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ABSTRACT: As the diversity of therapeutic protein structures
continues to evolve, it is essential to understand the mechanisms
that determine their pharmacokinetic properties. The current work
was initiated to establish the physicochemical attributes and cellular
processes most crucial for the target-independent disposition of
proteins possessing a fragment crystallizable (Fc) region. We
systematically redesigned the surface properties of five de novo-
generated protein scaffolds lacking any known binding partner in
mice to produce a total of 35 Fc-fused proteins exhibiting a diverse
set of physicochemical characteristics. Pharmacokinetic studies in
wild-type mice revealed a profound spread in elimination rates and
extensive tissue accumulation that was most strongly associated with
charge descriptors. A suite of in vitro studies demonstrated that
these in vivo observations significantly correlated to cellular nonspecificity wherein positive surface charge caused higher nonspecific
adsorptive endocytosis, diminished recycling efficiency by the neonatal Fc receptor, and net cellular accumulation. Combined, our
results provide a detailed explanation for how the disposition of Fc-fused proteins is impacted by charge, which will aid protein
engineering efforts aimed at optimizing pharmacokinetic features.
KEYWORDS: pharmacokinetics, FcRn, Fc-fusion, biodistribution, protein engineering

■ INTRODUCTION
The biopharmaceutical industry has been building off the
success of IgG-based monoclonal antibodies (mAbs) by
developing an ever-increasing range of antibody-based protein
modalities to unlock innovative therapeutic strategies.1−6 This
growth has even progressed to encompass significant advance-
ments in computationally derived miniproteins aimed at novel
approaches for target engagement.7−9 However, the evolution of
new molecular formats to attain effective pharmacology must be
properly counterbalanced with their developability to success-
fully generate a marketed drug product.10−20 A key focus within
drug discovery and optimization is obtaining favorable disposi-
tional properties of distribution, metabolism, and elimination
that are mathematically described via pharmacokinetic (PK)
parameters. These are critical to ensure high enough drug
exposure over time to accomplish clinical efficacy. Thus, a deep
understanding of the determinants of therapeutic protein
disposition is necessary to guide engineering strategies aimed
at design and remediation of preclinical candidates.21,22

One of the many reasons why mAbs are such effective
therapeutics is that they have lower target-independent

elimination rates than similarly sized proteins.23,24 The fragment
crystallizable (Fc) region, which facilitates the pH-dependent
interaction with the functioning complex of the neonatal Fc
receptor (FcRn, FCGRT) and its noncovalent partner β2-
microglobulin (B2M), is primarily responsible for this long half-
life. One of themain fates of nonspecifically internalized proteins
is lysosomal catabolism.25−27 However, a mAb endocytosed in
this manner can encounter FcRn in vesicular compartments,
where FcRn will bind to the Fc domain with high affinity at
acidic pH values that occur during endosomal trafficking.24−32

FcRn can then actively recycle or transcytose the mAb by
releasing it at the cell surface due to the very low affinity at near-
neutral pH. Exploiting this pathway to decrease non-target
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elimination is therefore a major reason to incorporate an Fc-
domain within a therapeutic protein or peptide.22−24

Preclinical and clinical mAbs can display broad nontarget
dispositional characteristics, such as an extensive range of target-
independent clearance (CLind) values that cannot be simply
explained by variance in FcRn binding parameters.22−33

Numerous investigations have set out to understand the
physicochemical factors responsible for variable target in-
dependent disposition between mAbs.10−35 One attribute
found to be important is charge, which has been associated
with elimination and distribution abnormalities. Therapeutic
mAbs with high overall negative or positive charge may exhibit
faster CLind and more extensive nontarget tissue accumula-
tion.12−16,18−43 However, we and others have shown that
protein surface charge properties that include distribution
pattern and magnitude, rather than net charge itself, can alter
nonspecific endocytosis (NSE), the FcRn interaction, and
general cellular nonspecificity to significantly impact the CLind of
mAbs.38−47 The rate of NSE can vary dramatically between
mAbs due to solvent-exposed positive charge interactions with
the negatively charged plasma membrane, resulting in very high
internalization even in cells without the target expressed.44

Additionally, mAb surface charge deviations can negatively
affect the pH-dependent interaction with FcRn.45−48 The net
result of irregularities in either of these attributes is a reduced
overall FcRn recycling efficiency that leads to increased mAb
catabolism due to a higher internalized fraction undergoing
lysosomal degradation.45,46

These reports have deepened our understanding of how
various physicochemical properties can significantly improve or
impair the success of a mAb as a therapeutic candidate.
However, deviations in general trends between physicochemical
attributes and aberrant PK behaviors are frequently encoun-
tered. For example, attempts to use charge descriptors to explain
high CLind and/or off-target tissue accumulation are not always
successful, with multiple reports demonstrating little to no
correlation.35−49 There also remains a poor definition of the
exact physiological and cellular mechanisms driving the
relationships between physicochemical attributes with elimi-
nation and distribution. Identifying which physicochemical
properties correspond with dispositional risks and under-
standing the mechanistic underpinnings as to why will be
crucial for continued improvements in the developability of Fc-
based therapeutic proteins. Additionally, expanding PK-focused
evaluations to non-mAbmodalities will be imperative, especially
so for de novo scaffolds where there is considerable control over
amino acid composition as has been reported for several classes
of minibinders.7−9 Establishing the effects on the disposition of
these and other non-antibody-derived scaffolds following
sequence redesign and fusion to an Fc-domain will be highly
informative on defining engineering strategies aimed at
optimizing PK properties.
We reasoned that a systematic study intended to examine PK

attributes across a panel of stably engineered proteins with
varying sizes, shapes, and physicochemical properties in the
absence of endogenous antigen binding could help us better
understand the major target-independent drivers of disposi-
tional risk. Five de novo proteins with different sizes and
topologies were each redesigned to generate series of variants
that differed in their surface properties while preserving their
folded structure. PK studies of these Fc-fused proteins revealed
that surface charge was an important determinant of the overall
disposition in vivo. We then performed an extensive set of in

vitro experiments to establish the underlying cellular mecha-
nisms driving these in vivo observations.

■ MATERIALS AND METHODS

Cell Cultures
CHO-K1 cells for NSE assays were obtained internally from
Amgen and cultured in Ham’s F-12K media (no. 21127022,
Thermo Fisher, Waltham, MA) supplemented with 10% heat
inactivated fetal bovine serum (#16140071, Thermo). Optimal
subculturing conditions for these cells were identified as 1.5 to
2.0 × 104 cells per cm2 every 2−3 days. Two lines of human
umbilical vein endothelial cells (HUVECs) were chosen for this
study. GFP-expressing (#cAP-0001GFP, Angioprotomie, Bos-
ton, MA) and wild-type HUVECs (#CC-2519, Lonza, Walkers-
ville, MD)were bothmaintained in VascuLife VEGFmedium (#
LL-0003, Lifeline Cell Technology, Frederick, MD) until they
reached 80% confluency prior to being seeded in microfluidic
chips as described below. Human lung fibroblasts (#CC-2512,
Lonza) were cultured in fully supplemented FibroLife media
(#LL-0011, Lifeline Cell Technology) until they achieved 80%
confluency. Parental and hFcRn-GFP/hβmMDCK-II cells were
procured, generated, and grown as we have described
previously.45 All adherent cells were cultured within a 37 °C
incubator at 5% CO2. An internal Amgen CHO-K1 cell line
adapted for suspension growth was routinely cultured in a
medium containing 50% EX-CELL 302 Serum-Free Medium
(#14324C, Sigma-Aldrich, St. Louis, MO), 50% of CHO-K1
growth medium prepared in house, and 2 mM L-glutamine
(#25030081, Gibco/Thermo Fisher). Cells were incubated in a
37 °C humidified shaker at 120 rpmwith 5%CO2 and split twice
a week.
Protein Design
For all designed proteins, the “Blueprint Builder” method
describes the following backbone design strategy. First, the phi/
psi bins of all amino acids are specified by using the ABEGO
notation. Then, Rosetta folding simulations are conducted
without a sequence but constrain the phi/psi bins of the folding
protein chain. Nine-amino acid fragments from the PDB are
used to generate plausible stretches of phi/psi that match the
desired bins for the given chunk. These fragments are inserted in
a Monte Carlo fashion by using a simplified backbone-only
energy function. In the final stages of refinement, the 9-amino
acid fragments are replaced with 3-amino acid fragments to fine-
tune the backbone geometry of the protein.
FastDesign is a Rosetta design process based on the FastRelax

protocol. It involves iteratively designing the amino acid
sequence at low repulsive weights, minimizing atomic positions
and gradually increasing the repulsive force through four stages
(2%, 25%, 55%, and 100%). The Rosetta energy function drives
this process and is typically repeated 3 times for a given run.
Forward folding refers to running Rosetta folding trajectories

using the fully designed sequence to sample the landscape of
plausible folded models for each protein. A successful forward
folding evaluation results when the lowest energy structures
found in the trajectories cluster near the designed structure, with
no low-energy alternatives found elsewhere.
For 5UOI, the backbone was created with Blueprint Builder

with hand-crafted chunks of helices and selected amongmultiple
choices of loop phi/psi bins. The sequence was designed with
FastDesign and forward folding was used for selection.50 For
2KL8, the backbone was also generated with Blueprint Builder,
followed by FastDesign and forward folding for sequence and
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selection.51 For TIM, the backbone of this protein was generated
with Blueprint Builder using manually specified sheet and helix
lengths. Many backbones were generated, and exactly 1 was
selected for sequence design. FastDesign was used as the basis
with manual mutations introduced at the loops.52 The backbone
of LCB1 was generated similarly to that of 5UOI miniprotein.
This backbone was then used in the Patchdock/Rifdock pipeline
to generate a dock and a designed interface refined with
FastDesign.53 The backbones of the TH1 protein were
generated parametrically by manually specifying the location
of the helices and generating ideal helices in those locations. The
loops connecting the helices were found from fragment lookup
from the PDB. The sequences were designed with FastDesign.54

Plasmids

All de novo-designed proteins were fused to the C-terminus of an
effectorless human IgG1 Fc.55 DNA fragments for the gene of
interest were synthesized by either IDT (Coralville, IA) or Twist
Bioscience (South San Francisco, CA) and cloned into the
expression vectors, which were engineered to be compatible
with the piggyBac (PB) transposase system.56 All constructs
were sequence-verified prior to transfection.
Mammalian Expression

CHO-K1 suspension cells were cultured in EX-CELL 302
Serum-Free Medium (Sigma) and custom-prepared CHO-K1
growthmedium supplemented with 2 mM L-glutamine (Gibco).
All Fc-fusion molecules were stably expressed from CHO-K1
cells via a transpose-based technology as described previously.56

Titers of Fc fusion proteins in the conditioned media (CM)
were determined using octet quantitation assays with Protein A
biosensors (catalog no. 18-0004, ForteBio) or estimated by
SDS-PAGE analysis.
Recombinant Protein Purification

Proteins were captured on a mAb Select Sure column (catalog
no. 11003495, Cytiva) pre-equilibrated with TBS (20 mM Tris,
150 mMNaCl, pH 7.5). After washing with TBS, bound protein
was eluted with 0.5% acetic acid, 150 mM NaCl, pH 3.5 and
further polished on a HiLoad Superdex 200 pg preparative SEC
(cat. no. 28989336, Cytiva) with a running buffer of HBS (30
mMHEPES, 150mMNaCl, pH 7.6). Eluted peaks were pooled,
filtered through a 0.22 μm Posidyne syringe filter (cat. no. 4908,
Pall Corporation), and stored at −80 °C. In certain cases,
whereas proteins did not display a monodispersed SEC peak,
2xPBS buffer (274 mM NaCl, 5.4 mM KCl, 20 mM Na2HPO4,
and 3.6 mM KH2PO4) was used as the formulation buffer.
Protein concentration measurements were performed using a
Nanodrop spectrophotometer (Thermo Fisher Scientific).
Analytical SEC

Analytical SEC was performed using HPLC (Agilent 1200
series) and a Sepax Zenix-C SEC-300 3 μm 300 × 4.6 mm LC
column (cat no. 233300-4630, Sepax) in 100 mM sodium
phosphate and 250 mM NaCl, pH 6.8 with a flow rate at 0.45
mL/min and a run time of 12 min.
Intact Mass Analysis Using LC−MS

Protein samples for non-reduced and reduced LC−MS analysis
were prepared by combining 5 μg of protein with an equal
volume of 0.1% formic acid. For reduced LC−MS analysis, 5 μg
of protein was mixed with an equal volume of 8 M guanidine
hydrochloride. TCEP (cat no. 77720, Thermo Fisher Scientific)
was added to 16.7 mM and the mixture was incubated at 60 °C
for 30 min. The sample was briefly chilled on ice and mixed with

0.1% formic acid. About 2 μg of protein was injected onto the
LC−MS column. The separation was conducted using a 2.1 mm
× 75 mm C4 reverse phase column (Mac-mod) with a gradient
of 5−95% B at a flow rate of 0.75 mL/min for 12 min. Solvents A
and B were 0.1% formic acid in water and 0.1% formic acid in
acetonitrile, respectively. All LC−MS analyses were performed
on an Agilent 1200 HPLC system coupled with an Agilent 6230
TOF mass spectrometer (Agilent). The full MS scan was
obtained over the m/z range of 500−3500.
Endotoxin Measurement

All purified proteins were tested for endotoxins using Endosafe
LAL cartridges and nexgen-MCS (Charles River). Proteins
analyzed by in vivo PK had endotoxin levels below 0.5 Eu/mg.
Microcapillary Electrophoresis (MCE)

Protein purities were characterized using a Microcapillary
Electrophoresis (MCE) system (Caliper LabChip GXII,
PerkinElmer). Protein express reagents (catalog no.
CL5960008, PerkinElmer) and LabChip HT protein express
chip (catalog no. 760499, PerkinElmer) were prepared
according to manufactural protocols. Samples were mixed with
nonreducing condition buffer in a 96-well PCR plate (cat. no.
HSP9601, BioRad) and denatured at 85 °C for 5 min. The plate
was briefly spun down before loading on LabChip GXII and
peak areas were integrated by using Chromeleon software
(Thermo Fisher Scientific).
Protein Properties’ In Silico Calculation

All molecules possess identical modules, including the N-
terminal Fc, Fc-protein linker, and C-terminal his6-tag. Only the
unique fragment, namely, the de novo protein, was subjected to
attributes calculations. For a single calculation, the amino acid
sequence was folded by an internally modified version of
AlphaFold257 without the multiple sequence alignment step nor
structure templates to generate 3-dimensional structure. All
AlphaFold2 outputs were inspected, and the top pick was
imported into the Molecular Operating Environment (MOE;
Chemical Computing Group, Montreal, Quebec, Canada) for
the remaining calculations. The imported structure was
prepared through relaxation and solvation for conformational
sampling. During the calculations, a 100-conformer ensemble
was generated uniformly across physiological pH values (6.4−
8.4) using LowModeMD. Attributes were computed and
averaged across all conformers.
Pharmacokinetic Studies for Serum Concentrations

All mice were cared for in accordance with the Guide for the
Care and Use of Laboratory Animals, eighth Edition at
AAALAC, International accredited facilities. All mouse proto-
cols were approved by Amgen, Inc. Institutional Animal Care
and Use Committee (Thousand Oaks, CA; protocol number
2008-00092). Female wild-type C57BL/6J micewere purchased
from Jackson Laboratory (Bar Harbor, MA). The proteins of
interest were administered as a 2 mg/kg intravenous bolus dose
via the lateral tail vein. Due to the frequency and amount of
blood sampling required over a short time span, collections were
staggered across at least 2 separate groups of mice per assessed
protein. Blood specimens were collected at various times post
injection across the distinct animal groups, incubated at ambient
temperature for approximately 20 min or until fully clotted, and
then centrifuged to separate out serum. All serum specimens
were stored at −70 °C (±10 °C) until used in analytical assays.
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Biodistribution Studies

For biodistribution studies, the animals were injected with the
proteins, as described above. Various tissues were harvested
from each animal immediately following exsanguination at the
indicated time points within the figures. Sampling times were
chosen based on internal data for Fc-based biologics and a
previous report quantifying biodistribution of a cationic IgG
over a short time span.43 Tissues were rinsed with 0.9% sterile
saline upon extraction, blotted with dry gauze, immediately
placed into cryovials (Eppendorf Protein LoBind, catalog no.
0030108116), weighed, and submerged in liquid nitrogen to
snap freeze the tissues. Once the tissues were frozen, they were
stored on dry ice during necropsy procedures and at −70 °C
(±10 °C) for subsequent analysis. For studies with macrophage
depletion, the animals were intravenously injected with 10 μL/g
of control or clodronate liposomes (Liposoma Research, The
Netherlands) 2 days prior to protein test article injection.
Though we did not directly evaluate macrophage depletion
efficiency in the current study, the clodronate liposome
conditions were based on the manufacturer’s information,
published protocols, and internal data (not shown).58

Quantitation of Fc-Fusion Protein Concentration in Mouse
Serum and Tissues

Analysis of serum samples was performed using electro-
chemiluminescent immunoassays on the MSD Sector 600
instrument (Meso Scale Diagnostics, Rockville, MD). A
biotinylated anti-HIS tag antibody (Genscript) was coated
onto Streptavidin SECTOR plates as the capture reagent. The
standards and samples were pretreated in assay buffer (Blocker
BLOTTO in TBS) prior to the assay. The pretreated samples
were added to the plate and incubated for 1 h, followed by
washing and then incubation with a ruthenylated anti-human Fc
antibody (Amgen Inc. Clone 1.35.1) as the detection reagent.
The analyte serum concentrations were interpolated from
standard curves by using the corresponding analyte prepared in
pooled mouse serum. PK parameters were calculated via
WatsonLIMS software (Thermo Fisher) using the mean
concentration of the grouped mice at each time point.
The tissue samples were first homogenized in a bead-based

Precellys homogenizer at a concentration of 200 mg/mL in lysis
buffer (50 mM Tris-HCl, 100 nM NaCl, 0.1% TritonX-100 pH
7.4) with 1 protease inhibitor (Roche A32955) for every 10 mL
of buffer at 6800 rpm for 3 × 20 s cycles with 30 s pauses
between cycles. The homogenized samples were then analyzed
in the electro-chemiluminescent system described above.
CHO-K1 NSE Measurements

All NSE experiments with CHO-K1 cells were performed
exactly as described at pH 5.8 or 7.4 incubation conditions using
flow cytometry for quantitation.44,45

Human FcRn Recycling Study of Fc Fusion Proteins

Human FcRn recycling experiments were conducted as
described previously, with some modifications.45 Parental and
hFcRn-GFP/hβ2m MDCK II cells were seeded at 70,000 and
80,000 cells per well, respectively, in 200 μL of their individual
growth media into 96-well plates and cultured for 72 h. Cell
media was aspirated, and cells were then washed twice with
prewarmed (37 °C) Ringer’s solution at pH 7.4 followed by an
equilibration for 30 min in Ringer’s pH 7.4 supplemented with
1X GlutaMAX (#35050-061, Gibco) and 1 mM sodium
pyruvate solution (#25-000-CI, Corning, Corning NY); referred
to as Ringer’s+/+. This differs from the Ringer’s++ reported

earlier via the lack of nonessential amino acids, which were not
found to be needed for cell viability.45 After that, wells were
aspirated, and cells were incubated with either acidic, near
neutral, or basic pI variants of TH1 or LCB1 Fc-fusion proteins
or SEFL2-modified ustekinumab as a control at 600 nM
solutions prepared in pH 5.8 Ringer’s+/+ for 2 h at 37 °C. This
incubation period is referred to as the uptake phase, which is a
net result of both uptake and recycling over the incubation
period. This temperature condition varies from our previous
study as there was no active recycling observed at 4 °C.45
Following incubations, cells were washed four times on ice with
200 μL per well ice-cold Ringer’s pH 7.4 solution. The cells were
then lysed with 200 μL/well ice-cold lysis buffer pH 8.0 (10 mM
TrisHCl pH 8.0, 1% IGEPAL CA-630, 0.5% sodium
desoxycholate, 0.1% SDS, 100 mM NaCl, 1 mM EDTA, and 1
mM EGTA) containing EDTA-free protease inhibitors
(referred to herein as TISS lysis buffer). To prepare the final
TISS lysis buffer, 1 EDTA-free mini cOmplete tablet containing
protease inhibitor cocktail (Roche no. 04693159001) was added
to each 10 mL of TISS lysis buffer and vortexed. The plates were
incubated for 30 min at 4 °C on ice with shaking at 600 rpm and
then pipetted up and down 50 times in a Tecan Freedom EVO
200 liquid handler controlled by Freedom EVOware version 2.8
software (Tecan, Chapel Hill, NC) to homogeneously dislodge
the cells from the bottom of the plates. The lysates were
collected in 96-deep-well plates and stored at −80 °C until
further analysis. These samples constituted the uptake fractions
for FcRn scoring.
To obtain the recycling samples, the exact uptake procedure

was followed except that after the load phase, cells were washed
at 20 °C 4Xwith 200 μL per well room temperature Ringer’s pH
7.4. Then, serum-free EMEM growth media (200 μL/well) was
added to cells and the plates were incubated at 37 °C for 4 h.
This was denoted as the recycling phase. Next, the supernatants
(recycled samples) were collected in 96-well Eppendorf Protein
LoBind deep-well plates (no. 951032107, Eppendorf, Enfield,
CT) and stored at−80 °C until analyzed. Subsequently, the cells
were washed for an additional 4X with 4 °C Ringer’s pH 7.4 on
ice. The cells were then lysed the same way as mentioned above
after adding 200 μL/well of ice-cold TISS pH 8.0 lysis buffer.
The lysates were collected in 96-deep-well plates and stored in
−80 °C until further analysis. These lysates are denoted as the
residual samples.
Cellular hFcRn Recycling Assay Sample Analysis by
MesoScale Discovery Immunoassay

TheMesoScale Discovery Immunoassay (MSD, Rockville, MD)
analysis was performed as reported earlier except that the
concentrations of biotinylated Ab35 capture antibody and sulfo-
tagged Ab35 (ruthenium) detection antibody were reduced to 1
μg/mL.45 Additionally, the MSD read buffer concentration was
lowered from 2× to 1× as strong detection signals were observed
with the above modifications.
Human FREM Score

FcRn recycling efficiency metric (FREM) and nonspecific
uptake coefficient (NUC) scores were calculated as reported
earlier,45,46,59 except that in the equation, RX is the recycled
concentration of mAb “X” from 37 °C samples after a pH 5.8
load phase and RAX is the residual concentration of mAb “X”
from the 37 °C samples after a pH 5.8 load phase. FREM scores
were normalized to SEFL2-modified-ustekinumab.
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Fluorescein isothiocyanate (FITC) and Dylight (DL) 650
Labeling of Proteins

The TH1 charge subseries was incubated with NHS-FITC
(#46410, Thermo) or DyLight 650 (DL650)-NHS Ester
(#62266, Thermo) at either a 3:1 molar excess (i.e., 1×, used
for negative and neutral TH1 series) or a 1.5:1 molar excess
(0.5×, only used for positive TH1 series) in borate buffer
(#28384, Thermo) for 60min at room temperature. The labeled
proteins were flowed through Zeba spin desalting columns
(#89882, Thermo) according to the manufacturer’s instructions
to facilitate buffer exchange into 1X PBS. The targeted final
concentration was 2 mg/mL in 100 μL of PBS. The actual final
concentrations of the conjugated protein solutions and the
degree of labeling were measured by detecting the absorbance at
A280 and the maximum absorbance (494 nm for FITC and 652
nm for DL650) using a Nanodrop (Thermo) on UV−vis mode.
Imaged Capillary Isoelectric Focusing (icIEF) Analysis

All imaged capillary isoelectric focusing (icIEF) analyses were
conducted using the CE-Infinite preparative icIEF system
(Advanced Electrophoresis Solutions Ltd., Ontario, Canada).
A 10 μL sample of the molecule at a concentration of 1−2 mg/
mL was combined with 35 μL of methyl cellulose (no. 101876,
MC, 1%; ProteinSimple, San Jose, CA), 4 μL of Pharmalyte (pH
3−10, GE Healthcare, Chicago, IL), and 1 μL of pI marker
(ProteinSimple, San Jose, CA) to reach a total volume of 100 μL
in water. The study utilized four pI markers�4.22, 7.05, 5.85,
and 9.46�with each sample being analyzed using a combination
of two markers. For samples requiring improved solubility, up to
2 M urea was added to the mixture. Isoelectric focusing was
performed on a fluorocarbon-coated capillary cartridge (50 mm
long, 100 μm ID, and 200 μm OD). The catholyte solution
consisted of 50 mM NaOH in 0.1% MC, and the anolyte
solution was 80 mMH3PO4 in 0.1%MC. Samples were focused
for 6 min at 3000 V, and postinjection cleaning of the cartridge
involved a mixture of 0.35% MC and 4 M Urea. Data analysis
was carried out using Agilent ChemStation software.
Formation of Microvascular Networks (MVNs) in
Microfluidic Devices

Perfusable MVNs were formed following previously published
methods.60 On the day of seeding, HUVECs and fibroblasts
were suspended in a thrombin solution (no. T4648, 4 U/mL,
Sigma) in VascuLife and mixed with fibrinogen (6 mg/mL in
PBS, no. F8630, Sigma) at a 1:1 ratio. The number of HUVECs
and fibroblasts was 4:1, yielding a final cell density of HUVEC/
fibroblast at 1× 106 cells/mL. For each device, 20 μL of the cells
and fibrinogen were mixed, and 37 μL of the mixture was
injected into the center channel. The samples were incubated at
37 °C for 30 min and supplemented with VascuLife medium
through the side channels. On day 4, a monolayer of HUVECs
was seeded on both sides of the samples at a 1 × 106 cells/mL
density. The device samples were maintained for 7 days with
daily medium changes.
Imaging of Apical-to-Basolateral Protein Permeability in
MVNs

Protein permeability experiments were conducted on day 7 of
the MVN culture. Endothelial permeability was assessed by
replacing the VascuLife culture medium in the side channels
with DL650-labeled proteins (0.6 μM in prewarmed VascuLife
medium) and TRITC-dextran (#60842-46-8, 70 kDa, 0.6 μM,
TdB Laboratories, Uppsala, Sweden). The samples were
immediately placed in a heated chamber (37 °C, Okolab, PA,

USA) on a Leica SP8 confocal microscope (Leica, Teaneck, NJ)
to acquire sequential images of 3 different fields of view (FOV)
within a single microfluidic device. FOV of 518 × 518 μm were
imaged with a 10× objective over a total 50 μm z-thickness at 2.5
μm spacing. Images were collected at 0 and 12 min to quantify
the fluorescence intensity change and calculate the vascular
permeability.61

Image Analysis of Protein Permeability in MVNs
A custom image analysis workflow was developed to process
MVN images and evaluate the molecule permeability. Image
files exported from the SP8 microscope were first read into
Python code (version 3.9) to prepare them for segmentation and
analysis.62 All image files were organized and saved to establish
z-stack images sorted according to the fluorescent channel
(GFP-HUVEC, TRITC-dextran, DL650-TH1) and time point.
Images collected at the start of the experiment (i.e., time point 0
images) were additionally processed to merge all fluorescent
channels into a single z-stack image. These merged images were
then loaded into Ilastik (version 1.4.0) to prepare a pixel
classifier to segment the matrix and vessel 3D space.63 Briefly,
the steps used in Ilastik first included defining Feature Selections
where a value of 3 sigma was applied to all intensity and edge
features (e.g, Gaussian smoothing and Laplacian of Gaussian).
Then, annotations were prepared on the images by interactively
taking the brush tool to label regions as either part of the matrix
or part of the vasculature. This was performed on at least three or
more z-planes (near the top, middle, and bottom) from the full
z-stack, and the quality of the intermediate segmentation
(probability image) overlay was inspected for accuracy. Using all
annotations, a final Ilastik Random Forest classifier was trained
and saved. All subsequent steps were designed and performed in
Python to proceed without further user intervention and to
serially process the images. The pixel classifier was applied to the
time point 0 images (via the subprocessmodule to control Ilastik
externally64) to create binarized segmentation masks. These
segmentation masks were used to extract the volume of the
matrix (integrating all pixel values of 1) and the surface area of
the vasculature (integrating pixels values of 1 at the boundary of
the matrix and vasculature). Additionally, for each time point z-
stack image, the segmentation masks were applied to obtain the
average TH1 (or dextran) fluorescent intensity fromwithin each
of the matrix and vasculature volumes. Following the above
calculations, the permeability of molecules within each MVN
device was calculated according to the equation60,61

t
V

SA
I
I

Permeability (cm/sec)
1 M

V

M=

Here Δt is the time difference between the starting and final
image acquisition, VM is the matrix volume, SAV is the surface
area of the vasculature, ΔIM represents the increase in intensity
within the extracellular matrix, and ΔI = IV(t=0) − IM(t=0) reports
the difference in average intensity between the vasculature and
matrix at the start of the experiment. As a final step, an Excel file
is saved with tabularized results for the volume, surface area,
intensity, and permeability values.
Measurement of In Vitro Interstitial Interactions within
Microfluidic Devices
The fluorescence recovery after the photobleaching (FRAP)
method was used to measure the diffusion coefficient and
immobile fraction of the proteins, following previously
published methods.60,65 In brief, fully supplemented growth
media containing 0.6 μM FITC-labeled proteins were added to
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device side channels and incubated at 37 °C for 24 h for
equilibration. On the next day, FRAP analysis was performed on
an SP8 confocal microscope. The medium was completely
removed from the side channels and replaced with TRITC-
dextran (70 kDa, 0.6 μM, #D1818, Thermo) containing
medium to visualize the MVN. Immediately after the injection,
a spot with a 100 μm diameter was bleached adjacent to the
vessels, using the 488 laser at 100% power, and images were

acquired every 0.5 s for 90 s. The acquired images were

processed in MATLAB (version R2024a, MathWorks, Natick,

MA) to analyze the fluorescence recovery of the bleached spot

using a frap_analysis plugin, yielding the diffusion rate of the

proteins. The immobile fraction of the proteins was calculated

following a published method.66,67

Figure 1.Designed panel of de novo Fc-fusion proteins with targeted physicochemical properties. A panel of 35 de novo proteins was designed to cover a
wide range of biophysical properties, including isoelectric point (pI), surface patches, and size. (A) AlphaFold2 structure of a representative Fc fusion
protein (left). Different de novo scaffolds were included in the fusion panel (right). Biophysical calculations were performed solely on the de novo
protein without Fc and linker. Alpha helices and beta sheets are colored in green and blue, respectively. (B) Representative structures of differently
charged variants for each de novo scaffold. Surface patches are displayed in the colors indicated in the legend. To qualify as a surface patch, a continuous
charge surface area >40 Å2 or a continuous hydrophobic surface area >50 Å2 was required. The patches on the front face are hidden for better
visualization.
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Figure 2. The designed panel of de novo proteins. All 35 de novo proteins are shown with their names and pI values labeled. Positive (blue), negative
(red), and hydrophobic (green) patches are displayed. Each variant is arranged in order of increasing pI from left to right (low pI; acidic, to high pI;
basic) and is given a unique identifying letter in alphabetical order. As a result, the most acidic variant within each scaffold was labeled A up to the most
basic pI value (e.g., 2KL8-A is the protein variant from the 2KL8 scaffold with the most acidic pI and 2KL8-E has the most basic). For the LCB1 and
TH1 charge series, three representative variants from each series were given nomenclature corresponding to their pI value relative to each other (e.g.,
acidic, near-neutral, and basic, whereby acidic-TH1 has the lowest pI of the 3 chosen TH1 proteins).
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■ RESULTS

Design and Production of a Panel of Fc-Fusion Proteins
with Diverse Physicochemical Attributes

We selected de novo-generated proteins as an ideal proof-of-
concept molecule type to systematically study the impact of
biophysical properties on Fc-fusion disposition. Designed in
silico, these idealized scaffolds have different sizes and
topologies and can, in theory, tolerate dramatic changes in
surface amino acid composition without compromising
molecule integrity. Five original scaffolds were selected as the
basis for our initiative: a 4.8 kDa minimal protein with three α-
helices (PDB ID: 5UOI;50), a 6.7 kDa minibinder termed LCB1
that binds to SARS-CoV-2 spike protein (PDB ID: 7JZL and
7JZU;53), a 9 kDa ferredoxin-like fold protein (PDB ID:
2KL8;51), a 18 kDa four-helical bundle protein TH1, and a 20
kDa TIM barrel (PDB ID: 5BVL, 6WVS;52,68,69). Variants of
each scaffold with high, neutral, and low pI, and with different
sizes and distributions of surface positive, negative, or
hydrophobic patches were designed using MPNN to find
allowable amino acid mutations, manual mutation selection to
introduce the minimum number of point mutations needed to

achieve the surface distribution goals, and finally AlphaFold2 to
ensure the mutated protein still folded into the same shape.70,71

To this end, a panel of proteins was successfully generated that
varied in size from five to 20 kDa, bearing isoelectric points (pI)
of around 4, 7, or 9 and differing levels of surface charge and
hydrophobicity (Figures 1 and 2, Table 1). These proteins were
fused to the C-terminus of the human IgG1 stable effector
functionless 2 (SEFL2) Fc, expressed and secreted from
mammalian cells, and purified from CM.55,72 Fc-fusion proteins
with pI greater than 9 were generally more challenging to be
produced and were often prone to proteolytic cleavage, likely
due to the high content of solvent exposed positively charged
amino acids (data not shown). Protein lots for which clipped
products constituted >30% of the end product were discarded.
The final panel consisted of 35 distinct Fc-fusion proteins
(Table S1) for in vivo PK analysis.
In Silico Charge Descriptors Correlate Strongest with CL in
Wild-Type Mice

All Fc-fusion proteins were individually administered to wild-
type C57BL/6J mice via a 2 mg/kg intravenous bolus dose. As
no known binding partners were anticipated to be present in
wild-type mice, the total clearance (CL) obtained via non-
compartmental analysis of each protein was interpreted as the

Table 1. Pharmacokinetic Properties of All Fc-Fusion Proteins and Values of Three Descriptors Significantly Correlated with
Clearance

fusion protein MW (kDa) AUC0-last (nM × hr) clearance (mL/h/kg) pI_seq net_charge patch_pos_ %

2KL8-A 7.20 × 101 2.59 × 103 1.08 × 101 3.64 × 100 −1.59 × 101 1.46 × 100

2KL8-B 7.20 × 101 4.69 × 103 5.92 × 100 3.93 × 100 −1.13 × 101 3.29 × 100

2KL8-C 7.24 × 101 4.24 × 103 6.51 × 100 4.70 × 100 −2.98 × 100 1.07 × 101

2KL8-D 7.20 × 101 4.36 × 103 6.37 × 100 7.18 × 100 −2.06 × 10−1 7.77 × 100

2KL8-E 7.22 × 101 1.28 × 103 2.17 × 101 1.01 × 101 3.54 × 100 1.27 × 101

5UOI-A 6.34 × 101 1.54 × 104 2.05 × 100 3.84 × 100 −1.10 × 101 1.84 × 100

5UOI-B 6.35 × 101 2.06 × 104 1.53 × 100 4.22 × 100 −6.48 × 100 3.83 × 100

5UOI-C 6.33 × 101 1.08 × 104 2.92 × 100 4.31 × 100 −4.06 × 100 5.26 × 100

5UOI-D 6.34 × 101 3.46 × 103 9.13 × 100 6.38 × 100 −2.19 × 10−2 8.57 × 100

5UOI-E 6.35 × 101 9.18 × 103 3.43 × 100 6.44 × 100 −2.71 × 10−2 1.09 × 101

5UOI-F 6.35 × 101 1.84 × 103 1.71 × 101 9.89 × 100 1.04 × 100 1.42 × 101

5UOI-G 6.35 × 101 4.25 × 103 7.41 × 100 9.89 × 100 1.03 × 100 1.42 × 101

5UOI-H 6.34 × 101 2.03 × 103 1.55 × 101 1.05 × 101 2.08 × 100 1.31 × 101

5UOI-I 6.35 × 101 1.44 × 103 2.19 × 101 1.05 × 101 3.14 × 100 1.71 × 101

LCB1-A 6.73 × 101 5.02 × 102 5.92 × 101 3.84 × 100 −1.52 × 101 8.49 × 100

Acidic-LCB1 6.73 × 101 6.80 × 102 4.37 × 101 3.84 × 100 −1.51 × 101 3.82 × 100

LCB1-B 6.74 × 101 1.03 × 104 2.89 × 100 4.41 × 100 −5.91 × 100 7.74 × 100

Basic-LCB1 6.75 × 101 3.57 × 102 8.30 × 101 9.73 × 100 2.23 × 100 1.32 × 101

LCB1-C 6.75 × 101 5.82 × 102 5.09 × 101 7.15 × 100 5.56 × 10−2 1.37 × 101

LCB1-D 6.75 × 101 1.19 × 103 2.49 × 101 7.15 × 100 3.87 × 10−2 1.35 × 101

LCB1-E 6.75 × 101 1.45 × 102 2.04 × 102 9.73 × 100 2.22 × 100 1.58 × 101

LCB1-F 6.75 × 101 1.54 × 102 1.92 × 102 9.73 × 100 2.19 × 100 1.60 × 101

LCB1-G 6.74 × 101 3.92 × 102 7.58 × 101 9.77 × 100 2.21 × 100 1.07 × 101

LCB1-H 6.73 × 101 5.30 × 102 5.60 × 101 9.88 × 100 2.20 × 100 8.99 × 100

Near-Neutral-LCB1 6.75 × 101 1.64 × 104 1.80 × 100 7.15 × 100 7.31 × 10−2 1.19 × 101

TH1-A 9.03 × 101 2.38 × 103 9.30 × 100 4.64 × 100 −1.00 × 101 1.21 × 101

Acidic-TH1 9.01 × 101 7.45 × 102 2.98 × 101 3.99 × 100 −3.70 × 101 4.95 × 100

TH1-B 9.04 × 101 5.85 × 102 3.78 × 101 6.74 × 100 −3.13 × 10−2 1.72 × 101

Basic-TH1 9.04 × 101 1.75 × 101 1.27 × 103 9.39 × 100 2.13 × 100 1.86 × 101

Near-Neutral-TH1 9.02 × 101 2.68 × 103 8.26 × 100 5.02 × 100 −4.94 × 100 1.54 × 101

TIM-A 9.71 × 101 5.10 × 103 4.04 × 100 4.34 × 100 −1.27 × 101 9.95 × 100

TIM-B 9.71 × 101 5.61 × 103 3.67 × 100 4.50 × 100 −8.21 × 100 1.13 × 101

TIM-C 9.47 × 101 2.42 × 103 8.73 × 100 4.72 × 100 −3.96 × 100 1.11 × 101

TIM-D 9.47 × 101 1.04 × 103 2.02 × 101 6.49 × 100 −4.47 × 10−2 1.28 × 101

TIM-E 9.42 × 101 1.49 × 103 1.43 × 101 6.49 × 100 −4.94 × 10−2 1.33 × 101
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CLind, or CL driven by target-independent mediated processes.
There were significant differences in the serum concentration−
time profiles, and a large spread of CL was observed that ranged

from 1.53 × 100 to 1.27 × 103 mL/h/kg (Figure 3A,B and Table
1). No relationship was identified betweenmolecular weight and

Figure 3.Charge descriptors correlate strongest with murine clearance. (A) Serum concentration−time profiles for each Fc-fusion protein following a
single intravenous bolus dose (2 mg/kg) in C57BL/6J mice, grouped by scaffold. (B) Noncompartmental analysis was used to obtain clearance (CL)
estimates, and a large range of values was observed, from 1.53 × 100 to 1.27 × 103 mL/h/kg. (C) Physicochemical descriptors were calculated for each
designed Fc-fusion protein by utilizing the amino acid sequence of the de novo portion only. A Spearman correlation matrix was performed to identify
the sequence based physicochemical descriptors most strongly related with CL. Of the 53 parameters assessed, sequence-based pI (pI_seq), net
charge, and percentage of total surface area in positive protein patches (patch_pos_ %) exhibited some of the highest Spearman correlations. (D)
Examination of individual Fc-fusion scaffolds demonstrated a U-shaped relationship with decreasing, then increasing CL with increasing positive net
charge. (E) All protein CL values were binned based on their net charge and graphed simultaneously. A clear U-shaped relationship was observed
where net negative or positive charge extremes were associated with significantly elevated CL relative to the median group. Kruskal−Wallis test, *p <
0.05, **p < 0.01.
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either CL or total serum exposure as determined by the area
under the curve (AUC, Figure S1A).
A Spearman correlation matrix was conducted as a starting

point to identify the physicochemical attributes that were most
associative with murine CL (Figure 3C). These descriptors were
computed in theMOE using conformational ensembles of the de
novo module generated by running LowModeMD on Alpha-
Fold-predicted input structures. Ensemble calculations were
obtained using only the designed protein portion (e.g., the 7 kDa
LCB1 rather than the ∼64 kDa bivalent LCB1 Fc-fusion). The

isoelectric point computed from the amino acid sequence
(pI_seq, Spearman r = 0.44, p < 0.01), net charge calculated
from the amino acid sequence (Spearman r = 0.47, p < 0.01),
and the percentage of positive protein patch surface area
(patch_pos_ %, Spearman r = 0.47, p < 0.01) were identified as
the in silico descriptors possessing the highest Spearman
correlations with CL (Figure 3C, Tables S2−S4). Inspection
of the individual plots of the top three correlated parameters and
CL revealed U-shaped relationships within scaffold series where
decreasing and then increasing CL was observed as the

Figure 4. Proteins with relatively excessive negative or positive charge exhibit increased tissue accumulation. (A)Net charge and (B) clearance (CL) of
six total proteins from the TH1 and LCB1modalities with an acidic, a basic, and near-neutral pI that exhibited U-like relationships between net charge
andCL. (C) Serum-concentration time profiles depicting the decreased exposure and increasedCL for all charge variants relative to the near-neutral pI
proteins.N = 3 separate animals per point. (D) Biodistribution studies were performed by examining tissue concentrations within livers, kidneys, and
spleens 30 min after an intravenous bolus dose (2 mg/kg) to C57BL/6J mice. Significant increases in tissue retentions were observed for all proteins
with net charge extremes relative to the near-neutral pI comparators. Each point represents an individual animal, two-way ANOVA with Dunnett’s
multiple comparisons; ns, not significant, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 5.Nonspecific endocytosis and human FcRn recycling are undesirably impacted by increased positive charge. Nonspecific endocytosis (NSE)
measurements were performed in CHO-K1 cells at pH 5.8 (A) and pH 7.4 (B). A single cell-associated Fc-fusion protein (i.e., surface and intracellular)
was detected via immunostaining with a fluorescently conjugated antihuman Fc antibody and flow cytometry (N = 3−4 per protein). Population
median fluorescent intensities were converted to antibody binding capacities (ABCs), which is a quantitative approach to facilitate interday
comparisons. Significant Spearman correlations were measured between average CHO-K1 ABCs at both pH values and murine clearance (CL) (pH
5.8: Spearman r = 0.55, p < 0.001; pH 7.4: Spearman r = 0.54, p < 0.001). (C) Relationships were evaluated between CHO-K1 ABCs and sequence-
based pI, net charge, and percentage of total surface area in positive protein patches (patch_pos_ %), which were the three descriptors most strongly
correlated with murine CL. All three plots exhibited sigmoidal shapes with significant Spearman correlations in which each relationship plateaued for
proteins with a net charge above −5.0. Spearman r of pI_seq, net charge, and patch_pos_ % were 0.71 (p < 0.0001), 0.70 (p < 0.0001), and 0.67 (p <
0.0001), respectively. (D) CHO-K1 ABCs were plotted against the same net charge bins as shown in Figure 2 to better understand the mechanisms
driving CL. Elevated NSE was observed only above a net charge of−5.0, suggesting two distinct clearance pathways for strongly positive and negative
proteins. (E) Net charge was compared to CHO-K1 ABCs for individual protein modalities, which demonstrated dramatically more defined
relationships than the aggregated plots. (F) Cellular FcRn recycling studies were conducted to obtain human FcRn recycling efficiency metrics of the
TH1 and LCB1 charge series. An effector functionless Fc research analog of ustekinumab (SEFL2-modified-ustekinumab) was included as the control
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parameter values increased (Figures 3D, S1B,C). The trend was
most distinct for net charge, where a hooked tail was observed
for every de novo scaffold series. This effect was slightly less
pronounced in the 5UOI and TIM series, likely because they
lacked variants with strongly negative charges (net charge at or
below −15). This was graphically depicted for all proteins by
placing the calculated CL value into five bins based on their net
charges, where significant elevations in CLwere observed for the
extremes of opposite polarity relative to the median (Figure 3E).
Relative Net Charge Extreme Is Associated with Increased
CL and Elevated Tissue Accumulation

We expanded on our observations of net charge by conducting
biodistribution assessments in mice on a subset of TH1 and
LCB1 proteins, as these scaffolds contained proteins with a
broad range of CL and several available mutants whose general
nomenclatures for this work were based on their relative pI
values. Correspondingly, the five TH1 proteins included Acidic-
TH1, Near-Neutral-TH1, Basic-TH1, and two additional near
neutral variants (TH1-A and TH1-B). The 11 LCB1 proteins
were Acidic-LCB1, Near-Neutral-LCB1, and Basic-LCB1-basic,
as well as eight additional variants: two acidic (LCB1-A and
LCB1-B), two near neutral (LCB1-C and LCB1-D), and four
basic (LCB1-F, LCB1-E, LCB1-G and LCB1-H). LCB1-G
contained fewer charged residues by substituting some Asp, Glu,
Arg, and Lys residues with Gln. LCB1-H contained the fewest
charged residues, with nearly all Aps, Glu, Arg and Lys residues
replaced with Gln.
From this, one protein with a near-neutral pI (near-neutral-

TH1 and near-neutral-LCB1), one acidic with a more negative
net charge (acidic-TH1 and acidic-LCB1), and one basic with a
more positive net charge (basic-TH1 and basic-LCB1) were
chosen from each of the LCB1 and TH1 scaffolds (Figure 4A−
C, Table 1).Mouse livers, kidneys, and spleens were collected 30
min following intravenous bolus administration of each protein
at a 2 mg/kg dose level. These tissues were chosen because of
their high blood perfusion rates, known significant contribution
to overall mAb catabolism, and prior work demonstrating the
impact of protein charge on its biodistribution.36,38,73−79

Accordingly, we observed increased tissue/serum ratios for
variants harboring excess net charge as compared to the
corresponding near-neutral pI protein of the same scaffold,
irrespective of bin (Figure 4D). These results agree with the
findings from others whereby proteins with drastic net charge
differences from a parental form exhibit faster CL and higher
tissue accumulation.36−38,41,42,44,78

The Role of Charge on the Cellular Processes That Dictate
CL for Fc-Fusions

Our next goal was to establish the dominant mechanisms driving
charge-sensitive protein disposition, with an initial focus on the
serum PK, namely, the shared CLind pathways between mAbs
and the Fc-fusion proteins. We hypothesized that the same
electrostatic elimination mechanisms important for mAbs also
applied to the novel Fc-fusion proteins whereby higher solvent-
exposed positive charge would lead to enhanced NSE, higher
intracellular nonspecific binding, and reduced FcRn recycling
efficiency.45 This was tested by first measuring NSE using our

previously established cell-based assay in which nonspecific
protein internalization is quantified in CHO-K1 cells at pH
values of 5.8 and 7.4.44,45 Performing the assay at near-neutral
pH is a direct evaluation of NSE under conditions analogous to
those of the extracellular environment. The acidic pH 5.8
condition is meant to mimic the endosomal setting where shifts
in nonspecificity may transpire due to acidification during
endosomal trafficking and also where the FcRn interaction can
occur.
A large spread in NSE values were measured across the entire

Fc-fusion protein series that correlated significantly with murine
CL at both pH values tested (Spearman r 0.55, p < 0.001 at pH
5.8; 0.54, p < 0.001 at pH 7.4; Figures 5A,B and S2A−C).
Increased NSE at pH 5.8 relative to pH 7.4 was observed for
nearly every protein examined (Figure S2A,B), suggesting an
increase in cellular nonspecific interactions at acidic pH.45 To
bolster our observations of a pH-dependent relationship with
NSE, we included previous assessments on 18 mAbs from our
past reports with additional NSE measurements for 8 analytes
conducted for the current study at pH 5.8.44,45 All mAbs showed
increased NSE at acidic pH (Figure S2D). CHO-K1 NSE values
at both pH values plotted for all 54 proteins (18 mAbs, 35 Fc-
fusion proteins) show a strong relationship (Figure S2E). These
observations support our previous conclusions that a higher
positive charge at acidic pH may enhance the cellular
nonspecificity of therapeutic proteins while expanding our
initial observations to suggest a more general mechanism that is
largely independent of Fc-protein modality.45

To better understand how physicochemical characteristics
could inform on the cellular processes important for Fc-fusion
protein CLind, we graphically explored the relationship between
net charge, pI_seq, or patch_pos_ % and CHO-K1 NSE values
at pH 7.4. When analyzed together, all showed sigmoidal
relationships, with an expansive NSE range encompassing the
plateau of a given descriptor (Figure 5C). Additionally, no
associations were noted between NSE and any calculated
hydrophobic descriptor (Figure S3). Correspondingly, the
results were similar if NSE readouts were binned by net charge:
although a general increase was observed as net charge grew
more positive, immense variation was observed for proteins with
relatively similar net charges (Figure 5D). Consistent with these
observations, inclusion of the sequence-based net charge of the
mAbs with the calculated net charge of the Fc-fusion proteins
using the full amino acid sequences again showed no
relationship with CHO-K1 NSE at pH 7.4 (Figure S4A).44

However, when individual Fc-protein scaffolds were examined,
notable correlations were observed for pI_Fc, net charge, and
patch_pos_ % where increasing NSE was generally associated
with increasing positive charge (Figures 5E, S4B,C).
Next, cell-based trafficking assays were initiated to measure

directly the impact of Fc-fusion protein charge properties on
FcRn recycling efficiency using our previously developed
method with MDCK II cells stably cotransfected with human
β2m and GFP-tagged human FcRn (hFcRn-GFP/hβ2m-
MDCK II cells, Figure S5A).45 This assay incorporates both
parental MDCK II and hFcRn-GFP/hβ2m-MDCK II cells,
which are incubated with test proteins at pH 5.8. We chose

Figure 5. continued

for ideal behavior in the assay. Fc-fusion scores were normalized and compared to that of SEFL2-modified ustekinumab. In general, increasing cellular
nonspecificity resulted in poorer FcRn recycling efficiencies. N = 5−8 per protein; ***p < 0.001, ****p < 0.0001 following an ordinary one-way
ANOVA with Dunnett’s multiple comparisons relative to SEFL2-modified ustekinumab.
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acidic pH conditions for our assay to increase extracellular
binding between our Fc-fusion proteins and hFcRn-GFP,
resulting in increased assay sensitivity to allow evaluation of
Fc-bearing proteins with low NSE without prohibitive protein
material requirements. Following the assay “load” step, cells are
washed and then either lysed (uptake fraction) or incubated
with serum-free media to allow for FcRn-mediated recycling.
Afterward, media is collected (recycled fraction), the remaining
cells are lysed (residual fraction), and quantification of all
samples is measured via an antihuman Fc immunoassay. The
hFcRn recycling efficiency metric (FREM) is subsequently
calculated as an assay readout that incorporates results from
both hFcRn-GFP/hβ2m-MDCK II (specific interactions) and
parental MDCK II cells (nonspecific interactions, see Methods
for full details).45,46 In our past report, mAbs with FREM scores
below 50% of the reference compound were identified as having
increased risk of elevated CLind, while scores below 25% were
indicative of the mAb possessing rapid CLind.

45

For the current work, the six Fc-fusion proteins from the TH1
and LCB1 charge biodistribution subpanels were analyzed to
cover a broad range of physicochemical attributes and
dispositional behaviors. A research analog of ustekinumab
constructed on an Fc scaffold with impaired Fc-gamma effector
function (SEFL2-modified-ustekinumab) was included at an
equimolar concentration as a reference for a mAb with low
cellular nonspecificity and high FcRn recycling efficiency.45 A
substantial impact of positive charge on hFcRn recycling
efficiency was observed with both positive Fc-fusion variants
exhibiting very low FREM scores (Figures 5F, S5B−I). The
negative TH1 and LCB1 proteins exhibited the highest FREMs
among the Fc-fusion proteins with no quantifiable difference in
the hFcRn recycling efficiency of the acidic pI TH1mutant when
compared to the SEFL2-modified-ustekinumab. In general,
higher nonspecificity associated with more positive charge
resulted in a decreased FREM except for the near neutral LCB1
protein. Despite having lower cellular nonspecificity when
compared to the basic pI LCB1 mutant (Figures S2B and S5E),
the near neutral LCB1 Fc-fusion displayed a slightly poorer
recycling output than its more positively charged counterpart
(Figure S5C,H). From these combined results, we conclude that
higher extra- and intracellular nonspecificity arising from
exposed positive charge is detrimental to the elimination rate
of Fc-fusion proteins by driving both higher NSE and inferior
FcRn trafficking dynamics. Additionally, neither net NSE nor a
diminished ability to undergo FcRn-mediated recycling could
explain the elevated murine CL for the Fc-fusion proteins with
very negative net charges.
Several deductions can be made from these results. The first is

that the mechanisms driving increased CL for the most
negatively charged Fc-fusion proteins are distinct from those
for the more positively charged ones. This limits the utility of
nonspecific assessments for highly anionic proteins when
attempting to identify molecules with elevated CL. Second,
the calculated global charge descriptors could not provide
precise information on cellular nonspecific behavior. Even
though a conserved tendency for reduced NSE with lower
positive charge was found within each protein scaffold series, the
magnitude of the decrease was challenging to anticipate. This
was further exemplified when mAb net charges were plotted
alongside the Fc-fusion net charge values, resulting in a complete
lack of any in silico−in vitro relationship (Figure S4A). The
observations highlight the need for more refined charge
descriptors to better understand localized electrostatic−cellular

interactions.19 Additionally, the descriptor-NSE relationships
were not always directly proportional, even within scaffold
investigations. These results correspond to our past efforts
where strong trends were observed between net charge and NSE
for point mutant derivatives of a preclinical set of mAbs, but not
when a broader panel of mAbs were evaluated together.44 This
emphasizes the importance of experimental measures to assess
the impact of charge characteristics on cellular protein handling
to inform on in vivo CL behavior of Fc-proteins.
The Role of Charge on the Non-Target Tissue Accumulation
for Fc-Fusions

Following the evaluation of CL determinants for the produced
Fc-fusion proteins, we subsequently aimed to understand the
mechanistic factors driving increased tissue retention due to
charge variation. The first major barrier to therapeutic protein
biodistribution is the interaction with the vascular endothelia
and ensuing extravasation, which varies across tissue types due
to organ and endothelial heterogeneity.21,80−84 In addition to
liver, kidney, and spleen, skin and skeletal muscle have been
identified as important organs for net mAb catabolism and IgG
homeostasis.73−75,79,85−87 These two tissue types contain
nonfenestrated, continuous endothelial beds.83,88 In general,
apical-to-basolateral vascular permeability of protein within
endothelium can occur down the concentration gradient via
paracellular movement between the interendothelial junctions
or through the cell via transcellular flux.83,88−96 A relationship
was previously established in which endothelial permeability
declined with increasing molecular radius up to roughly that of
serum albumin. Any further size increases resulted in negligible
differences in measured permeability.96 From these combined
morphological and functional studies on macromolecular
endothelial permeability, transcellular movement would be
anticipated to be the predominant extravasation pathway within
continuous endothelial beds for the currently generated Fc-
fusion proteins (MW range ≈ 55−75 kDa), which could occur
following both specific or nonspecific endocytosis in receptor-
dependent and -independent manners.83,88−96 Thus, charge-
mediated alterations in either endothelial NSE or intracellular
trafficking could lead to shifts in vascular permeability within
these endothelial types. However, the role of endothelial FcRn in
the extravasation of immunoglobulin G antibodies and Fc-
proteins is still unclear.65,75,97,98

Once inside the interstitial space, the Fc-fusion proteins will
undergo diffusive and convective transport that can be affected
by several physical and physicochemical aspects.99−104 Glyco-
saminoglycans are a major general component of the interstitial
extracellular matrix that bear a net negative charge, which can
lead to repulsion or attraction with anionic or cationic proteins,
respectively.36,101−106 Elimination from the tissue space would
be due, in part, to egression via lymphatic drainage and/or
intracellular catabolism by resident interstitial cells.21,36,86,87

Electrostatic interactions between the Fc-fusion proteins and
these various tissue components could result in changes in their
net accumulation and overall distribution by altering inter-
actions with the cellular and structural features of the
interstitium. When combined with extravasation, charge-
mediated influences could, therefore, effectively impact the
entry, transit, and exit from a given tissue.
We took advantage of the diverse physicochemical, cellular,

and dispositional properties of the TH1 charge subseries to
conduct detailed investigations within a 3D in vitro micro-
vascular network (MVN)model, which has distinct vascular and
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interstitial spaces.65 The microphysiological system (MPS)
facilitates the self-assembly of co-cultured endothelial (human
umbilical vein ECs, HUVECs, stably expressing green
fluorescent protein) and stromal cells (human lung fibroblasts)
into perfusable, continuous MVNs that exhibit a glycocalyx and
tight junctions whose macromolecular permeability more
appropriately resembles in vivo values.
We first compared the behavior of differently charged proteins

in the interstitium by quantifying their diffusion and immobile
fractions via FRAP. The TH1 charge panel was labeled with
fluorescein (FITC) and the pI of the conjugated proteins
assessed via imaged capillary isoelectric focusing (icIEF, Tables
2 and 3, Figure S6). Following 24 h preincubations of FITC-

labeled TH1 proteins within microfluidics devices, the vascular
compartment was identified by injecting a tetramethylrhod-
amine (TRITC) labeled 70 kDa dextran. FRAP was then
immediately performed on regions of interest within the
interstitial space (Figure 6A,B). The TH1 Fc-fusion protein
with acidic pI showed significantly higher diffusivity compared
to the near-neutral and basic TH1 variants (Figure 6C, n.s., *p <
0.05 following Kruskal−Wallis test with Dunn’s multiple
comparisons relative to the near-neutral TH1). All evaluated
TH1 Fc-fusions showed similar immobile fractions (Figure 6D),
but we observed a notable difference in the MVN samples
treated with the basic pI TH1 protein, whereby visible
deposition was observed throughout the interstitial space
(Figure 6B, arrowheads). Additionally, we repeated the FRAP
measurements in the absence of MVNs and observed significant
shifts in diffusivity and immobile fractions that trended with
charge (Figure S7). This suggests that matrix remodeling by the
MVN is occurring and underscores the significance of evaluating
these measurable parameters within a 3D cellular architecture
that closely resembles human tissue.
Next, the vascular-to-interstitial permeabilities of the TH1

charge subseries were measured in MVNs (Figure 6E).
However, a limitation of the employed MPS is that endothelial
monolayers lining the device channels exhibit permeability that
is substantially higher than the three-dimensionalMVNs.65 TH1
permeability experiments were therefore performed over a
period of 12 min, which was shown previously to facilitate
quantitation of macromolecular flux predominated by MVN
permeability.60,61,65 The DL650 fluorophore was chosen due to
its favorable spectral and photostability properties over FITC in

addition to the need for an alternative label to avoid overlap with
the green fluorescent protein within HUVECs. DL650 labeling
was performed at the same dye-to-protein challenge used for
FITC, but icIEF indicated a more pronounced impact of DL650
on the pI of the cationic TH1 Fc-fusion (Table 2, Figure S6).
The final DL650 amount was therefore reduced only for this
protein to less than 1:1. The 70 kDa TRITC-dextran used for
FRAP was coinjected with each DL650-labeled TH1 protein to
serve as a reference molecule with a similar molecular weight.
The permeability of the TH1 Fc-fusion with basic pI was 2-fold
higher than the acidic pI TH1, and half that of the TH1 protein
with near-neutral pI. However, the permeability differences
between all tested TH1 Fc-fusions were not statistically
significant and fell within the experimental variance of the 70
kDa dextran control (Figure 6F, n.s.; Kruskal−Wallis test with
Dunn’s multiple comparisons relative to the dextran control).
To better understand the localized accrual of protein within

MVNs observed during FRAP analysis, we incubated the
DL650-labeled TH1 proteins for a total of 60 min (Figure 6G).
All TH1 proteins exhibited colocalization with the ECs and we
observed a notably higher fluorescent signal in the positive TH1
group that trended with the CHO-K1 NSE assay results (Figure
S2B). Furthermore, the cationic TH1 Fc-fusion appeared to
residualize throughout both interstitial and vascular portions of
theMPS. Due to the aforementioned limitations arising from the
channel monolayers, we cannot conclude that MVN perme-
ability differences were or were not contributing to the higher
interstitial signal over the 60 min incubations. However, these
MPS observations support cellular retention as an important
component of accumulation in continuous endothelial beds for
Fc-fusion proteins with aberrant positive charge properties.
When the MVN results are combined with the findings from all
other cellular assessments, we propose enhanced NSE and
inefficient FcRn recycling as a general mechanism for increased
tissue accumulation of the cationic LCB1 and TH1 proteins.
Macrophage Depletion via Liposomal Clodronate Results
in Increased Splenic Accumulation of LCB1 Fc-Fusion
Proteins

The results from the combined cellular assays supported distinct
elimination and distribution mechanisms for anionic and
cationic Fc-fusion proteins, with electrostatically driven non-
specificity a crucial component for the latter set of molecules.
However, a lack of detailed understanding remained of what was
causing the altered disposition of the negatively charged
variants. A possible cellular explanation was receptor-mediated
internalization by scavenger receptors (SRs) that would lead to
more rapid elimination from the blood. SRs are expressed in a
variety of cells that include resident macrophages. They exhibit
broad ligand specificity that supports their role in the binding
and elimination of endogenous and exogenous substances.107,108

One feature of SRs is the recognition of polyanionic substrates
that has been at least partially attributed to an optimized charge
distribution at the solvent interface of the tertiary struc-
ture.108−113 Such a function could lead to specific macrophage
internalization of the anionic Fc-fusion proteins, an aspect that
would not be recapitulated in our nonspecific cellular studies.
Additionally, macrophages could also contribute to overall Fc-
fusion protein disposition independently of charge due to their
highly endocytic nature.27,86,87,114

We examined the potential role of macrophages in tissue
accumulation and overall CL of the LCB1 charge subset via
selective depletion by liposomal clodronate. Biodistribution of

Table 2. Isoelectric Point Comparison of Unlabeled and
Fluorescently Conjugated Molecules vs 1X FITC and
Dylight650-Labeled Molecules

molecule

pI

unlabeled DL650 FITC

Near-Neutral-TH1 6.13 5.42 5.77
Basic-TH1 7.92 6.72 NA
Acidic-TH1 4.78 4.70 4.91

Table 3. Isoelectric Point Comparison of Unlabeled vs 0.5X
Dylight650- or 0.5X FITC-Labeled Molecules

molecule

pI

unlabeled DL650 FITC

Near-Neutral-TH1 6.18 NA NA
Basic-TH1 8.02 6.96 7.16
Acidic-TH1 4.90 NA NA
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these nanoparticles is primarily held in the spleen, bone marrow,
and liver following intravenous administration. Exposed macro-

phages will phagocytose the clodronate liposomes resulting in
their eventual death while surrounding cell types are minimally

Figure 6. Proteins with excessive negative or positive charge exhibit increased tissue accumulation via separate mechanisms. (A,B) TH1 pI subseries
were FITC-labeled for immobile fraction and diffusion studies. Proteins were incubated within microphysiological devices containing human
microvascular networks (MVNs) 24 h prior to imaging to allow for interstitial equilibration. Baseline images were acquired prior to FRAP, which
demonstrated significant interstitial accumulation of only the protein with basic pI, indicated by white arrows. (C) Diffusivity measurements obtained
from FRAP studies identified significantly higher diffusion rates for the acidic pI protein (most negatively charged) when compared to all other
analytes. (D) Representative FRAP experiment and recovery curves used to calculate the immobile fraction within the interstitial space. A trend was
observed for increasing immobile fraction with increasing positive charge. (E) Schematic for microvascular permeability studies in MVN devices.
Proteins were labeled with DL650 to facilitate fluorescent quantification. (F) No significant differences in microvascular permeability were observed
between any protein. A 70 kDa TRITC dextran was used as an internal control for MVN integrity. (G) Confocal images obtained 60 min post initial
perfusion revealed significant interstitial and endothelial accumulation of the basic TH1 protein.
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affected due to both low permeability and rapid clearance of free
clodronate.58,115 Clodronate and control liposomes were
injected 2 days prior to a 2 mg/kg intravenous bolus dose of
each of the three LCB1 subset proteins. Serum, liver, kidney, and
spleen were collected 0.5 h postdose to match the tissue types
from the charge subseries examinations. Additionally, muscle
was collected to serve as a control tissue with an anticipated low
uptake. No significant differences between control and

clodronate-loaded liposomes were observed when comparing
the serum concentrations or renal and muscular tissue/serum
ratios of any LCB1 protein (Figure 7A,B), consistent with the
anticipated liposomal biodistribution. Splenic tissue/serum
ratios and tissue concentrations increased for every LCB1
protein tested in mice that received liposomal clodronate
(Figure 7B,C), indicating a role for macrophages in the net
accrual within this tissue regardless of protein charge.

Figure 7. Liposomal clodronate treatment leads to increased splenic accumulation of the entire LCB1 charge series. Wild-type C57BL/6J mice
received an intravenous bolus dose of control or clodronate-loaded liposomes. Approximately 48 h later, the LCB1 charge subseries was administered
intravenously with tissues and serum collected 0.5 h postdosing. (A) No differences in serum concentrations were observed between clodronate and
control liposome groups (ns, no significance following a two-way ANOVA with Sidak’s multiple comparisons). (B,C) All LCB1 proteins exhibited
elevated spleen/serum ratios (B) and splenic concentrations (C) when compared to control groups. Additionally, significant differences were observed
for the liver/serum ratio and hepatic concentrations for the acidic pI LCB1 Fc-fusion. (*p < 0.05, ****p < 0.001, ns, not significant; two-way ANOVA
with Sidak’s multiple comparisons).
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These results led us to conclude that macrophage-mediated
internalization may not necessarily influence the hepatic and
splenic entry for the assessed proteins, but it was a critical
elimination element from the tissue space of the spleen for all 3
of the LCB1 Fc-fusions. Furthermore, significant increases in
hepatic accumulation for the anionic LCB1 protein indicated
that resident macrophages within the liver potentially held a
larger portion of the organ elimination for this charge variant
when compared to the other LCB1 mutants.

■ DISCUSSION
The disposition of therapeutic Fc proteins such as mAbs is
determined by a combination of target-mediated and target-
independent processes with the latter an often overlooked yet
equally important component. In this study, we successfully
designed and generated de novo proteins lacking known
endogenous targets in mouse to define the mechanisms driving

the target-independent disposition of Fc-fusion proteins. The
panel was planned to include variants with a wide range of
biophysical properties such as pI and surface patch composition
to probe their relationships with in vivo and cellular processes.
Our results demonstrate that cellular nonspecificity arising from
electrostatic interactions between surface-exposed positive
charge on the protein and negatively charged cellular
components is a key factor in Fc-fusion disposition.
Correlations between in silico charge descriptors and

clearance were evident within individual scaffolds but not across
the entire data set, highlighting a scaffold-dependent limitation.
The within-scaffold correlation suggests that charge-based
descriptors are sensitive to subtle modifications when the
backbone framework is held constant. However, the loss of
correlation across scaffolds indicates that additional scaffold-
dependent attributes influence CL. Although shape-related
descriptors (e.g., radii of gyration and eccentricity) and

Figure 8.Charge-driven cellular mechanisms leading to high target independent clearance. Electrostatic interactions between exposed positive charge
on an Fc-fusion protein and anionic regions of the cell membrane mediate adsorptive nonspecific endocytosis (NSE), which was positively and
significantly correlated withmurine clearance (i.e., target-independent clearance as no known binding partners in mice) of the Fc-fusions in the current
work. This places an Fc-bearing therapeutic with high NSE at an eliminatory disadvantage as there is a greater initial amount of nonspecifically
internalized protein, per cell, that must undergo successful FcRn recycling to prevent lysosomal catabolism. Following endocytosis, endosomal
acidification will further enhance protein nonspecificity due to increases in positive charge with decreasing pH. Results from the LCB1 and TH1
subseries indicated cellular nonspecificity at acidic pH was detrimental to efficient FcRn recycling for reasons that may go beyond high NSE. It is likely
that exposed positive charge within, and outside, the Fc-region can counteract proper FcRn engagement and trafficking dynamics. Possible reasons
include nonspecific interactions between the endosomal membrane and Fc-fusion protein that is unbound, or even bound, to FcRn and dysfunctional
pH-dependent dissociation from FcRn at the cell surface. Thus, the same factors that promote high NSE would also work against the specificity of the
FcRn-Fc-fusion interaction. Elevated target-independent clearance would result from a larger fraction of nonspecifically endocytosed protein
undergoing catabolism: more nontargeted cells internalizing more protein, lower total amounts successfully recycled due to impaired FcRn dynamics,
and thus faster elimination rates. Note, the Fc-fusion:hFcRn interaction has been represented in a simplified manner for ease of interpretability. See
Discussion for more detailed information. Illustration created using BioRender.com.
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composition-based descriptors (e.g., α-helix and β-strand
content) are included in our current feature set, it remains
unclear whether they adequately capture scaffold-specific
determinants of PK, particularly given the limited number of
scaffolds in this study. Expanding the scaffold repertoire will be
essential to improve model generalizability, while continued
refinement of structural descriptors and deeper understanding of
the underlying biological mechanisms may enable more
transformative advances in predictive PK modeling.116

Nonspecific uptake and subsequent elimination by targetless
cells is an important component of CLind for antibody and Fc-
based therapeutics.32,117−120 The current work highlights that
charge-mediated nonspecificity influences the extent to which
NSE contributes to elevated CLind (Figure 8). Concentrated
positive charge on the surface of each Fc-fusion structure was
significantly correlated with a heightened NSE at pH 7.4.
Combined with our past report demonstrating reduced NSE for
anti-IL-4Rα mAb point mutants with lowered positive surface
patches, we conclude electrostatic interactions between a
therapeutic protein and the cell membrane are essential for
determining adsorptive NSE rates.44 However, we have
highlighted the limitations of the utilized in silico charge
descriptors for inferring NSE amounts across all Fc-fusion
proteins, which emphasizes the complexities of these inter-
actions. Future work aimed at refining the physicochemical
relationships with cellular NSE, specifically the sensitivities of
NSE to charge patch location on a given protein scaffold, will be
crucial to better understanding these processes as well as guiding
protein engineering strategies to reduce NSE and CLind.
Higher NSEwould result inmore protein entering a nontarget

cell and thereby increase the probability of its degradation via
catabolism.30 However, additional intracellular mechanisms
likely impact the Fc-protein recycling efficiency in FcRn-
expressing cells. We have provided results from across a
multitude of protein formats that cellular nonspecificity may
be enhanced with decreasing solution pH. Dynamic shifts may
therefore occur in the soluble fraction of internalized Fc-protein
that result in higher degrees of nonspecific surface binding to the
endosomal membrane, which could prevent access to FcRn.
Nonspecificity might also directly impair FcRn engagement
itself. Previous studies have indicated the influence of antibody
variable regions on the pH-dependent interaction with FcRn,
which may be partly attributed to charge-mediated processes.121

IgG can assume multiple conformations when binding to FcRn
with a 1:2 stoichiometry proposed as key for functional-
ity.122−126 Within this binding geometry, the Fab arms have
been suggested to be very near or in direct contact with both
FcRn and the endosomal membrane.125−128 Such a scenario
implies nonspecific, electrostatic interactions are possible for
FcRn-bound Fc-protein that are themselves pH-dependent:
aberrant binding events that occur either outside of the critical
Fc−FcRn interfaces and/or with the underlying endosomal
membrane. Potential ramifications of this binding behavior
could be a noncanonical Fc−FcRn binding orientation and/or
dysfunctional pH-dependency in Fc-protein release at the cell
surface, which in turn may lead to elevated catabolism (Figure
8). These mechanistic implications should influence protein
design strategies aimed at manipulating antigen binding via pH-
dependent dissociation.129 However, future work combining
structural, biophysical, and cellular tools will be required to
confirm these hypotheses and detail how nonspecificity is
influencing FcRn engagement.

Wild-type mice provide a useful in vivo tool to assess the
stability, CLind, and biodistribution of mAbs and Fc-bearing
protein constructs and study the underlying processes driving
these behaviors.34,38,77 A key drawback to wild-type mice is that
their utility to inform on human PK parameters is inherently
limited by the species-specific binding differences between
mouse FcRn and the human Fc region.130 Transgenic human
FcRn mouse models more appropriately preserve human FcRn
engagement with a human Fc and have shown increased
predictive capacity to human disposition, warranting their use in
any future work aimed specifically at building more direct in
vitro−in vivo correlations between mouse and human PK
parameters.131−133

The MVN studies introduced a 3D cellular model to
investigate how nonspecificity might affect general protein
movement within continuous endothelial beds. We did not
measure significant differences in either the interstitial immobile
fractions or diffusion rates between the TH1 proteins with near-
neutral and basic pI values when microvessels were present in
the system. We also did not observe measurable differences in
the apical-to-basolateral MVN permeability between any of the
TH1 variants. These findings using an in vitro tool indicate that
altered entry into, or movement through, the interstitial space
may not be the primary factors for tissue accumulation within
continuous endothelia. One limitation to the interstitial
assessments is that matrices can vary dramatically between
different tissue types where the utilized MVN model may not
fully recapitulate alternative extracellular matrix composi-
tions.36,101−106,134 One potential explanation for the lack of in
vitro permeability differences observed could be that para-
cellularMVN transport was occurring for the TH1 proteins at an
extent that outweighed transcellular movement. A second
possibility could be that shifts in intracellular trafficking either
delayed the appearance of the cationic TH1 protein at the
basolateral aspect or modified the vesicular membrane
dissociation kinetics, whereby either process was too slow to
capture increased EC exocytosis within the studied time
frame.93,135 We therefore cannot exclude the possibility that
either of these processes is contributing factors to the general
accrual of the positively charged TH1 protein in vivo.
Imaging after MVN perfusion revealed that all TH1 proteins

exhibited association with the ECs over the time course of the
experiment, with the positive TH1 variant accumulating the
highest amounts. One interpretation of these data is that ECs
play a critical role in determining the fraction of protein that can
successfully traverse the vessel. Any enhancement of EC
internalization by electrostatically driven nonspecificity could
therefore be offset by increased EC retention and reduced net
flux across the barrier. Within the tissue space, the same
nonspecific processes could occur within any interstitial cell.
Thus, our combined 2D and 3D culture results provide evidence
that vascular and interstitial cellular retention, even in FcRn-
expressing cells, is likely a pivotal factor for the tissue
accumulation of Fc-bearing proteins exhibiting charge-mediated
nonspecificity. Such a conclusion would be consistent with
previous reports attributing endothelial and nonvascular cell
types as key elements for the disposition of IgG.85−87,136−139 It is
also apparent from the data that ECs are pivotal regulators of
interstitial protein concentrations for antibody-based and Fc-
therapeutic modalities.
But many questions remain. What role, if any, does FcRn play

within continuous endothelia? Does it facilitate transcytosis?
Does it counteract transcytosis to maintain vascular protein
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concentrations via lumen-to-lumen recycling? Or does FcRn not
play a significant role at all?65,97,140,141 How exactly is EC
trafficking and net protein permeability impacted by charge?93

These and many other questions demonstrate the continued
need to further explore Fc-protein transcellular movement
through ECs (i.e., not epithelial), which could lead to novel
techniques to enhance the extravasation of therapeutic
molecules.142

The precise mechanisms leading to increased serum
elimination and tissue accumulation of the highly anionic Fc-
fused proteins remain unclear. Our clodronate-loaded liposomes
suggested a contribution of macrophages to the splenic
accumulation of all LCB1 charge variants that were evaluated.
This experimental design was limited because it did not directly
investigate the involvement of SRs in the net disposition. Rather,
it provided initial data supporting the role of a cell type
expressing SRs. Dedicated future work precisely evaluating how
surface charge properties impact SR-mediated endocytosis of
Fc-fused proteins would be necessary due to the scope of
potential candidates (e.g., stabilin 1 and 2, STAB1, STAB2; SR
class A, MSR1, and lectin-like oxidized low-density lipoprotein
receptor-1, LOX1). These studies should encompass in vitro
and in vivo competition experiments with known anionic ligands
to demonstrate specificity,107,143,144 genetic techniques, such as
cell-based microarray binding assays,145 and investigations of
other SR-expressing cell types (e.g., liver sinusoidal ECs).146

Additionally, the breadth of possible SRs involved in anionic Fc-
fused protein recognition also highlights that cross-ligand
recognition and subsequent compensation from one or more
alternative cell types may have been the reasons for no
observable changes in LCB1 serum concentrations following
liposomal clodronate administration.
Aside from SRs, a second possible mechanism for elevated CL

of the highly anionic Fc-fused proteins may have been increased
renal elimination. In general, renal clearance of an Fc-fused
protein would comprise glomerular filtration, proximal tubular
reabsorption, luminal or intracellular catabolism, and urinary
excretion.147 It would be anticipated that the proximal tubules
would internalize most of the filtered Fc-protein load, followed
by subsequent FcRn-mediated transcytosis back to the
vasculature as occurs for albumin.148,149 Deviations in filtered
load, proximal tubule internalization, or proximal tubular FcRn
recycling efficiency would therefore be anticipated to increase
renal clearance. Glomerular filtration of anionic proteins is
expected to be lower than cationic counterparts based on the
concept of glomerular charge selectivity.150−154,154 One separate
possibility could include more dramatic shifts in hydrodynamic
size or overall flexibility for the anionic proteins, which was
previously shown to impact the filtration of biologics.155 In
terms of internalization, we are unaware of a detailed study
characterizing the influence of protein electrostatic surface
properties on receptor-dependent and independent endocytosis
by proximal tubule epithelial cells, though a previous report
demonstrated an anionic variant of murine albumin was able to
undergo proximal tubular transcytosis.156 Additionally, our
MDCK II cell studies did not indicate abnormal hFcRn recycling
of the anionic protein variants. Overall, the mechanistic
unknowns for anionic protein elimination highlight the
heterogeneity of protein disposition within each organ and the
need for detailed tissue-specific studies that were beyond the
scope of the present work.

■ CONCLUSION
The spatial and temporal aspects of the target independent
distribution and elimination will vary across tissues whose full
characterization requires a deep understanding of cellular
heterogeneity, organ physiology, and dynamics of protein
movement within a given tissue alongside the integration of
computational PK modeling.157−160 Multiple possibilities and
variances exist for Fc-fusion proteins and antibody-based
therapeutics that span specific off-target binding, permeability
across different endothelial types, impact of the endothelial
glycocalyx, and recognition by SRs.22,145,157,161−165 The current
work represents an integrated examination of the relationships
between cellular nonspecificity with murine CLind and
biodistribution, and how physicochemical attributes can drive
these behaviors. Additional work will be required to build upon
our observations to continue to enhance our understanding of
the Fc-protein disposition.
Alongside the mechanistic insights, our work supports the

general strategy of lowering the exposed positive charge to
reduce the CLind of protein therapeutics. This highlights the
potential of minimal engineering for CLind reduction

22,37 but
accompanies the need to not only preserve targeted antigen
interactions but also limit the magnitude of the charge
manipulations. Despite the inability to explain the mechanism
of increased murine CL and tissue accumulation of highly
anionic Fc-fusion proteins, we have provided information that
there is a negative charge threshold that, when exceeded, will be
detrimental to the disposition.36,38 From a PK standpoint and
independent of other developability considerations, designs to
mitigate excessive positive charge patches therefore cannot look
to maximize reductions. Rather, a more refined understanding is
needed for how mutations in specific regions will change the
cellular processing and, therefore, disposition of Fc-proteins.
Identifying improved physicochemical descriptors to obtain
more predictive in vitro−in vivo relationships would be of
tremendous benefit. Continually enhancing our understanding
of protein therapeutic disposition must go concomitantly with
the ongoing development of innovative pharmacological
strategies and computational tools to better map problematic
surface hotspots or even predict aberrant physicochemical
properties de novo.166,167
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