitumab, trastuzumab (Herceptin®), Adalimumab, golimumab, basiliximab,
TGN1412, tremelimumab, and ipilimumab) as a function of A}, and chgCH3. The
deviation for each IgG4P mAb is defined as VisSy — Visgy — (VisSs — Visgy ). The
deviation is offset by the viscosity difference between experiment and computa-
tion of IgG1 mAbs to account for the effect of variable regions on the viscosity.
The total deviation is defined as >~ |VisGs — Visgy — (VisSs — Visgy) |-

(kcal/mol)
Total deviation (cP) 0.12 0.14 0.16 0.18
chgCH3 (e) -0.2 180.8 183.4 183.5 181
-0.4 164.5 166.5 165.3 165.1
-0.6 163.1 160.8 160 163.6
-0.8 153.3 154.9 164.6 184.4

Viscosity and kD measurements of selected CH3 IgG1-IgG4
swapped variants

Given the significant charge differences between the CH3
domain of IgG1 (+2 e) and IgG4P (-1 e) mAbs (Table 2), we
hypothesized that the CH3 domain could play a role in the
difference seen in viscosity and kD (self-interactions) for IgG1
and IgG4P mAbs. To test this hypothesis, we selected four
mAbs exhibiting different viscosities (cetuximab, trastuzumab,
atezolizumab, and golimumab) for a domain swapping experi-
ment, in which the CH3 domain of IgG4P is replaced with the
CH3 domain of IgG1 (sequences in supplemental Table 1). The
kD and viscosities of the selected IgG4P CH3 swapped variants
were measured (Figures S1 and S2). Cetuximab was chosen as
it is the highest viscosity mAb in our study for which we have
kD and viscosity data for both IgGl and IgG4P isotypes.
Trastuzumab and golimumab were selected as examples of
antibodies of low viscosity having similar values as IgG1 (9.1
cP and 7.5 cP, respectively) and as IgG4P mAbs (8.7 cP and 8.5

cP, respectively). Atezolizumab was selected because it is an
antibody with moderate viscosity as an IgG1 (21.8 cP) that is
further increased as an IgG4P (49.9 cP).

For these four IgG1/IgG4P selected pairs, kD was more
negative for the IgG4P isotypes than the IgG1 isotypes indicat-
ing a stronger self-interaction. Table 5 shows the viscosity at
150 mg/mL and kD measurements of the four IgG4P CH3
swapped mutants as compared to their IgG1 and IgG4P coun-
terparts. The kD values of the IgG4P swapped mutants are
much closer to that of the IgG1 mAbs (Table 5). Among the
four selected mAbs, trastuzumab and golimumab, which had
similar viscosity values between IgGl and IgG4P, also had
similar values as an IgG4P CH3 swapped mutant. On the
other hand, the viscosity of cetuximab IgG4P (high viscosity
mAb) CH3 swapped mutant was reduced significantly com-
pared to the IgG4P counterpart (72.6 cP for the CH3 swapped
versus 205.6 cP for IgG4P), but was still 31.5 cp higher than
that of at the IgG1 (40.9 cP) counterpart. Atezolizumab, which
has a moderate viscosity as an IgGl (21.8 cP) and elevated
viscosity as an IgG4P (49.9 cP), show a viscosity profile lower
than that of IgG1 and IgG4P as a CH3 IgG4P swapped variant
(13.81 cP). The kD of the swapped mutant (-3.81 ml/g) was
also in between the kD of IgG1 and IgG4P (11.56 and —7.17 ml/
g respectively).

For all four mAbs, the IgG4P had a stronger self-interaction
(more negative measured kD) compared to its IgG1 counter-
part. Interestingly, all IgG4P CH3 swapped variants tested had
a measured kD close to the kD of the IgG1 (golimumab) or
between the kD of the IgG1 and the IgG4P (cetuximab, atezo-
lizumab, and trastuzumab). Figure 9 shows the concentration-
dependent viscosity of these four IgG1, IgG4P, and IgG4P CH3
swapped mutants from experimental results and CG

Table 5. Diffusion interaction parameter (kD) (0-20 mg/ml) and experimental viscosity of IgG1, IgG4P, and IgG4P CH3 swapped mutants. The viscosity is averaged from
different shear rates. The zero-shear viscosity is calculated by extrapolating to zero shear rate using a polynomial fit. All mAbs except Cetuximab exhibited a Newtonian

behavior for viscosity.

19G1 1gG4P 1gG4P CH3 swapped mutants
Experimental zero-shear Experimental zero-shear Experimental .zero—_sheaL
viscosity (cP) at viscosity (cP) at viscosity(cP) at viscosity(cP) at viscosity (cP) at V'ngé'ty (; )I
kD 150 mg/ml 150 mg/ml kD 150 mg/ml 150 mg/ml kD 150 mg/ml 3t 150 mg/ml
mAbs (ml/g) (Averaged) (Extrapolated) (ml/g) (Averaged) (Extrapolated) (ml/g) (Averaged) (Extrapolated)
Cetuximab -10.6 40.9 55.7 —26.49 205.6 264.6 —12.24 726 75
Atezolizumab  11.56 218 223 -7.17 49.9 53 —-3.81 13.81 14.01
Trastuzumab 14.68 9.2 9.3 —4.45 8.7 8.8 4.77 77 79
Golimumab 9.31 7.5 7.6 -3.88 8.6 8.7 85 7.3 8.9
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simulation at 50, 100, 150, and 175 mg/ml. For I1gG4P CG
simulation, the improved parameter sets were used. For tras-
tuzumab and golimumab, the three IgG4 CH3 swapped
mutants exhibit similar measured viscosity behavior as their
IgGland IgG4P counterparts (also described in Table 5). For
cetuximab and atezolizumab, the IgG4P CH3 swapped
mutants showed significant viscosity reduction compared to
their IgG4P counterparts (also shown in Table 5). Figure 10
shows the radial distribution function of IgG4 swapped
mutants and the comparison with the corresponding IgG1
and IgG4P for trastuzumab, golimumab, cetuximab, and ate-
zolizumab. For the low viscosity IgG4P mAbs (trastuzumab
and golimumab), which show similar viscosity (~7-9 cP at
150 mg/ml), the peak heights/intensities for VH-CH3 and
CH3-VL regions are comparable to the peak heights for VH-

VH, VH-VL, and VL-VL regions, despite IgG4P having
slightly higher VH-CH3 and CH3-VL peaks compared to
those of IgGl and IgG4P CH3 swapped mutants. On the
contrary, the high viscosity mAb (cetuximab) shows markedly
high VH-VH, VH-VL, and VL-VL peaks, and exhibits an
intermediate viscosity value between IgGl (40.9 cP) and
IgG4P (205 cP) as an IgG4P CH3 swapped mutant (~72 cP).

Discussion

IgG1 and IgG4P antibodies are known to have differences in
sequence, structure, and key biophysical characterization para-
meters, such as isoelectric point, disulfide bond networking,
thermostability, and colloidal properties, including self-
interaction and Viscosity2’16_19’31‘ However, previous studies
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have neither dissected mechanisms leading to some of these
differences nor have isolated the contribution of the constant
domains. Here, we focused on self-interactions and viscosity
differences between IgG1 and IgG4P mAbs and used computa-
tional approaches, such as charge distribution, high viscosity
index classification, and CG with hydrodynamic calculation, to
predict self-interaction and viscosity in antibodies and to
achieve an understanding of sequence and structural charac-
teristics within the constant domains that affect these behaviors
in paired IgG1 and IgG4 isotypes. We selected 14 IgG1/I1gG4P
antibody pairs having low to high viscosity as IgG1. We defined
low viscosity mAbs as those that exhibit viscosity <30 cP at
150 mg/ml with the IgGl isotype. The viscosity differential
behavior between IgG1 and IgG4P can be divided into three
categories: 1) low or moderately elevated viscosity as IgG1 and
significantly higher viscosity as IgG4P (e.g., ganitumab, adali-
mumab, tremelimumab, basiliximab, vesencumab, atezolizu-
mab, TGN1412, and bevacizumab); 2) low or moderately
elevated viscosity as IgG1 and similar viscosity as IgG4P (e.g.,
ipilimumab, natalizumab, trastuzumab, and golimumab);
and 3) high viscosity as IgG1 and significantly higher viscosity
as IgG4P (e.g., cetuximab, 40.9 cP at 150 mg/ml, and omalizu-
mab, 30.3 cP at 100 mg/ml). Cetuximab IgG4P showed a 4- to
5-fold viscosity increase compared to its IgG1 counterpart at
150 mg/ml (>200 cP) and omalizumab IgG4P could not be
concentrated beyond 20 mg/ml in 20 mM sodium acetate, pH
5.5 buffer due to precipitation, consistent with previous reports
that omalizumab is a viscous mAb.® Overall, the IgG4P mAbs
in this study exhibited higher or similar viscosity compared to
their IgG1 counterparts at 150 mg/ml. To complement the data
acquired with viscosity measurements, we also measured the
diffusion interaction parameter (kD) by DLS for the 14 IgG1/
IgG4P antibody pairs.

The validity of using kD measured from low protein con-
centrations to predict high concentration viscosity remains
controversial. Woldeyes et al. reported that kD did not corre-
late well with viscosity at high concentration.* However,
Kingsbury et al. pointed out that, although kD may be limited
in providing quantitative regressions for viscosity-mAb con-
centration relationships, consensus in the field is that it has
great directional value in identifying poorly and well-behaved
mADbs from a self-interaction standpoin‘[.22 From this study, we
demonstrate that directional kD and viscosity are in alignment
with the most elevated viscosity mAbs having a strongly nega-
tive kD (indicative of strong self-interaction), whereas kD only
has a modest correlation with the viscosity of low viscosity
mAbs, highlighting the utility of kD measurements to identify
high viscosity mAbs.

Significant differences are observed in the charges of IgGl
and IgG4P mAbs in 20 mM sodium acetate pH 5.5 buffer. The
net charge of IgG1 mAbs range from +26 e to +40 e with the
two high viscosity IgG1 mAbs in our study, cetuximab and
omalizumab, having the lowest net charge (+26). IgG4P mAbs
have significantly lower net charges compared to their IgG1
mAbs counterparts (a difference of 14 e). This major difference
in net charge comes from the Fc region, composed of two CH2
and two CH3 domains, which has a difference of 10 e between
IgG1 Fc (12 e) and IgG4 Fc (2 e). The net charges on the CH2
regions are +4 e and +2 e for the IgGl and IgG4P mAbs,

respectively. The net charges on the CH3 regions are signifi-
cantly different, with +2 e and -1 e for the IgG1 and IgG4P
mAbs, respectively, likely due to differences in the pI of the
CH3 domains. It has been reported previously that at a similar
pH (pH 5.8) the pI of IgG1 CH3 is ~7 and the pl of IgG4P
is ~5.

We propose that the lower CH3 net charges could result in
weaker repulsive interactions between IgG4P mAbs, which is
consistent with the higher peaks (strong interaction) observed
between the CH3 and the variable region seen in the radial
distribution function analysis. In particular, the negative
charges on the CH3 regions of IgG4P mAbs could produce
favorable electrostatic interactions with other positively
charged regions. This would explain, at least in part, why
most IgG4P mAbs displayed higher viscosity at high concen-
trations than their IgGl mAbs counterparts. However, these
differences in net charge do not explain by themselves why
some IgG4P mAbs had similar viscosity behaviors with their
IgG1 mAD counterparts. For example, the net charges of ipili-
mumab, natalizumab, trastuzumab, and golimumab IgG4P
mAbs, which showed comparable viscosity for IgGl and
IgG4P isotypes, range from +16 e to +22 e. The net charges
of other IgG4P mAbs, which exhibit viscosity difference
between IgGl and IgG4 especially above 100 mg/ml, range
from +12 e to +26 e. More complex molecular interactions
and phenomena are likely involved.

The SCM analysis showed that for IgG1 mAbs, the predic-
tion for high and low viscosity is mostly accurate with only one
false positive case (adalimumab). The negative charge patches
of adalimumab on the heavy chains are spatially close while
distant from other positive charge patches, resulting in a large
SCM score. Since the variable regions are the same, the
dynamic average of SCM scores of IgGl and IgG4P mAbs
would be very similar. In addition to one false positive case,
there are two false negative cases for the IgG4P mAbs. It is
noted that vesencumab IgG4P is only slightly above the high
viscosity threshold (30 cP). One of the underlying premises of
the SCM model is that most of the constant regions carry net
positive charges, and an increase the in extent and magnitude
of the exposed negative electrostatic patch on the Fv region will
result in increases in viscosity. The model was initially devel-
oped based only on IgG1 mAbs. However, the constant region
of IgG4 mAbs not only has lower net positive charges but the
CH3 domain also carries net negative charges. Under our
buffer condition, the Fv domains of the IgG4 mAbs are posi-
tively charged. The overall positively charged Fv domain may
be dominant over negatively charged patches and form strong
electrostatic interactions with the negatively charged CH3
domain, resulting in elevated viscosity.

Twelve of 14 IgG1 mAbs were correctly classified using the
decision tree model. The misclassified mAbs (natalizumab and
bevacizumab) are both false positives. Based on the earlier
work, the number of serine and glutamic acid residues on the
Fv regions are significantly higher for high viscosity mAbs.*®
On average, there are 34 serines and 10 glutamic acids for high
viscosity mAbs.*® From sequence analysis, although natalizu-
mab has a large HVI value, it only has 24 serines on the Fv
regions. The significant difference in the amino acid composi-
tion compared to the high viscosity mAbs in the previous work



could be the reason for the misclassification. Moreover, bev-
acizumab was also misclassified by the decision tree model in
the previous work.*

The accuracy of the classification of the viscosity for the
IgG4P mAbs using our classification previously established for
IgG1 mAbs was 36%, only 5 of 14 cases were correctly classi-
fied. There are two features in the decision tree model, HVI and
mAbs net charge. HVI only depends on the Fv sequence, and,
in this case, both IgGls and IgG4Ps have the same Fv
sequences. Therefore, we did not choose to modify HVI.
Instead, we found that one major difference between IgGls
and IgG4Ps is the charge on the constant region; therefore, we
only revised the mAbs net charge criterion for the IgG4P
decision tree model. Yang et al. also reported that experimen-
tally measured charge differences are much smaller than the
calculated charge differences.”” We understood that the split-
ting criteria previously used for IgG1 mAbs was not applicable
for IgG4P mAbs and the net charge criteria of the decision tree
model for the IgG4P mAbs needed to be adjusted. The splitting
results of IgG4P mAbs based on the new criteria resemble the
results of IgGl mAbs. Only vesencumab and atezolizumab
IgG4P mAbs exceed the high viscosity threshold. Future appli-
cation of this decision tree model may require separation of the
mAbs based on their isotypes first and then implementation of
the corresponding splitting criteria.

For IgGl mAbs, the CG model predicts the concentration
dependence of most low viscosity mAbs quite well, but over-
estimates the viscosity of natalizumab IgGl at >100 mg/ml,
bevacizumab IgGl at 175 mg/mL, and atezolizumab IgGl at
>100 mg/ml. For IgG4P mAbs, the CG model generally predicts
higher viscosity than for IgGl mAbs. An exception is the high
viscosity cetuximab for which the CG model predicted very
similar results for IgG1 and IgG4P mAbs due to the strong Fv-
Fv interactions that dominate in the cluster formation. In this
specific case, the constant regions only had a marginal effect on
viscosity.

The analysis of the radial distribution function for VH-
VL, VH-VH, VL-VL, VH-CH3, and VL-CH3 showed differ-
ences in domain interactions for IgG1 and IgG4P isotypes.
For I1gG1 mAbs (with both low and high viscosity), VH-VL,
VH-VH, and VL-VL (Fv-Fv) domains generally have higher
peaks than those of VH-CH3 and VL-CH3 (Fv-CH3), which
suggests a strong interaction between Fv-Fv domains.
However, we observed two different patterns for IgG4P
mAbs. For low viscosity IgG4P mAbs, in contrast to I1gGl
mAbs, VH-CH3, and VL-CH3 pairs were found to have
significantly higher peaks than those of VH-VL, VH-VH,
and VL-VL pairs (A}; = 0.2 kcal/mol), indicating a stronger
Fv-CH3 interaction. The strong interaction observed
between CH3 and Fv could be due to the electrostatic inter-
action between the negatively charged IgG4P CH3 domain
with the positively charged regions of VH and VL. On the
contrary, high viscosity IgG4P mAbs (omalizumab and cetux-
imab) showed very similar profiles as their IgG1 counterparts,
i.e., stronger VL-VL, VH-VH, and VH-VL domain interac-
tions (large Aj; values) and reduced Fv-CH3 interactions.
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(A} = 0.2 kcal/mol) due to negatively charged Fv. The nega-
tively charged Fv domain would reduce the interaction
between Fv and CH3.

Due to the challenges of experimentally measuring charges
of isolated antibody domains, computational models lack the
data needed to improve prediction accuracy, which is likely the
reason why the model overestimates sequence-based charges
and electrostatic interaction predictions. To improve our mod-
els for the IgG4 isotype, we adjusted the Af; values previously
described for IgG1*® and the charge on the CH3 beads/
domains (chgCH3) for IgG4P. The optimal A}; we found was
0.12 kcal/mol and chgCH3 = —0.8 e. Overall, the computation-
ally predicted viscosity values of IgG4P using the optimized
parameters (Af; = 0.12 kcal/mol and chgCH3 = —0.8 e) was
much closer to the experimental measurements. We showed
that the VH-CH3 and VL-CH3 peaks of IgG4P with Aj; = 0.12
kcal/mol and chgCH3 = -0.8 e are lower than those of IgG4P
with Af; = 0.2 kcal/mol and chgCH3 = -1.0 e, indicating
weaker interactions between these pairs with the new para-

meter sets.
Given the observed relatively strong interaction between Fv

and CH3 in IgG4P in the radial distribution function and the
negative charge of the CH3 domain, we hypothesized that CH3
could be a key region for the viscosity and self-interaction
difference between IgG1 and IgG4P antibodies. We designed
CH3 domain swapped IgG4P mutants, replacing the IgG4 CH3
with the IgG1 CH3 regions, for four selected IgG1/IgG4P pairs
having differential viscosity behaviors. These selected mAbs
were trastuzumab and golimumab (low viscosity as IgG1 and
IgG4P), cetuximab (high viscosity mAb as IgG1, more viscous
as 1gG4P) and atezolizumab (low to moderate viscosity as
IgG1, more viscous as IgG4P). The results showed the CH3
IgG4P swapped mutants have similar (or within same range)
kD values as their IgG1 counterparts, highlighting the CH3
region as a key contributor to the difference in the self-
interaction observed between IgG1 and IgG4P mAbs.

We compared the effect of I[gG4 CH3 swapped mutants on the
low, medium, and high viscosity mAbs using experimental and
computational approaches. As anticipated, trastuzumab and goli-
mumab showed similar viscosity behavior as IgG1, IgG4P, and
IgG4 CH3 swapped mutants. CG simulation also showed that
IgGl, IgG4P, and IgG4 CH3 swapped mutant have similar visc-
osity for trastuzumab and golimumab. However, the CG simula-
tion has a slight overestimation of the viscosity at 175 mg/ml for
trastuzumab, and a slight underestimation of the viscosity
>150 mg/ml for golimumab compared to experimental results.
For cetuximab, the viscosity of the IgG4P CH3 swapped mutant
showed significant reduction compared to that of IgG4P isotype
and exhibited similar viscosity behavior as that of IgG1 isotype.
This clearly demonstrates that the viscosity difference between
IgGl and IgG4 was primarily driven by the CH3 region for
cetuximab. However, since the CG simulation overpredicts the
Fv-Fv interactions, as described above, the difference in the con-
stant region only has a minimal effect on the predicted viscosity.
For atezolizumab, the viscosity of the IgG4P CH3 swapped
mutant showed reduced viscosity that is lower than the IgGl
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and IgG4P mAbs. The CG simulation qualitatively and correctly
predicted that the IgG1 and IgG4P CH3 swapped mutant exhibit
lower viscosity than that of IgG4P isotype.

The difference in the radial distribution function profile
indicates that the regions in the mAbs involved in self-
interactions and viscosity (i.e., the microstructures of the clus-
ter formation) of IgGl and IgG4P are different. For IgGl
mAbs, the clusters are formed predominantly by connecting
the Fv-Fv regions (head-to-head). For IgG4P mAbs, Fv-Fc
interactions (head-to-tail) are also playing a role and can
even be dominant for antibodies with weak Fv-Fv interactions.
It is noted that the CG model is different from the SCM model
and should not be compared directly. SCM is based on an all-
atom representation, and it takes into account different charge
distribution on the surface. It also is based on the assumption
that negative charge patches can interact with positive charge
patches on other regions and viscosity behavior is predomi-
nantly governed by charge effect. On the other hand, the CG
model does not have high-resolution information for charge
distribution, but includes the effect of short-range interactions.

Previous publications have described that head-to-head
interactions lead to extended linear clusters, while head-to-
tail interactions lead to compact and branched clusters.””**
Given the same interaction energies, the extended cluster
would have higher viscosity than that of branched clusters.”*
Furthermore, IgG4P mAbs that exhibit lower net charge could
lead to enhanced self-association. The theoretical model
assumes that, given the same interaction energies, extended
clusters could have higher viscosity; however, in the real situa-
tion, the interaction energies between IgG4Ps are more favor-
able compared to that of IgGls. Here, we postulate that the
balance between the interaction energies between Fv-Fv and
Fv and the constant domain of the Fc (with the CH3 domain
playing a critical role) account for the difference between the
IgG1 and IgG4P viscosity and self-interaction behavior.

To our knowledge, this work is the first to provide an
explanation for differences in colloidal properties (viscosity,
self-interactions) between IgG1 and IgG4P mAbs and reveal
the CH3 domain’s significant contributions in conjunction
with the nature of the variable domains (amino acid composi-
tion, net charge) in driving viscosity in mAbs. This is also the
first report of a computational model to predict viscosity and
self-interaction of IgG4P mAbs.

Materials and Methods

Expression and Purification (gene synthesis, transfection,
and purification)

IgG1 and IgG4P monoclonal antibodies were generated from
transiently transfected in CHO-Expi Expression System
(Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s protocol. Briefly, the cells were grown and
maintained in ExpiCHO Expression Medium (Thermo Fisher
Scientific). The cultures were harvested on day 7, the cells were
pelleted by centrifugation, and the supernatant was passed
through a 0.2-micron filter. Antibodies were purified from
culture supernatant by affinity chromatography using
a Protein A coupled resin (MabSelect™ SuRe™ (GE Healthcare

Life Sciences, Pittsburgh PA). The mAb was eluted from the
resin with 20 mM sodium acetate at pH 3.5 and immediately
neutralized with 0.333 M Tris, 1 M sodium acetate, pH 8.0 and
buffer exchanged into 20 mM sodium acetate pH 5.5.
Aggregation levels were assessed by UP-SEC. When necessary,
a secondary polishing purification step such as preparative SEC or
cation-exchange chromatography (CEX) (Capto S resin, GE
Healthcare) was used to achieve a purity of >98% by UP-SEC.

Size-exclusion chromatography HPLC

To determine aggregation by UP-SEC, 5 ug of purified anti-
body was injected onto a BEH200 (Waters Acquity BEH200
SEC, 1.7 um, 4.6 x 150 mm) size exclusion column that was
equilibrated with 100 mM sodium phosphate, 200 mM sodium
chloride, 0.02% sodium azide pH 7, at 0.5 mL/minute using
a Waters H-Class UPLC. Chromatograms were collected at
both 215 and 280 nm wavelengths, and integration of the
absorption at 280 nm (wavelength) trace was performed
using EMPOWER 2 (Waters).

Diffusion interaction parameter (kD) by DLS assessment

All DLS studies were performed at 25°C in glass bottom 96-
well plates using a DynaPro Plate Reader II (Wyatt, Santa
Barbara, Ca). High concentration samples were diluted with
the buffers of interest (20 mM sodium acetate pH 5.5) to obtain
a concentration of 20 mg/mL, filtered through 0.22 um filters,
and diluted in filtered buffers (with desired pH and ionic
strength) to obtain lower concentration samples (2, 5, 10, and
15 mg/mL), which were then added to the microplate. The kD
was determined by a linear fit of the measured (mutual) diffu-
sion coeflicients as a function of concentration.

Viscosity assessment

Samples were evaluated for viscosity. Viscosities were mea-
sured using the VROC Initium (RheoSense, San Ramon, CA)
viscometer. The technology can accurately measure the pres-
sure drop by using an array of pressure sensors as the sample
flow through a micro-channel, which can be used to calculate
the viscosity.

Viscosities at different shear rates (shear rate sweep) were
measured in 20 mM sodium acetate pH 5.5 at 50 mg/ml,
100 mg/ml, 150 mg/ml, and 175 mg/ml. All viscosity measure-
ments were carried out at 25°C. First, the estimated viscosity
was measured at a shear rate such that the pressure is 50% of
Pmax of the BO5 chip (NC1226294, RheoSense, San Ramon,
CA). Twenty-six ul of samples was used for this measurement.
The estimated viscosity was then used to generate the protocol
for shear rate sweep experiment. The range of accessible shear
rates for a certain viscosity was limited by the maximum flow
rate of the chip. For these measurements, 26-50 ul of sample
was used depending on the estimated viscosity of the samples.
E02 (NC1577288, RheoSense) chip was used if the estimated
viscosity is higher than 200 cP. Concentrated samples were
filtered using a 0.2 um Polyvinylidene fluoride (PVDF) mem-
brane prior to loading into glass vials. For each sample,



viscosity values at each shear rate were average and then were
plotted as a function of a series of shear rates. The viscosity at
zero shear rate was then extrapolated using a polynomial fit.

Homology Modeling of mAbs

The sequences of the mAbs used in this study are available
in Supplemental Table 1. The mAb molecules were con-
structed followed the protocol proposed by Brandt et al.’
The Fab structures were obtained from either available
crystal structures or homology models built from
RosettaAntibody.’**® The structures of the Fab regions
were superimposed on a template structure of a full-
length IgGl and IgG4 models. The IgGl template was
obtained from the KOL/Padlan structure.’>*’ For the
IgG4 model, the Fc regions (PDB:4C54) were superimposed
on the KOL/Padlan IgGl structure.*"** The glycan struc-
ture was GOF. The homology models were energy-
minimized to remove steric clashes in protein structures
using NAMD2.*?

All-Atom Molecular Dynamics Simulation

MD simulations were performed using all-atom structures
with explicit solvent using the TIP3P water model.**
Simulation boxes were set up using VMD® to place
a single antibody in a water box extending 12 A beyond
the protein surface. Simulations were performed at 300 K
and 1 atm in the NPT ensemble, using the NAMD2* soft-
ware package and the CHARMM36m force field.*® The sys-
tem pH was set to 5.5 to match the experimental pH by
adjusting the protonation states of the histidine residues
using the PROPKA3 protocol.”” Electrostatic interactions
were treated with the Particle Mesh Ewald method and van
der Waals interactions were calculated using a switching
distance of 10 A and a cutoff of 12 A. The integration time
step was set to 2 fs. Each mADb system was pre-equilibrated
for 10 ns, followed by 50 ns production runs.

Computational Models of Viscosity Behavior

The spatial charge map (SCM) calculates a score based on the
negative charges of the exposed residues in the Fv region.”> The
decision tree model uses two features, net charge of full-length
mAbs and HVI, to classify high and low viscosity mAbs.*®

_ N_hydrophilicFv — N_hydrophobicFv o

HVI
Fvlength

100 (1)

The CG model was described elsewhere.”” Briefly, a 12-bead
CG model derived from all-atom MD simulations was used to
construct the structure of all the mAbs. The intramolecular
interaction parameters were obtained from the dynamic
averages of the MD simulations. The charges on the beads
are the sum of all the atomic charges on the corresponding
domains. The radii of the beads were calculated from the
average radius of gyration from MD simulations. The CG
models were treated as colloidal particles as applied in
a previous work.* Brownian dynamics simulation was used
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to describe the dynamic behaviors of the CG beads. The elec-
trostatic interactions between the beads were approximated as
a form of the Yukawa potential. The dispersion interactions
were described as van der Waals interactions.”” The magnitude
of interactions depends on the Hamaker constant, Ay. The
Hamaker constants are divided into Aj; and Aj; to account
for the variable regions and constant regions, respectively. The
variable region Ajjequals to 0.04 x HVI kcal/mol. The con-
stant region Af; equals to 0.2 kcal/mol for IgG1 mAbs. The
total viscosity is contributed from hydrodynamic, interparticle,
and solvent interactions. In addition, the maximum viscosity
that the CG model can reach is ~200 cP due to the finite size
effects as described elsewhere.”” The details are referred to the
previous work.”” The calculation of self-diffusivity (D) follows
a previous study.*® The single antibody diffusivity in free space
(Dg) was calculated by extrapolating the concentration-
dependence of self-diftusivity to zero concentration.

Calculation of radial distribution function g(r)

The radial distribution function g(r) is calculated by

1

60 = s 2 (00 Iy =)

i=1 j#i

where r is the distance between two beads. N is the number
of beads. p is the average number density of the beads. ()
is the Dirac delta function. <-> is the ensemble average.
Bead pairs belong to the same molecule are excluded from
the calculation.
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