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Abstract

Targeted drug delivery to the endothelium has the potential to generate localized
therapeutic effects at the blood-tissue interface. For some therapeutic cargoes, it is
essential to maintain contact with the bloodstream to exert protective effects. The
pharmacokinetics (PK) of endothelial surface-targeted affinity ligands and bio-
therapeutic cargo remain a largely unexplored area, despite obvious translational
implications for this strategy. To bridge this gap, we site-specifically radiolabeled
mono- (scFv) and bivalent (mAb) affinity ligands specific for the endothelial cell
adhesion molecules, PECAM-1 (CD31) and ICAM-1 (CD54). Radiotracing re-
vealed similar lung biodistribution at 30 minutes post-injection (79.3% =+ 4.2% vs
80.4% + 10.6% ID/g for alCAM and 58.9% + 3.6% ID/g vs. 47.7% + 5.8% 1D/g
for tcPECAM mAD vs. scFv), but marked differences in organ residence time, with
antibodies demonstrating an order of magnitude greater area under the lung concen-
tration vs. time curve (AUC;,; 1698 + 352 vs. 53.3 + 7.9 ID/g*hrs for xICAM and
1023 + 507 vs. 114 + 37 ID/g*hrs for tPECAM mAb vs scFv). A physiologically
based pharmacokinetic model, fit to and validated using these data, indicated con-
tributions from both superior binding characteristics and prolonged circulation time
supporting multiple binding-detachment cycles. We tested the ability of each affinity
ligand to deliver a prototypical surface cargo, thrombomodulin (TM), using one-to-
one protein conjugates. Bivalent mAb-TM was superior to monovalent scFv-TM in
both pulmonary targeting and lung residence time (AUC;; 141 + 3.2 vs 12.4 + 4.2
ID/g*hrs for ICAM and 188 + 90 vs 34.7 + 19.9 ID/g*hrs for PECAM), despite hav-
ing similar blood PK, indicating that binding strength is more important parameter
than the kinetics of binding. To maximize bivalent target engagement, we synthe-
sized an oriented, end-to-end anti-ICAM mAb-TM conjugate and found that this
therapeutic had the best lung residence time (AUC;,; 253 + 18 ID/g*hrs) of all TM

Abbreviations: AUC, area under the lung concentration vs. time curve; ICAM, intercellular cell adhesion molecule-1; ID/g, injected dose per gram of
tissue; Kd, equilibrium affinity; Kon, association constant; Koff, dissociation constant; PECAM, platelet endothelial cell adhesion molecule-1; PK,
pharmacokinetics; scFv, single-chain variable fragment; SPR, surface plasmon resonance; TM, thrombomodulin.
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The vascular endothelium is a critical site for therapeutic ac-
tion in a variety of human diseases,' in large part because
of the numerous physiologic functions of the endothelial
monolayer and the consequences of dysfunction and/or in-
jury to these pleiotropic cells.” The concept of targeting drugs
or drug carriers to endothelial surface molecules has been
advanced by a number of laboratories over the past several
decades, but most applications have focused on either tran-
scytosis (ie, using affinity ligands to induce transport across
the endothelium) or delivery of therapeutics into endothelial
cells, with the goal of modulating intracellular signaling path-
ways and/or gene expression. Less attention has been paid
to the possibility of targeting the endothelial surface, where
integral membrane proteins project into the bloodstream and
modulate coagulation, fibrinolysis, barrier function, and the
adhesion of circulating blood cells. Therapeutic delivery of
recombinant biotherapeutics to the luminal membrane has
the potential to modulate these critical processes, but only
if surface localization is maintained. From a drug delivery
standpoint, these applications require prolonged target en-
gagement while avoiding endocytosis, which effectively re-
moves the therapeutic from its necessary site of action.
Surface delivery precludes the use of a number of com-
monly cited endothelial targets—membrane proteins like
transferrin receptor-1, angiotensin-converting enzyme, ami-
nopeptidase-P, and the plasmalemma-vesicle associated pro-
tein (PLVAP, or PV-1)—due to their rapid internalization in
response to the binding of affinity ligands.*® In contrast, the
Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1,
or CD31) is highly expressed in nearly every vascular bed,
predominantly endothelial (~10° copies/endothelial cell vs
only ~5 X 103/platelet and 5 X 104/Ieukocyte), poorly inter-
nalized, and minimally affected by disease states, making
it a prime choice for endothelial surface delivery.”'" The
Intercellular Adhesion Molecule-1 (ICAM-1, or CD54),
while inducible and less specific for endothelial cells, is also
highly expressed on the pulmonary vasculature and has been
repeatedly utilized as a target for surface delivery due to its
low rates of endocytosis and the rapid recycling of internal-
ized cargo back to the surface.'"'* With this in mind, our
group developed monovalent affinity ligands to PECAM-1
and ICAM-1 and fused them to therapeutic proteins like
plasminogen activators, thrombomodulin (TM), and the en-
dothelial protein C receptor (EPCR)." In addition to mini-
mizing internalization, the fusion protein approach is meant

modalities. These observations have implications not only for the delivery of TM, but

also potentially all therapeutics targeted to the endothelial surface.

cell surface, endothelium, ICAM-1, PECAM-1, targeted drug delivery, thrombomodulin

to ensure consistent orientation of affinity ligand and cargo
protein and offer straightforward translation to industrial de-
velopment and preclinical testing.'®

The CAM-targeted scFv-fusion protein paradigm has
found consistent success over the past decade.'® scFv/TM
and scFV/ECPR, in particular, have been shown to boost the
endogenous protein C pathway and re-establish the anticoag-
ulant phenotype of the endothelium following inflammatory
activation/dysfunction."*'”'® Our group recently demon-
strated this in a human whole blood, microfluidic model of
inflammatory thrombosis, in which an anti-ICAM (alCAM)
scFv/TM fusion protein effectively eliminated fibrin deposi-
tion, outperforming other anticoagulant biotherapeutics like
hirudin, soluble TM, and tissue factor blocking antibody.19
CAM-targeted scFv fusion proteins have also achieved some
degree of success in vivo, reducing leukocyte accumulation
and barrier dysfunction in mouse models of inflammatory,
ischemic, and oxidative lung injury.14’17’18

At the same time, comprehensive understanding of in
vivo behavior and translation to large animal studies has been
limited by a number of unanticipated difficulties. First and
foremost, assessment of PK has been hampered by partial, or
in some cases, complete loss of affinity for the target antigen
following radiolabeling. As a result, biodistribution studies
have been inconsistent and those experiments that have suc-
cessfully demonstrated endothelial targeting have revealed a
lower level of tissue (eg, lung) uptake than anticipated based
on studies of parental antibodies.'*!7!® While isolated scFv
might be expected to underperform, due to small size and
corresponding renal clearance, fusion to large proteins like
TM had been expected to improve PK substantially.

Here, we seek to address these shortcomings by taking
advantage of recently reported techniques for site-specific
modification, which allow C-terminal functionalization
and bioconjugation to protein cargo without apprecia-
ble loss of binding to target antigens.zo We demonstrate
site-specific radiolabeling of ICAM- and PECAM-targeted
scFv and make two surprising observations: 1. mAb and
scFv have similar levels of endothelial targeting at early
time points, and 2. mAb are far superior in maintaining
surface localization and organ biodistribution over time.
We construct a physiologically based PK model and use
it determine how affinity ligand characteristics contribute
to differences in behavior in vivo. Finally, we compare the
ability of scFv and mAb to deliver TM to the endothelial
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surface and again find marked superiority of bivalent affin-
ity ligands—in this case, without any apparent advantage in
terms of blood PK. Ultimately, our observations motivate
production of an oriented, end-to-end mAb-TM conjugate,
which demonstrates the best endothelial surface targeting
and organ residence time of any targeted TM modality.
These results are of critical importance to future testing of
endothelial targeted TM in animal models of human dis-
ease and have significant implications for all endothelial
surface targeting applications.

2 | MATERIALS AND METHODS

2.1 | Reagents and cell lines

Unless otherwise indicated, cell culture reagents were
purchased from Invitrogen (Carlsbad, CA, USA). [2°1]
Na and [mln] were purchased from PerkinElmer Life and
Analytical Sciences (Waltham, MA, USA) and Nuclear
Diagnostics Products (Cherry Hill, NJ), respectively. M2
anti-FLAG and anti-mouse secondary antibodies were
from Sigma-Aldrich (St Louis, MO), as was bovine throm-
bin and hirudin. Protein C purified from human plasma was
from Haematologic Technologies (Essex Junction, VT).
APC substrate S-2366 was from Diapharma (West Chester,
OH).

The wild-type REN mesothelioma cell line (REN-WT),
and stably transfected variants expressing full-length mouse
PECAM (REN-mPECAM) or ICAM (REN-mICAM) were
maintained as previously described.'*' Immortalized mu-
rine endothelial cells, bEnd3, were obtained from ATCC
(Manassas, VA) and grown in DMEM supplemented with
10% fetal bovine serum and antibiotic/antimycotic solu-
tion. Immortalized mouse lung endothelial cells, PmT, were
obtained from Applied Biological Materials Inc (ABM,
Richmond, BC, Canada) and grown in PriGrow VI Medium
(ABM, Richmond, BC, Canada).

2.2 | Protein production and purification

oaPECAM (clone 390) and aICAM (clone YN1) mAb were
produced and purified from hybridoma supernatants as
previously described.'*?? Sortagged scFv-LPETGG pro-
teins—aPECAM (clone 390), alCAM (clone YN1), and an
untargeted control (clone R6.5, binds human ICAM-1 with
no cross-reactivity to mouse)-were produced as previously
described in stably transfected Drosophila S2 cells or in
the periplasmic space of E coli using the pBAD expression
system (ThermoFisher Scientific).* Sortagged olCAM
mAb-ss (YN1 mAb-LPETGG) was produced and purified
from a CRISPR-Cas9-modified hybridoma, as previously
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described.” Finally, sortagged sTM-LPETGG was pro-
duced by inserting its cDNA between Bgl II and Sal I sites
in the previously described vector, pMT/linker-LPETGG.20
The vector was co-transfected with pCoBLAST in S2 cells
and selected with blasticidin to generate a stable cell line.
S2 cells were maintained in Schneider’s medium (Thermo
Fisher Scientific) and transitioned to Insect-Xpress (Lonza,
Walkersville, MD) for protein production, as previously
described.'*?° All sortagged proteins also had a C-terminal
triple FLAG and were purified using anti-FLAG (M2) af-
finity resin (Sigma-Aldrich), with the exception of aICAM
mAb-ss, which was purified using protein G sepharose
fast flow (GE Healthcare Life Sciences, Pittsburgh, PA).
The purity of recombinant and hybridoma produced pro-
teins was confirmed by SDS-PAGE and/or analytical SEC
HPLC, using a Yarra 3 pm SEC-2000 LC Column 150 x
7.5 mm size exclusion column with a flow rate of 1.0 mL/
min or a Yarra 3 um SEC-2000 LC Column 300 X 4.6 mm
size exclusion column with a flow rate of 0.35 mL/min.
0.1M sodium phosphate buffer at pH 7.0 was used as the
mobile phase.

2.3 | Fluorescent and radioactive labeling of
scFv and mAb

For flow cytometry experiments, dPECAM and oICAM
mAb were labeled using AlexaFluor 647-NHS ester (Life
Technologies, Carlsbad, CA) and purified using Zeba Spin
Desalting Columns (Thermo Scientific, Waltham, MA).
For radiotracing, antibodies directly radioiodinated using
[IZSI]NaI (PerkinElmer, Waltham, MA) in tubes pre-coated
with 100 pg Pierce Iodination reagent, 1,3,4,6-tetrachloro-
3a,6a-diphenyl-glycoluril (Thermo Fisher Scientific). Free
iodine was removed using 0.5-mL Zeba Spin Desalting
Column (Thermo Fisher Scientific). Radiochemical purity
was > 95% by thin-layer chromatography (TLC) using a
75%:25% mixture of MeOH:Na-acetate pH 6.8 as the mo-
bile phase. scFv-LPETGG were site-specifically radiola-
beled with ''"'In using SrtA-mediated transpeptidation.
First, a peptide containing a radiometal chelating group
(H,N-GGGK-DOTA, Click Chemistry Reagents, San
Diego, CA) was labeled with '"'In in metal-free 0.5M te-
tramethylammonium acetate (TMAA), pH 4.5, for 1 hour
at 37°C. The pH was raised to 7.5 using 2M Tris buffer
and the radiochemical purity (ie, % of radiometal bound
to peptide) was confirmed to be > 95% using TLC, using
10mM Na-EDTA solution as mobile phase. Radiolabeled
peptide was subsequently conjugated to scFv-LPETGG
via SrtA-mediated transpeptidation, as described previ-
ous.ly.24 The reaction mixture was purified in two steps;
His-tagged sortase (SrtA) was first removed using Ni-NTA
resin (Qiagen, Germantown, MD), followed by desalting
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of unreacted peptide using a 10DG column (Bio-Rad,
Hercules, CA).

2.4 | Synthesis and purification of scFv-
TM and mAb-TM conjugates

To synthesize scFv-sTM and mAb-sTM conjugates, sTM-
LPETGG was first site-specifically modified with azide via
sortase transpeptidation, as described previously.20 Briefly,
the protein (10 pM) was mixed with SrtA (2 pM) and a five-
fold excess (50 pM) of a fluorescent peptide with a C-terminal
azidolysine (GGGK[FAM]GSK-azide) in 1 mM CaCl, con-
taining Tris-buffered saline (TBS), pH 7.0. The reaction was
left at RT overnight and the product, sTM-azide, was purified
in two steps: (1) Incubation with Ni-NTA resin to remove
SrtA, and (2) centrifugation using a 30 kDa MWCO Amicon
centrifugal filter (Millipore Sigma, Burlington MA) to re-
move unreacted peptide.

To enable conjugation to sTM-azide, each affinity ligand
was modified with dibenzocyclooctyne (DBCO). oPE-
CAM and oIlCAM mAb were reacted with DBCO-PEG,-
NHS ester (Jena Biosciences, Scottsdale, AZ) at a 1:5 ratio
at pH 8.1 for 30 minutes at RT and quenched by adding 1M
Tris-HCI. The reaction product, mAb-DBCO (NHS), was
purified by centrifugal filtration using a 100 kDa MWCO
Amicon.

scFv-LPETGG and the alCAM mAb-ss were, in contrast,
site-specifically modified using a short peptide containing a
C-terminal DBCO. This peptide was synthesized by reacting
GGGK[FAM]GGSC (Pierce Custom Peptides, Rockford, IL)
with sulfo DBCO-PEG,-maleimide (Click Chemistry Tools,
Scottsdale, AZ). The reaction was carried out for 2 hours at
RT in degassed 0.1 M phosphate buffer, pH 7.0, with 10%
DMSO. The DBCO peptide was separated from its compo-
nents using a Sep Pak C18 Cartridge (Waters, Milford, MA)
and its purity was verified on reverse phase HPLC. scFv-
LPETGG and/or «ICAM mAb-ss (10 uM) were then reacted
with the DBCO peptide (50 uM) using SrtA (2 uM) in TBS
with CaCl, (1 mM). In some cases, 150 mM NaCl and 10%
glycerol were added to the reaction buffer to minimize ag-
gregation of the reaction product. All reactions were purified
using the same two-step procedure described above (Ni-
NTA followed by centrifugal filtration to remove unreacted
peptides).

Finally, scFv-sTM and mAb-TM conjugates were prepared
by mixing sTM-azide with DBCO-modified affinity ligands.
1:5, 1:3, and 2:1 molar ratios of sTM:affinity ligand were
used for scFv-TM, mAb-TM, and alCAM mAb-ss-TM con-
jugates, respectively. Reactions were left overnight at RT and
1:1 conjugates (ie, 1 sTM:1 affinity ligand) were purified by
HPLC using a Yarra 5 um SEC-3000 PREP, LC Column 300
X 21.2 mm with 0.1 M potassium phosphate buffer (pH 7.0)

as a mobile phase and a flow rate of 5 mL/min. Radiolabeled
conjugates were synthesized in an identical manner, incorpo-
rating radioiodinated sTM-azide. Labeling the cargo protein
prior to conjugation ensured that neither the iodiation reac-
tion nor the addition of the '* I-moeity would impact affinity
ligand function.

2.5 | Cell based radioimmunoassays and
radio-internalization assays

Radioimmunoassays (RIAs) were performed on REN cells
stably expressing the relevant CAMs as previously de-
scribed. % Briefly, stably transfected cells and wild-type
controls were grown to confluence in 96-strip-well micro-
plates (Corning Life Sciences, Lowell, MA). To measure
binding affinity, monolayers were incubated in quadru-
plicate for 2 Hr at 4°C with increasing concentrations of
['*1]- or ['"In]-labeled affinity ligands or protein conju-
gates, then washed five times with ice-cold assay buffer,
prior to counting of cell-bound radioactivity (Wizard 2470,
PerkinElmer). Radiointernalization assays were conducted
as previously described.''2° Briefly, mAb and scFv were
bound to cells at 4°C and then incubated at 37°C for vari-
ous time points to allow endocytosis. Cells were washed
three times with cold 50 mM glycine/100 mM NaCl to
elute surface bound affinity ligands. This treatment has
been shown previously not to damage cells % and three
washes were confirmed as adequate to elute surface bound
antibody, based on marked drop off in radioactive counts
with each successive wash. Following surface elution, cells
were lysed with 0.1% Triton X-100 and the radioactivity
in cellular lysates and glycine eluates was measured. The
percent internalization was calculated as % = [radioactiv-
ity in the lysate/(radioactivity in lysate + radioactivity in
eluates)] x 100.

2.6 | Endothelial cell internalization studies

bEnd3 cells were grown to confluence on 1% gelatin
coated glass coverslips. Cells were stimulated with 1 mg/
mL LPS for 16 hours prior to incubation with mAb or scFv
to induce ICAM-1 prior to binding of affinity ligands and
internalization assays. Following incubation with mAb
or scFv, cells were washed with ice-cold PBS and fixed
with ice-cold 2% paraformaldehyde for 15 minutes. Cell
surface bound protein was identified by incubating with
Alexa Fluor 594-labeled secondary antibody for lhr at
room temperature (RT). Cells were then washed and per-
meabilized with 0.2% Triton X-100 for 15 minutes prior
staining with Alexa Fluor 488 goat secondary for 1 hours
at RT. Samples were washed, mounted using ProLong
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Gold antifade reagent with DAPI (Invitrogen), and imaged
using a Nikon Eclipse TE2000-U fluorescence microscope
(Nikon, Tokyo, Japan). Image processing was carried
out using Image-Pro Plus 4.5.1.27 (Media Cybernetics,
Bethesda, MD, USA) as described previously.27

2.7 | Surface plasmon resonance (SPR)
Binding analysis was performed using a Biacore T200
from GE Healthcare (Uppsala, Sweden). SPR Sensor chips
CMD 200L and the amine coupling kit containing 50 mM
2-(N-morpholino)ethanesulfonic acid/100 mM N-hydroxysu
ccinimide (MES/NHS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), 0.1 M Sodium Borate pH 9.0, and
1.0 M ethanolamine-HCI pH 8.5 were purchased from Xantec
Bioanalytics GmbH, Germany. Antigen (recombinant solu-
ble ICAM or PECAM, RnD Systems) was immobilized by
injecting a 300 pL solution of 50 pg/mL protein at 15 pL/min
for 9 minutes, followed by 1M ethanolamine pH 8.5 to block
any activated groups on the gold chip. Binding and kinetic
measurements were performed at 25°C and a flow rate of 30
pL/min. The gold chip was regenerated using 10 mM gly-
cine-HCI, pH 2.5 to remove bound analyte. Biosensor data
produced were evaluated with Biacore evaluation software
2.0in a 1:1 global fit.

2.8 | Invitro APC generation by cell-
bound conjugates

Measurement of protein C activation by cell bound TM con-
jugates was performed as previously described.'” Briefly, cell
monolayers were incubated with TM conjugates (1-50 nM),
washed three times with assay buffer (20 mM Tris, 100 mM
NaCl, 1 mM CaCl2, 0.1% (w/v) BSA, and pH 7.5) and incu-
bated with 1 nM bovine thrombin and 100 nM human pro-
tein C for 20 minutes at room temperature. Thrombin was
quenched with hirudin (50 U/mL), and APC was measured
using Spectrozyme (OD 405 nm)."8

2.9 | Animals

Animal studies were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals [National
Institutes of Health, Bethesda, MD, USA (NIH)] under pro-
tocols approved by University of Pennsylvania Institutional
Animal Care and Use Committee. Male C57BL/6 mice and
TIE2-GFP transgenic mice, 6-8 weeks old, weighing 20-30 g
(The Jackson Laboratory, Bar Harbor, ME, USA), were
used for all biodistribution experiments and flow cytometry
analysis.
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2.10 | Flow cytometry for single cell
suspensions prepared from mouse lungs

Flow cytometric analysis of disaggregated mouse lungs was
performed as previously described.”® In these experiments,
TIE2-GFP transgenic mice and C57BL/6 controls (used to
establish gates for GFP positivity) were used and 0.8mg/kg
of AlexaFluor 647-tagged adPECAM or clCAM mADb were
administered intravenously. After 30 minutes of circula-
tion, animals were exsanguinated and lungs were perfused
via the right ventricle with ~10 mL of cold PBS. A solution
consisting of 5 U/mL dispase, 2.5 mg/mL collagenase type
I, and 1 mg/mL of DNAse I was infused the tracheal cath-
eter. Lungs were dissected with scissors and a scalpel and
incubated in 2 mL of collagenase/dispase solution at 37°C
for 45 minutes. One milliliter of fetal calf serum was added
and the suspension was strained through 100 pm filters and
centrifugation at 400 Xg for 5 minutes. Erythrocytes were
lysed in 10 mL of cold ACK lysing buffer and the suspension
was again strained, this time through a 40 um filter, prior
to centrifugation. Cell pellets were washed and fixed in 2%
PFA in FACS buffer (2% fetal calf serum + 1 mM EDTA
in PBS) for 10 minutes prior to staining with 1:500 dilution
of PerCP-conjugated anti-CD45 antibody (Clone 30-F11,
BD Biosciences) in FACS buffer. Cells were washed prior
to analysis on a BD Accuri flow cytometer. Forward and
side scatter data were gated to remove debris and exclude
doublets. Single stain controls allowed automatic generation
of compensation matrices in FCS Express software, applied
uniformly to data from all samples.

2.11 | Measurement of blood and organ
pharmacokinetics

Cocktails containing different amounts of unlabeled protein
and a trace amount of radiolabeled protein (0.25 pg) were in-
jected intravenously (via retro-orbital route of injection) into
anesthetized mice. At the indicated time points, blood was
drawn and mice were killed. Organs of interest were gently
rinsed to remove blood, weighed, and the 1251 activity was
measured in a gamma counter. Data are presented as the % of
injected dose per gram of organ weight (% 1D/g).

3 | RESULTS

3.1 | Intravenously injected alICAM and
aPECAM mAbD bind predominantly to
endothelial cells in the lung

While a significant body of literature supports the utility of
affinity targeting of PECAM-1 and ICAM-1 for endothelial
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13.14.16.19.2027.2933 much of this work has fo-

drug delivery,
cused on multivalent polymeric, liposomal, and protein na-
noparticles, and relatively few studies have investigated the
cell types targeted in vivo.”® To determine suitability for en-
dothelial surface delivery, we first measured the distribution
of intravenously injected, fluorescent PECAM and ICAM
antibodies using flow cytometry of disaggregated organs.
In this case, the lung was the primary organ of interest as it
receives 100% of the cardiac output and is the first pass vas-
cular bed for intravenously injected therapeutics. TIE2-GFP
transgenic mice were employed to enable easy identification
of endothelial cells and CD45 was used to identify leukocytes
(Figures 1A and S1A). Fluorescent signal from injected an-
tibodies was determined in GFP*, CD45", and GFP/CD45
cells to quantitate localization to pulmonary endothelial cells,
leukocytes, or other cell types (Figures S1B, and S1C).

As shown in Figure lintravenous injection of 20ug
(~0.8 mg/kg) of aPECAM or alCAM mAb resulted in an-
tibody signal on nearly all pulmonary endothelial cells
(97.7% + 0.6% for tPECAM and 93.6% + 0.4% for «cICAM).
In contrast, only 6.3% + 0.1% and 36.6% + 1.5% of leuko-
cytes were positive for tPECAM and alCAM mADb, respec-
tively (Figure 1B-E). Endothelial mean fluorescence intensity
was similar for the two antibodies (Figure 1D), consistent
with prior quantitative radiotracing experiments, which have
shown similar pulmonary biodistribution of affinity ligands
with these specificities.30 Altogether, the data indicate that

oPECAM and alCAM mAbs bind predominantly to endothe-
lial cells in the lungs of intravenously injected mice and, at
least from this standpoint, represent suitable targets for endo-
thelial surface targeting.

3.2 | Bivalent vs. monovalent tPECAM and
alCAM affinity ligands demonstrate similar
initial pulmonary targeting but differ markedly
in tissue PK

Having confirmed that endothelial cells are the primary target
of PECAM and ICAM affinity ligands in vivo, our next step
was to quantitatively characterize their biodistribution and
PK, comparing full-length antibodies and their correspond-
ing scFv. To accomplish this, we first had to develop a means
of radiolabeling small recombinant protein affinity ligands
without disrupting their affinity for target antigens (Figure
2A). While full-length antibodies are typically amenable to
direct labeling techniques, proteins like scFv are more sus-
ceptible to modification of key residues and/or the conditions
(eg, oxidation) required for these chemical reactions. Since
our prior efforts to directly label alCAM and «PECAM scFv
and scFv/TM fusion proteins 1418 had resulted in loss of bind-
ing, we utilized recently reported “sortagged” scFv, which
allow site-specific transpeptidation by sortase A (SrtA) and
C-terminal addition of fluorophores or functional groups for
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FIGURE 1

Flow cytometric analysis of tICAM and aPECAM antibody distributions among cell types in mouse lungs. A, Density plot for

single cell suspension prepared from TIE2-GFP transgenic mouse lungs, after PerCP-aCD45 staining. CD45-high populations are designated as
leukocytes and TIE2-GFP-high populations are identified as endothelial cells. B-C, Density plots for cell populations identified as endothelial cells
(left panels) or leukocytes (right panels) according to gates established in (A). Data in (B) and (C) correspond to single cell suspensions from TIE2-
GFP mice receiving Alexa Fluor 647-aPECAM and Alexa Fluor 647-alCAM fluorescent mAbs, respectively. Horizontal red and blue lines indicate
cutoff for positive vs. negative mAb fluorescence, as established by negative-stain control data. D, Histograms for Alexa Fluor 647-aPECAM (red)
and Alexa Fluor 647-alCAM (blue) signal in endothelial cells (left panel) and leukocytes (right panel). Black: Control data from TIE2-GFP mice
that did not receive mAb. E, Fraction of endothelial cells (left panel) and leukocytes (right panel) positive for Alexa Fluor 647-aPECAM (red, n =

2) or Alexa Fluor 647-alCAM (blue, n = 2)
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oriented conjugation to protein cargo.20 We extended this
here to a two-step radiolabeling technique, in which a small
peptide incorporating the radiometal chelating group, DOTA
(1,4,7,10-tetrazacyclododecane-N,N’,N’',N’"’-tetraacetic
acid) was labeled with ''"In and then attached by SrtA to the
C-terminal end of the scFv (Figure S2). We compared the
affinity of labeled scFv with corresponding parental mAb via
RIAs on cells stably expressing ICAM or PECAM vs. control
cells. Both alCAM scFv and aPECAM scFv demonstrated
saturable, specific binding and nanomolar affinity, with
dissociation constants (K,) of 12 + 1.2 and 33.2 + 1.9 nM,
respectively. These were approximately 10-fold and
100-fold lower than their parental mAbs (Figure 2B, and
Table S1).14%

We injected mice with equimolar doses of radio-
labeled olCAM and oPECAM scFv vs. mAb, using

non-targeted scFv and nonspecific rat IgG as controls. Both
targeted and untargeted scFv cleared from the circulation
rapidly (¢, = 0.984 + 0.153 hours vs 1.50 + 0.24 hours vs
1.97 + 0.21 hours for alCAM, aPECAM, and untargeted,
respectively) (Figure 2C, solid lines, Table S1) with high
levels of uptake in the kidney, consistent with previous re-
ports indicating efficient renal filtration of scFv (Figure 2F).
Full-length antibodies, in contrast, demonstrated prolonged
circulation times (#;, = 21.0 & 4.6 hours vs 4.3 + 0.3 hours
vs 11.4 + 2.7 hours for «cICAM, aPECAM, and untargeted
mADbD, respectively). Blood levels of alCAM and aPECAM
mAbs demonstrated an initial drop due to target-mediated
disposition, but then remained steady, with PK similar to un-
targeted IgG (Figure 2C, dotted lines).

Despite the significant difference in blood PK, pulmonary
biodistribution (a surrogate for endothelial targeting) was
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similar for targeted scFv and mAb at 30 minutes post-injec-
tion (Figure 2D) — 80.4% + 10.6% vs 79.3% + 4.2% of the in-
jected dose per gram of organ weight (ID/g) for tICAM scFv
vs. mAb and 47.7% + 5.8% vs 58.9% + 3.6% ID/g for aPE-
CAM scFv vs. mAb. Lung biodistribution was almost entirely
antigen specific, as only 1.5% + 0.5% ID/g of untargeted scFv
(P < .005 vs. both targeted scFv) and 9.9% + 0.9% of untar-
geted mADb (P < .005 vs both targeted mAb) were found in
the lung at 30 minutes post-intravenous injection. In contrast,

marked differences were seen in the lung PK of targeted scFv vs
mAD. Lung tissue levels dropped quickly for both ICAM and
o«PECAM scFv, with 1-hour biodistribution of 11.4% + 1.7%
and 13.4% + 1.7% 1D/g, respectively. Three-hour levels were
near baseline (4.0% =+ 0.7% for xICAM scFv, 8.9% + 0.8% for
oPECAM scFv and 0.4% =+ 0.04% for untargeted control scFv),
such that measurement of later time points was not felt to be jus-
tified. In contrast, lung levels of targeted mAb declined slowly.

At 2 hours post-injection, 60.1% + 2.1% and 37.3% + 2.8%
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of ID/g of alCAM and «PECAM mAb remained in the lung,
while 6-hour levels were 60.9% + 2.1% and 30.5% + 0.3%
ID/g, respectively. The net result was a marked difference in
the area under the curve (AUC;¢) of lung concentration vs time
(Figure 2E and Table S1) — 1698 + 352 vs 53.3 & 7.9 ID/g*hrs
for aICAM and 1023 + 507 vs 114 + 37 ID/g*hrs for tPECAM

(P < .01 for both comparisons).

33 | oICAM and «cPECAM mAb and scFv
have similarly low rates of internalization

An important consideration in interpreting radiotracing data is
the possibility of internalization of xICAM and cPECAM affin-
ity ligands, which could lead to an overestimation of cell surface
targeting. For two decades, the conventional wisdom has been
that endocytosis of ICAM-1 and PECAM-1 is quite limited fol-
lowing antibody binding, based on extensive in vitro and in vivo
data.'"*® More recent cell culture studies have refined this un-
derstanding, suggesting that endocytosis of PECAM-bound an-
tibodies may depend on their specific epitope,34 while ICAM-1
may repeatedly internalize bound antibodies and recycle them
to the surface.”” In contrast, both ICAM-1 and PECAM-1 are
known to rapidly internalize multi-avid species (eg, antibody
decorated nanocarriers), which induce clustering and distinct
endocytic pathways.34’36 Given this complexity, we felt it was
important to test endocytosis of the specific antibodies used
in our radiotracing experiments (clone YNI1 for cICAM and
clone 390 for tcPECAM, respectively) and to compare their rate
of internalization with that of monovalent scFv derivatives.’’
Supplemental Figure S3A,B show the results of quantitative ra-
dio-internalization assays, which were in line with previous data,
indicating fairly limited endocytosis of all surface bound affinity
ligands (<20% internalized within 1 hour).

3.4 | Both circulation time and binding
characteristics contribute to differences in
tissue PK of mADb vs. scFv

We next sought to determine the factors responsible for the
marked difference in lung retention time of alCAM and
oPECAM mAb vs scFv. While blood PK seemed a likely
contributor, we also considered differences in binding pa-
rameters and sought to evaluate these using surface plasmon
resonance (SPR). As shown in Figure 3A-D, SPR measure-
ments of equilibrium binding affinity for mAb and scFv were
similar to those derived from RIAs. SPR, however, also dem-
onstrated differences in binding kinetics, particularly disso-
ciation rate (k.g), including a 40-fold difference in alCAM
mADb vs scFv (Figure 3E-F). This observation was of particu-
lar interest, given the prominent role of kg in determining the
length of target engagement.
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A semi-physiologically based pharmacokinetic (PBPK)
model was constructed (Figure S4), using RIAs, SPR, in-
ternalization, and biodistribution data to drive parameter
estimates for nonspecific (IgG, untargeted scFv) and tar-
get-mediated (alCAM and aPECAM mAb) disposition pro-
cesses. Since the lung receives the entire cardiac output, lung
blood flow was set equal to cardiac output, with the latter
derived from widely cited datasets describing physiologic
parameters of laboratory mice.***" We sought to minimize
the number of fitted parameters, particularly for targeted
constructs, in order to improve the predictive capacity of the
model. As such, we first fit the model to data for untargeted
constructs (Figure S5) to gain an estimate of differences in
nonspecific PK processes between constructs. We then fit
dose-ranging PK data for mAbs similar to reports available
in the literature.® Because this approach was able to (1)
describe mAb data for both targets (Figure S6), with good
confidence in parameters, we then validated the model by ap-
plying it to simulate blood and tissue concentration vs. time
curves for alCAM and aPECAM scFvs and found that these
closely matched experimental data (Figure S7). The fact that
the model could predict differences in PK between mAb and
scFv strongly supported the notion that the model and its un-
derlying assumptions were relatively reflective of the in vivo
situation.

Having established the validity of the model, a vari-
ety of simulations were performed to evaluate the relative
contributions of blood PK and binding parameters (af-
finity and kinetics) to the in vivo behavior of the affinity
ligands. Specifically, the binding of scFv and mAb were
matched with the circulation time of the other entity (ie,
scFv binding with mAb circulation time and vice versa)
and input into the model to predict lung concentration vs.
time AUC. This “crossmatching” of input variables led to
predicted AUCs that were intermediate to the experimen-
tally observed values (Figure 3G-H). In the case of cICAM
affinity ligands, these parameters appeared roughly equal
in importance, whereas for aPECAM, circulation time of
mAD seemed to contribute more than binding characteris-
tics. For both antigens, however, the results indicated that
a single process could not account for the experimentally
observed differences between scFv and mAb, thereby im-
plicating both variables as important contributors to endo-
thelial surface targeting.

3.5 | oICAM and aPECAM mAb and
scFv differ markedly in endothelial surface
delivery of TM

We next sought to determine the ability of each affinity ligand
to deliver thrombomodulin (TM) to the endothelial surface.
While past reports have utilized recombinant scFv/TM fusion
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proteins to achieve this goal, here we produced 1:1 covalent
TM conjugates to allow equal comparison of mAb and scFv
(Figure 4A,B). Conjugation also allowed for radiolabeling of
sTM prior to attachment to affinity ligands, ensuring radi-
otracing of the cargo protein and preventing any effect of the
radiolabeling procedure on affinity ligand binding. Sortase
was used to site-specifically modify sTM at its C-terminus
(Figure S8A and B), eliminating potential for crosslinking
and ensuring equivalent orientation of the cargo protein. All
conjugates were evaluated with size exclusion HPLC and 1:1
species were selectively purified (Figure 3C,D and S8C). We
also confirmed the function of the cargo protein in each scFv-
TM and mAb-TM conjugate, measuring thrombin-dependent
activation of protein C (PC) following binding of the conju-
gates to cells expressing appropriate target antigen. As shown
in Figure S8D,E, all conjugates produced dose dependent in-
crease in APC generation.

Before measuring biodistribution, we first determined
the equilibrium binding affinity of scFv-TM and mAb-TM

conjugates (Figure 4E.F). End-to-end scFv-TM conjugates
had largely unaffected affinities (ie, Kd’s similar to the iso-
lated affinity ligands). In contrast, the affinities of mAb-TM
conjugates, which were heterogeneous in their site of TM at-
tachment to antibody, were less predictable. tPECAM mAb
was largely unaffected by TM conjugation (Kd of ~ 4nM
for both mAb and mAb-TM), while «ICAM mAb was sig-
nificantly compromised (Kd of 0.12 vs 12 nM for mAb and
mAb-TM, respectively, Table S2).

To assess the biodistribution and PK of scFv-TM and
mAb-TM conjugates, mice were given a single intravenous
injection of 125I—sTM-conjugatcs, normalizing each dose to
fixed amount of sTM cargo (3 ug per mouse). scFv-TM con-
jugates had limited circulation time (Figure 5A,C), although
unlike isolated scFv, the kidney was not the primary organ
of clearance (Figure 5D). Surprisingly, neither aICAM nor
oaPECAM scFv-TM conjugates effectively accumulated in
the lung at 30 minutes post-injection (Figure 5B,D), despite
affinity for their target antigens.
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Radiotracing of mAb-TM conjugates also produced un-
expected results. Similar to scFv-TM conjugates, but in stark
contrast to isolated mAbs, mAb-TM conjugates had limited
circulation time (Figure 5A,C). This applied even to untar-
geted IgG-TM, indicating that target-mediated disposition
was not the primary factor. The liver and spleen were the
dominant clearance organs for both targeted and untargeted
scFv-TM and mAb-TM, which closely matched the distribu-
tion of sTM alone (Figure 5D).

Unlike their scFv-TM counterparts, however, mAb-TM
conjugates both accumulated in the lung-66.6% + 11.1% for
oICAM and 46.7% + 14.2% for «PECAM (vs 2.7% + 0.5%
ID/g for IgG, P < .005)—and were retained for several hours.
Lung AUCs for mAb-TM conjugates were roughly an order
of magnitude lower than free antibodies, but far superior to
scFv-TM conjugates (AUC;; 141 + 3.2 vs 12.4 + 4.2 ID/
g*hrs for alCAM and 188 + 90 vs 34.7 + 19.9 ID/g*hrs for
oaPECAM mAD vs scFv, P < .005) (Figure 5C, and Table S3).

The semi-PBPK model was fit to obtain estimates of non-
specific disposition parameters for untargeted IgG-sTM and
scFv-sTM conjugates (Figure S9). Simulations of blood and
lung PK for mAb-sTM conjugates provided reasonable char-
acterization of observed data (Figure S10), while simulations
with scFv-sTM conjugates grossly overpredicted lung uptake
(Figure S11).

3.6 | End-to-end conjugation of
alCAM mAb to TM further improves lung
targeting and residence time

The superiority of mAb-TM vs. scFv-TM conjugates, in
spite of seemingly equivalent blood PK, further underscored
the importance of bivalent target engagement in determin-
ing the in vivo behavior of endothelial surface targeted pro-
tein therapeutics. We hypothesized that oriented, end-to-end
conjugation of TM to o«lCAM mAb might further improve
surface targeting, given the impact of TM conjugation on
the binding affinity of the NHS ester-modified antibody. To
accomplish this, we took advantage of a recently reported
modified aICAM antibody, mAb-ss, which was engineered
by CRISPR modification of the parental YN1 hybridoma to
insert a sortag and triple FLAG tag at the C-terminus of each
heavy chain.” Sortase-modification of mAb-ss with DBCO-
containing peptide and subsequent reaction with 125 Jabeled,
site-specifically modified sTM-azide resulted in C-terminus
to C-terminus conjugation (Figure 6A). As with previous con-
jugates, reaction mixtures were characterized by SEC HPLC,
which was used to selectively purify 1:1 species (Figure 6B).

Figure 6C,D compare the blood and lung biodistribution
of alCAM mAb-ss-TM vs. non-oriented mAb-TM follow-
ing intravenous injection of a single, equimolar dose. No
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FIGURE 6 End-to-end conjugation of alCAM mAb to TM further enhances delivery to vascular endothelium. A, Schematic showing

DBCO modification of ICAM mAb-ss, which contains a C-terminal sortag, and ‘end-to-end’ conjugation to sTM-azide, preserving bivalent
binding of the affinity ligand. B, SEC HPLC traces of unpurified mAb-ss-TM reaction mixture (blue) showing 1:1 and 1:2 products, as well as the
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significantly greater than non-oriented tICAM mAb-TM (¥*P < .05)

difference was seen in blood PK, but end-to-end conjugates
demonstrated superior lung biodistribution at 30 minutes
post-injection (93.6 + 8.9 vs 66.6% + 11.1%ID/g, P < .05),
as well as a nearly two-fold improvement in lung AUC,,,
(253 + 18 ID/g*hrs for alCAM mADb-ss-TM vs. 141 + 3.2
ID/g*hrs for non-oriented mAb-TM, P < .05, Figure 6F).
We again tested internalization to ensure that radiotracing
reflected surface targeting, this time using mAb-ss-TM and
a fluorescence-based assay on mouse endothelial cells. As
shown in Figure 5F, mAb-ss-TM conjugates showed sim-
ilar, low levels of internalization to free «tlICAM mAb and
non-oriented alCAM mAb-TM conjugates. A highly inter-
nalized, PVLAP-targeted conjugate was used as a positive
control (Figure 6E).

4 | DISCUSSION

At first glance, endothelial surface delivery appears to be one
of the simplest of all targeted pharmacologic strategies. ECs

form not only the largest cellular surface area in the human
body, but also a readily accessible membrane decorated with
surface molecules evolved to interact with circulating blood
components.*® Like other seemingly straightforward drug
delivery applications (eg, anti-neoplastic ADCs),** how-
ever, execution has proven more challenging than initially
expected. Some EC surface targets, like the receptors for
transferrin and insulin, are poorly suited for surface anchor-
ing, as their biologic functions necessitate rapid internaliza-
tion in response to binding.*! Others, like the cell adhesion
molecules, are appropriate for mono- or bivalent affinity
ligands, but initiate endocytic pathways upon engagement
by multi-avid nanoparticles and large, cross-linked protein
conjugates.*' Beyond these biological hurdles, relatively lit-
tle is known about the optimal characteristics of affinity li-
gands meant for sustained surface localization, or how these
properties (eg, binding affinity, circulation time) may be af-
fected by attachment of protein cargo.42 While long-circu-
lating antibodies given at a saturating dose have been used
to induce prolonged blockade of endothelial surface targets
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like ICAM-1 and P—selectin,“'45 the best means of achieving
sustained surface display of protein cargo remains unknown.

These issues are of particular interest given substantial
preclinical data suggesting the utility of anchoring biother-
apeutics to endothelial surfaces.'"'*1819-30447 preliminary
studies have mostly used monovalent scFv fusion proteins,
favored based on their minimal rate of internalization and
uniform molecular conformation. Examples of cargo suc-
cessfully delivered via scFv fusion protein include sin-
gle-chain urokinase-type plasminogen activator (scuPA), the
first recombinant protein to be fused to anti-PECAM scFv.*
Intravenous injection of this therapeutic was shown to prevent
occlusive thrombosis in both lung and brain vasculature, al-
beit only when administered immediately prior to thrombotic
challenge.48 Neither the PK nor the therapeutic window were
fully evaluated and the approach has been largely supplanted
by efforts to target erythrocytes and platelets as circulating
carriers for fibrinolytics.*’”® Interestingly, endogenously
produced tissue plasminogen activator (tPA) has since been
shown to assemble on the luminal membrane following se-
cretion by ECs and this localization seems to be important
in generating effective clot lysis.”' It remains an intriguing
and unaddressed question if targeting recombinant tPA to the
local endothelial surface is possible in the presence of occlu-
sive clot and if this strategy could be a viable alternative to
local (ie, catheter-mediated) delivery of tPA.

The best studied cargo for endothelial surface delivery,
however, is thrombomodulin, the key membrane-bound com-
ponent of the protein C pathway. Together with its surface
partner, EPCR, TM accelerates thrombin-dependent activa-
tion of protein C and contributes to nearly all homeostatic
functions of the vascular endothelium. Indeed, its disappear-
ance from the luminal membrane in the presence of stasis,
inflammation, and oxidative stress seems to be a bellwether
of change from healthy endothelium to the leaky, pro adhe-
sive, and prothrombotic phenotype characteristic of diseased
tissue. Delivery of recombinant sTM to the endothelial sur-
face has been accomplished via scFv to both PECAM and
ICAM,M’”’IS’52 although the subcellular localization of the
latter has been found to produce superior partnering with
EPCR and enhanced functional activity. The ability of CAM-
anchored TM to reverse endothelial dysfunction has been
tested in a variety of settings—most recently in a human whole
blood microfluidic model, where it was found to restore the
antithrombotic phenotype of cytokine-activated endothelial
monolayers. 19

The current manuscript not only provides answers re-
garding the optimal means of endothelial surface delivery
of TM, but also some insights into factors which contrib-
ute to targeting and sustained surface localization. First of
all, our biodistribution data indicate that both mono- and
bivalent affinity ligands are capable of robust targeting
to PECAM-1 and ICAM-1. While not entirely surprising
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given the availability and accessibility of these highly
expressed surface antigens, the near equivalence of mAb
and scFv lung concentration at 30 minutes post-injection—
despite at least an order of magnitude difference in their
K —suggests that equilibrium binding affinity may not be a
critical factor in determining biodistribution at early time
points (or at least that its impact is limited beyond a cer-
tain point). In contrast, the marked difference in scFv vs
mADb lung concentration over time (as quantified by the
AUC) indicates key differences in the ability of these af-
finity ligands to maintain surface localization. Given the
rapid renal filtration of scFv and prolonged FcRn-driven
circulation of full-length antibodies, it is tempting to attri-
bute these findings entirely to differences in blood PK. In
this line of thinking, both classes of affinity ligand would
readily bind their endothelial targets after injection, but
the blood concentration of scFv would rapidly drop below
levels needed to sustain target engagement, whereas mAb
would reach a stable equilibrium between bound and circu-
lating forms.

While plausible, this simplified analysis fails to incor-
porate the full range of properties of affinity ligand and
target (eg, binding affinity, kinetics, expression, and inter-
nalization), or the multitude of physiologic processes (eg,
blood flow rates, organ volumes) relevant to biodistribu-
tion. Indeed, relatively few efforts have been made to de-
velop mechanistic understanding of the PK of endothelial
surface targeting, despite significant work done on mod-
eling intracellular delivery >*° and transcytosis.’® To our
knowledge, the only example of a mechanistic model of
cell surface anchoring has been in the case of bispecific
T-cell engagers,57’5 8 making the PBPK approach described
here relatively unique. The potential value of the current
model is demonstrated by a series of simulations, in which
various characteristics of mAb and scFv are “swapped” to
determine their relative contribution to lung biodistribution
and PK. The results paint a more nuanced picture of the
in vivo behavior of these affinity ligands, in which both
circulation time and bivalent target engagement, with its
associated prolongation of dissociation kinetics, contribute
to surface retention. In addition to helping explain existing
data, the model suggests future experimental directions, in-
cluding construction of hybrid affinity ligands (eg, bivalent
scFv with no Fc fragment or, conversely, an scFv-Fc fusion
protein with just one binding arm) and affinity maturation
with selection for slow dissociation rates.

Biodistribution data from TM conjugates provide
some confirmation of accuracy and value of our PBPK
model. In particular, the fact that single injections of both
PECAM-1 and ICAM-1 targeted mAb-TM provide several
hours of lung endothelial surface targeting and that their
AUCs remain superior to those of corresponding scFv-TM,
despite blood PK being indistinguishable, supports the
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model-derived conclusion that bivalent target engagement
is a key contributor to prolonged surface localization. This
notion is further bolstered by the enhanced lung PK of
alCAM mAb-ss-TM, which differs only in its site-specific
attachment of the cargo at the site least likely to interfere
with bivalent binding. In spite of the predictions of our
model, we cannot completely exclude the possibility that
the Fc fragment, and not bivalent binding, is responsible
for some of the differences in in vivo behavior of mAb-TM
vs. scFv-TM conjugates. mAb-TM may interact with a va-
riety of non-endothelial cell types via Fc 1receptors,59 a fea-
ture not included in our model. Likewise, FcRn interaction
could play a role,% as it clearly does in the behavior of iso-
lated affinity ligands, although the similarity of the blood
PK of mAb-TM and scFv-TM would argue against this. As
mentioned above, definitive conclusions will require addi-
tional experimentation—for example, the synthesis and test-
ing of F(ab’),-TM conjugates.

It is also worth noting that the existing PBPK model is
not without limitations. Binding parameters derived from
in vitro experiments (SPR, RIAs) may not reflect the ki-
netics which occur in vivo. Likewise, our model does not
account for differences in expression or localization of cell
adhesion molecules in the endothelium of different organs
or in disease states. Similarly, our existing data and mod-
eling only apply to healthy mice and, given the desired
applications, it will be an important next step to character-
ize the blood and tissue PK of endothelial-surface targeted
therapeutics in relevant animal models of human disease.
Beyond organ distribution, the uptake of PECAM-1 and
particularly ICAM-1 targeted therapeutics by non-endo-
thelial cell types will also need to be carefully examined
in disease states. In addition, our existing model will need
to be modified to account for the apparent lack of endo-
thelial targeting of scFv-TM conjugates. While the precise
reasons remain unclear, the most likely explanation is that
conjugates with monovalent affinity ligands, despite hav-
ing preserved equilibrium binding affinity in vitro, engage
their surface targets so briefly and are cleared so quickly
in vivo that lung biodistribution cannot be distinguished
from background. This raises the interesting question
of why the TM conjugates (and sTM alone) are cleared
so rapidly. The pattern of clearance suggests active up-
take into the liver and likely excretion through bile into
the intestine. The data are in agreement with a previous
study that reported rapid clearance of 125]_]abeled mouse
lung thrombomodulin,*’ although they contradict studies
of ART123, recombinant human sTM made in Chinese
hamster ovary cells, which has been reported to circulate
for several hours in rat, monkey, and human, and which
appears to be excreted mainly via the kidneys in healthy
human volunteers.®’ Whether these inconsistencies are a
result of variability in species or related to differences in

recombinant protein production in mammalian vs. insect
cells is unknown.

In summary, we report the first systematic evaluation of
the blood and tissue PK of monovalent vs. bivalent endo-
thelial affinity ligands and the first exploration of factors
determining surface localization of an endothelial-targeted
protein therapeutic in vivo. Our results clearly favor ori-
ented attachment of recombinant mouse sTM to bivalent
affinity ligands and provide critical information regarding
dosing for future evaluation of pharmacodynamics and
efficacy in lung injury models. Of more general signifi-
cance, they provide a starting point and blueprint for stud-
ies aimed at improving PBPK modeling of endothelial cell
surface targeting.

5 | PHARMACOKINETIC
MODELING SECTION

5.1 | Supplemental methods

5.1.1 | Model structure

A semi-physiologically based pharmacokinetic (sPBPK)
model was developed to describe the in vivo behavior of
mAbs, scFvs, and conjugates with thrombomodulin (Figure
S1). In the model, the central volume of distribution was
linked to a physiologically structured lung compartment.
The model was parameterized using physiologically relevant
values for blood flow (Q,,,,,) and organ volume (V,,,.,,), as
described by Shah and Betts.* Lung was further sub-divided
into volumes representing the vascular space, endosomal
space of the vascular endothelium, and interstitial space
(Figure S4).

Drug was assumed to enter the lung from the central
compartment into the lung vascular space. From the vascu-
lar space, drug was assumed to be able to either: (1) leave
the tissue and return to the central compartment by the blood
flow rate, (2) directly move into the interstitial space via the
transendothelial flux rate (representative of diffusion and
convection), or (3) bind to target molecules accessible from
the vasculature.

Direct movement of drug into the interstitial space was
described by a single term (TER) representative of both con-
vection and diffusion and assumed to be directly proportional
to organ blood flow. Drug within the interstitial space was
assumed to leave the tissue via lymphatic drainage (L,,,,,) at
a rate directly proportional to tissue blood flow. Following
drainage into the lymphatics, it was assumed that drug would
return to the venous circulation at a rate consistent with the
tissue lymph flow.

Binding of antibody to target receptor was assumed to
occur via second-order association (k,,) and first-order
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dissociation (k) rate constants, with the equilibrium affinity
(Kp) being determined as the ratio of k,/k,,. Binding Kinetic
parameters were fixed to values obtained using surface plas-
mon resonance (SPR). Target expression (R,,,) was calculated
for the central and lung spaces (see Parameter Estimation)
and basal target turnover was described by first-order deg-
radation (k) and zero-order synthesis (k,,) rate constants,
with R, = kyy,/k4.,- The internalization rate of antibody-tar-
get complexes was estimated to be at a similar rate as free
target, based on model fitted values.

5.1.2 | Parameter estimation

Parameter relating to nonspecific (eg, nontarget-mediated)
disposition were obtained by fitting the model to blood and
lung concentration vs. time data obtained for pooled rat
IgG, untargeted scFv (R6.5), and conjugates. Parameters
related to target expression, target turnover, and mAb-
target complex internalization were obtained by fitting the
model to dose-escalation blood and lung concentration vs.
time data for ICAM- (YN1) and PECAM-targeted (390)
mAbs.

5.1.3 | Model predictions

The blood and tissue pharmacokinetics of targeted scFvs and
mAb conjugates were predicted by performing simulations,
with no additional fitting of parameters, using the estimated
parameters for untargeted molecules and those for target ex-
pression and interactions.

51.4 | Model evaluation

Simulations were performed using the final parameter esti-
mates in order to predict vascular concentrations (sum of free
and endothelial bound) of targeting ligand in the lung. These
values were then compared to in vitro dose-response curves
for Activated Protein C (APC) generation to make predic-
tions regarding potentially efficacious doses of conjugates
with soluble thrombomodulin (sTM).
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