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SHORT COMMUNICATION
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Highly concentrated antibody solutions often exhibit high
viscosities, which present a number of challenges for antibody-
drug development, manufacturing and administration. The
antibody sequence is a key determinant for high viscosity of
highly concentrated solutions; therefore, a sequence- or
structure-based tool that can identify highly viscous antibodies
from their sequence would be effective in ensuring that only
antibodies with low viscosity progress to the development
phase. Here, we present a spatial charge map (SCM) tool that
can accurately identify highly viscous antibodies from their
sequence alone (using homology modeling to determine the 3-
dimensional structures). The SCM tool has been extensively
validated at 3 different organizations, and has proved successful
in correctly identifying highly viscous antibodies. As a
quantitative tool, SCM is amenable to high-throughput
automated analysis, and can be effectively implemented during
the antibody screening or engineering phase for the selection
of low-viscosity antibodies.

Monoclonal antibodies (mAbs) are one of the most common
classes of biopharmaceutical molecules, and it is expected that
new mAbs will continue to be discovered and developed for treat-
ing human diseases. Because most mAb-based therapies require
parenteral (intravenous or subcutaneous) administration, highly
concentrated antibody solutions (> 100 mg/ml) are often
needed to achieve therapeutically relevant dosing of mAbs in a
small injection volume. End-user convenience is a key require-
ment for mAb therapeutics indicated for chronic conditions.
While development of a high concentration liquid formulation
can provide such a convenience to patients through reduced dos-
age frequency, high concentrations often lead to challenges such
as aggregation and solution viscosity. Highly viscous antibodies
are difficult to inject via the subcutaneous route (especially in
geriatric patents), and are challenging to handle during
manufacturing and processing.
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In traditional approaches, during formulation development a
mechanistic understanding of the observed undesired solution
properties like viscosity is undertaken and formulation controls are
designed or developed accordingly to control viscosity. In addition,
antibody molecules that have high viscosity do not fit into any plat-
form formulation or technologies, and likely require custom formu-
lation or containers, which adds to the resources, cost and time of
development. One approach that is gaining wide-spread acceptance
by the biopharmaceutical industry to tackle challenges associated
with the development of high-concentration liquid formulation is
the early identification, screening and engineering of problematic
candidate drugs. However, it is not practical or efficient to screen
and address high concentration liabilities at the early discovery stage
because both resources and material availability are often limited.
Development of novel 7z silico predictive tools or high throughput
methods to screen for and reduce or eliminate such problematic
candidate is a prerequisite for successful developability studies.
While some hypotheses have been proposed regarding the proper-
ties of the antibody that are responsible for high viscosity,'” there is
currently no way of making validated predictions. Thus, whether a
given antibody will exhibit high viscosity can only be determined
empirically at the later stages.

An approach that can identify highly viscous antibody candi-
dates early in the discovery phase would be highly beneficial in
addressing the issue of antibody viscosity. The identified anti-
body can either be engineered (at the protein sequence level via
single or multiple point mutations in such a way that biological
activity is retained) or eliminated from the antibody panel so that
only antibodies with lower viscosities are moved forward to the
development phase.® In general, limited quantities of antibodies
are generated at low concentrations during the discovery or opti-
mization phases; thus, the experimental determination of the vis-
cosity at the therapeutic dose is not feasible early in the
development process. In lieu of experimental techniques, compu-
tational approaches that identify highly viscous antibodies from
their sequence/structure can be efficiently employed in a high
throughput manner during discovery and optimization.

In this work, we present a novel, high-throughput, in silico
tool, termed spatial charge map (SCM), for identifying highly
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viscous antibodies from their sequence using homology modeling
to obtain 3D structures. This tool is based on a molecular under-
standing of the origin of viscosity. Several previously published
computational approaches have shown promise in the predictive
capabilities of electrostatics-based methods for antibody viscosi-
ties.?>”? One such variable fragment (Fv) sequence-based
method that incorporates electrostatic-based predictors was
recently reported by Sharma et al. ? Their method, which has 4
fitted parameters, calculates viscosities based on 3 parameters: 1)
hydrophobicity index, 2) net charge at the formulation pH, and
3) charge symmetry (see Figs. 4—6 in the supporting information
for a performance of their method for the experimental dataset
used in this report).

Here, we build upon the previously published electrostatics-
based methods and develop a quantitative, and thus amenable to
automation, score for viscosity prediction. The predictions of
this tool against the experimentally measured viscosities of a
number of antibodies were validated in collaboration with
Novartis, Pfizer and MedImmune.

In general, the viscosity of antibody solutions under physio-
logical conditions is driven by intermolecular (i.e., between anti-
body molecules) interactions, although the detailed nature of
these interactions is not known. For example, short-range inter-
actions (e.g., driven by hydrophobic association) could be a
driver for antibody viscosity, or long-range interactions (e.g.,
driven by electrostatic association) could be a driver for antibody
viscosity. Furthermore, viscosity-driving interactions could
depend on the antibody solution concentration and other factors
such as formulation, temperature, and shear rate. However, for
highly concentrated antibody solutions, published studies have
suggested a role of electrostatic interactions in antibody viscosity.
For example, antibodies have high viscosity near their isoelectric
point (pI) values at low ionic strength conditions.”' Further-

L3791 have shown

more, negative charge-based descriptors
good correlation with the viscosity of highly concentrated
solutions.

Following these promising reports, we developed a phenome-
nological, electrostatics-based model that is fully quantitative and
thus amenable to automation and high-throughput analysis, to
identify highly viscous antibodies. The SCM tool quantifies
(negative) electrostatic patches on the antibody surface using the
antibody structure as an input. In our previous work, we demon-
strated the application of the spatial summation of residue nor-
malized-hydrophobicity (normalized for the fractional exposed
surface area of each residue) to identify aggregation prone
regions'> and to rank antibodies according to their aggregation
propensity.'> Here, we compute the spatial summation of residue
charge (only for the surface-exposed residues) and demonstrate
that this quantity (termed SCM) can be used to identify highly
viscous antibodies.

The input to the SCM tool is the 3-dimensional antibody
structure. Because the structure of the non-Fv domain is highly
identical among IgG1 antibodies, we perform SCM analysis only
on the Fv region. In general, the experimental structures of the
Fv domain of antibodies are seldom available; therefore, we
employ homology-modeling techniques to obtain the Fv
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structures from the antibody sequence. Using the structure of the
Fv domain, we compute the SCM value for each atom and the
SCM score for the Fv domain as follows:

partial charge
SCMa(om,i = .
! . of the atom
side-chain atoms that belong to
an exposed residue and are within
distance R=10 A of atom i
SCM score = E {SCMamm_ i X H( — SCMaom, 1)} .

all atoms in

the Fv domain

where H is the Heaviside function, and |.| is the absolute value
function. When multiple (i.e., an ensemble of) Fv domain struc-
tures are available from experiments or molecular dynamics sim-
ulations, the SCM_;om,; is calculated as the average value over
these multiple structures (see supporting information).

The SCM score, as computed above, represents both the
extent and the magnitude of the exposed negative electrostatic
patch on the Fv domain (see Fig. 1). Published studies have
reported that the presence of a negative patch on an Fv domain is
correlated with high antibody viscosity, so we expect that high
values of the SCM score would be correlated with high antibody
viscosity. Because the SCM score does not incorporate the condi-
tions (e.g., excipients, buffers, temperature) and experimental
setup used to measure the viscosity, it should be considered a
measure of the intrinsic propensity to exhibit high viscosity. For
validation purposes, the SCM scores among antibodies should be
compared with viscosity data obtained under similar formulation
and temperature conditions. Furthermore, because we compute
SCM scores only on the Fv domain, for validation purposes, we
compare the viscosities of solutions of antibodies of similar iso-
types. In this study, we focus on IgG1 antibodies because most of
the experimental viscosity data were available for this isotype,
and this isotype does not exhibit structural heterogeneity, as

Figure 1. Projection of the SCM,om,; Values on the Fv domain. (Left) anti-
body with a low SCM Score, Rituximab (right) antibody with a high SCM
Score, N4. Fv domains are oriented so that the light chain is on the left
side and the complementarity-determining regions of the antibodies are
visible. Red patches indicate electronegative regions, whereas blue
patches indicate electropositive patches.
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Figure 2. Correlation of the SCM Score with Novartis antibodies. An SCM
score of greater than ~1200 is a good predictor for highly viscous anti-
bodies (shown in red) at Novartis.

Figure 3. Correlation of the SCM Score with Pfizer antibodies. An SCM
score of greater than ~1600 is a good predictor for highly viscous anti-

bodies (shown in red) at Pfizer.

opposed to the IgG2 antibodies, which exhibit structural hetero-
geneity due to hinge region disulfide isoforms."*

The experimental viscosities of the IgG1 antibodies reported
in this manuscript were measured by their respective organiza-
tions; however, different experimental setups and different for-
mulations used during the experimental viscosity
measurements. As a consequence of the methodology and formu-
lation differences, a range of viscosity values were found by the 3
organizations. Therefore, we did not attempt a direct comparison
of these experimental viscosities with the computed SCM scores,
but report 3 separate comparisons. We plotted the experimental
viscosity from each organization against the computed SCM
score (Figs. 2, 3, 4). A high SCM score is indicative of high vis-
cosity. Because different formulation conditions and experimen-
tal setups were used at these organizations, the SCM score
threshold for differentiating low and high viscosity antibodies
(i.e., antibodies that have viscosity greater than ~20 mPa-s) is
different in each of these figures. For example, an SCM score of
greater than ~1200 is a good predictor for a highly viscous anti-
body at Novartis, whereas an SCM score of greater than ~1600
is a good predictor for a highly viscous antibody at Pfizer.

Intermolecular interactions driven by non-Fv regions could
also be responsible for the high viscosity of antibodies. Therefore,
parameters in addition to the SCM score, which was computed
only on the Fv region in this report, could be required to further
refine the predictions. To obtain these additional parameters,
additional experimental data are required to distinguish the role
of the non-Fv region (e.g., to distinguish the role of Cy in k ver-
sus the A light chain; see Tables 1-3). The Fv-based SCM score
is capable of rapid, high-throughput and accurate identification

were
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of highly viscous antibodies in a typical antibody discovery-devel-
opment program where most of the sequence dissimilarities
among the candidate antibodies is limited to the Fv region.

In conclusion, we present here a phenomenological model,
termed SCM, for the coarse quantification of electronegative
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Figure 4. Correlation of the SCM Score with Medimmune antibodies. An
SCM score of greater than ~2000 is a good predictor for highly viscous
antibodies (shown in red) at Medimmune.
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Table 1. Antibody isotype, viscosity and SCM scores for Novartis antibodies

mAb Isotype Viscosity [mPa-s] SCM score
N1 lgG1k 8.5 1002
N2 lgG1k 8.7 1020
N3 lgG1k 6.1 965
N4 1gG1k 54 1513
N5 IgG1A 56 1436
Rituximab IgG1k 10 836

potential patch on the Fv domain of antibodies. Published stud-
ies indicate that the presence of electronegative patches on the Fv
domain plays a role in the high viscosity of certain antibodies sol-
utions. However, the electrostatic potential itself is not amenable
to a direct, high throughput analysis. Furthermore, the electro-
static potential analysis itself is quite subjective and could lead to
researcher-to-researcher variability. Analysis of the electrostatic
potential on an ensemble of structures (as generated via molecu-
lar-dynamics simulations) is also not feasible, leaving only static
analyses, which might depend significantly on the static structure
chosen.

On the other hand, the SCM score quantifies the extent and
the magnitude of electronegative patches on the Fv domain sur-
face and hence overcomes all the above limitations. The SCM
score has been extensively cross-validated for discrimination
between low and high-viscosity antibodies at 3 different organiza-
tions, and it has been shown that a high SCM score is an accurate
predictor of a highly viscous antibody. Hence, the SCM tool can
be applied early in a development program to identify molecules
from the antibody panel that are likely to have high viscosity.
These antibodies could be either engineered to lower their SCM
score (thus lowering their viscosity) or could be eliminated from
the antibody panel. This strategy could be effective in ensuring
that only antibodies displaying low viscosity in highly concen-
trated solutions are moved forward into development.

Structure Modeling

Novartis mAbs

The structures of the Fv domain of antibodies were obtained
from our previous study.'” Briefly, the structure of the Fv
domain was generated from the sequence using the WAM
modeling tool."® In a few cases, the structure of 3—4 residues at
the C-termini of the chains were not generated by the above

Table 2. Antibody isotype, viscosity and SCM scores for Pfizer antibodies

Table 3. Antibody isotype, viscosity and SCM scores for Medimmune anti-
bodies. IgG1k-YTE has triple mutations in the Fc domain for higher FcRn

binding"®

mAb Isotype Viscosity [mPa-s] SCM score
M1 lgG1k 111 876
M2 lgG1k 258 2223
M3 lgG1k 54 980
M4 lgG1k-YTE 14.3 1724
M5 IgG1k 14.9 1724
M6 lgG1k 13.2 1589

protocol; the coordinates of these residues were generated using
the “Add Residue” utility of the Swiss PdbViewer'® program.
The coordinates of hydrogen atoms were generated for each of
the structures using the PSFGEN plugin of VMD."” This final
model was used for SCM calculation.

Pfizer mAbs

Molecular models for the Fv regions of 7 Pfizer mAbs were
made using the antibody modeler in MOE. For each mAb, up to
625 intermediate (25 backbone models and 25 side chain models
per backbone model) homology-based models were created for
the Fv region. The intermediates were optimized to the root
mean square gradient (RMSG) of 0.01 kcal/mol/A? via energy
minimizations using the AMBER99 force-field with the reaction
field implicit solvation model. The internal dielectric was set to
4, and the external dielectric was 80. Cut-off distances of 10 and
12 A were used to screen the non-bonded interactions. The inter-
mediates were ranked according to GB/VI score, and the best
model was chosen as the final model. The C-termini of the V7,
and Vyi; domains in the final model were neutralized via amida-
tion. The final model was also re-protonated via Protonate3D to
mimic pH 5.8. The final model was then re-optimized via energy
minimizations to RMSG below 0.00001. This final re-optimized
model was used for the SCM calculation.

MedImmune mAbs

The Fv domain structures of the Medlmmune antibodies were
generated using the “Build Antibody Fab Regions” tool in the
Discovery Studio software from Accelrys. For each Fv domain
sequence, high resolution and highly identical light chain, heavy
chain and interface templates were selected, and 20 intermediate
models were generated via homology modeling for the antibody
framework. These intermediate models were optimized by a sim-

mAb Isotype Viscosity [mPa-s] SCMscore ulated annealing step. The model with the lowest PDF (probabil-
ity density function describing the restraints on the geometric
P1 lgG1k 5.37 1472 f | | d for detailed 1 .
P2 IgG 1k 54 1220 eatures') total energy was selected for detailed complementarity-
P3 IgG1A 6.58 1146 determining region (CDR) loop modeling. Twenty intermediate
P4 lgG1k 839 1499 models were selected during the CDR loop modeling, and each
P5 IgG12 1295 727 of these models were further optimized by molecular dynamics
P6 IgG12 94.69 1667 annealing. Lowest energy model was used for the SCM
P7 IgG1L 103.6 1735 .
calculation.
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Spatial Charge Map Calculation

The SCM profile was computed using the fully atomistic 3-

dimensional structure of the protein as:

partial charge
SCI\/Iatom,i = ( £ the at .
side — chain atoms that belong to ° ¢ atom
an exposed residue and are within

distance R =10 A of atom i

Here, a residue was considered to be solvent exposed if the sum-
total of the solvent accessible area of the side-chain atoms of the
residue in the protein structure was >10 A? The partial charge
on each atom was computed at the formulation pH using

CHARMM?22 force field.'® Once the SCM profile for each Fv
was obtained, the SCM score of the Fv domain was calculated as:

SCM Score = Z {SCl\/Iamm7 i X H( - SCMatom. l)} 5

all atoms in

the Fv domain

where H is the Heaviside function, and || is the absolute
function.

Viscosity Measurement

Novartis mAbs

Viscosity data were generated for the Novartis mAbs, N1-N5
and rituximab prepared in the same formulation buffer and pH
(of 5.8). All mAbs were concentrated to their apparent solubility
limits and were then diluted to 150 mg/ml in the formulation
buffer. Viscosity measurements on all mAbs were performed
using a Malvern Kinexus Ultra viscometer at 25°C, and the pro-
tein concentrations were determined by UV absorbance at
280 nm with calculated extinction coefficients. The experimental
conditions were maintained the same in all experiments.
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on all mAbs were performed using an Anton Paar cone-plate vis-
cometer at 25°C, and the protein concentrations were deter-
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Viscosity was determined under standard operating methods
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attachments (CP40-1, Diameter: 39.986 mm, Angle: 1.003°,
Load Volume: 350 ul). The experimental conditions for this
method included a shear rate of 1000...10 (1/s) followed by
10...1000 (1/s) with a slope of 5 pts/dec. The samples were pre-
equilibrated at 25°C prior to the run.
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