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ABSTRACT

Many therapeutic monoclonal antibodies (mAbs) were initially developed for intravenous (IV) adminis-
tration. As a means to improve mAb drug-ability and the patient experience, subcutaneous (SC) admin-
istration is an increasingly important delivery route for mAbs. Unlike IV administration, bioavailability
limitations for antibodies have been reported following SC injection and can dictate whether a mAb is
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administered via this parenteral route. The SC bioavailability of antibodies has been difficult to predict,
and it can be variable and partial, with values ranging from ~50% to 100%. The mechanisms leading to the
incomplete bioavailability of some mAbs relative to others are not well understood. There are some
limited data that suggest the physiochemical properties inherent to a mAb can contribute to its SC
absorption, bioavailability, and in vivo fate. In this study, we evaluated the integrated influence of multiple
mADb physiochemical factors on the SC absorption and bioavailability of six humanized mAbs in both rats
and cynomolgus monkeys. We demonstrate the physiochemical properties of mAbs are critical to their
rate and extent of SC absorption. The combination of high positive charge and hydrophobic interaction
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significantly reduced the rate of the evaluated mAb’s SC absorption and bioavailability. Reduction or phagrmacolZinetics-
balancing of both these attributes via re-engineering the mAbs restored desirable properties of the disposition

molecules assessed. This included reduced association with SC tissue, improvements in mAb absorption
from the SC space and overall SC bioavailability. Our findings point to the importance of evaluating the
relative balance between various physiochemical factors, including charge, hydrophobicity, and stability,
to improve the SC drug-ability of mAbs for selecting or engineering mAbs with enhanced in vivo
absorption and bioavailability following SC administration.

Introduction Relative to the intravenous (IV) route, SC administration is
generally preferred for therapeutic antibodies in clinical set-
tings due to increased patient convenience and compliance,”*
but bioavailability limitations associated with SC injection can
reduce systemic exposure. The bioavailability of mAbs has
been difficult to predict following SC administration, can be
variable and partial with values of ~50% to 100%.>”7 Currently,
the SC bioavailability for marketed mAbs in humans is
~60-80%.%®* While the mechanisms related to the incomplete
bioavailability observed for some mAbs are not well under-
stood, there is a general consensus that the PK fate and absorp-
tion profile of mAbs following SC administration requires an
understanding of the SC space/anatomy and composition.
The SC matrix or hypodermis has been reviewed
extensively.*>® Briefly, the hypodermis is composed of con-
nective tissue separated by fat lobules (adipose tissues) and
cellular components, including adipose cells, fibroblast and
macrophages. The fibroblasts are responsible for producing
constituents of the extracellular matrix (ECM), including gly-
cosaminoglycans (GAGs), elastin and collagen. GAGs are

Over the past few decades, human or humanized monoclonal
antibody (mAb) pharmaceuticals have been successfully used
as therapeutic modalities in a wide array of human diseases due
to their target binding specificity, bivalent interaction proper-
ties, potential to have innate effector function and their in vitro
and in vivo biochemical stability."” Advances in antibody
engineering methods, such as humanization, potency and spe-
cificity optimization, for achieving the ideal pharmacody-
namics (PD) and improvements in the drug-ability
properties, such as pharmacokinetics (PK), are vital to the
success of mAb-based therapies. While some of these engineer-
ing approaches have enhanced the pharmacokinetic/pharma-
codynamic (PK/PD) properties by reducing mAb dose and/or
dose frequency, considerable opportunities remain in this
space. More recently, one of the increased areas of intense
attention for improving/engineering the PK properties of
mAbs has involved understanding the fate and bioavailability
of mAbs following subcutaneous (SC) administration.
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highly negatively charged polysaccharides; the most common
GAG in the SC space is hyaluronic acid. The strong negatively
charged GAGs control the interstitial fluid content and
hydraulic conductivity or movement of endogenous and exo-
genous entities within the interstititum. The macrophage and
dendritic cells within the hypodermis function as a host
defense mechanism by facilitating catabolism and sequestra-
tion of foreign antigens/substrates before these entities proceed
into the blood circulation. In terms of structure, the SC tissue
milieu is somewhat vascularized with mostly small blood capil-
laries and lymphatic vessels, both of which can provide access
to the general circulation.

Several studies have demonstrated that for larger molecular
weight moieties (>16 kDa), such as mAbs (~150 kDa), the SC
capillaries are practically impermeable with regard to passive
permeability; thus, as a class of molecules, lymphatic uptake
from the interstitial space plays a key role in eventual absorp-
tion of mAbs into systemic circulation.” ' Of note, another
potential mechanism that may affect mAb SC absorption is
active transport by the neonatal Fc receptor (FcRn) across the
capillary endothelia. Some studies have reported the involve-
ment of FcRn in the SC absorption of mAbs, suggesting it is an
important, yet potentially saturable, uptake mechanism for
mADbs.'?>'* There are, however, conflicting reports with
mixed results on how FcRn can be leveraged to affect mAb
SC absorption and bioavailability, implying there may be addi-
tional mAb-centric considerations with regard to leveraging
FcRn as a platform-based modality for improving mAb SC
absorption.'”'* Regardless of the balance of blood or lymph
capillary uptake of mAbs, after SC administration the mAb
must be shunted through the interstitium to reach these capil-
laries. Given the mixture of cells (adipocytes, macrophages and
fibroblasts) and matrices (adipose, GAGs, proteoglycans, elas-
tin and collagen), it is reasonable to speculate that the PK fate,
absorption profile and engineering strategies for improving
mAb SC kinetics require an understanding of the interplay of
the molecule’s physiochemical properties with the SC space
and anatomy discussed above.

Interestingly, while the number of mAb-based biological
therapies have increased, there is still quite a bit of debate
and a paucity of information around the relative balance
between physiochemical characteristics and their effects on
mAb PK. This has led to inadequate understanding of how
these parameters might affect absorption processes for mAbs
administered to the SC space. As previously noted, some lim-
ited physiochemical elements such as the molecular weight and
FcRn binding capacity have been interrogated.”'* In addition,
some studies have been conducted with charge-based mAb
variants with mixed findings. In a study by Khawli et al., no
significant differences in SC absorption were reported with
IgG1 charge variants; however, the pI of these IgG1 molecules
varied marginally (within 0.1 isoelectric point (pI) units), and
thereby may not have been different enough to affect SC
absorption.'” In contrast, in another report, mAbs with
a broader range of pI (1 unit differences) showed a moderate
trend correlating increasing mAb pl and decreasing SC
bioavailability.16 Consistent with the later findings, Mach and
coworkers reported that positively charged mAbs interact
in vitro with SC tissue, likely mediated via electrostatic

interactions.!” Taken together, these studies have started to
illuminate the role of intrinsic mAb physiochemical features
on the rate and extent of SC absorption, but there is a scarcity
of data for factors such as the hydrophobicity, thermal stability,
and aggregation potential of mAbs following SC injection, as
well as the interplay of these factors with charge, pI and FcRn
binding interactions. Defining the relative contribution of the
multiple factors affecting mAb SC disposition is critical to
guiding rational molecule design, engineering, selection and
improving drug-ability for better therapeutic outcomes/experi-
ences for patients. Given these considerations, herein, broader
evaluations of the impact that various mAb physiochemical
parameters may have with the SC tissue environment, absorp-
tion processes and PK of mAbs in an integrated manner were
conducted.

The goal of our investigation was to collate these concepts
by characterizing the effects of charge, hydrophobicity, aggre-
gation potential and thermal stability on the rate and extent of
SC absorption of six humanized mAbs separated into three
families in rats and/or cynomolgus monkeys. The three mAb
families were characterized by differences in charge- or hydro-
phobic-based interactions with in vitro matrices. MAbs with
increased charge-based or increased hydrophobic interaction
potential showed reduced exposure characterized by slower
rates of absorption and a decreased extent of SC absorption
in rats compared to molecules that did not have positive charge
patches in the complementarity-determining region (CDR).
These findings were further confirmed in cynomolgus mon-
keys, as poorly absorbed molecules with increased charge-
based or increased hydrophobic interaction potential had lar-
ger amounts of mAb remaining at the SC injection site com-
pared to mAbs without these factors. Moreover, while the
absolute exposure findings in cynomolgus monkeys were dif-
ferent than rats for a subset of the evaluated mAbs, the relative
rank order of SC bioavailability were directionally similar
across the two species. In addition, greater connectivity
between the SC PK of the evaluated mAbs and the onset
temperature for tertiary structure unfolding propensity, as
well as the temperature at which aggregation was induced,
was observed than for the IV PK of the same mAbs. Taken
together, the data suggest certain physiochemical parameters
may be more connected and unique to the PK performance of
mAbs following SC administration than IV dosing. These
results point to the importance of integrating and understand-
ing both the physiochemical characteristics of the mAb and the
interplay with the mechanisms/physiological components of
the SC space in guiding the application of optimal engineering
and screening strategies to deliver mAb-based therapies via the
SC route.

Results
Description of the IgG molecules

In this study, we leveraged six humanized IgG molecules,
across three platforms, to characterize the connectivity
between mAb physiochemical properties and PK parameters
following SC administration. Table 1 lists the constructs and
a high-level summary of their qualitative biophysical



Table 1. General description of the mAbs®
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Platform mAb isotype Charge-based interaction potential Hydrophobic-based interaction potential Taggb TMDD In rats® TMDD in cynomolgus monkeys®

mAb
1 1P 19G1 +++
1RE  IgG1 ++
2 2P 9G4 -+
2RE 9G4 ++++
3 3P 9G4 ++
3RE 9G4 +

++ ++ - +
++ + - +
+++ ++ - -
+ - - -

All the molecules are humanized IgGs. The ‘+" and ~'signs indicate the presence and absence of a characteristic, respectively. The number of ‘+' symbols within the
charge- and hydrophobic-based interaction potential columns are intended to provide a qualitative perspective of the relative preponderance of each characteristic
across and within the mAb platforms. Quantitative values for the charge- and hydrophobic-based interaction potential are in Table 2. bTagg is the temperature of

aggregation onset. TMDD = target-mediated drug disposition.

properties. Each antibody platform was developed against
a different undisclosed target. Within each platform, two
mAbs were characterized: a parent molecule and a re-
engineered mAb that was designed to have physiochemical
property changes distinct from the parent (proprietary
sequence changes are not disclosed). Platform 1 is composed
of two humanized IgG; molecules, including the parent (P)
mAD 1P and the re-engineered (RE) mAb 1RE. Platforms 2 and
3 each consist of two humanized IgG,4 constructs. The mole-
cules in Platform 2 are the parent mAb 2P and the re-
engineered mAb 2RE. Platform 3 consists of the parent mAb
3P and the re-engineered mAb 3RE. Overall, the three plat-
forms were leveraged to dissect the role of charge and hydro-
phobicity in mAb Kkinetics following SC administration.
Platform 1 molecules were leveraged to understand the role
of charge, Platform 2 molecules had components of both
charge and hydrophobicity, and Platform 3 molecules were
predominantly influenced by hydrophobicity differences.

Characterization of the physiochemical properties of the
mAbs

Table 2 summarizes the physiochemical attributes of the mAbs
in each platform via a battery of analyses aimed at understand-
ing the physiochemical profiling connected with the PK and
absorption following SC administration. Molecular interac-
tions governed by hydrophobic and charge-based mechanisms
were evaluated using multiple orthogonal approaches. In addi-
tion, molecules were also assessed for overall thermal stability,
as well as their aggregation potential.

The global molecule hydrophobicity was determined using
a hydrophobic interaction chromatography (HIC)-based
method. The data were expressed as a relative hydrophobicity
interaction percentage for each of the mAbs to allow for com-
parisons both within and across the three mAb platforms; larger

Table 2. Biophysical and FcRn binding properties of the mAbs®

hydrophobicity interaction percent (HIP) values indicate an
increased affinity for the HIC matrix. The Platform 1 molecules
show similar and relatively low HIP values; the HIP for mAb 1P
and mAb 1RE were 1.3% and 0.7%, respectively. In contrast,
both the Platform 2 and 3 molecules showed ~10- to ~100-times
higher HIP values than the Platform 1 mAbs (Table 2). The
Platform 2 constructs showed similar HIP values for mAb 2P
and mAb 2RE of ~16% and ~20%, respectively. Platform 3
mAbs had the widest diversity of HIP, with mAb 3P and 3RE
displaying values of ~100% and ~12%, respectively.

The charge of the mAbs was evaluated using multiple ortho-
gonal approaches. Global mAb surface charge was assessed via
determination of the pI and zeta potential, whereas local surface
charge was determined through heparin-binding interactions. The
pI values were determined using capillary isoelectrophoresis. Our
results indicated some subtle differences in the pI of molecules
when compared within and across each platform (<0.2 units)
(Table 2). The Platform 1 mAbs 1P and 1RE had pI values of 8.8
and 9.1, respectively; Platform 2 mAbs 2P and 2RE molecules had
pI values of 9.2 and 9.0, respectively; and Platform 3 mAbs 3P and
3RE constructs had pI values of 8.3, 8.5, respectively (Table 2). The
zeta potential of the mAbs was determined using electrophoretic
light scattering. The zeta potential of the molecules tended to be
similar with the exception of the non-significantly lower and
higher potentials observed for mAbs 1P and 2P, respectively
(Table 2). The interaction of the six mAbs with heparin was
evaluated using a heparin-coated matrix packed into a column.
Heparin was selected since it is found in abundance on the SC
capillaries.* Previously, we reported the interaction of molecules
with heparin using heparin-coated plates."®'* This method was
dependent on the detection of heparin-bound mAbs using an
antibody-based detection. Differences in the cross-reactivity of
the mAbs with the detection antibody created challenges in the
quantitative comparison of the heparin-binding across molecules
(data not shown). Thus, in the context of this study, we chose to

HIP Tm (C)
Platform mAb FcRn Ky (nM) at pH 6 HpnlIP (%) (%) Zeta potential (mV) pl Tagg (0 Tin onset (0 Cy2 Cu3 Fab
1 1P 1055 51.8 1.3 62+ 14 8.8 64.2 + 0.5 61.1 67 83 70
1RE 98 + 10 283 0.7 9.5+0.2 9.1 64.5 +0.2 61.7 70 83 70
2 2P 93+4 100 16.0 105+ 14 9.2 524 + 2.1 56.6 69 72 76
2RE 121+ 15 58.1 20.1 9.7x19 9.5 59.6 + 1.1 62.0 69 73 76
3 3P 1017 31.6 100 9408 8.3 556 +23 58.9 69 73 68
3RE 1M13+4 18.6 1.7 9.7+ 0.6 8.5 639+ 27 62.2 69 73 78

FcRn K4 represents cynomolgus monkey FcRn binding affinity at pH 6. Abbreviations: HpnlP, relative heparin-binding interaction potential; HIP, relative hydrophobic
interaction potential; pl, isoelectric point; T,qq, temperature of aggregation onset; Tr, onser, ONSet of tertiary structure unfolding.
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evaluate all three mAD platforms using a heparin column and UV-
VIS-based detection to allow for adequate comparisons of the
heparin interaction across molecules. The data were expressed as
a relative heparin interaction percentage (HpnlIP) for each of the
mAbs to allow for comparisons both within and across the three
mADb platforms; larger heparin interaction percent (HpnIP) values
indicate an increased affinity for the heparin matrix. The Platform
1 molecules show an ~1.9-fold difference in HpnIP values; the
HpnlIP for mAbs 1P and 1RE were ~52% and ~28%, respectively.
The Platform 2 molecules showed ~1.7-fold differences, with mAb
2P and mAb 2RE displaying ~100% and ~58% HpnlIP values,
respectively. The Platform 3 mAbs HpnlIP values of mAb 3P and
mADb 3RE were ~32% and ~19%, respectively.

The T,, of the mAbs was determined using differential scan-
ning calorimetry (DSC). Within the three platforms, a higher onset
of melting temperature (T, onset) Was observed for mAb 1RE
relative to 1P, mAb 2RE relative to 2P and mAb 3RE relative to
3P (Table 2). Differences in T,, values were observed in the
antigen-binding fragment (Fab) regions within Platform 3, the
Cy2 domains of the Platform 1 molecules and the Cy3 of the
Platform 2 mAbs (Table 2). In addition to DSC, simultaneous
static light scattering (SLS) and fluorescence spectroscopy were
used to monitor aggregation (T,g,) and the onset temperature
(T'm onset) Of tertiary structure unfolding. The parabolic nature of
protein unfolding free energy dependence on temperature deter-
mines that at high temperature protein will readily unfold. During
thermal ramping from moderate temperature, protein will be
partially unfolded at certain points, and consequently will drive
further intermolecular interactions and finally aggregation. SLS is
sensitive to trace amount of aggregates and well suited for measur-
ing aggregation onset. The unfolding event in the meantime will
trigger red shifting of the fluorescence spectrum due to the expo-
sure of aromatic amino acid and, in our case, tryptophan.
Therefore, simultaneous SLS and fluorescence spectroscopy is
able to capture the aggregation propensity and conformational
stability at the same time during thermal ramping. The results are
reported in Table 2. The temperature of aggregation onset (T,gg) of
the Platform 1 mAbs 1P and 1RE were 64.2°C and 64.5°C, respec-
tively. The T,gq increased in the Platform 2 mAbs from 52.4°C for
mAD 2P to 59.6°C for mAb 2RE. In the case of Platform 3, the Tagg
increased from 55.6°C for mAb 3P to 63.9°C for mAb 3RE. In the

Table 3. Rat pharmacokinetic parameters of the mAbs

meantime, the unfolding onset (T, onset) Of the Platform 2 mAbs
improved from 57.6°C to 62.0°C for mAbs 2P and 2RE, respec-
tively, as well as for the Platform 3 mAbs from 58.9°C to 62.2°C for
mAbs 3P and 3RE, respectively, after re-engineering (Table 2).

The binding affinities of mAbs with immobilized cynomol-
gus monkey FcRn (cFcRn) were measured using previously
reported surface plasmon resonance (SPR) approaches.”® The
binding affinity (Kg4) of the mAbs for cFcRn at pH 6.0 ranged
from ~93 to 121 nM across the three mAb platforms. No direct
binding to cFcRn at pH 7.4 was detected for any of the mAbs
(data not shown).

Evaluation of the pharmacokinetics of the mAbs in rats

We chose to evaluate the PK of our constructs following a single IV
or SC administration to rats due to the ability to serially sample
individual animals over the duration of the in vivo study. In
addition, in rats none of the molecules has a target-mediated
component to their clearance (i.e., target-mediated drug disposi-
tion (TMDD)) either due to low endogenous antigen concentra-
tions or the lack of the cross-reactivity of the antibodies with rat
antigen. As a consequence, the inherent influence of the physio-
chemical parameters of the mAbs on PK could be evaluated in the
absence of the kinetic complexities associated with TMDD.

The PK parameters following a single 1 mg/kg IV or SC
administration of the six mAbs are reported in Table 3. Overall,
the apparent clearance (CL/F) (and intrinsic clearance in the
case of the IV administration), rate of SC absorption (k,) and
SC bioavailability of the re-engineered mAbs in each platform
(1RE, 2RE and 3RE) improved relative to their parental mAbs
(1P, 2P and 3P, respectively) (Table 3).

Pharmacokinetics of the Platform 1 and 3 variants mAbs
in cynomolgus monkeys

The SC space varies in composition across species;*>® thus, as
a means to understand if the SC PK findings in rats were
meaningful in another species, we chose to evaluate the PK of
a subset of molecules in cynomolgus monkeys since this species
is commonly used for predictions of human antibody PK. The
PK in cynomolgus monkeys was evaluated following a single

Tmax T1/2 ka#
Platform  mAb Route DoseA (mg/kg) Cpax (Hg/mL) (hr) AUCq.inf (hr*pg/mL)  CL or CL/F (mL/hr/kg) (hr) (1/hr) %F
1 1P \% 1 224 + 3.7 NA 1345.5 + 252.5 0.62 + 0.22 163 £ 79 NA NA
SC 1 50x1.0 96+ 0 12949 + 1349 0.78 £ 0.08 133 £28 0.009 = 0.001 108 +17
1RE v 1 32+3.8 NA 1513 + 229 0.37 £0.03 96 +9 NA NA
SC 1 100 £1 64 + 37 2176 £ 159 03 +0.1 221 + 101 0.021 £ 0.012 144 + 11
2 2P \% 1 106 £ 1.3 NA 210 £ 52 4.5 +0.98 M7+£9 NA NA
SC 1 020 7272 39+25 64+7.0 1375.2 £ 1550.0 0.036 + 0.006 25 + 4°
2RE I\ 1 21.7 £ 0.8 NA 928 + 49 0.97 £ 0.07 108 £ 9 NA NA
SC 1 3.0+03 104 £ 55 564 + 152 1.5+038 158 + 81 0.012+0.003 6116
3 3P \% 1 369+ 1.7 NA 2088 + 224 0.48 + 0.06 129 £ 14.2 NA NA
SC 1 30+ 1.0 104 + 60 699 + 168 0.1+0.2 210 £ 62 0.038 £ 0.016 338
3RE \" 1 475 + 6.8 NA 3200 £+ 121 0.21 £ 0.04 174 £ 21 NA NA
SC 1 95+1.0 120+ 0 1816 + 490 05+0.2 154 + 32 0.013 £ 0.004 5717

Cinax maximal observed serum concentration; Tp,ax, time of maximal observed serum concentration; AUCq.inr, area under the serum concentration curve from time zero
extrapolated to infinite time; CL, clearance following IV administration; CL/F, apparent clearance as a function of bioavailability following SC administration; Ty,
elimination half-life; ka, rate of SC absorption; %F, SC bioavailability. All PK parameters were determined from non-compartmental pharmacokinetic analyses unless

otherwise noted.
“Determined from two compartment pharmacokinetic analyses.

NA = not applicable. AN = 3/timepoint with serial sampling unless otherwise noted. N = 2 for %F reporting only (standard deviation for illustrative purposes only).



1 mg/kg IV or SC administration of Platform 1 and 3 mAbs.
The Platform 2 molecules were not evaluated due to the known
cross-reactivity of the molecules in this group with
a cynomolgus monkey target, which leads to non-linear clear-
ance following IV administration (data not shown), and would
likely confound the interpretation of SC PK. The PK para-
meters following a single 1 mg/kg IV or SC administration of
the Platform 1 and 3 mAbs are reported in Table 4. Overall, the
apparent clearance (CL/F) (and intrinsic clearance in the case
of the IV administration), rate of SC absorption (k,) and SC
bioavailability of the re-engineered mAbs in each platform
(IRE and 3RE) improved relative to their parental mAbs (1P
and 3P, respectively) (Table 4).

Evaluations of the relative SC tissue association for
Platform 1 and 3 variants mAbs in cynomolgus monkeys

The PK studies suggested a reduction in the amount of the
parental mAbs 1P and 3P absorbed into the systemic circulation
following SC administration relative to their re-engineered coun-
terparts, mAbs 1RE and 3RE, respectively. As a means to begin to
dissect if the lower extent and rate of absorption of the parental
mAbs were due to increased residence time within the SC injec-
tion site, we assessed the exposure of SC tissue association at the
injection site at 6 h post administration for the Platform 1 and 3
molecules in cynomolgus monkeys (Figure 1). The tissue asso-
ciation for the Platform 1 mAbs shows ~30% increased retention
of the parent mAb 1P within the SC tissue at 6 h post-dose
relative to the re-engineered mAb 1RE (Figure 1). In the case of
Platform 3, the parent mAb 3P has an ~2-fold (~50%) increased
retention/association at 6 h post SC administration compared to
the re-engineered mAb 3RE (Figure 1). Relative to the re-
engineered mAbs 1RE and 3RE, the counterpart parental mAbs
1P and 3P, respectively, had shown reduced SC bioavailability
and decreased k, values. Taken together with the SC tissue
association findings, the data indicate increased SC tissue asso-
ciation at the injection site reduces mAb exposure.

Evaluations of the relationships between the PK
parameters and physiochemical properties

Analysis of the relationship of a subset of the PK parameters
(Craxs Ky Trae CL or CL/F and %F) and a subset of the
physiochemical properties (HIP, HpnIP, T,z and T onget)
following SC administration to rat or cynomolgus monkey

Table 4. Cynomolgus monkey pharmacokinetic parameters of the mAbs
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Figure 1. Subcutaneous tissue association of the Platform 1 and 3 parent and re-
engineered molecules following a single administration of 0.1 mg/kg of each
25| |abeled mAb. Data show the relative SC tissue association of each re-
engineered mAb relative to their respective parental mAb. The 1-h post dose
time point skin punctures radioactive count for each mAb was considered 100%
bound for data normalization purposes. The 6-h post dose collected radioactivity
data were compared reported as a fraction of the percent bound relative to the
1-h post dose time point for calculation, data processing and loss of mAb from the
SC site reporting over time. Data are the average of two independent SC tissue
assessment from two cynomolgus monkeys for each mAb.

are shown in Figures 2 and 3, respectively (IV administration
data for PK parameter and physiochemical properties for rat
and cynomolgus monkey are in Supplemental Figures 1 and 2,
respectively). Since the PK of the Platform 2 molecules was not
assessed due to TMDD in cynomolgus monkeys, the analyses
included only the Platform 1 and 3 molecules for this species.
Tables 5-8 show a summary of the PK and physiochemical
correlation findings in rats and cynomolgus monkeys, respec-
tively, following IV and SC administration.

The findings for the IV and SC administration in rats
indicate a high correlation (correlation coefficient > 0.71)
of IV CL and SC CL/F with both HIP and HpnIP. These
correlations, however, were much more variable in cynomol-
gus monkeys, which may in part be due to the limited number
of data points (Tables 5-8). With the exception of the high
correlation between HIP and SC k, in cynomolgus monkeys,
the HIP and HpnlIP factors did not show any overt correlation
with SC k,, SC Cj,,ax or SC %F across species (Tables 5-8). High
and medium (correlation coefficient r* between 0.51 and 0.71)
correlations were observed between SC k, and T, onser, @s well
as, SC Cax and T,g, in both species. In terms of SC %F, in
cynomolgus monkeys there was a high correlation observed

Platform mAb Route DoseA (mg/kg) Crax (Mg/mL)  Trax (hr) AUG,... (hr*ug/mL) CL or CL/F (mL/hr/kg) Tq2 (hr) k,*(1/hr) %F
1 1P \% 1 240 + 0.6 NA 2910 + 587 0.35 £ 0.08 278 £ 76 NA NA
SC 1 4007 48 + 24 1492 + 201 0.68 + 0.10 248 + 23 0.033+£0.006 517
1RE \% 1 269 £24 NA 4264 + 1242 0.25 £ 0.06 382 £ 162 NA NA
SC 1 126 £2.6 24+ 0 3187 £ 111 0.31 £ 0.01 235+ 53 0.021 £0.003 75+3
3 3P \% 1 27+13 017 £0.12 1832 + 231 0.56 £ 0.7 271.8 £ 55.9 NA NA
SC 1 34+£13 60 £ 17 837 + 452 14+038 2145 £ 1029 0.094+0.002 46=*6
3RE \% 1 25.54 + 3.6 NA 3473 + 2048 0.35 £ 0.21 213.2 £ 141.2 NA NA
SC 1 792+ 04 132 + 50.9 3907 + 2406 0.32 £ 0.19 337.8 £48.2 0.049 + 0.003 100° =8

Cmax, maximal observed serum concentration; Tpay, time of maximal observed serum concentration; AUC,._.., area under the serum concentration curve from time zero
extrapolated to infinite time; CL, clearance following IV administration; CL/F, apparent clearance as a function of bioavailability following SC administration; T,
elimination half-life; k,, rate of SC absorption; %F, SC bioavailability. NA = not applicable. AN = 3 cynomolgus monkeys/time point. All PK parameters were determined

from non-compartmental pharmacokinetic analyses unless otherwise noted.
“Determined from two compartment pharmacokinetic analyses.
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Figure 2. Correlation plots of the rat pharmacokinetic parameters following SC administration of mAbs 1P and 1RE in Platform 1, mAbs 2P and 2RE in Platform 2 and
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Table 5. Correlation scores for the relationship of the physiochemical parameters
with the PK of the mAbs assessed following a single IV administration to rats®

PK parameter

Physiochemical v v v \%

parameter Crnax AUGCo... clearance Tis2

HpnlP High High High Low

HIP High High High Low

Tagg Low Low Medium Medium
m onset Low Low Medium Low

Correlation score rankings of high, medium, and low are defined by data from
the determination of the correlation coefficient values () derived from the
linear regression best line fit of each physiochemical parameter with each PK
parameter. High  values ranged from 0.71- to 1.0. Medium r* values ranged
from 0.51 to 0.70. Low r* values were <0.50.

with Ty onset and medium correlation with T, in both species.
Overall, the findings suggest a connectivity of mAb physio-
chemical properties with PK.

Discussion

Many mAb-based biopharmaceuticals are delivered via SC
injection. Optimizing the in vivo SC PK of mAbs to improve
their drug-ability is thus an area of considerable attention for
therapeutic antibody engineering. In this study, we directly
examined the interplay between multiple mAb physiochemical
factors (charge, hydrophobicity, aggregation potential and
thermal stability) on the rate and extent of SC absorption of
six and four humanized mAbs in rats and cynomolgus mon-
keys, respectively, as a means to dissect parameters affecting SC
PK. There are several factors that have been clearly shown to
influence the kinetics of a mAb in vivo. These include attributes
of the therapeutic target (membrane bound or soluble, density,
turnover) and the biochemical properties of the antibody (i.e.,
physiochemical properties, antigen affinity, glycosylation,
charge, proteolytic stability; FcRn interactions).'>!>!®2!*
Herein, the «clearance of these molecules was not
a consequence of target interactions (TMDD) since the kinetics
of the mAbs were assessed in a species (rat, cynomolgus mon-
key or both) in which there were insignificant concentrations
of antigen present to influence the clearance. The PK was also
unrelated to aberrant FcRn binding because the mAbs showed
receptor binding affinities at pH 6 in the range reported for
molecules with well-behaved kinetics and no direct FcRn inter-
actions at neutral pH (Table 2). Thus, the focus was on under-
standing the role of the aforementioned physiochemical
parameters in the context of the SC space/anatomy and
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Table 7. Correlation scores for the relationship of the physiochemical parameters
with the PK of the mAbs assessed following a single IV administration to cyno-
molgus monkeys®

PK parameter

Physiochemical v \% \% v
parameter Cinax AUG... clearance T
HpnlIP Medium Low Low Low
HIP Medium Low Low Low
Tagg Low High High Low
m onset Low High High Low

Correlation score rankings of high, medium, and low are defined by data from
the determination of the correlation coefficient values (r?) derived from the
linear regression best line fit of each physiochemical parameter with each PK
parameter. High  values ranged from 0.71- to 1.0. Medium r* values ranged
from 0.51 to 0.70. Low r* values were <0.50.

composition. Importantly, using this approach we demon-
strated that several physiochemical properties are critical with
regard to their influence on mAb kinetics following SC admin-
istration and that some of these (e.g., Ti onset and Tog,) are
unique with regard to having increased connectivity with SC
relative to IV administration across species.

The reduced SC bioavailability, slowed rate of SC absorp-
tion and increased clearance of parent mAbs across the three
platforms relative to their re-engineered counterparts in rats
and cynomolgus monkeys that we observed suggest that alter-
ing inherent mAb charge, hydrophobicity, aggregation poten-
tial and thermal stability via antibody engineering may lead to
improved in vivo SC absorption rate and bioavailability. The
relative contribution of each of these factors underlies the basic
in vivo characteristics of an antibody and heavily influences
strategies aimed at optimizing the PK properties mAbs. While
there has been progress toward understanding each of these
aspects individually (especially following IV administration to
preclinical species), few studies report the integrated influence
of multiple mAb physiochemical factors, including thermal,
chemical and physical on the SC absorption and bioavailability
of mAbs.'>'>'®21** In our study, the combination of high
local positive charge (as measured by heparin interactions),
increased hydrophobic interaction potential and low thermal
stability leading to increased aggregation potential had the
largest negative magnitude of effect on the rate of SC absorp-
tion, apparent clearance and bioavailability as evident from the
PK findings for mAb 2P in rats compared to the other anti-
bodies within and across Platforms. These factors thus should
be considered for improved in vivo performance following SC
administration. Given the increased compliance and conveni-
ence benefits of SC administration for patients, dissecting

Table 6. Correlation scores for the relationship of the physiochemical parameters with the PK of the mAbs assessed following a single SC administration to

rats®
PK parameter

Physiochemical SC SC SC SC SC SC SC
parameter Crnax Trax AUG,... CL/F T ka %F
HpnlP Medium Low Medium High Medium Low Low
HIP Medium Low Medium High Medium Low Low
Tagg High Low High Medium Medium Medium Medium
T onset Medium Low Medium Medium Medium High Low

Correlation score rankings of high, medium, and low are defined by data from the determination of the correlation coefficient values () derived from the
linear regression best line fit of each physiochemical parameter with each PK parameter. High r* values ranged from 0.71- to 1.0. Medium r* values

ranged from 0.51 to 0.70. Low r* values were <0.50.
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Table 8. Correlation scores for the relationship of the physiochemical parameters with the PK of the mAbs assessed following a single SC administration to

cynomolgus monkeys?

PK parameter

Physiochemical SC SC SC SC SC SC SC

parameter Cinax Tiax AUG... CL/F T2 ka %F

HpnlIP Low Low Low Low Low Low Low

HIP Low Medium Low High Medium High Low

Tagg Medium Low High High Low High Medium
™ onset Medium Low High High Medium Medium High

?Correlation score rankings of high, medium and low are defined by data from the determination of the correlation coefficient values (%) derived from the
linear regression best line fit of each physiochemical parameter with each PK parameter. High r* values ranged from 0.71- to 1.0. Medium r* values

ranged from 0.51 to 0.70. Low r* values were <0.50.

factors influencing the SC disposition of mAbs will further
extend the drug-ability of mAb-based therapeutics and
improve patient outcomes and experience.

Considerable insight was gained from the comparison of the
physiochemical characterization of the mAbs with regard to
global (pI and zeta potential) and local surface charge (HpnIP
value) assessment. Some similarities and a number of differ-
ences in the sensitivity of the local and global charge findings
across the three Platforms were observed in this comparison.
In our studies for the global assessment of mAb surface charge,
the pI values of the mAbs ranged from 8.2 to 9.4; however,
within a Platform, the pI values were similar and showed no
more than a marginal 0.3 pI unit shift. This was the case even
for molecule pairs in each Platform that showed >2-fold differ-
ences in HpnIP values, which gives additional insight into the
assessment of local surface charge being a more sensitive mea-
sure of potential charge-based interactions than the pI. It is
worth noting that, given the overall large molecular weight of
mAbs, the few residues altered across mAbs within a Platform
(no more than 5 residues changes between mAbs) and well-
ordered tertiary structure of antibodies, the modest changes in
a global measure of charge, such as pl, within a given Platform
may not be unexpected. Similar to the pI observation, changes
in zeta potential (which is also a global measure of charge)
across the molecules were also marginal, and thus indicated
similar overall or global surface net charge of the mAbs. These
global assessments of surface charge were difficult to fully
interpret/connect with the SC PK findings. Previous reports
have suggested some mixed finding with regard to the value of
assessing pl or other global measures of mAb surface charge
and their connectivity to mAD kinetics. Both Li and coworkers
and Igawa et al. have demonstrated that lowering the pI by ~1
unit or more (overall range of 6.1 to 9.2 across studies) slows
IgG clearance.”>*°

In contrast to these findings, our lab has reported the
influence of subtle modifications of molecular charge without
affecting pI as increasingly connected to the PK of IgGs com-
pared to global assessments.'” Along these lines, Sampei et al.
found modulating a positive charge patch with the addition of
a single acidic residue on an anti-FIXa antibody resulted in
decreased clearance of the molecule. While they did not report
whether pI changes were also observed, it is reasonable to
speculate that changing a single residue in the context of
a ~ 150 kDa mAb is unlikely to significantly modulate the
global charge.”” Combined, these studies suggest reducing the
overall net positive molecular charge either globally or locally

improves mAb PK via decreased nonspecific cellular interac-
tions that, in part, may enhance intracellular IgG uptake and/or
rate of degradation.

Here, we report that the largest difference in charge-based
interactions within and across mAb Platforms was observed
with HpnIP, which is more sensitive in detecting local charge
patches compared to global surface charge assessments (i.e., pI
or zeta potential measures). All the molecules showed some
level of charge-based interaction in the heparin column inter-
action assay indicative of the potential to have nonspecific
binding (NSB) for negatively charged in vivo matrices such as
the SC space. The reported findings indicate that the local
position of charge display (i.e., in a solvent-accessible area
such as the CDR) is an impactful aspect that may be under-
represented in the overall pl or zeta potential determination
and better characterized via HpnIP when considering mAb
engineering approaches for PK connectivity attributes.

In addition to the component of charge-based driven NSB
potential influencing PK, the physiochemical characterization
for the three mAb Platforms indicates the potential for hydro-
phobic interactions to also affect kinetics. These may be more
important in the context of in vivo interactions within the SC
space where compositionally there are fat lobules, adipocytes,
collagen, and other connective tissues, which likely favor non-
covalent hydrophobic interactions. Platforms 2 and 3 (HIP
range of ~16-100%) had much larger inherent HIP than
Platform 1 (HIP values of ~1%), suggesting the potential for
a combination of both charge- and hydrophobic-related inter-
actions with varying degrees affecting the in vivo performance
of these molecules. Interestingly, the inherent differences in
hydrophobic-based interactions showed some connectivity
with the onset of thermally induced tertiary structure unfold-
ing and aggregation potential across the three mAb Platforms.
The genesis of this observation is the aggregation onset (T,g)
across the three Platforms presented here. In the case of the
Platform 1 mAbs, the T,g, of mAb 1P (parent with reduced SC
%F) and 1RE (re-reengineered mAb with higher SC %F) are
comparable; these mAbs predominantly show differences in
their charge compared to hydrophobic-based interactions. In
contrast, the T,g, is improved for both the Platform 2 mAbs 2P
and 2RE (from 52.4°C to 59.6°C, respectively) and Platform 3
mADbs 3P and 3RE (from 55.6°C to 63.9°C, respectively); how-
ever, unlike the Platform 1 mAbs, the Platform 2 and 3 mole-
cules displayed increasing differences in their hydrophobic
compared to charge-based interactions. The improved T,g,
observed in Platform 2 with mAb 2RE relative to mAb 2P, as



well as in Platform 3 with the relative rank order of T4,
improvement of mAb 3RE > mAb 3P combined, indicate
molecules with increased HIP are more sensitive to unfolding.
This may be due to a propensity for attempting to bury solvent-
accessible hydrophobic regions through a greater inclination to
change conformation via unfolding, and thereby result in
increased aggregation. The reduction in surface hydrophobi-
city led to a reduced tendency to aggregate as measured by T,g,.
The comparable Tagg of the Platform 1 mAbs, which were
predominately influenced by charge-based interactions (as
observed in HpnIP) that typically behave in a repulsive manner
with regard to self-association or aggregation, also support this
hypothesis.

The Platform 1 mAbs were reasonable surrogates for pre-
dominantly studying the effect of local charge-related NSB on
SC absorption and bioavailability given these molecules
showed strong charge-based binding signals and little/no
hydrophobic interaction potential (values in the single digit
percentage range) in vitro. Since the SC space consists of
a milieu of negatively charged GAGs and other proteoglycans,
the reduced k, and SC bioavailability of the more solvent-
exposed positive charge parental mAb 1P in both rats and
cynomolgus monkeys suggests a mechanism whereby mAb
1P has enhanced residence within the SC space, which reduces
the rate and extent of mAb 1P being absorbed into the blood
circulation compared with the re-engineered lower HpnIP
mAb 1RE. This hypothesis is also supported by the observed
increased SC tissue association of mAb 1P observed in cyno-
molgus monkey relative to mAb 1RE (Figure 1). We speculate
reducing the local charge-related HpnIP lowered the NSB SC
tissue matrix interaction of mAb 1RE relative to mAb 1P,
which improved the in vivo PK of mAb 1RE. Under the con-
ditions leveraged in this study, the temperatures at which the
onset thermal instability and aggregation occurred for the two
mAbs was marginally dissimilar with mAb 1RE (re-engineered
molecule) showing slightly lower values in both aspects than
mAb 1P. The data suggest for molecules with little/no hydro-
phobic interaction potential, but high local charge-related phy-
siochemical aspects, thermal instability and aggregation are not
distinguishing factors. The improved SC absorption and bioa-
vailability for mAb 1RE are likely related to reduced nonspe-
cific tissue uptake and subsequent catabolism compared to
mAb 1P, which is supported by earlier studies showing
enhanced NSB-driven cellular association/binding led to
mAb degradation.'” Interestingly, while the relative rank
order of the SC PK of mAb 1RE and mAb 1P were the same
in cynomolgus monkeys and rats, differences in the magnitude
of k, and bioavailability were observed across species. This may
be related to the known differences in the compositional pre-
ponderance of the components within SC tissue matrix across
species; these SC tissue compositional differences across spe-
cies may also affect the correlation analyses across species
(Figures 2 and 3). Nonetheless, while the magnitude of the
effects may not be fully predictable across species because of
the differences in SC tissue architecture, the nonspecific nature
of the charge-based interactions strongly suggests similar find-
ings would be anticipated in humans.

In contrast to the Platform 1, Platforms 2 and 3 facilitated
dissection/connectivity of the impact of varying levels of both
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charge-related NSB and hydrophobic-related interactions on
SC absorption and bioavailability. The Platform 2 mAb pair
served as a reasonable set of molecules to dissect the role of
charge-based interactions (mAb 2P shows ~2-fold higher
HpnIP than mAb 2RE) with an underlying similar hydropho-
bic interaction component (mAbs 2P and 2RE have HIP values
of ~16% and ~20%, respectively). The charge re-engineering
improved the kinetics (i.e., clearance) and SC absorption/bioa-
vailability of mAb 2RE compared to mAb 2P by ~4.5-fold and
~3-fold, respectively, in rats. Thus, similar to Platform 1 find-
ings, the Platform 2 data also support positive charge-based
interactions negatively affect SC absorption/bioavailability,
likely through increased binding/association with the compo-
nents of SC tissue matrix. However, it is important to note that
although charge rebalancing significantly improved the PK,
mAb 2RE still displays a relative clearance rate and SC bioa-
vailability of ~1 mL/hr/kg and ~60%, respectively, in rats. The
engineered mAb 2RE is actually kinetically inferior to the
charge-unbalanced parent mAb 1P (CL/F and SC %F of
~0.8 mL/hg/kg and ~70%, respectively) even though mAbs
1P and mAb 2RE have similar HpnIP values. The major differ-
ences between the mAb 1P and the mADb 2RE variants are in
their HIP values, which show mAb 2RE has an ~20-fold higher
hydrophobic interaction potential than mAb 1P. Taken
together, the data suggest that the hydrophobic interaction
potentials for the Platform 2 mAbs are an important compo-
nent of NSB influencing both mAbs 2P and 2RE clearance, SC
absorption and bioavailability. The data suggest further engi-
neering to reduce the HIP of mAbs 2P and 2RE would likely
improve their SC absorption through reduced interactions
with the SC tissue matrix.

Similar to Platform 2, the Platform 3 mAbs were also
insightful for dissecting the role of hydrophobic interactions
on the rate and extent of mAb SC absorption and bioavail-
ability. Platform 3 is unique from Platform 2 in that the mAbs
in Platform 3 show larger differences in the hydrophobic inter-
actions (~9-fold reduction in mAb 3RE HIP relative to mAb 3P
whereas the Platform 2 mAbs have comparable HIP values)
and some charge-based interactions in a more moderate range
(HpnlIP values of ~20-32% for mAbs 3P and 3RE compared to
>55% for mAbs 2P and 2RE). Thus, while not fully seamless
with regard to HIP and HpnlIP, Platform 3 does directionally
facilitate the interrogation of hydrophobicity with a more mod-
est influence from charge than the other two Platforms. The
~9-fold higher HIP value for mAb 3P compared to mAb 3RE1
was connected to an ~1.6-fold more rapid clearance and
~2-fold lower bioavailability of mAb 3P than mAb 3REl in
cynomolgus monkeys, respectively, and an ~2.3-fold more
rapid clearance and ~1.7-fold lower bioavailability of mAb 3P
compared to mAb 3REl in rats, respectively. Thus, the
Platform 3 data indicates that reducing the hydrophobic inter-
actions was beneficial to the PK, but, compared to the PK
enhancements observed for Platform 2 (~4.5-fold and ~3-fold
improvements in clearance and SC bioavailability, respec-
tively), the Platform 3 improvements were more modest. The
findings suggest that for the molecules herein, when both
charge and hydrophobicity interactions are present, reducing
charge-based interactions may have a greater effect on enhan-
cing kinetics than reducing hydrophobic interactions. Notably,
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the high correlation across Platforms between the slow clear-
ance (or CL/F for SC route) and reduced HIP, as well as
decreased HpnIP for both the IV and SC administration,
does indicate reducing hydrophobic interactions or charge-
based association will improve PK for both parenteral routes
across species; thus, it is important to optimize molecules for
both these properties. Furthermore dissection of the Cp.y
across Platforms suggests SC route-specific high correlations
with T,gg and Ty, onser- This may be related to thermal stability
playing an increased role within the SC tissue matrix prior to
absorption into the blood circulation (Figures 2 and 3). A high
correlation was generally not consistently observed across rats
and cynomolgus monkeys between k, or SC bioavailability and
the majority of the physiochemical properties (with the excep-
tion of Ty, onser and k,) across Platforms. This, in part, may be
due to the limited number of mAbs examined. Despite the
number of examples reported, the reasonable connectivity of
some of these parameters indicates further studies with addi-
tional molecules are warranted to better delineate these rela-
tionships both within and across species. These follow-up
interrogations could also include additional IgG isotype
evaluations.

Our findings suggest mADb variants that have an increased
rate of SC absorption and bioavailability have reduced local
positive charge, potentially lower hydrophobic matrix interac-
tions, higher thermal stability and reduced thermally induced
aggregation potential. These observations led us to hypothesize
that the results may be related to three mechanisms: 1)
decreased SC tissue matrix interactions due to charge repulsion
with the negatively charged components of the SC milieu,
including constituents of the ECM (e.g., GAGs); 2) decreased
SC tissue component interactions due to reduced hydropho-
bic-based van der Waals interactions with adipose tissues;
and 3) reduced potential for local and global unfolding due to
physiologically relevant temperatures, which may lead to
increased recognition by macrophage-based host defense
mechanisms in the SC space. The reduced clearance of mAbs
IRE, 2RE and 3RE (relative to mAbs 1P, 2P and 3P, respec-
tively) is likely a consequence of these mechanisms, but to
variable degrees. In particular, the reduced SC absorption and
bioavailability of mAbs 1P and 3P correlate well with the high
degree of local SC tissue association and subsequent degrada-
tion due to a combination of increased charge- or hydropho-
bic-based interactions, respectively. Although tissue binding
data were not assessed for the Platform 2 molecules due to
TMDD in cynomolgus monkeys, we speculate that for mAb 2P
the preponderance of data suggest a likely increased degree of
local SC tissue binding due to both charge and hydrophobic
interactions.

From a conceptual perspective, SC-administered, kinetically
poorer mAbs likely bind GAGs, fat lobules and cells (adipo-
cytes and endothelia) nonspecifically to a greater extent than
molecules without these properties. As a result, the greater
degree/strength of association with SC tissue components
does not allow the mAbs to be taken into the lymphatic system
for subsequent release into the peripheral circulation. In addi-
tion, increasing endothelial cellular association with membrane
components may lead to the mAb’s increased cellular uptake,
but lack of ability to be effectively salvaged from intracellular

degradation. Due to the nonspecific nature of the interactions,
this may partition the mAbs with solvent-exposed charge and
increased hydrophobic potential properties away from the
recycling pathway and toward lysosomal degradation. Lastly,
local tissue interactions and sensitivity to the higher physiolo-
gical temperatures in vivo may be facilitating some loss of
tertiary structure for some molecules, which leads to some
increased aggregation potential. These aggregates may appear
‘foreign’ to the system and facilitate an increased response by
SC macrophages to facilitate removal (i.e., degradation) of the
mAbs, so that these are no longer available for absorption. This
seems to make sense if one considers both the preponderance
physiochemical findings in the context of the potential cellular
and SC tissue matrix interactions as discussed above.

In summary, the data in this report suggest there are many
mAb-based and SC matrix-centric factors to consider when
using antibody engineering or screening approaches to
improve the SC bioavailability/drug-ability of mAb biothera-
peutics. Applying a rationally based approach to integrate the
complexities of these factors can affect the in vivo performance
of mAbs. Since additional characteristics of both the mAb and
formulation (chemical stability, FcRn binding, solubility, con-
centrate-ability) can influence the SC disposition and elimina-
tion, it will be impactful to investigate the relative roles of these
additional mechanisms to ultimately design, engineer and
screen molecules with increased therapeutic value and drug-
ability.

Materials and methods
Construction, expression, and purification of the six mAbs

The Fab regions were discovered and engineered at Eli Lilly
and Company. These were cloned into mAb expression vectors
to fuse with constant regions of human kappa light chain and
either a human IgG; or IgG, heavy chain using standard
molecular biology approaches and confirmed by DNA sequen-
cing. All the IgGs were expressed using a CHO expression
system. The mAbs were purified from culture supernatants
using standard Protein-A Sepharose (GE Healthcare) affinity
chromatography followed by size exclusion chromatography
methods described previously."

Evaluation of the cynomolgus monkey FcRn binding
affinity

Recombinant soluble cFcRn was expressed in 293EBNA cells
transfected with plasmids encoding for the soluble portion of
aFcRn and B,-microglobulin, and the protein was purified as
described previously.”®** The interaction of the IgG; and
IgG, molecules with recombinant, immobilized cFcRn were
monitored by SPR detection using a Biacore 3000 instrument
(GE Healthcare) as described previously.”**® Briefly, recom-
binant soluble cFcRn was immobilized to flow cell 2 of
a CM5 sensor chip using amine coupling chemistry (GE
Healthcare). The cFcRn immobilization surface density was
approximately 300 RU. The first flow cell was used as a blank
control surface lacking cFcRn. All binding experiments were
performed with compounds dissolved in running buffer



phosphate-buffered saline (PBS) with 0.005% Tween 20, pH
6 or PBS with 0.005% Tween 20, pH 7.4 and the samples
were run at a flow rate of 100 pl/min for 30 seconds with
a dissociation time of 10 minutes. PBS (pH 7.4) was used as
dissociation buffer. PBS with 0.005% Tween 20, pH 6 was
used as running buffer for the experiments performed to
determine the affinity of IgGs to cFcRn. A concentration
range of 0.00316 uM to 3.16 uM of each of the IgGs was
used to estimate the association and dissociation constants.
The binding data were obtained by subtracting the signal of
flow cell 1 (blank flow cell not coupled with FcRn) from flow
cell 2. Kinetic (association and dissociation) data were then
simultaneously fit to a heterogeneous binding model for IgG-
cFcRn interactions (BIAevaluation, Ver. 4.1). The data
curves for binding and dissociation phases of the sensor-
grams for the IgGs at pH 6.0 had low residuals and low °
values. The mean of Ky values accounting for the greatest
fraction of binding from two independent experiments were
reported.

Evaluation of mAb isoelectric points

Capillary isoelectric focusing (cIEF) was used to measure the pl
of all mAbs. All protein samples were diluted to 1 mg/mL with
10 mM citrate at pH 6. The final protein concentration was
diluted to 0.25 mg/mL by the cIEF master solution, which
includes 4% pH 3-10 pharmalyte and 4 M urea. Maurice®
(Protein Simple, San Jose, CA) was used for data acquisition
and analysis, which were achieved through the Compass for
iCE software (Version: 1.1.5 Build ID: 0920). During the data
acquisition, the markers of 4.1 and 9.5 were used and separa-
tion of various charged species were done by applying 1500
volts for 1 minute followed by 3000 volts for 9 minutes. After
acquisition, the raw data were processed by correct the marker
position. The peak with the highest intensity and area within
the chromatogram was assigned as the pI value of the protein.

Zeta potentials of 1 mg/mL mAb solutions in either 10 mM
histidine pH6 or 10 mM acetate pH5 were measured by elec-
trophoretic light scattering with a Zetasizer® (Malvern
Instruments Ltd., UK) instrument. At 25°C, the particle refrac-
tive index was set at 1.003. Solution refractive index, viscosity,
and dielectric constant were calculated based on the solution
components using Zetasizer software.

Evaluation of temperature of melting or midpoint of
temperature transition (T,,) and the onset temperature of
tertiary structure unfolding

A MicroCal VP-Capillary DSC system (Malvern Instruments
Ltd., Malvern UK) was used for midpoint of temperature
transition (T,,) measurement. Samples were diluted to 1 mg/
mL before measurement. The thermograms were generated by
scanning the temperature from 20°C to 105°C at a rate of 1°C/
min and 60 psi constant pressure was applied during measure-
ment. Four placebo pairs were run before protein samples to
generate clean baseline. MicroCal VP-Capillary DSC
Automated Analysis software 2.0 was used for data analysis.
The T,, onset was defined as the temperature where specific
heat (C,,) reached 2% of the maximum peak value. Each protein
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sample was also manually fitted to a non-2 state model to
calculate T,, values. During the model fitting, peaks were
visually selected and fitted until chi square values did not
change.

Fluorescence coupled with static light scattering was used to
evaluate the onset temperature of tertiary structure unfolding.
A UNit® (Unchained labs, Pleasanton, CA) system was used to
measure the fluorescence and static light scattering simulta-
neously. During the measurement, ~8.8 uL protein sample at
1 mg/mL was loaded to the cuvette; the samples were held at
20°C for 120 s and then ramped to 95°C at the rate of 0.3°C/
min. Both fluorescence and static light scattering (at 266 nm)
were collected after excitation at 266 nm. After measurement,
the data were loaded onto the UNit® analysis software, the raw
fluorescence signals were extracted and further processed with
excel. The onset of tertiary structure unfolding (Tonser) Was
defined as the temperature when center of mass (CM) of the
fluorescence emission spectrum (A, =Y, HA/ D i) is
increased by 0.4% compared to the initial value (the average
of the first 5 points). The raw SLS data were analyzed by the
UNit® analysis software, where the onset of aggregation (T,g)
is defined as the first temperature at which the first derivative is
larger than 0.

Heparin column binding and hydrophobic interaction
column binding

HiTrap Heparin HP Sepharose (GE Healthcare) with a 1 mL
capacity and an Agilent 1100 (Santa Clara, CA) system were
used for evaluating the relative heparin-binding affinity of the
mADbDs. In the experiment, 40 pg proteins were injected to the
column and eluted using a linear gradient of 0 to 1 M NacCl at
20 mM potassium phosphate, pH 7.0 with 214 nm UV detector
and the flow rate was 1 mL/min.

The Tosho NPR Butyl column (San Francisco, CA) and an
Agilent 1100 (Santa Clara, CA) system were used to evaluate
the relative hydrophobic interaction potential of the mAbs.
Stock solutions of each mAb were diluted to 0.5 mg/mL with
50 mM potassium phosphate, pH 6.7, 1 M ammonium sulfate.
In the experiment, 5 ug proteins were injected to the column
and eluted using a linear gradient of 1 to 0 M ammonium
sulfate at 50 mM potassium phosphate, pH 6.7 with 214 nm
UV detector and the flow rate was 0.5 mL/min.

The elution time of each sample was recorded to evaluate
the relative heparin interaction potential (HpnIP%) or hydro-
phobicity interaction potential (HIP%):

T — T,

e o

HpnIP%orHIP% = x 100 1
where T; is the elution time of sample, T, is the column
equilibrium time before the gradient, T, is the time for the
end of the gradient.

Sprague Dawley rat pharmacokinetic studies

Sprague Dawley rats were obtained from The Jackson
Laboratory (Bar Harbor, ME). All rats were treatment-naive
males between the ages of 8 to 11 weeks with an average weight
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of 0.3 kg (+ 0.05 kg). PK studies were conducted at Covance
(Madison, WI) and were designed and executed within accor-
dance of the Animal Use Protocol (AUP) and adherence to the
Covance Institutional Animal Care and Use Committee
(IACUC) regulations. The mAbs were dosed both IV and SC
at 1 mg/kg with a dose volume of 1 mL/kg (dose prepared in
PBS pH 7.4). A dose of 1 mg/kg was selected as no TMDD was
expected in the rodents for any of the antibodies. Blood sam-
ples were collected from the jugular vein at 0.083, 1, 6, 12, 24,
48,72, 96, 120, 168, 240 and 336 h after dose administration in
replicates of 2 or 3 for each mAb. The blood samples were
allowed to clot at ambient temperature prior to centrifugation
to obtain serum.

Cynomolgus monkey pharmacokinetic studies

All monkeys were between the ages of 2 to 3 y old with an
average weight of 3 kg (+ 0.5 kg). PK studies were conducted at
Covance (Madison, WI) and were designed and executed
within accordance of the AUP and adherence to the Covance
IACUC regulations. The Platform 1 and 3 mAbs were dosed
both IV and SC at 1 or 5 mg/kg with a dose volume of 1 mL/kg
(dose prepared in PBS pH 7.4). These doses were selected
because there was no TMDD expected in the monkeys for
any of the antibodies and anticipated to be in the linear PK
range for both platforms allowing for non-target mediated PK
parameter estimates across doses and routes. Blood samples
were collected from the femoral vein at 1, 6, 12, 24, 48, 72, 96,
168, 240, 336, 432, 504, 600 and 672 h after dose administration
in replicates of 2 for each mAb. The blood samples were
allowed to clot at ambient temperature prior to centrifugation
to obtain serum. Platform 2 was not evaluated in cynomolgus
monkeys due to an expected TMDD that would affect PK.

Bioanalytical assays and pharmacokinetic data analysis

Concentrations of the mAbs in Sprague Dawley rats or cyno-
molgus monkey serum were determined using anti-human IgG
or anti-human kappa enzyme linked immunosorbent assays
for each of the molecules. In brief, each well of a microtiter
plate was coated with either goat anti-human IgG (Jackson
ImmunoResearch Laboratories, Inc.,, West Grove, PA;
Catalog Number 109-006-097) or goat anti-human kappa anti-
body (Southern Biotech, Birmingham, AL; Catalog Number
2060-01). After sample pretreatment of a 1:10 minimum
required dilution, washing and blocking, all the standards,
control samples, and study samples were added to the plates,
then incubated for 1 h at room temperature. After washing, the
bound molecules were detected with a horseradish peroxidase-
conjugated mouse anti-human IgG (Fc) antibody (Southern
Biotech, Birmingham, AL; Catalog Number 9040-05) via TMB
Microwell Peroxidase Substrate System (KPL, Gaithersburg,
MD) for a colorimetric response. Plates were read at
450-493 nm with a reference standard of 630 nm.
Concentrations from plasma or serum samples were deter-
mined from a standard curve prepared with known amounts
of the antibody dosed in the measured samples. The concen-
tration of study samples from each mAb were determined by
interpolation from a standard curve using a 4/5- parameter

logistic curve fit with 1/y* response weighting using Watson
LIMS software version 7.4 (Thermo Scientific Inc. Waltham,
MA USA). The standard curve range for the Platform 1 mAbs
ranged from 8 to 500 ng/mL, and the lower limit of quantita-
tion (LLOQ) was defined as 15 ng/mL. The standard curve
range for the Platform 2 and 3 mAbs were from 4 to 384 ng/
mL, and the LLOQ was defined as 8 ng/mL.

PK parameters were calculated using the WinNonlin
Professional (Version 3.2) software package (Pharsight
Corporation, Mountain View, CA). Serum concentration-
time data were calculated using a model-independent approach
based on the statistical moment theory. The parameters calcu-
lated included the maximum serum concentration (C,,,,), area
under the curve (AUC,_..), clearance (CL), elimination half-life
(t1/2) and rate of absorption (k,).

251.mAb preparation and subcutaneous tissue association
quantification in cynomolgus monkeys

The Platform 1 and 3 mAbs were radiolabeled with '*I to
monitor the percent loss from the subcutaneous site of injec-
tion in cynomolgus monkeys. Radio-iodination (**°T) of mAbs
for percent subcutaneous tissue bound calculations was per-
formed using the succinimidyl iodobenzoate (SIB) iodination
method. Briefly, 2-3 mCi of Na 1251 (Perkin-Elmer, Billerica,
MA) was reacted with 5-8 pg N-succinimidyl-3-(tri-n-butyl-
stannyl) benzoate (American Advanced Scientific, College
Station, TX) to generate '*°I SIB, which in turn was reacted
with 1-2 mg of each test mAb. The labeled proteins were
purified by gel filtration over OD-10 desalting columns (GE
Healthcare, Piscataway, NJ) to remove unconjugated '*°I SIB
and protein concentrations verified by UV spectroscopy.
Dosing solutions were prepared by mixing unlabeled mAbs
with the corresponding '*>I-mAb to a final concentration of
1 mg/ml in buffer. The radioactive specific activity of the
dosing solutions was an average of 0.1 mCi/mg using a tissue
puncture sampling approach. Radiochemical purity of dosing
solutions was characterized by trichloroacetic acid (Sigma-
Aldrich, S. Louis, MO) precipitation and size-exclusion
HPLC wusing an Agilent Bio SEC-3 column (Agilent
Technologies, Santa Clara, CA). The percentage of free
'2°T was less than 1% in all dosing solution preparations.

All cynomolgus monkeys were treatment males between the
ages of 2 to 3 y old with an average weight of 3 kg (+ 0.5 kg).
Studies conducted at Covance (Madison, WI) and were
designed and executed within accordance of the AUP and
adherence to the Covance IACUC regulations. The Platform
2 mAbs were not evaluated due to expected TMDD.
'2°T labeled Platform 1 and 3 mAbs were administered SC in
the thoracic region at 0.1 mg/kg/site with a dose volume of
300 pL per site of injection (dose prepared in PBS pH 7.4). Two
sets of four monkeys were administered '*°I labeled mAbs 1P
and 1RE or '*I labeled mAbs 3P and 3RE each at pre-
determined and distinctly isolated injection sites each for anti-
body for up to six administration sites per animal.

For quantification of the loss of mAb from the SC tissue
administration site, each site of '*°I labeled mAb administra-
tion underwent skin punch biopsies of 8 mm at a specified post
dose time. One skin punch biopsy represented one site of



administration at a pre-determined post dose time of 1 and 6 h
post dose. Skin biopsy punctures were weighed directly follow-
ing collection. Each skin puncture count was measured using
a gamma counter (Wallac Wizard 1480, Perkin Elmer,
Waltham, MA) and percent bound to the SC tissue was calcu-
lated. The 1-h post dose timepoint skin punctures radioactive
count for each mAb was considered 100% bound for data
normalization purposes. The 6-h post dose collected radio-
activity data were compared reported as a fraction of
the percent bound relative to the 1-h post dose timepoint for
calculation, data processing and loss of mAb from the SC site
reporting over time.

Abbreviations

SC subcutaneous

mADb monoclonal antibody
ECM extracellular matrix

GAGs  glycosaminoglycans
PBS phosphate-buffered saline

cIEF capillary isoelectric focusing

DSC differential scanning calorimetry
T Temperature of melting

Cp specific heat

Tm onset Onset of tertiary structure unfolding
Tagg onset of aggregation

CM center of mass

SLS static light scattering

HIC hydrophobic interaction chromatography
NaCl sodium chloride

HP heparin binding

T; elution time

T column equilibrium time
T. end of gradient time
AUP animal use protocol

IACUC institutional animal care and use committee
TMB 3,3 ,5,5 -tetramethylbenzidine
LLOQ  lower limit of quantitation

Crax maximal concentration

CL absolute clearance

CL/F apparent clearance

%F percent bioavailability

T max time at maximal concentration
IgGs immunoglobulins

CDR complementarity-determining region
FcRn neonatal Fc receptor

k, rate of absorption

Kp equilibrium dissociation constant
kDa kilodalton

SD standard deviation

12 Todine 125

AUC area under the curve

v intravenous

pl isoelectric point

PK pharmacokinetics

PK/PD  pharmacokinetics and pharmacodynamic
TMDD  target-mediated drug disposition

HIP hydrophobic interaction potential

HpnIP  heparin interaction potential.
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