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ABSTRACT

Some antibodies exhibit elevated viscosity at high concentrations, making them poorly suited for
therapeutic applications requiring administration by injection such as subcutaneous or ocular delivery.
Here we studied an anti-IL-13/IL-17 bispecific 1gG, antibody, which has anomalously high viscosity
compared to its parent monospecific antibodies. The viscosity of the bispecific IgG, in solution was
decreased by only ~30% in the presence of NaCl, suggesting electrostatic interactions are insufficient to
fully explain the drivers of viscosity. Intriguingly, addition of arginine-HC| reduced the viscosity of the
bispecific IgG4 by ~50% to its parent IgG level. These data suggest that beyond electrostatics, additional
types of interactions such as cation-m and/or m-m may contribute to high viscosity more significantly than
previously understood. Molecular dynamics simulations of antibody fragments in the mixed solution of
free arginine and explicit water were conducted to identify hotspots involved in self-interactions.
Exposed surface aromatic amino acids displayed an increased number of contacts with arginine.
Mutagenesis of the majority of aromatic residues pinpointed by molecular dynamics simulations
effectively decreased the solution’s viscosity when tested experimentally. This mutational method to
reduce the viscosity of a bispecific antibody was extended to a monospecific anti-GCGR 1gG; antibody
with elevated viscosity. In all cases, point mutants were readily identified that both reduced viscosity
and retained antigen-binding affinity. These studies demonstrate a new approach to mitigate high
viscosity of some antibodies by mutagenesis of surface-exposed aromatic residues on complementarity-
determining regions that may facilitate some clinical applications.
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Introduction have improved our understanding and helped managed the
high viscosity of some monospecific antibodies.® *®
Additionally, some studies focused on the effect of net charge,
charged patches and molecular dipole of antibodies on solu-
tion viscosity.'”*' Recently, efforts have been applied to pro-
tein engineering and in silico-centered approaches during the
early development of antibodies to optimize lead drug candi-
dates  with  improved  high-concentration  solution
behaviors.”>*® While the viscosity of monospecific IgG has
been extensively studied, novel antibody formats are increas-
ingly used to enable novel or enhanced clinical potential.” For
example, bispecific antibodies (BsAb) can support novel
mechanisms of action that are not available to monospecific
antibodies and are being widely pursued as next-generation
antibody drugs.”*' In contrast to monospecific antibodies,
much less is known about the viscosity properties of BsAb.>>
This growing clinical importance of both BsAb and SC deliv-
ery motivated our study of the viscosity of a BsAb.

We investigated the viscosity of a bispecific IgG (BsIgG), as
this represents one of the most commonly used of many
different possible BsAb formats.*>*° An anti-IL-13/IL-17

Antibodies are the largest class of biologic drugs, with over 80
antibodies approved' for the treatment of a broad range of
human diseases.” Most approved antibody drugs are delivered
by either intravenous (IV) infusion or subcutaneous (SC)
injection.”> SC delivery is increasingly used because it can
potentially decrease administration time from hours to min-
utes, increase patient convenience by enabling at-home injec-
tion and reduce associated health-care costs.>® A notable
challenge with SC administration is injection volumes,
which are typically small (up to 1.5 mL) and necessitate the
formulation of antibodies at high concentration (>150 mg/
mL) to deliver the required dose. Non-covalent interactions of
antibodies at high concentrations can lead to high viscosity,
making injection difficult and painful.” Furthermore, elevated
viscosity of antibody solutions can lead to problems in man-
ufacturing, including ultrafiltration and diafiltration steps, as
well as vialing.””’

Research involving alteration of pH or ionic strength, and
the addition of excipients with different physical properties
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BsIgG, was previously found to have twice the viscosity of its
parental monospecific anti-IL-13 IgG, and anti-IL-17 IgG,
antibodies for reasons that are not well understood.”® To
characterize viscosity, we used arginine-HCI, an extensively
used formulation excipient that effectively reduced
viscosity.'**> The effect of arginine led us to study possible
interactions of arginine with surface-exposed aromatic resi-
dues in variable regions by molecular dynamics (MD) simula-
tions. Systematic mutational analysis was performed of
aromatic amino acid residues predicted by MD simulation,
thereby reducing the high viscosity of antibody solutions.
Lastly, our findings were extended to an anti-GCGR mono-
specific IgG, antibody with elevated viscosity at high
concentrations.

Results
Viscosity of antibody fragments

We assembled a collection of full-length monospecific and
bispecific antibodies and fragments of these molecules to
investigate the determinants of viscosity (Figure 1(a)).
Rheometry confirmed a previous report’” indicating that
both anti-IL-13/IL-17 BsIgG, and anti-IL-13 IgG4 and IL-17
IgG; mixtures have higher viscosities than individual anti-IL
-13 1gGy4 or IL-17 IgG, antibodies (Figure 1(b)). The viscos-
ities of various antibody fragments were assessed to dissect the
regions of antibodies contributing to high viscosity.
Specifically, antigen-binding fragments (Fab and F(ab’),)
were generated by enzymatic proteolysis and purified to elim-
inate crystallizable fragments (Fcs). The viscosity of the
F(ab’), was comparable to the corresponding IgG antibody
for anti-IL-13, anti-IL-17, anti-IL-13 plus anti-IL-17 mixture
and the anti-IL-13/IL-17 bispecific (Figure 1(b)). These obser-
vations suggest that the Fc region makes at most only minor
contributions to the observed elevated viscosity. In contrast to
the bivalent F(ab’),, monovalent Fab displayed significantly
reduced viscosity compared to the corresponding individual
IgG or the IgG mixture (Figure 1(b)). These findings are
consistent with the notion that bivalency is needed to form
networks of self-interacting molecules that can lead to high
viscosity.*

Excipient effect on viscosity

To test whether electrostatic interactions are involved in high
viscosity, 150 mM NaCl was used to screen for solvent-
exposed charged amino acids. Interestingly, the viscosity of
the anti-IL-13/IL-17 BsIgG, was decreased by only ~30%
(Figure 1(c)), suggesting the involvement of other types of
intermolecular interactions in addition to electrostatic ones.
This finding is in agreement with a previous light scattering
study, where Rayleigh scattering profiles for the anti-IL-13/IL-
17 BslgG, were not significantly affected by the change in
ionic strength, suggesting that short-ranged non-electrostatic
attractive interactions play a significant role in the net pro-
tein-protein interactions of BsIgG.>> To further characterize
viscosity, arginine-HCl was used. Despite having the same
charge as Na™ ions, arginine successfully reduced the viscosity

of anti-IL-13/IL-17 BsIgG, by 50% to the level of its consti-
tuent parent monospecific antibodies (Figure 1(c)). We also
investigated possible synergistic effects of NaCl and arginine
but observed no additional reduction in viscosity relative to
arginine alone (Figure S2(b)). A similar effect was observed
when guanidine-HCl was used instead of arginine-HCI
(Figure S2(a)). Since our results showed that NaCl was not
as effective as arginine or guanidine in disrupting intermole-
cular interactions and mitigating high viscosity, we hypothe-
sized that cation-m and/or m-m interactions may contribute
significantly to the elevated viscosity.

X-ray structure determination and MD simulations

Computational methods were used to better understand the
mechanism by which arginine reduced antibody viscosity.
Specifically, MD simulations were used to investigate poten-
tial interactions of arginine in solution with solvent-exposed
aromatic residues on the antibody variable domains. The anti-
IL-13 and anti-IL-17 Fab structures, minus their correspond-
ing antigens, were used here for MD simulations. The X-ray
crystallographic  structure of a Fab of lebrikizumab,
a humanized anti-IL-13 antibody, bound to IL-13 was pre-
viously determined at 1.9 A resolution (Figure 2(a), PDB
4177).*° The crystallographic structure of a Fab of the
human anti-IL-17 antibody MCAF5352A*' bound to IL-
17FF was solved here at 2.75 A resolution (Figure 2(b), PDB
6PGG, Table S1 and Figure S1). Fab rather than IgG or BsIgG
were used to model the interactions between the variable
domain residues and arginine, as these excipient-
complementary-determining regions (CDR) residue interac-
tions are highly localized.

Twenty independent 500 ns MD trajectories for each anti-
IL-13 or anti-IL-17 Fab solvated in free arginine and explicit
water were generated at pH 6.0, which was the same as the
experimental pH for viscosity measurement and also close to
the formulation pH (see Supplementary Material for details of
the MD method). The average contact number of arginine
with residues was calculated for each heavy (Vy) and light
(V1) variable domain residue for both antibodies (Figure 3).
Residues showing greater than two standard deviations (>20)
of the average contact number with arginine are considered
potential residues involved in intermolecular interactions. As
expected, mostly aromatic residues in the CDRs experienced
larger average contact numbers with free arginine.

Viscosity and antigen-binding affinity assessment of
anti-IL-13/IL-17 antibody variants

Mutagenesis studies were performed using full-length IgG
antibodies. Antibody variants were designed based upon
MD simulations and molecular modeling. The aim was to
alter the intermolecular electrostatic, cation-n and/or m-m
interactions without affecting overall IgG structure.
Designed  substitutions were those predicted in
BioLuminate to be the most energetically stable, namely:
R/K/D/E — Q and Y/W — L/Q. Aromatic CDR residues
selected for mutation in the anti-IL-13 and anti-IL-17 anti-
bodies are highlighted in Figure 2(a,b), respectively. All the
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Figure 1. (a) Cartoon representation of monospecific and bispecific antibody formats investigated. The isotype for the anti-IL-17 antibody is IgG,, whereas the anti-IL
-13 and BslgG antibodies are both IgG,. All antibodies have k light chains. Half-antibodies containing knobs-into-holes mutations®* (‘knob’ mutation (T366W) in the
anti-IL-13 arm or ‘hole’ mutations (T3665:L368A:Y407V) in the anti-IL.-17arm) were expressed and purified separately before assembly in vitro as described
previously.3*3¢ A hinge stabilizing mutation (5228P) was introduced into the IgG, to attenuate Fab arm exchange.’”® (b) Viscosity of fragments (F(ab’), and Fab)
or full-length anti-IL-13/IL-17 bispecific or its parent antibodies are shown. (c) The effect of 150 mM NaCl or 150 mM Arg-HCl on solution viscosity is shown. The
dotted line represents the viscosity of parent IgG antibody level as a reference. Data shown are the mean values (n = 3, £ SD) measured by rheometer at 23°C and
150 mg/mL total protein concentration in 20 mM His-HCI pH 6.0 (buffer) in the absence or presence of excipients.

surface-exposed aromatic residues in the CDRs were
mutated, independent of MD assessment of interaction
with free arginine. All variants that could be expressed in
sufficient quantities were studied further. MD simulations
of selected anti-IL-13 variants, namely Y97L, Y98L, and
Y100Q, confirmed a significant decrease in number of
arginine contacts compared to the parent antibody
(Figure S4).

Monospecific anti-IL-13 IgG, or anti-IL-17 IgG, variants
were mixed with anti-IL-17 IgG; or anti-IL-13 parent IgG,,
respectively, at a 1:1 ratio and a final total concentration of
150 mg/mL. The viscosity was measured by rheometer and
compared to that of a mixture of the anti-IL-13 and anti-IL-17
parent IgG (Figure 4). Remarkably, replacement of some
single aromatic CDR residues (Figure 2) in either antibody
reduced the viscosity to the level of the corresponding parent
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Figure 2. X-ray crystallographic structures of anti-IL-13 (lebrikizumab)*® and anti-IL-17 (MCAF5352A*") antibody Fabs complexed with their respective ligands
displaying aromatic residues chosen for mutational studies. (a) View of anti-IL-13/IL-13 interface depicting important viscosity reducing residues (PDB 4177).** The
anti-IL13 Vi is cyan and V, is light pink, with dark cyan and magenta side chains within 4 A of IL-13. IL-13 is gray with yellow epitope within 4 A of anti-IL-13. (b)
View of anti-IL-17/IL-17F interface depicting important residues (PDB 6PPG). Anti-IL-17F V}; is cyan and V| is light pink, with dark cyan and magenta side chains within
4 A of IL-17. IL-17F is gray with yellow epitope within 4 A of anti-IL-17F. See the Supplementary Materials for the sequences for the variable domains for the anti-IL

-13 (Figure S6) and anti-IL17 (Figure S7) antibodies.

IgG (Figure 4(c)). In contrast, replacement of acidic or basic
amino acid residues led to at most small reductions in visc-
osity (Figure 4(a,b)). In addition, mutation of equivalent aro-
matic residues in the BsIgG showed a significant reduction in
the solution viscosity (Figure 4(d)) as they did in the parent
monospecific IgG mixture (Figure 4(c)).

The CDRs of antibodies are commonly enriched in aro-
matic residues that contribute to antigen-binding affinity.*’
Therefore, to compare variant affinities to parent antibodies
we determined the dissociation constant (Kp) values for anti-
gens binding to antibodies by surface plasmon resonance
(SPR). Two anti-IL-13 variants were identified that reduced
viscosity to about that of the parent IgG, (Figure 4(c)), Vi
Y49Q and Vg Y97L, and had no measurable effect on the
binding affinity for IL-13 (Table 1). In contrast, the anti-IL-17
varjants that reduced viscosity also reduced the binding affi-
nity for IL-17 by at least threefold (Table 2).

Viscosity, antigen-binding affinity assessment and MD
simulations of an anti-GCGR antibody

To test the generality of our findings, we studied an IgG,
antibody with high viscosity at high concentration. The anti-
GCGR (G protein-coupled glucagon receptor) antibody** dis-
plays an abnormal elevated viscosity at high concentrations
(Figure S2(c)). The addition of 150 mM NaCl to a solution of
the anti-GCCR IgG; resulted in only a minor decrease (~10%)
in the viscosity (Figure S2(c)). All 16 aromatic residues within
the variable regions of the anti-GCGR IgG; were mutated to
alanine to investigate a possible role for aromatic residues in
the high viscosity of this antibody. Twelve out of 16 mutants
were expressed in sufficient quantities to be used for further
studies. Viscosity was measured at 180 mg/mL final concen-
tration in 20 mM histidine-acetate buffer at pH 5.5. Seven
different alanine variants were identified that substantially
lowered viscosity (~2 to ~8-fold reduction) (Table 3). This
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Figure 3. MD simulations of (a) anti-IL-13 (lebrikizumab*®) and (b) anti-IL-17 (MCAF5352A*") variable heavy (V) and variable light (V,) domains in the presence of
arginine. Data shown are the mean number of arginine contacts from 20 independent simulations. Residues that show >20 or >30 deviations from the mean (p)
number of arginine contact number of all residues in chains are highlighted. Kabat numbering is used.**

result strongly suggests the general involvement of aromatic
amino acid residues

in the

intermolecular

underlying the high viscosity displayed by concentrated anti-

interactions  body solutions. Two of these seven variants, namely Vi Y55A
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Figure 4. Viscosity of antibody variants. Monospecific anti-IL-13 1gG, and anti-IL-17 1gG; antibody variants were mixed with the parent anti-IL-17 IgG; and anti-IL-13
IgG,4 antibody counterparts, respectively, at a 1:1 ratio and a final total concentration of 150 mg/mL. The viscosity of the solutions was then measured by rheometer
at 23°C. (a) Viscosity of mixtures of anti-IL-13 charged variants and the anti-IL-17 parent antibody. (b) Viscosity of mixtures of anti-IL-17 charged variants and the anti-
IL-13 parent antibody. (c) Viscosity of mixtures of anti-IL-13 and anti-IL-17 aromatic variants with their parent IgG antibody counterpart. (d) Viscosity of anti-IL-13/IL-
17 BslgG, variants at 150 mg/mL final concentration. Data shown are the mean values (n = 2, + SD) measured in 20 mM His-HCl buffer at pH 6.0. The dotted line

shows the parent antibody viscosity level as a reference.

Table 1. Antigen-binding kinetics of anti-IL-13 antibody variants. Binding
kinetics of anti-IL-13 variants for IL-13 were measured by SPR at 37°C, pH 7.4
and data were fitted to a 1:1 binding model. *Variants that reduced viscosity and
have comparable Kp as the parent antibody. Dissociation rate constants (K.
values) < 1 x 107* s7' could not be reliably measured by SPR under the
experimental conditions used.

Variant Kon, sTTMT x 108 Ko, s x 1070 Kp, pM
Parent 2.16 + 0.04 <1x10™"* <10

Vy YO7L* 2.08 + 0.11 <1x10™* <10

V, Y49Q* 234 +0.06 <1x10™* <10

Vi YO8L 1.16 + 0.04 876 + 2.7 753 +0.2
V. Y28Q 0.58 + 0.05 159 + 11 275 + 3
Vy Y100Q 1.00 + 0.01 3,310 + 99 3,320 + 95

Table 2. Antigen-binding kinetics of anti-IL-17 antibody variants. Binding
kinetics of the anti-IL-17 variants for IL-17FF were measured by SPR at 37°C,
pH 7.4 and data fitted to a 1:1 binding model.

Variant Kon, s~ M~ x 107 Ko, 7' x 107* Kp, pM
Parent 5.68 = 0.22 442 + 0.30 7.78 £ 0.23
V. W90Q 3.92 + 0.62 9.20 + 2.12 234 + 37
Vy Y100cL 4.04 £ 0.14 10.8 £ 1.07 266 + 1.8
Vy W52al 8.10 = 0.39 26.5 + 2.32 326+ 19
Vy F99Q 474 £ 1.37 73.8 £ 12.09 161 + 38

and Y91A, also retained antigen-binding affinity for GCGR,
a desirable attribute for a potential antibody clinical candidate
(Table 3).

No crystallographic structure was available for the anti-
GCGR antibody, so we built a homology model as an alter-
native starting point for MD simulations by using Molecular
Operating Environment® (MOE, 2018 release) from the

Chemical Computing Group. Ten independent 500 ns MD
trajectories for the anti-GCGR Fab homology model solvated
in free arginine and explicit water were generated at pH 5.5.
The mean contact number of arginine with residues was
calculated for each heavy (Vy) and light (V1) variable domain
residue (Figure S5). Unlike the case of the anti-IL-13/IL-17
BsIgG, only 7 of 12 aromatic CDR residues were predicted to
have a high number of contacts with arginine.

Discussion

At high concentrations, some antibodies tend to form non-
covalent multimers, presumably reflecting intermolecular
interactions, thereby elevating the viscosity.*® Such high visc-
osity can be a major obstacle for antibody therapeutics
because it can hamper their manufacture and therapeutic
administration by SC or intravitreal injection. Enabling facile
SC delivery is attractive for antibody therapeutics that require
frequent administration, particularly when combined with
a pre-filled syringe and autoinjector medical device.’

The injection volume for SC delivery of antibodies is
commonly limited to a volume of ~1.5 mL, which typically
necessitates high antibody concentration to deliver the
required dose.” Higher SC injection volumes (up to ~13 mL)
can be achieved by coformulations with recombinant human
hyaluronidase, which hydrolyzes hyaluronan and opens up
the interstitial space.*” Thus, the use of hyaluronidase permits
higher antibody doses to be delivered SC. In June 2017, ritux-
imab coformulated with human hyaluronidase became the
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Table 3. Antigen-binding kinetics and viscosity of anti-GCGR antibody variants. Binding kinetics of the anti-GCGR antibody variants for GCGR were
measured by SPR at 37°C, pH 7.4 and data fitted to a 1:1 binding model. *Variants that reduced viscosity by >2-fold and maintained Kp within 2-fold
of the parent antibody. The viscosity was measured at 180 mg/mL final concentration in 20 mM histidine-acetate buffer at pH 5.5.

Variant kon s~' M7" x 10° ko 7' x 107% Kp nM Viscosity cP
Parent 5.66 + 0.47 3.43 + 0.08 0.61 + 0.06 60.6 + 9.9
Vi Y59A 21.0 £ 21 6.60 + 0.14 0.32 + 0.03 84 £ 11

VL Y55A* 6.18 + 0.50 4.53 £ 0.09 0.74 + 0.05 270+ 0.2
VL YO1A* 5.69 + 0.56 5.63 + 0.06 0.84 + 0.08 200 £ 0.5
VL Y96A 6.74 + 0.41 5.40 + 0.08 0.93 + 0.08 514 + 06
Vy F51A 447 £ 039 6.43 + 0.08 1.45 + 0.15 757 + 28
Vi Y79A 241 + 054 10.40 + 0.35 1.84 £ 0.14 422 £ 1.1
Vy Y100dA 5.80 + 0.67 29.0 £ 1.1 5.03 + 0.41 231105
Vi W100aA 2.41 +0.09 26.1 £ 03 10.8 £ 0.3 7.95 + 0.1
Vy F100eA 7.78 + 0.86 109 £ 5 141 £ 09 65.2 + 04
Vi Y54A 0.57 +0.28 230+ 35 46 + 17 143 £ 03
Vy Y33A 3.68 + 0.47 193.0 £ 1.0 530+ 7.0 353+ 038
Vy Y31A 0.24 + 0.16 43.7 £ 16.1 206 + 71 19.2 £ 0.8

first such combination product to be approved by the US
Food and Drug Administration (FDA) for SC delivery.*®
Growing adoption of this approach is suggested by the FDA
approval of trastuzumab coformulated with human hyaluro-
nidase in 2019.*” An alternative and potentially complemen-
tary strategy to allow higher SC antibody doses is through
lowering viscosity to enable SC injection at higher antibody
concentration. Addition of hyaluronidase is not a viable
option in some cases, such as for intravitreal injection.
Therefore, it is of high importance to understand the nature
of reversible intermolecular interactions at the molecular level
to efficiently overcome the high viscosity challenge.

We studied an anti-IL-13/IL-17 BsIgG, and the corre-
sponding monospecific IgG to elucidate the molecular basis
of elevated viscosity. First, we dissected the parts of the anti-
body involved in intermolecular interactions by studying anti-
body fragments. For the parent anti-IL-13 IgG,4 or IL-17 IgG,
antibodies, the viscosity was reduced following proteolysis to
monovalent Fabs, but not upon proteolysis to bivalent F(ab’),
fragments. These data suggest that a network of bivalent
molecules interacting via Fab regions (i.e., anti-IL-17 Fab or
anti-IL-13 Fab with themselves) may contribute to the visc-
osity of these monospecific IgG antibodies. The anti-IL-13/IL-
17 BsIgG, had elevated viscosity compared to its parent IgG
as previously shown’® and confirmed here as did the corre-
sponding bispecific F(ab’), (Figure 1(b)). This observation is
consistent with the notion® that a network of bivalent mole-
cules interacting via different Fab regions (i.e., anti-IL-17 Fab
with anti-IL-13 Fab) may contribute to high viscosity. In
contrast, bispecific antibodies whose Fabs (monovalent for
each specificity) do not interact are predicted not to form
networks and have low viscosity, since they behave like Fabs.*

Next, we studied the molecular basis of high viscosity at
the amino acid level. To delineate the chemical nature of the
intermolecular interactions that drive the high viscosity of
some antibodies, the surrounding environment of the antibo-
dies can be changed by tuning the ionic strength of the
solvent using various excipients such as salts or amino
acids.>'*** Alternatively, the antibody molecule can be engi-
neered to tune the surface charges to disrupt the intermole-
cular interactions. A large variety of intermolecular
interactions, such as electrostatic, hydrophobic, dipole-
dipole, hydrogen bonding and van der Waals interactions,

have been suggested to contribute to the high viscosity char-
acteristic of concentrated antibody solutions.'"'**%>">* Even
though long-range electrostatic intermolecular interactions
are dominant, raising the ionic strength of antibody solutions
to screen charges does not consistently reduce the viscosity of
antibodies, indicating the importance of other forces for some
antibodies. In a previously reported study, the viscosity of an
antibody known as mAbC was reduced by ~80% in the pre-
sence of 100 mM NaCl.>> However, the viscosity of anti-IL
-13/IL-17 BslgG, and anti-GCGR IgG,; was reduced dramati-
cally when arginine-HCI was added to the solution, but only
modestly by NaCl. No synergistic effect of NaCl and arginine-
HCI was seen in the case of anti-IL-13/IL-17 BsIgGy; the
addition of 75 mM of each salt reduced viscosity better than
NaCl alone, but the effect was similar to that of 150 mM
arginine-HCl. Guanidine-HCl was as effective as arginine-
HCI in reducing viscosity of the antibody solution.

Replacement of acidic or basic amino acid residues led to
at most small reductions in viscosity. This may reflect that
there are ~50 arginine or lysine residues in the Fab structures,
so changing individual charged residues is compensated by
the large number of remaining positively charged residues. An
alternative potential explanation is that m-m interactions con-
tribute to elevated viscosity.

Recent years have seen a growing appreciation of
a noncovalent interaction known as cation-n or n-n in protein
sciences,”>> with the cation being either a lysine or arginine
residue and the m-electrons contributed by the aromatic rings of
tryptophan, tyrosine and more rarely phenylalanine. It has been
shown computationally that in aqueous environments a cation—
7 interaction is stronger than a salt-bridge,®® which might
explain the ineffectiveness of NaCl (relative to arginine or gua-
nidine) in reducing the viscosity.

Inspired by the observation that antibody CDRs commonly
include surface aromatic residues and that arginine can inter-
act with the quadrupole ring of aromatic residues, we studied
the possible involvement of aromatic residues in high viscos-
ities. MD simulations demonstrated that indeed arginine
makes significant contacts with surface aromatic residues.
Further, alteration of most of the aromatic residues by point
mutations reduced viscosity to the level similar to parent
antibody, or to the level of arginine excipient effect.
Specifically, anti-IL-13 Vy residues Y97, Y98, Y100, and V
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Y28 and anti-IL-17 residues Vi W52 and V; W90 all were
expected to make significant arginine contacts and their
mutation led to low-viscosity solutions. The specific mechan-
ism of single mutant viscosity reduction is unknown but is
likely due to the removal of weak intermolecular interactions
between Fabs. However, the observation that the point mutant
viscosity reduction effect is similar to arginine excipient sug-
gests the involvement of both cationic and aromatic residues.
Furthermore, the fact that all of the aromatic to leucine
mutations reduced viscosity, despite the hydrophobic nature
of leucine, suggests that m-electrons in aromatic rings of
tyrosine and tryptophan residues were fundamental to high
viscosity and presumably intermolecular interactions.

We observed some inconsistencies between predictions from
MD simulations and experimental measurements. For example,
anti-IL-13 residue Vi Y49 was predicted to not make extensive
arginine contacts, but a Y49Q mutant did reduce viscosity,
whereas mutating highly arginine-contacting residues anti-IL-17
Vg F99 did not lead to a significant reduction in viscosity. This
may be attributable to several possibilities. For the F99 residue, it
may simply be that the model over-predicts the impact of the
arginine contacts in the interaction. Indeed, previous research
has shown that phenylalanine residues are rarely found in
cation-t sites, and the electrostatics for engaging in this type of
bonding are less favorable for the phenyl ring in phenylalanine
relative to the indole and phenol rings found in tryptophan and
tyrosine residues, respectively.”” As for the unexpected behavior
of the Y49Q mutant, this may be due to simulation failure or
changes to the structure upon mutation.

The anti-GCGR antibody study strengthens the idea of
involvement of aromatic amino acid residues in the intermo-
lecular interactions underlying the elevated viscosity displayed
by antibody solutions. Nine of 12 mutants reduced viscosity.
Three of these had minimal impact on antigen binding and
could be considered leads in antibody development. Antigen-
binding affinity maturation methodologies could be used to
potentially improve the binding of the other mutants.”®>’

In this work, we have shown that point mutations of select
aromatic residues may dramatically reduce viscosity. Advancing
these engineered antibodies into clinical development would
require assessment and mitigation of immunogenicity
risk®”®'and any manufacturing liabilities,*>"** which are beyond
the scope of this study. Indeed, assessment of whether these
viscosity-lowering mutants also have improved behavior with
respect to other properties affected by protein-protein interac-
tions (e.g., aggregation, opalescence, turbidity) could further
streamline the removal of antibody liabilities and provide insight
into the interactions involved in these phenomena.

Our approach for risk mitigation of elevated viscosity at high
protein concentration may be beneficial to early stages of anti-
body drug development, such as for clinical candidate selection.
However, there are some challenges to overcome for such early-
stage applications. First, traditional viscosity measurements
require substantial amounts of protein, typically tens of milli-
grams. Several technologies require less protein, and models have
been developed to address this protein supply constraint, includ-
ing microrhteolog)r,32’65 SAXS®, and correlation to diffusion
interaction parameter.”” Second, crystal structures of antibody
candidates are not always available for MD analysis. However,

homology models of the Fabs are readily generated®® and can be
used as the starting point for the analysis, as exemplified by the
anti-GCGR antibody here. While the MD simulation may be less
reliable with homology models than for high-resolution crystal-
lographic structures, several variants with reduced viscosity were
identified here for the anti-GCGR antibody.

In summary, data presented here strongly suggest that inter-
molecular interactions mostly mediated by surface accessible aro-
matic amino acids are major contributors to the high viscosity
observed for some antibody at high concentrations. Aromatic
amino acid residues may engage in a complex intermolecular
interaction that requires a precise geometric arrangement for
forming networks. Our experimental and MD simulation results
set the basis for a targeted strategy to alter solvent-exposed aro-
matic residues of antibodies to decrease high viscosity in cases
where the viscosity is not affected by high ionic strength. This
process could easily be incorporated at either humanization or
affinity maturation steps of clinical antibody candidate generation.

Materials and methods
Plasmid construction and mutagenesis

Antibodies were previously cloned into mammalian or bac-
terial expression vectors as described previously.”””' The
BsIgG was engineered with IgG, isotype using knobs-into-
holes mutations on heavy chains (‘knob’ mutation (T366W)>*
in the anti-IL-13 arm or ‘hole’ mutations (T366S:L368A:
Y407V)** in the anti-IL-17arm). Residue scanning for aro-
matic and charged residue positions was computed with all
the amino acids excluding aromatic and charged ones by
using the Residue Scanning functionality in BioLuminate
(version 3.3.012, Schrédinger, LLC, New York, NY, 2012).72
The chosen amino acid substitutions were generated by PCR-
based mutagenesis using the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs, Ipswich, MA) and the desired
modifications were confirmed by DNA sequencing.

Antibody expression and purification

The parent monospecific and bispecific’> antibodies (anti-IL
-13 (IgGy), anti-IL-17 (IgG;) and anti-IL-13/IL-17 (BsIgGy)
with « light chains) were previously produced by Genentech,
Inc. Variant monospecific antibodies were transiently
expressed in 0.5 L cultures of Expi293F cells and two-step
purified by protein A followed by size exclusion chromato-
graphy (SEC) as previously described.”” Variant half-
antibodies containing knobs-into-holes mutations)®* were
expressed in Expi293F cells, purified and then each was
assembled with corresponding wildtype half-antibodies into
BsIgG in vitro and characterized as described previously.”>

Antibody fragments

Fabs were generated by digesting 10 mg/mL of IgG antibodies
with 0.1 mg/mL papain (Life Technologies, Carlsbad, CA) in
20 mM sodium phosphate, 10 mM EDTA and 20 mM cysteine
pH 7.0 buffer solution at 37°C for 3 h. F(ab’), fragments were
produced by digesting 10 mg/mL of IgG antibodies with 1 mg/
mL IdeS (Genentech) in phosphate-buffered saline pH 7.4 buffer
at 37°C for 3 h. After confirming cleavage by SDS-PAGE, Fab or



F(ab’), were separated from Fcs by CHI1-XL affinity matrix;
antibody fragments Cyl region binds the resin. The solution
containing antibody fragments of interest was incubated with
the resin at room temperature rocking for 3 h and loaded onto
a column. Next, the column was washed with 5 times the column
volume of a phosphate-buffered saline solution at pH 7.4 and
eluted by passing a 100 mM sodium acetate buffer solution at pH
3.0. The isolated fragments were further examined by SEC and
time-of-flight liquid chromatography-mass spectrometry
(Agilent Technologies, Santa Clara, CA). The final products
were 297% monomer as judged by SEC chromatography.

Buffer exchange

The buffer solution of interest was prepared as explained
previously.”” The IgG or Fab samples were buffer-exchanged
several times by using Slide-A-Lyzer Mini dialysis devices (10
kDa molecular weight cutoff, Thermo Fisher Scientific). The
dialyzed antibody samples were concentrated to 150 mg/mL
using 10 kDa MWCO Amicon-Ultra centrifugal tubes
(Millipore) by centrifugation at 3,200 g.

Concentration determination

The concentration of antibody samples concentration was
determined by Lunatic UV/V polychromatic spectrophot-
ometer with 0.1-0.7 mm High Lunatic Chip (dynamic range
of 0.03-275 OD). The concentration was calculated using an
absorptivity determined by quantitative amino acid analysis.

Viscosity measurements

Viscosity measurements were performed on Physica MCR501
rheometer (Anton Paar, Graz, Austria) using CP-25-1 cone-
and-plate with a 25 mm diameter and 1.007 angle. 0.07 mL
protein sample was pipetted onto the sample plate and cone
was lowered to measuring gap to reach uniform contact with
the sample. Sample evaporation was prevented by using an
evaporation hood and the temperature was controlled by
using a thermostat system in H-PTD200 Peltier system.
When the temperature reached 23°C, the samples went
through shear-rate sweeps ramping from 10 to 10,000 s
The reported value is the average of the 2-3 shear rate sweeps
of 1-2 samples at 1,000 s™". Data analysis was performed with
RheoPlus software (Anton Paar, Graz, Austria).

Binding assay using surface plasmon resonance

The antigen-binding kinetics of the antibody variants were
measured using SPR on a Biacore T200 instrument (GE
Healthcare, Chicago, IL). Antibody variants were captured on
protein A sensor chip. Sensorgrams from passage of human IL-
13 at concentrations of 0, 3.13, 6.25, 12.50, 25.0, and 50.0 nM,
human IL-17 at concentrations of 0, 0.014, 0.041, 0.123, 0.37,
1.11, 3.33, 10 nM, and human GCGR extracellular domain at
concentrations of 0, 041, 1.23, 3.7, 11.1, 33.3, 100 nM were
recorded using an injection time of 3 min with a flow rate of 30
pL/min, at 37°C, and with a running buffer of 0.01 M HEPES
pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20.
After injection, disassociation of the antigens was monitored for
600-900 s in running buffer. The surface was regenerated
between binding cycles with a 30-uL injection of 10 mM glycine
pH 1.5 buffer. The primary sensorgrams were corrected using
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a blank cell run and by zero-point run (0-nM antigen buffer).
A 1:1 Langmuir binding model was used to analyze corrected
sensorgrams with software provided by the manufacturer to
calculate the kinetic and binding constants.

X-ray crystallography

The IL-17FF-Fab (20 mg/mL in 25 mM Tris pH 7.5, and
50 mM sodium chloride) was crystallized in hanging drops
with equal volumes of well solution (30% polyethylene glycol
(PEG) 400, 0.1 M cadmium chloride, and 0.1 M sodium acet-
ate, pH 4.6). Crystallographic data were collected at beamline
9 — 2 at the Stanford Synchrotron Radiation Laboratory
(Stanford, CA), processed with HKL2000, solved and refined
using the CCP4 suite of programs. For detailed methods refer
to Supplementary Material and Table S1.

Abbreviations

BsAb  bispecific antibodies

BsIgG  bispecific IgG
CDR  complementary-determining region
GCGR  G-protein coupled glucagon receptor

v intravenous

molecular dynamics

Protein Data Bank

SC subcutaneous

size-exclusion chromatography
surface plasmon resonance

\'%% variable light

Vi variable heavy
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