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ABSTRACT

The self-association of therapeutic antibodies can result in elevated viscosity and create problems in
manufacturing and formulation, as well as limit delivery by subcutaneous injection. The high concentra-
tion viscosity of some antibodies has been reduced by variable domain mutations or by the addition of
formulation excipients. In contrast, the impact of Fc mutations on antibody viscosity has been minimally
explored. Here, we studied the effect of a panel of common and clinically validated Fc mutations on the
viscosity of two closely related humanized IgG; k antibodies, omalizumab (anti-IgE) and trastuzumab
(anti-HER2). Data presented here suggest that both Fab-Fab and Fab-Fc interactions contribute to the
high viscosity of omalizumab, in a four-contact model of self-association. Most strikingly, the high
viscosity of omalizumab (176 cP) was reduced 10.7- and 2.2-fold by Fc modifications for half-life extension
(M252Y:5254T:T256E) and aglycosylation (N297G), respectively. Related single mutations (S254T and
T256E) each reduced the viscosity of omalizumab by ~6-fold. An alternative half-life extension Fc mutant
(M428L:N434S) had the opposite effect in increasing the viscosity of omalizumab by 1.5-fold. The low
viscosity of trastuzumab (8.6 cP) was unchanged or increased by <2-fold by the different Fc variants.
Molecular dynamics simulations provided mechanistic insight into the impact of Fc mutations in mod-
ulating electrostatic and hydrophobic surface properties as well as conformational stability of the Fc. This
study demonstrates that high viscosity of some IgG; antibodies can be mitigated by Fc mutations, and
thereby offers an additional tool to help design future antibody therapeutics potentially suitable for
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Introduction

In the past several decades, antibody therapeutics have become
increasingly prevalent for the treatment of a diverse array of
serious human maladies, including many different cancers, as
well as inflammatory, autoimmune, ophthalmologic, hemato-
logic, infectious, and metabolic diseases." Over 170 antibodies
are currently approved as therapeutics, making antibodies one
of the most clinically impactful class of drugs in the pharma-
ceutical armamentarium.’

Antibody therapeutics are commonly administered to
patients by intravenous infusion (IV)," but subcutaneous
(SC) delivery is increasingly becoming an option, offering
greater convenience for patients and healthcare professionals
as well as potentially reducing healthcare costs.>* The typical
injection volume for SC administration is <2.0 mL, commonly
necessitating high antibody concentration (>100 mg/mL) to
deliver the desired dose.* Such high antibody concentrations
pose technical challenges that may raise the cost and delay the
development of antibody therapeutics.>® Antibody high con-
centration properties, including viscosity, are typically first
evaluated at a late stage in preclinical development when
large quantities (>100 mg) of one or a few clinical candidates
are available. High concentration problems identified at this
stage can delay projects and be resource-intensive to fix

through protein engineering, replacement of clinical lead can-
didates and/or formulation. Thus, earlier stage assessment of
high concentration antibody properties is of high interest in
the development of antibody therapeutics, particularly for SC
delivery.

The primary method for directly measuring viscosity is by
cone-and-plate rheometry that requires at least tens of milli-
grams of antibody protein.” Efforts to establish high-
throughput low material methods to predict viscosity
experimentally,® " or through sequence-based computational
methods,'**” have shown moderate correlations, but have yet
to vield strong predictive power. Assessing self-association of
antibody solutions can be measured, either directly or indir-
ectly, in a variety of ways. Methods, including dynamic light
scattering  (DLS),””'"?'  self-interaction  nanoparticle
spectroscopy,'®?>** analytical ultracentrifugation,”™' and
fluorescence correlation spectroscopy,'> have been used to
investigate the self-association of antibodies and other proteins
as proxies for the measurement of viscosity.

Antibody self-association can sometimes be mitigated
through amino acid mutations in antibody variable
domains.”"**"*” For example, single mutations of aromatic
residues reduced the viscosity of a bispecific anti-IL-13/IL-17
IgG, (13 centipoise (cP)) by up to 4-fold.”” Multi-parameter
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optimization has recently been demonstrated for an anti-
GCGR antibody.”" Specifically, up to a 2-fold reduction in
the viscosity of the parent antibody (36 cP) was achieved
with single-point mutations in variable domains while main-
taining comparable antigen-binding affinity, polyspecificity,
predicted T cell epitopes, humanness score, computational
developability score, and Fv isoelectric point (pI).*'
Additional focus on the Fv region electrostatics with
PfAbNet generalization has highlighted how negative patches
and corresponding neighboring positively charged residues
contribute to high concentration viscosities.”® Similar to criti-
cal residues, or hot spots, representing the dominant contri-
butors to protein-protein binding free energy,” single
hydrophobic and/or electrostatic residues may play prominent
roles in high concentration antibody viscosity through either
facilitating or blocking access to patches within their vicinity.
Excipients used to reduce the viscosity of high concentration
antibody therapeutics include L-arginine, L-proline, L-lysine,
glycine, and sodium chloride.” There is an abundance of
specific formulations based on a single antibody at a time or
direct mutagenesis of the antigen-binding Fv region, but we
are not aware of any extensive survey of modifications to the
Fc region to reduce self-association.

Fc variants are commonly incorporated into antibody
therapeutics to modulate functions, including increasing
or decreasing serum half-life or secondary immune func-
tions such as antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis
(ADCP), and complement-dependent cytotoxicity (CDC).
Additional applications of Fc variants include enabling
site-specific conjugation, promoting heavy chain (HC)
heterodimerization for making bispecific antibodies, and
abrogating binding to staphylococcal protein A.>*'

Here, we investigated how Fc variants affect the viscosity
of two humanized IgG, antibodies with « light chains (LC),
namely, the anti-IgE antibody, omalizumab®* and the anti-
HER?2 antibody, trastuzumab.’®> Omalizumab was chosen for
its high viscosity, whereas trastuzumab was selected as
a closely matched low viscosity antibody. Omalizumab and
trastuzumab share the same human IgG, HC and x LC
constant domains as well as the same consensus human
framework region (FR) residues: variable heavy (Vi) sub-
group III and variable light (V) subgroup I. These antibo-
dies differ only in their antigen-binding complementarity-
determining region (CDR) residues and a few FR residues
known as Vernier zone residues®* (Figure S1). There are far
too many known Fc variants to undertake a comprehensive
rheology survey, so we selected representative Fc variants
that are commonly used to modulate antibody functions
(Table 1).>' The formulation pH range for antibody thera-
peutics is pH 4.8 to pH 8.0, with most antibodies being
formulated between pH 5.0 and pH 6.9.* Histidine is the
most commonly used buffer in antibody therapeutics.* With
these common formulation practices in mind, viscosity
experiments in this study were performed at pH 5.5 in
histidine acetate buffer. The use of histidine acetate, with
its four ionizable groups, allowed the viscosity of omalizu-
mab to be investigated over a broad pH range (pH 4.0 to pH
7.0) in a single buffer.

Results

Contribution of variable domains, Fc region and IgG;
format to the omalizumab and trastuzumab viscosity

Omalizumab and trastuzumab are closely matched huma-
nized IgG,; antibodies with k LC that differ only in their
antigen-binding CDR loops plus two and seven FR residues
in Vi and Vy, respectively (Figure S1). The viscosity of
omalizumab (176 cP) at 180 mg/mL is much greater than
for trastuzumab (8 cP) under the same conditions. These
data suggest a major role for the variable domains, particu-
larly CDRs, in the high viscosity of omalizumab. The visc-
osity of omalizumab was reduced by 9.1-fold in its
corresponding F(ab'), fragment, at equivalent mass concen-
tration, suggesting a significant contribution for the Fc
region to the high viscosity of this antibody (Figure 1). In
contrast, the viscosity of the Fc fragment alone is very low (3
cP). Together, these data suggest that Fab-Fc may be impor-
tant contributors to the high viscosity of omalizumab.
Mixing equimolar amounts of omalizumab F(ab'), (117
mg/mL) and Fc (63 mg/mL) did not restore the high viscos-
ity of omalizumab IgG; (180 mg/mL) (Figure 1). Thus, the
high viscosity of omalizumab is also dependent on the
intactness of this IgG;.

In contrast to omalizumab, the viscosity of trastuzumab
IgG; and corresponding F(ab'), fragment is comparable,
consistent with no major role for the Fc regions in viscos-
ity (Figure 1). However, the low viscosity of trastuzumab
IgG; is moderately reduced when converted to equimolar
mixtures of corresponding F(ab'), and Fc fragments. Thus,
there is apparently some dependence on intact IgG; format
for the viscosity of trastuzumab.

Effect of Fc variants on omalizumab and trastuzumab
viscosity

Next, the effect of some commonly used Fc variants
(Table 1) on the high concentration viscosity of omalizumab
and trastuzumab (Figure 2) was studied. The most striking
results for omalizumab were for the YTE (plasma half-life
extension),”® NG (aglycosylation)51 and LPLIL (increased
effector function)*’ variants, which decreased the viscosity
of the parent antibody (176 cP) by 10.7-, 2.2-, and 1.6-fold,
respectively (Figure 2a). In contrast, an alternative plasma
half-life extension variant, LS,* had the opposite effect in
increasing the viscosity of omalizumab by 1.5-fold
(Figure 2a). Other Fc variants tested for omalizumab had
comparable or slightly decreased viscosity compared to the
parent antibody (Figure 2a).

In contrast to omalizumab, none of the Fc variants signifi-
cantly reduced the already low viscosity of trastuzumab (8.6
cP, Figure 2b). However, several Fc variants increased the
viscosity of trastuzumab. The largest increases were seen for
EFT,* and V12°® which increased the viscosity of trastuzumab
by 2.0-fold and 1.9-fold, respectively (Figure 2b). These data
demonstrate that unwanted self-association can sometimes
result from Fc modifications that are commonly used in clin-
ical-stage antibodies.”"
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Table 1. Common® """ F¢ variants evaluated in this study including their respective effects upon effector functions, plasma half-life and heavy-chain heterodimeriza-
tion. 1, increased binding or function; 1, decreased binding or function. Residues are numbered using the Eu numbering scheme.>®*” Cited examples are antibody
therapeutics that are approved or undergoing regulatory review that contain the listed mutations alone (*) or in combination with additional Fc mutations (*%).2
Antibody examples include amubarvimab and romlusevimab (targeting SARS-CoV2) that are co-formulated.

Fc variant identifier Location Antibody therapeutics

Fc variant mutations (aliases) Ref. within Fc Comments containing Fc variant?

S267E:L328F SELF 3 Upper G2 & FeyRllb, T coengagement None

$239D:1332E SDIE 36 Upper Cy2 © FeyRllla, © FeyRilb, © ADCC tafasitamab*

S$239D:A330L:1332E SDALIE (DLE) 36 Upper Cy2 @ FeyRllla, T FeyRllb, T ADCC None

S298A:E333A:K334A AAA 37 Upper Cy2 © FcyRllla, & FeyRlla, & FeyRllb, None

 ADCC
E233D:G237D:P238D:H268D: V12 38 Upper Cy2 2 FeyRllb None
P271G:A330R

G236A:5239D:1332E ADE 39 Upper Cy2  FcyRlla, © ADCP None

N325S:L328F NSLF 40" Upper Cy2 T FeyRllb, I FeyRlIll, § Clq, None

© coengagement

L234F:L235E:D265A FEA 1 Upper Cy2 0 FeyR, & C1q, & effector function epcoritamab**

L234A:L235A LALA (A234A%3%) 42 Upper Cy2 0 FeyR, U C1q, U effector function adebrelimab**, batoclimab*, durvalumab**,
ivonescimab*, risankizumab*, teplizumab*,
prolgolimab*, spesolimab*, cadonilimab**,
penpulimab**, tagitanlimab**, batoclimab*,
marstacimab**, faricimab**, glofitamab**

L234A:L235A:P329G LALAPG 3 Upper (2 4 FeyR, & Cl1q, & effector function faricimab**, glofitamab**

(PGLALA)

E233P:L234V:L235A:delG236 PVAA (G14b) *“ Upper Cy2 Aglycosylation, & FcyRI, & odronextamab**

effector function

K326W:E3335S KWES % Upper Cy2 # Clg, ©# CDC None

$267E:H268F:5324T EFT 4 Upper Cy2 2 Clg, © CDC None

F243L:R292P:Y300L:V3051:P396L LPLIL (variant 18) 7 Cy2 and Cy3 @ FeyRllla, 1+ ADCC margetuximab*

L235V:F243L:R292P:Y300L:P396L VLPLL (MGAH22) % Cy2and Cy3 © FcyRllla, & FeyRllb,  ADCC None

M428L:N434S LS (MLNS, Xtend) 49 €42/Cy3 elbow 7 FcRn, 7 half-life ravulizumab¥*, sotrovimab¥*,

M252Y:5254T:T256E YTE 50 €y2/C3 elbow ' FcRn, 0 half-life amubarvimab*, levilimab**, netakimab*,
nirsevimab*, recaticimab*, romlusevimab*,

tixagevimab**

N297G NG 2 Aglycosylation, & effector mosunetuzumab**, tarlatamab**

function

T366W/T366'S:L368'A:Y407'V KIH 203 Knob-in-hole, bispecific faricimab**, glofitamab**,

mosunetuzumab**
200 linked to self-association in the Fc (Figure 3a). For omalizumab,
m 0 O 0 viscosity-reducing variants NG and LPLIL have solvent-accessible
I9G, Fab), Fragments e surface residues in the upper Cy2 domain, as well as glycan-facing
150 residues in the Cyx2 and Cy3 domains. The most significant

&= M M viscosity reducing variant for omalizumab, YTE, is found within

:‘; 180 180 ", . 5 50 5 the C32/Cy3 elbow region (Figure 3b). This region also contains

g 1001 . the location of the LS mutations, the only omalizumab Fc variant

= Concengelione (mo/mk) identified with a statistically significant elevation in viscosity

(Figure 3d). The striking contrast in viscosity between the YTE
507 and LS Fc variants of omalizumab (17 cP and 240 cP, respec-
tively), in close proximity to one another, suggests a single self-
* association interface unique to omalizumab. As a whole, the
0_. I 1

Omalizumab Trastuzumab Fconly
Figure 1. Contribution of Fab arms and Fc region to the viscosity of omalizumab
and trastuzumab 1gG; antibodies. Cartoon representation of antibody formats
highlighting corresponding protein concentrations used in viscosity experiments
including the equimolar fragmented mixture of F(ab’), and Fc. Viscosity data were
obtained by rheometry at a total protein concentration of 180 mg/mL in 20 mM
histidine acetate, pH 5.5 at 25.0°C for omalizumab and trastuzumab. Data shown
are the mean viscosity values (n = 2-5) £ SD analyzed using one-way ANOVA with
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the corresponding parent
antibody.

Spatial localization of Fc variant mutations with
significant viscosity effects

The large collection of different mutations analyzed in multiple
antibodies offers an opportunity to identify topological areas

spatial orientation of viscosity-affecting mutations in omalizumab
was significantly different from that of trastuzumab (Figure 3a).
All variants identified that substantially increase the viscosity of
trastuzumab involve replacement of residues that are located in
the upper Cy2 domain (Figure 3c).

Effect of YTE and LS variants on additional high viscosity
antibodies

The large decrease and increase in the viscosity of omalizumab
from YTE and LS variants, respectively (Figure 2a), motivated
us to evaluate these Fc variants in the context of different
antibodies. Using the same human HC and k LC constant
domains (Table S1), five additional IgG; antibodies were
selected with moderate-to-high parent viscosity, namely: anti-
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Viscosity (cP)

o

Viscosity (cP)

*kokk

Trastuzumab variants

Figure 2. Survey of some commonly used Fc variants (Table 1) on the high concentration viscosity of (a) omalizumab and (b) trastuzumab. Viscosity measurements
were made by rheometry with 180 mg/mL IgG, antibody variant solutions in 20 mM histidine acetate, pH 5.5 at 25.0°C. Data shown are mean viscosity values (n = 1-5)
+ SD analyzed using one-way ANOVA with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the corresponding parent antibody.

GCGR (22.9 cP), infliximab (anti-TNF, 26.6 cP), vonlerolizu-
mab (anti-OX40, 34.4 cP), cetuximab (anti-EGFR, 70.1 cP),
and anti-IL-6 (156 cP). The effect of the YTE and LS mutations
on the viscosity of these additional antibodies was dependent
on the variable domain context (Figure 4). Amongst this set of
antibodies, any viscosity reductions were much less pro-
nounced than for the YTE variant of omalizumab. Indeed,
the largest viscosity reductions observed were for the YTE
variant of infliximab (1.5-fold decrease) and the LS variant of
anti-IL-6 (1.7-fold decrease) (Figure 4b). Incorporation of the
YTE mutations into vonlerolizumab had the opposite
effect, increasing the viscosity by 1.9-fold, which further
demonstrates the antibody-specific effect of this Fc variant
on self-association. For each of the five antibodies tested,
either YTE or the LS half-life extension mutations gave
a small to moderate reduction (1.1- to 1.7-fold) in the
viscosity compared to the corresponding parent IgG; anti-
body (Figure 4b).

High viscosity of omalizumab mitigated by individual YTE
mutations

The large reduction in viscosity of omalizumab from the YTE
triple mutation (176 cP to 16.4 cP) was further investigated by
evaluating all possible single (M252Y, S254T, and T256E) and
double (M252Y:5254T, M252Y:T256E, and S254T:T256E)
component mutations of the YTE triple mutation. The large
decrease in viscosity for omalizumab by the YTE triple

mutation (10.7-fold) can be partially recapitulated with indi-
vidual S254T (6.1-fold decrease) or T256E mutations
(5.8-fold decrease) (Figure 5a). In contrast, the single mutant
M252Y has the opposite effect, increasing the viscosity of
omalizumab by 4.6-fold. Strikingly, the viscosity reducing
effects of either the S254T or T256E single mutations are
not significantly attenuated by combining them with the
M252Y mutation.

Solution pH, electrostatics, and hydrophobicity influence
omalizumab viscosity

Next, the solution pH effect on omalizumab viscosity was
investigated in 20 mM histidine acetate (Figure 5b). The max-
imal measured viscosity of omalizumab at 180 mg/mL was 296
cP at pH 6.0. The viscosity of omalizumab decreased sharply
under more acidic conditions with the lowest measured visc-
osity of 13.4 cP at pH 4.0. The viscosity of omalizumab was
also reduced with increasing pH: 57.1 cP at pH 7.0. As for
omalizumab concentration, the viscosity was highest at 180
mg/ml and reduced at 140 mg/mL with a qualitatively similar
pH-dependence. The viscosity of omalizumab was lowest at
100 mg/mL with only a small pH dependence. This strong pH
dependence of omalizumab appears consistent with ionizable
groups such as histidines contributing to omalizumab
viscosity.

The type of noncovalent interactions contributing to the
high viscosity of omalizumab were studied by the addition of
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Figure 3. Location of Fc residues where mutations modulate the viscosity of omalizumab and trastuzumab. The Fc structure was visualized using UCSF ChimeraX
software,>® with the Fc glycan at N297 highlighted as a light gray surface. (a) Molecular structure of Fc region (PDB structure 7LBL) highlighting areas where mutations
resulted in the largest changes in viscosity for omalizumab (red boxes) and trastuzumab (blue boxes). C42/Cy3 elbow region indicating the location of residues (b)
M252, S254, and T256 mutated in the YTE variant that decreases the viscosity of omalizumab and (d) residues M428 and N434 mutated in the LS variant that increases
the viscosity of omalizumab. (c) Upper Cy2 residues that when mutated resulted in the largest increases in viscosity for trastuzumab. Polar (green), nonpolar (orange),

and positively charged (blue) side chains are highlighted.

the excipients, NaCl and arginine-hydrochloride (Arg-HCI).
The viscosity of omalizumab was reduced 1.7- to 1.9-fold by
NacCl (Figure 5c¢), suggesting shielding of electrostatic interac-
tions. In contrast, the viscosity of the YTE variant of omalizu-
mab was slightly increased by addition of NaCl (Figure 5d),
implying Fab-Fab self-associations are not primarily driven by
electrostatics. The addition of Arg-HCI reduced the viscosity
for the omalizumab parent antibody (2.0- to 3.3-fold) and also
its YTE variant (1.5- to 1.7-fold) (Figure 5d), suggesting acidic
and aromatic groups contribute to high viscosity of omalizu-
mab through both Fab-Fc and Fab-Fab self-associations.
Additional analysis of omalizumab YTE variant compared to
the parent revealed decreased temperature effects, reduced
shear thinning at high shear rates and a significant delay in
concentration-dependent pseudo-exponential growth in visc-
osity (Figure S2).

Molecular dynamics of parent and YTE Fc regions

To gain deeper insights into how Fc variants affect the surface
patch properties of the Fc region, we conducted microsecond-
scale molecular dynamics (MD) simulations on glycosylated Fc
regions, including both parent and various YTE mutations.
We calculated the spatial aggregation propensity (SAP),
a descriptor shown to modulate antibody viscosity,”"**>> and

the electrostatic potential at the residue level across the entire
Fc averaged over the MD trajectory (Figures S3 and S4).
Notable average shift in surface patch properties of Fc mutants
relative to the parent Fc were observed, particularly around the
loop containing point mutations, residues 246-258, Eu
numbering.”>”” Therefore, we focused our comparative analy-
sis specifically on this loop (Figure 6a,b). The M252Y single
mutant showed a large increase in the SAP score, with smaller
increases in SAP score for corresponding double (M252Y:
S§254T and M252Y:T256E) and triple (YTE) mutants
(Figure 6a). This observation aligns with the notable viscosity
increase observed in M252Y, implying the key role of tyrosine
in enhancing the aromaticity or hydrophobicity of the Fc
region. This enhancement could potentially foster various
intermolecular interactions, such as cation-m, anion-m or n-n
interactions. However, the reduction in viscosity observed in
the M252Y:S254T variant contradicts the anticipated increase
in SAP scores, suggesting additional factors at play.

The electrostatic surface potential Adaptive Poisson-
Boltzmann Solver (APBS) score surrounding the point
mutations is notably influenced by the presence or absence
of a glutamic acid residue. Specifically, single (T256E), dou-
ble (M252Y:T256E and S254T:T256E), and triple (YTE)
mutants all exhibit a shift toward a negative electrostatic
potential within the specified loop, compared to parent
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Figure 4. Viscosity of different IgG; antibodies as parent, YTE, and LS variants. Viscosity measurements were made by rheometry with 180 mg/mL IgG; antibody
solutions in 20 mM histidine acetate, pH 5.5 at 25.0°C presented as (a) raw viscosity values. Data shown are the mean values (n = 2-5) + SD. (b) percent-change in

viscosity from antibodies containing the parent Fc.

and other variants which maintain a positive electrostatic
potential on the Fc loop (Figure 6b). Given that the variable
domain of omalizumab features a strong electrostatic nega-
tive patch,”® a potential explanation is that the presence of
a strong positive electrostatic patch on the Fc would enhance
the favorability of Fab-Fc interaction through electrostatic
attraction. Consequently, the decreased viscosity observed in
all variants featuring a glutamic acid mutation (T256E,
M252Y:T256E, S254T:T256E, and YTE) may reflect the
reduction in electrostatic attraction resulting from the
reduced positivity of the Fc.

Next, we considered changes in ensemble average electro-
static and hydrophobic (SAP) surface properties together
across different variants (Figure 6¢). All variants featuring
a glutamic acid mutation exhibit a shift toward a negative
surface potential in the local Fc region, consistent with the
observed viscosity reduction (Figure 5a). The M252Y variant
shows notably higher SAP score on the Fc compared to the
parent, which appears consistent with the increased viscosity
observed in this variant. However, the M252Y:5254T variant
has a similarly high SAP score and much lower viscosity than
the omalizumab parent (Figure 5a). Thus, surface properties
reflected in SAP scores alone are not sufficient to account for
the differences in viscosity of M252Y and M252Y:S254T var-
iants compared to the omalizumab parent antibody.

Destabilization of the Fc may contribute to the reduction
in viscosity of omalizumab

We analyzed the root mean square deviation (RMSD) of the Fc
region for each variant relative to the initial parental crystal
structure across different MD frames to better understand how
Fc point mutations affect the structure and conformational

stability of the Fc region. The parent Fc exhibited the lowest
RMSD of the loop relative to the crystal structure (Figure 6d).
However, the YTE triple mutant showed the most significant
conformational change and instability, followed by the
M252Y:T256E double mutant. Other mutants, incorporating
either a glutamic or tyrosine substitution, also displayed higher
RMSD instability within the corresponding loop relative to the
parent Fc. The S254T variant also showed enhanced instabil-
ity relative to the parent Fc, even though it is lower than the
other variants. The destabilization of the Fc could potentially
disrupt the intermolecular interactions through an increase
in the entropic cost of Fab-Fc interaction.

MD analysis revealed a potential mechanism underlying
the destabilization of the Fc by the YTE mutations
(Figure 7). MD simulations indicate the presence of
a stable intramolecular salt-bridge network involving posi-
tively charged residues R255, K246, and K248, which
encapsulate the negatively charge D249 at their core.
E258 is the only competitor to D249 in interacting with
its neighboring positively charged residues. The M252,
S254, and T256 residues in the parent Fc remain solvated
by water rather than engaging in significant intramolecular
interactions. However, the introduction of M252Y and/or
T256E mutations, disrupts this stability by introducing
a competing set of transient intramolecular interactions.
For example, Y252 interacts with both K248 and R255
via cation-m interactions, and sometimes, it extends its
reach to interact with E258 or K246 (Figure 7a,d,e).
Similarly, E256 exhibits favorable interactions with R255,
and to a lesser extent with other basic residues through
salt-bridge formations. Unlike the parental structure, which
predominantly adopts a single meta-stable conformation,
the YTE mutations display several favorable conformations.
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*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the YTE (M252Y:S254T:T256E) variant. (b) Viscosity measurements for omalizumab parent IgG; at different
concentrations and pH values. Viscosity measurements of omalizumab parent IgG; and YTE mutant at 180 mg/mL IgG, in the presence of either (c) NaCl or (d) Arg-HCI.

The transitions between these conformations contribute to
the observed conformational instability in YTE, as evident
by its large RMSD (Figure 6d).

Discussion

Fc mutations can affect the viscosity for some IgG;
antibodies

SC delivery has recently emerged as a desirable and
increasingly common route of administration for antibody
therapeutics, including for the most common current for-
mat, i.e., IgGl.1 Desirable attributes of antibodies for SC
clinical applications include favorable high concentration
properties, such as low viscosity and high solubility plus
low propensity for self-aggregation, opalescence, and
gelation.” The impact of antibody variable domain
sequences on IgG; high concentration properties has been
extensively explored.”* ****7%? Additionally, the viscosity
contribution of different IgG isotypes has also been
investigated.”®’ For example, Lai et al. compared the visc-
osity of 14 matched pairs of IgG; and hinge-stabilized
(S228P) IgG, antibodies with identical variable domains.®?
Similar or higher viscosity was observed for all of the
hinge-stabilized IgG, antibodies.®’

The effect of Fc mutations on antibody high concentration
properties is largely unknown. This is an important knowledge
gap to address, as such mutations are very widely used with

antibody therapeutics to modulate Fc functions.’" To this end,
we investigated the effect of a panel of commonly used Fc
variants (Table 1) on the high concentration viscosity proper-
ties of two closely related humanized IgG,; antibodies, omali-
zumab, and trastuzumab. These antibodies differ mainly in
their CDR residues, with two and seven FR differences in V.,
and Vy, respectively (Figure S1), whereas the constant
domains are identical.

Many Fc variants resulted in only small perturbations in
viscosity, whereas large increases or decreases in viscosity are
seen in some cases (Figure 2). Strikingly, the YTE variant,™
clinically validated for antibody plasma half-life extension
(Table 1) reduced the high viscosity of omalizumab (176 cP)
by 10.7-fold. In contrast, an alternative clinically validated half-
life extension variant, LS,** had the opposite effect and increased
the viscosity of omalizumab by 1.5-fold. Investigation of YTE
and LS variants for five additional antibodies revealed diverse
effects that were dependent upon the variable domain context
(Figure 4) and sometimes opposite to the effects on omalizu-
mab. For example, the viscosity of vonlerolizumab (34.4 cP) was
increased 1.9-fold by the YTE variant. In contrast, the viscosity
of the anti-IL-6 antibody (156 cP) was decreased 1.7-fold by the
LS variant. Thus, for future antibody therapeutics intended for
SC delivery, it may be helpful to empirically screen high con-
centration properties of alternative Fc variants for achieving the
desired modulation of Fc function. Half-life extension variants
YTE and LS have both been successfully used in approved anti-
body therapeutics (Table 1) and could potentially be used
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Figure 6. Impact of mutations on surface properties and conformational stability of the elbow loop in the Fc (a) distribution of SAP scores summed over the elbow loop
(residues 246-258) during MD simulations. (b) Distribution of the electrostatic potential calculated using APBS summed over the residues in the elbow (residues 246—
258) during MD simulations. (c) The value of SAP and APBS values calculated for the elbow loop averaged over all the MD frames. The green region highlights lowered
hydrophobicity and more negative Fc, thus reducing viscosity. The red region shows increased hydrophobicity and more positive Fc, increasing the risk of viscosity. (d)
Distribution of RMSD of heavy atoms of the elbow residues relative to the starting structure during MD simulations.

interchangeably if one offered better biophysical properties for
a specific antibody therapeutic candidate. The YTE Fc variant
has also previously been incorporated by Liu et al. into a next-
generation omalizumab alongside variable domain mutations.*”*

Four interaction site model for omalizumab viscosity

Alternative possible molecular mechanisms underlying the
high IgG; viscosity were considered focusing on omalizumab
and the domain location of interaction sites. A priori, IgG self-
association sites may include Fab-Fab, Fab-Fc, and Fc-Fc
interactions (Figure 8a). Interactions between Fab-Fab,**%”
are consistently reported in the literature while there are
a few examples of Fab-Fc interactions.®>®® In contrast, there
is no clear evidence, to our knowledge, to support significant
Fc-Fc interactions contributing to antibody high concentra-
tion viscosity. The data reported here suggest that the high
viscosity of omalizumab requires the variable domains, Fc
region, and an intact IgG; format (Figure 1b). In toto, these
observations suggest that Fab-Fab and Fab-Fc, but not Fc-Fc

interactions, make significant contributions to the high visc-
osity of omalizumab (Figure 8b).

Fragmentation of omalizumab into F(ab'), and Fc compo-
nents greatly reduces viscosity (Figure 1b). This may reflect
lowering of the number of potential self-association sites per
molecule from four for omalizumab IgG, to two for the corre-
sponding F(ab’), plus Fc mixture (Figure 8b). Fc mutations
such as YTE appear to attenuate the Fab-Fc interactions for
omalizumab. Strikingly similar reductions of omalizumab
viscosity (176 cP) were achieved by fragmentation to F(ab’),
plus Fc (13.2 ¢P) and the YTE variant (16.4 cP). Beyond the
number of possible different sites for interaction of omalizu-
mab IgG;, the pH and different types of non-covalent interac-
tion that might contribute to its high viscosity were
considered. Modulation of the solution pH resulted in omali-
zumab peak viscosity at pH 6.0 (Figure 5b), suggesting histi-
dine side chains, with known pK, of ~ 6,%” in the Vy (H97,
H100a, and H100c) or Fc (H310, H433, and H435) are likely
contributing to Fab-Fc self-association in some capacity. This
strong pH-dependence of the viscosity of omalizumab is
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Figure 7. Modulations in intramolecular interaction network in the parent Fc and YTE variant. (a) Representative comparison of intramolecular interaction networks for
parent Fc and YTE variant. A stable salt-bridge network (black line between residues) primarily involving residues R255, K248, K246, and D249 is shown for each while
residues M252, S254, and T256 remain predominantly solvated (light blue highlight) in the parental Fc. In contrast, the introduction of M252Y and/or T256E mutations
in the YTE variant disrupts this stability, leading to the formation of transient intramolecular interactions (green lines between residues). (b) Molecular structure of Fc
with focus on C2/Cy;3 elbow region depicting intramolecular salt-bridge network. (c-f) selected frames of MD simulation highlighting (c) retained R255, K248, K246,
and D249 salt-bridge, (d) Y252 cation-m interaction with K248, R255 salt-bridge with E258, (e) additional Y252 cation-m interaction with R255 and (f) E256 forms
favorable interactions primarily with R255, with lesser involvement with other basic residues through salt-bridge formations. An occasional interaction between E258
and K246 was observed but not shown explicitly in the selected frames. Polar (green), nonpolar (orange), aromatic (yellow), negatively charged (red), and positively

charged (blue) side chains are highlighted.

consistent with a pioneering earlier publication from the
laboratory of our late colleague, Dr. Steven Shire.*®

Charge patches and also hydrophobic patches are known to
contribute to the high viscosity of some proteins, including
antibodies.®”” The high viscosity of omalizumab was reduced by
the addition of NaCl and Arg-HCI (Figure 4c), consistent with
shielding of electrostatic interactions from charge patches and
aromatic groups, respectively.”

High viscosity antibody solutions may result from
a network of transient and weak interactions, including
through electrostatics.”® We attempted to measure the affi-
nity of the proposed omalizumab Fab-Fc and Fab-Fab inter-
actions through surface plasmon resonance. Our initial
attempts using full-length omalizumab IgG; and fragmented
omalizumab components in conjunction with multiple cap-
ture approaches and variable concentrations (5 to 250 nM)

did not yield an interpretable response because of high back-
ground. Ongoing efforts to characterize these putative oma-
lizumab Fab-Fab and Fab-Fc interactions include hydrogen-
deuterium exchange mass spectrometry, fluorescence polar-
ization, analytical ultracentrifugation, and isothermal titra-
tion calorimetry.

Molecular mechanisms for Fc variants that reduce
omalizumab viscosity

Next, possible mechanisms by which the YTE variant might
reduce the viscosity of omalizumab were considered. Initially,
the impact of YTE variants on the surface patch properties
directly linked to viscosity were assessed (Figure 6). The intro-
duction of a glutamic acid in the YTE variants reduced the
overall positivity of the Fc and resulted in a negative
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electrostatic potential around the elbow. This charge mutation
could disrupt the full-length molecular charge asymmetry,
consequently reducing the electrostatic attraction between
the Fab and Fc regions. Further, the presence of tyrosine in
the YTE mutations, particularly in the absence of glutamate,
increased the strength of the hydrophobic patch on the elbow,
which is consistent with the increase of viscosity in the M252Y
mutation. However, the contribution of S254T mutations to
the viscosity reduction of omalizumab could not be explained
solely by surface patch properties.

Beyond the surface patch properties, YTE variants could
affect the conformational landscape of the Fc region, poten-
tially modulating the intermolecular interactions. The X-ray
crystallographic structure of the YTE Fc region (PDB structure
3FJT)”" is highly similar to the parent Fc region (PDB structure
3AVE),”” as previously reported by Dal’Acqua and
colleagues”' (Figure S5). Nevertheless, the YTE mutations
reduce the thermal melting temperature (T,,,) of the IgG; Cy2
domain by ~ 7°C,”>”* consistent with some structural destabili-
zation of the Cy2 domain. Hydrogen/deuterium exchange
experiments with matched parental and YTE variant antibodies
revealed greater flexibility of the 241-251 segment (Eu
numbering)%’57 of the Cy2 domain in the YTE variant.”> The
other Fc variant identified that greatly reduces the viscosity of
omalizumab, namely, NG (2.2-fold), also lowers the thermal
stability through destabilization of the Cy2 domain.”® This
reduction in viscosity was abrogated in the PVAANG variant
(substitution of IgG; lower hinge sequence with that from IgG,
plus removal of glycosylation site), which may restabilize Cg2

) omalizumab including its corresponding F(ab’),

fragment plus Fc mixture and the omalizumab YTE

through deletion of residue G236, known to alter alignment of
the lower hinge.** The high viscosity of omalizumab (176 cP)
was reduced in the NG (74 cP) and YTE (17 cP) variants
(Figure 2b). Combining these Fc variants (i.e., YTENG) resulted
in an intermediate viscosity (25 cP) (Figure S6), suggesting these
Fc variants reduce viscosity through distinct mechanisms.

The increased conformational flexibility of the YTE
variant is consistent with increased transient intramolecu-
lar interactions present in MD simulations (Figure 7). The
tyrosine and glutamate residues within the YTE mutations
seem to form additional intramolecular interactions
(cation-m and salt-bridge), which disrupt the stable net-
work of intramolecular interactions in the parental Fc.

Destabilization of the Fc region may exert a dual effect on the
Fab-Fc intermolecular interactions. Firstly, Fc instability may
increase the entropic cost associated with protein—protein inter-
action, making a stable Fab-Fc interaction less favorable.
Consequently, this could lead to facilitated dissociation of inter-
molecular interactions, potentially reducing the viscosity of all
YTE variants. This hypothesis aligns with the observed viscosity
reduction in the YTE variant and related single and double
mutants for omalizumab. Secondly, Fc destabilization may
increase exposure of certain amino acids, changing the surface
properties of the Fc. For example, in the YTE mutations, the
interaction of Y252 with either K248 or R255 can release D249
for intermolecular interaction. The exposure of D249, coupled
with the addition of E256, can form a local negative charge
patch on the elbow of the Fc, which is typically positively
charged in the parent. The change in electrostatic surface



properties of the Fc has the potential to either increase or
decrease viscosity, depending on the properties of the variable
domains.

Figure S7 illustrates the impact of YTE and LS mutations on
antibody viscosity as a function of three molecular descriptors
of the Fv known to influence viscosity: 1) negative electrostatic
potential on the Fv (Fv APBS negative),”® 2) charge asymmetry
on the Fv (Fv CAP),”” and 3) SAP score on the Fv (Fv SAP).*!
Overall, our data suggest that the YTE mutations benefit anti-
bodies with extreme charge asymmetry and a large negative
charge patch (e.g., omalizumab), while potentially increasing
viscosity in antibodies with either positive charge or high
hydrophobicity on their Fv (e.g., trastuzumab, anti-IL-6).
The introduction of a local negative patch by YTE mutations
can increase Fv-Fc repulsion when the Fv is negatively
charged. In contrast, the addition of tyrosine and glutamate
residues in YTE variants may enhance interactions with aro-
matic-rich Fv regions (e.g., anti-IL-6), due to strengthened
Fab-Fc interactions driven by hydrophobic, cation-nt, anion-
1, or -7t interactions. Furthermore, the results shown in
Figure S7b demonstrate that the LS mutations tend to reduce
viscosity driven by hydrophobic interactions (e.g., anti-IL-6
antibody) while potentially increasing electrostatic-driven
viscosity (e.g., omalizumab). It is important to note that the
correlation observed is imperfect and that our current dataset
is small in size. Indeed, the complex interplay involving con-
formational changes, protein-protein interactions, and solvent
effects necessitates further investigation to fully elucidate the
underlying mechanisms and their broader implications across
different antibodies.

We demonstrate for the first time, to our knowledge, that
some mutations that are commonly used to modulate Fc
functions for antibody therapeutics (Table 1) can decrease or
increase the viscosity of some antibodies. For example, the
YTE triple mutation (M252Y:5254T:T256E)*° commonly
used for plasma half-life extension’' reduced the viscosity of
omalizumab from 176 cP to 16.4 cP (10.7-fold). Indeed, even
single Fc mutants can sometimes result in large changes in
viscosity as illustrated by the S254T variant of omalizumab
variants: 6.1-fold viscosity decrease. Further work is needed to
verify that IgG; viscosity can be reduced by such Fc variants
without modulating Fc function when this is needed. For some
antibodies, it may be possible to mitigate unfavorable high
concentration properties, such as high viscosity, by selecting
from amongst alternative available Fc variants. For example,
for six different antibodies tested here, either the YTE or LS
half-life extension variant, but never both variants for the same
antibody, decreased viscosity to some extent (Figure 4). For
future antibody therapeutics designed for SC administration, it
is desirable to evaluate clinical candidates as early as possible
for viscosity, as well as for other high concentration properties.

Materials and methods

Antibody mutagenesis, expression, purification, and
preparation

The amino acid sequences for all parental antibodies with
unmodified Fc regions used in this study are listed in Table
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S1. Gene synthesis was employed to produce DNA frag-
ments encoding for modified HC. Mutations to amino
acids and all references to amino acid positions in the text
follow Eu numbering.”®>” Gene fragments were inserted into
a mammalian expression vector and transient transfection
was carried out in high titer Chinese hamster ovary (HT
CHO) cells followed by two-step purification by protein
A chromatography and size exclusion chromatography
(SEC), as previously described.”® For F(ab’), generation,
intact IgG, antibodies were IdeS digested and purified with
Cyl-XL Affinity Matrix, as previously described.”” Samples
were buffer-exchanged against 20 mM histidine acetate, pH
5.5, or some other specified pH (Figure 5b), using Slide-
A-Lyzer 10 kDa MWCO Dialysis Cassettes (Thermo Fisher
Scientific). Dialyzed antibody samples were concentrated to
greater than 180 mg/mL using Amicon Ultra-15 10 kDa
MWCO centrifugal filter units (MilliporeSigma) by centri-
fugation at 4,000 g. Concentration determinations were
made by gravimetric analysis in duplicate with 2-3 uL sam-
ples diluted ~ 500-fold before A,gy measurement on 8453
UV/Vis Spectrometer (Agilent). The A,g, was then multi-
plied by the dilution factor and the product was divided by
the antibody extinction coefficient, individually calculated
based upon corresponding primary sequence, to yield sam-
ple concentration. Extinction coefficients and isoelectric
points (pI) for corresponding IgG; antibodies determined
with internal software and confirmed with ExPASy
ProtParam tool.”” Positive displacement pipettes were used
for dispensing high concentration antibody samples to
enable accurate volume transfers.

Rheometry

For viscosity determinations, samples were analyzed on
a Discovery-HR-30 cone-and-plate rheometer (TA Instruments)
using 20 mm diameter stainless steel 1° cone angle Peltier plate
geometry. Concentrated antibody samples were prepared at 180
mg/mL by dilution in 20 mM histidine acetate, pH 5.5, or other
specified pH (Figure 5b), prior to loading 40 uL onto the rhe-
ometer plate. The cone was lowered and samples were measured
at temperature-controlled 25°C with fixed shear-rate of 1,000 s™".
Each reported value represents the mean of 12 measurements
collected over 1 min. The rheometer was calibrated with 8 cP (s6)
and 30 cP (s20) viscosity standards (Cannon Instrument
Company) to 5% at the start of each day. Viscosity determina-
tion for parental IgG, antibodies with unmodified Fc regions was
subject to repeat measurements (n=5). Given the high IgG,
protein needs for rheometry, the initial survey of Fc variants
was done with a single viscosity measurement. Variants with
viscosity values that were substantially different from the corre-
sponding parental antibodies (reduced or increased by > 15%)
were subject to repeat measurements (n=2-5). All viscosity
data from this study, including the number of replicates are
tabulated in Table S2.

Molecular dynamics simulations

The software Molecular Operating Environment (MOE)®
from Chemical Computing Group was used to prepare a full
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length glycosylated IgG; crystal structure (PDB:1HZH). The
Fab regions were removed by truncating the hinge region just
above the disulfide bonds (CPPC in the HC). The parent, YTE
variant, and related single and double mutants were generated
by applying point mutations to the parental crystal structure.
The prepareforleap tool in CPPTRAJ®' was used to rename the
glycans and reformat the pdb for tleap. FF14SB force field was
used for proteins®* and the Glycam06 force field for
carbohydrates.*” The system was solvated using TIP3P water
molecules® in a rectangular box extending 10 A from protein
edges. Sodium and chloride counter ions at a 0.15M were
added to neutralize the system using parameters derived by
Joung and Cheatham.®’

The GPU implementation of Amber 2019 MD software
package®® with the SPFP precision model®” was used for the
MD simulation using the following protocol. First, the structure
was relaxed with 2,000 steps of conjugate-gradient energy mini-
mization, using harmonic restraining potential with the force
constant of 10 kcal mol™" A~ to restrain the solute to the initial
structure. Then, the solvent molecules were allowed to move
using NPT ensemble with a temperature of 300 K. Another step
of conjugate-gradient energy minimization was performed with
2,000 steps while removing all the restraints. Next, the pressure
was maintained at 1 atmosphere and the thermostat tempera-
ture increased to 300 K over the course of 500 picoseconds,
while Harmonic positional restraints of strength 10 kcal mol™
A~? was applied to the solute. The system was then equilibrated
for 1 ns with a restraint force constant of 1 kcal mol™" A2, All
restraints were removed for the production stage. The hydrogen
mass repartition option of Amber was used allowing a time step
of 4 femtoseconds.*® The production simulation was carried out
using NPT conditions. Langevin dynamics® was used to main-
tain the temperature at 300 K with a collision frequency of 3
ps~". The production stage of the MD simulation was performed
for 350 ns. The protocol described above was repeated to gen-
erate three independent replicates of 350-ns trajectories, adding
up to ~ 1.0 microsecond trajectories for each structure.

From each MD trajectory, we extracted 438 frames evenly
distributed along the trajectory. For each frame, we calculated
the SAP and the electrostatic potential around the loop con-
taining point mutations (residues 246-258), employing the
APBS tool (Figure 6a,b). The per-residue APBS surface poten-
tials were calculated using the Moldesk surface analyzer.”® The
CPPTRA]J tool®! available in AmberTools 2019 was used to
calculate RMSD from the starting structure.

Abbreviations

ADCC Antibody-dependent cellular cytotoxicity
ADCP Antibody-dependent cellular phagocytosis
APBS Adaptive Poisson-Boltzmann Solver
Arg-HCl  Arginine-hydrochloride

CDC Complement-dependent cytotoxicity
CDR Complementarity-determining region
CHO Chinese hamster ovary

cP Centipoise

DLS Dynamic light scattering

FR Framework region

HC Heavy chain

v Intravenous

LC Light chain

MD Molecular dynamics
pl Isoelectric point

RMSD Root mean square deviation
SAP Spatial aggregation propensity
SC Subcutaneous

SEC Size-exclusion chromatography
Tm Thermal melting temperature
Vu Variable heavy

Vi Variable light
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