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Abstract

Endothelial cells (EC) represent an important target for pharmacologic intervention, given their
central role in a wide variety of human pathophysiologic processes. Studies in lab animal species
have established that conjugation of drugs and carriers with antibodies directed to surface targets
like the Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1, a highly expressed endothelial
transmembrane protein) help to achieve specific therapeutic interventions in ECs. To translate such
“vascular immunotargeting” to clinical practice, it is necessary to replace antibodies by advanced
ligands that are more amenable to use in humans. We report the molecular design of a single chain
variable antibody fragment (scFv) that binds with high affinity to human PECAM-1 and cross-
reacts with its counterpart in rats and other animal species, allowing parallel testing /n vivoand in
human endothelial cells in microfluidic model. Site-specific modification of the scFv allows
conjugation of protein cargo and liposomes, enabling their endothelial targeting in these models.
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This study provides a template for molecular engineering of ligands, enabling studies of drug
targeting in animal species and subsequent use in humans.
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Introduction

The vascular endothelium has a variety of important physiologic roles, helping to control
vascular tone and permeability, limiting activation of the coagulation system, and regulating
the adhesion and infiltration of immune cells into tissue parenchyma[1-3]. Failure of these
anti-thrombotic, anti-inflammatory, and barrier-stabilizing mechanisms is a key part of the
pathophysiology of a number of human diseases, making endothelial cells (ECs) an
important potential target for pharmacologic intervention[4—6]. While only a minute fraction
of most drugs are taken up by ECs, several groups have developed strategies of “vascular
targeting”, in which affinity ligands are attached to drugs or drug carriers to enable effective
endothelial delivery[7-12].

Amongst the various classes of affinity ligands utilized to achieve vascular targeting,
monoclonal antibodies (mAbs) are by far the most popular and best studied. Antibodies are
robust molecules with high binding affinity, which is typically preserved even after
conjugation to nanoparticles or therapeutic cargo[13,14]. They have proven themselves in
the marketplace, accounting for billions of dollars in worldwide pharmaceutical sales[15].
Moreover, there is a large, pre-existing repertoire of hybridomas, including many that
produce antibodies with well-characterized and favorable functional activities (e.g., receptor
blockade, transcytosis, etc).

Despite their many advantages, antibodies have several features that complicate their use for
endothelial drug delivery. In addition to the antigen targeting domain (F4,), mAbs have an
effector domain (the fragment crystallizable, or F¢), which can bind complement and/or
various immune cells, inducing immune reactions or rapid clearance from the
circulation[16-18]. Furthermore, mAbs are typically produced in mammalian cell lines,
making protein expression relatively costly and complicating genetic manipulation for
affinity maturation or the introduction of site-specific modifications. The latter often
complicates attachment to cargo or drug carriers, necessitating the use of non-specific
chemical conjugation, which can compromise antigen binding or result in crosslinking and
the formation of large complexes[19].

Single-chain variable fragments (scFv) are antibody derivatives that represent an attractive
alternative to intact mAb[20]. Typically, scFv retain most of the positive characteristics of
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their parental immunoglobulin while eliminating Fc-mediated immune responses and
clearance mechanisms. Moreover, the recombinant construction of scFv and their expression
in microbial systems allows efficient scale up of production, straightforward introduction of
sequence modifications, direct fusion to therapeutic cargo, and the potential for affinity
maturation via display techniques[8,21-24].

From the standpoint of translational medicine, however, scFv and mAb share an important
limitation: species cross-reactivity is uncommon. In particular, the need to study therapeutics
in rodent models necessitates the creation of high affinity mouse or rat-specific antibodies,
which rarely recognize their human cognates. In the case of endothelial drug delivery, even
subtle differences in epitope may have significant effects on the pharmacokinetics, cellular
uptake, and functional properties of the targeting antibody[25-27]. As such, substitution of a
human-specific antibody can dramatically alter the characteristics of the drug delivery
system in ways that may be difficult prior to clinical testing.

We report here the development of an scFv derived from a rare antibody with both high
affinity and wide species cross-reactivity[28]. The novel scFv, like its parental mAb, is
specific for the Platelet Endothelial Cell Adhesion Molecule-1 (CD31/PECAM-1), a
transmembrane glycoprotein concentrated at endothelial cell-cell borders[29,30]. The high
level of PECAM-1 expression on endothelial cells (ECs) and its distribution across nearly all
vascular beds make it a prime target for endothelial drug delivery, especially in the setting of
acute inflammation, where its blockade has been shown to reduce neutrophil
transmigration[31]. To demonstrate the potential utility of the Ab62 scFv in the development
of translational nanomedicines, we introduce a site-specific modification, allowing oriented
attachment to protein cargo and liposomes, and show delivery to the pulmonary endothelium
in rats and binding to human endothelial cells in a microfluidic device perfused with whole
blood.

Materials & Methods

Ethics Statement

Cell lines

Animal studies were conducted following the Guide for the Care and Use of Laboratory
Animals as adopted by the NIH, under protocols 804858 AND 805013 approved by the
IACUC of the University of Pennsylvania.

The Ab62 hybridoma was a generous gift of Marian Nakada[28]. Human umbilical vein
endothelial cells (HUVECs) were purchased from Lonza (Walkersville, MD) and maintained
using EGM™-2 BulletKit™ (Lonza, Walkersville, MD). REN-hPECAM cells, which stably
express human PECAM-1[32] were maintained in RPMI-1640 (Life Technologies, Grand
Island, NY) supplemented with 10% (v/v) fetal bovine serum (FBS), 1X antibiotic-
antimycotic (Life Technologies, Grand Island, NY), and 200 pg/mL of Geneticin (Life
Technologies, Grand Island, NY).
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Antibodies and other reagents

Ab62 mAb was purified from hybridoma supernatant using Protein G Sepharose 4 Fast flow
(GE Healthcare Life Sciences, Pittsburgh, PA) per manufacturer protocol. FITC-conjugated
anti-FLAG (M2) and M2-agarose were purchased from Sigma Aldrich (St. Louis, MO).
Streptavidin (SA) was purchased from Calbiochem (Billerica, MA). Biotin ligase, Bir A,
was obtained from Avidity (Aurora, CO). Lipids including DPPC (1,2-dipalmitoyl-s/+
glycero-3-phosphocholine), PC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, PG
(1,2-di-O-tetradecyl-sn-glycero-3-phospho-(1’-rac-glycerol)), Liss Rhod PE (L-a-
Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl), and malemide PEG2qqo-
DSPE (1,2-distearoyl-srglycero-3-phosphoethanolamine-N-[maleimide(polyethylene
glycol)-2000] were purchased from Avanti Polar Lipids (Alabaster, AL). SATA (N-
succinimidyl-S-acetylthioacetate) was from Pierce Biotechnology (Rockford, IL).

Cloning of scFv Vy and V| cDNAs

Total cellular RNA was isolated from hybridoma cells using RNeasy kit (Qiagen, Valencia,
CA). Reverse transcription was performed using High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems, Foster City, CA). Vi and V| cDNAs were
generated using the Expand High Fidelity PCR system (Roche, Indianapolis, IN). Two set of
5’ primers were used for cloning of the light chain variable sequence: 1. FR1 primers
previously reported in the literature[33], and 2. a novel set of degenerate signal peptide (SP)
region primers.

Sequence Analysis

The abY'sis database was queried using available online search parameters, resulting in a text
file with 2676 light chain sequences[34]. A Python script was used to analyze this data,
eliminating incomplete and duplicate sequences and comparing the amino acid sequences at
the start of the SP and FR1 regions (Supplemental Document 1).

Assembly, Production, Purification, and Site-specific Biotinylation of Ab62 scFv

Ab62 Vi and V| cDNAs were assembled into an scFv construct (Figure 2), with the two
domains separated by a flexible (GGGGS)3 linker. A triple FLAG tag was included on the 3/
end for purification and detection purposes. Ab62 scFv was expressed in S2 insect cells and
purified using anti-FLAG resin. To allow site specific biotinylation of the Ab62 scFv, a
second construct was made, with an AviTag biotinylation cassette[35] inserted between an
(SSSG),AAA rigid linker and the triple FLAG tag (Figure 3). Biotinylation was performed
in vitro using recombinant biotin ligase, BirA, and the company provided protocol.
Biotinylated scFv was separated from free biotin by exhaustive dialysis.

Cell binding experiments

Cell based Enzyme-linked Immunosorbent Assays (ELISAs) were performed as previously
described[12]. Briefly, cells were grown to confluence in 96-well plates (BD Biosciences,
Franklin Lakes, NJ). Wells were pre-coated with 1% gelatin in experiments involving
endothelial cells. Cell monolayers were incubated for 2 hours with increasing concentration
of scFv in assay buffer (cell culture media with 5% FBS) at 4°C, to prevent internalization.
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Cells were washed twice with assay buffer and then incubated with anti-FLAG (M2)-HRP
for 1 hour at 4°C. After 3 additional washes, a phosphate buffered saline (PBS) solution
containing the enzyme substrate, o-phenylenediamine (OPD; Sigma-Aldrich, St. Louis,
MO), and hydrogen peroxide, was added. The reaction was quenched by the addition of 100
uL of 50% H»SO4. Absorbance readings at 490 nm (OD490) were performed on a
Multiskan FC Microplate reader (Thermofisher, Waltham, MA) at room temperature (RT).
The ELISA binding data were analyzed and binding parameters were determined using
Prism 6.0 (GraphPad, San Diego, CA) software.

Endothelial cell staining and immunofluorescence

For static cell staining experiments, HUVEC cell monolayers were grown in 8 well p-slides
(Ibidi, Verona, WI) coated with 1% gelatin. Cells were treated for 1 hour with EGM-2 media
supplemented with 3% BSA, to minimize nonspecific binding, and then stained with Ab62
scFv or mAb or Mec13 scFv (1 pg/mL) for 30 minutes at 37°C. Cells were washed with
EGM-2 media and then fixed for 10 minutes with a freshly prepared 1:1 mixture of
methanol and acetone. Fixed cells were washed 4 times with TBS and incubated with anti-
FLAG (M2)-FITC (Sigma-Aldrich, St. Louis, MO) at 10 pg/mL or Alexa Fluor 488-labeled
anti-mouse (Life Technologies, Grand Island, NY) at 1 pg/mL for 1 hour at RT. For
fluorescent nanocarrier experiments, cells were treated with scFv-decorated liposomes for
30 minutes at 37°C and then washed three times with EGM-2 medium, followed by fixation
with 2% paraformaldehyde for 10 minutes. In all experiments, fixed cells were washed three
times with PBS prior to addition of ProLong Gold Antifade reagent with DAPI (Life
Technologies, Grand Island, NY).

Radioiodination of proteins

Streptavidin (SA) was directly radioiodinated with [1251]Nal (Perkin Elmer, Waltham, MA)
and purified using Zeba desalting spin columns (ThermoScientific). Radiolabeling efficiency
was > 90% and free iodine was < 5% following purification.

Production and characterization of scFv-biotin-SA protein complexes

Site specifically biotinylated Ab62 and Mec13 scFv were combined with 125]-SA at a 10:1
molar excess, to drive the formation of multivalent complexes. Endothelial binding of scFv-
SA complexes was tested using confluent monolayers of HUVEC blocked with EGM-2
media supplemented with 3% BSA to minimize non-specific binding. Cells were incubated
with scFv-SA complexes for 30 minutes at 37°C. Following incubation, the cells were
washed three times and lysed using 1N NaOH with 0.5% Triton X-100. Radioactivity was
measured in cell lysate (“bound”) vs. supernatant and washes (“unbound™) using a WIZARD
Automatic Gamma Counter (Perkin Elmer, Waltham, MA). In all cases, > 95% of the input
radioactivity was recovered.

SA-Fluoroliposomes

Fluoroliposomes were prepared as previously described[11], modified to incorporate 1.25
mol% maleimide PEG,ggo-DSPE and 1 mol% fluorescent phospholipid. Liposomes were
extruded through 200 pm polycarbonate filters (Avanti Polar Lipids, Alabaster, AL) and
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measured for hydrodynamic diameter and particle distribution by dynamic light scattering
(Brookhaven Instruments, Holtsville, NY).

Streptavidin was attached to maleimide-functionalized fluoroliposomes by introduction of
sulfhydryls using SATA. A 6-fold excess of SATA was added for 30 minutes at RT to
achieve ~ 1 reactive group per SA molecule. SA-SATA was deprotected using
hydroxylamine (50 mM concentration) and added to fluoroliposomes at a concentration
calculated to conjugate approximately 250 SA molecules/liposome, assuming an efficiency
of 75-80%][11]. Unreacted components were removed at each step using Zeba desalting
columns (Thermo Scientific, Rockford, IL).

In vivo targeting of scFv-SA complexes and scFv-liposomes

Sprague Dawley rats (Charles River, Wilmington, MA) weighing 250g to 400g were
anesthetized with 2—2.5% isoflurane. For biodistribution experiments, 12°I-labeled Ab62 or
Mec13 scFv-biotin-1251-SA complexes were injected via jugular vein. One hour post
injection, blood was withdrawn from the inferior vena cava and animals were euthanized.
Organs, including lung, liver, kidney, spleen, heart, brain, and thyroid were harvested,
weighed, and gamma counted. In experiments involving scFv-decorated fluoroliposomes,
rats were euthanized 30 minutes after intravenous injection of nanoparticles. The pulmonary
vasculature was flushed with PBS to remove non-specifically bound particles and the lungs
were inflated with a 1:1 mixture of PBS and Tissue Tek O.C.T. compound (Sakura, Alphen
aan den Rijn, The Netherlands) prior to freezing and sectioning.

Microfluidic Experiments

Results

“Endothelialized” microfluidic chambers were prepared as previously described[36]. Briefly,
HUVECSs were seeded in a polydimethylsiloxane flow chamber coated with fibronectin and
grown until confluent. In some experiments, scFv-decorated SA-fluoroliposomes were
mixed with cell culture media. In other experiments, liposomes were mixed with whole
blood freshly collected from a volunteer in vacutainer tubes containing citrate and corn
trypsin inhibitor (Haematologic Technologies, Inc., Essex Junction, VVT). Both cell culture
and whole blood mixtures were perfused into the microfluidic chamber at fluid shear stress
of 5 dyne/cmZ. Following cessation of flow, cells were fixed with 1% paraformaldehyde and
washed prior to confocal imaging.

Amplification of Ab62 variable region cDNAs

Construction of scFv requires the identification of variable heavy chain (V) and light chain
(V) sequences from the parental hybridoma. The most commonly described method
involves PCR amplification of Vi and V. cDNAs using a single 3’ constant region primer
and a set of 5’ primers which anneal to the most commonly occurring sequences in the first
framework (FR1) region[33,37]. Several groups have reported difficulty using this method to
clone V|, due to the repeated amplification of myeloma-derived light chain
sequences[38,39]. The FR1 method also results in the incorporation of primer sequence at
the 5’ end of each variable domain, introducing amino acid substitutions which can
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compromise stability and/or antigen binding[40,41]. In an effort to circumvent both of these
issues, we utilized a novel set of degenerate primers homologous to the signal peptide region
of Vy and V|, and compared their performance to the traditional FR1 primers. Figure 1a
illustrates both strategies in schematic form, whereas Figure 1b shows DNA gels with the
PCR reactions done using each set of primers. For the FR1 approach, seven out of ten
reactions generated an appropriately sized amplicon, but sequencing revealed only the
previously reported, aberrantly rearranged light chain derived myeloma-derived and antigen-
specific cDNA, each band on the gel was purified and subcloned, with subsequent
sequencing of 10-20 clones. Despite this significant effort, no antigen-specific sequence was
identified. Instead, the vast majority of clones contained the Sp2/0 myeloma V|, whereas a
small minority contained truncated V| sequences or sequences with multiple in-frame stop
codons. In contrast, the eleven SP primer reactions produced six appropriately sized
amplicons, and sequencing of two of them yielded a novel, full-length cDNA that was
ultimately found to be the Ab62 V| . Indeed, the SP primers appeared to selectively amplify
either the Sp2/0 myeloma V| (MKV.SP1, SP2, SP4, and SP11) or the Ab62 V| (MKV.SP6
and SP9).

Analysis of Ab62 and myeloma light chain sequences

To understand why the two approaches produced such disparate results, we first compared
the sequences of the Ab62 and Sp2/0 myeloma light chains in the region recognized by the
FR1 primers. Figure 2 shows marked similarity, with 16 out of 21 nucleic acids and 5 out of
7 amino acids shared between the two sequences. Both show homology to primers MKV.B4
through B10 —i.e., the seven primers that generated appropriately sized PCR products
(Figure 1). This suggests that the myeloma and Ab62 light chains are similar enough in this
region that none of FR1 primers are capable of selectively amplifying the latter.
Interestingly, we had encountered similar issues amplifying V| cDNA from two other
hybridomas from which we recently cloned scFv’s. In each of those cases, protein
sequencing was used to identify a small portion of the antigen specific VL, with subsequent
design of oligonucleotide primers based on this amino acid sequence[12,27].

Our recurrent difficulties with amplification of myeloma sequences and reports of similar
problems in the literature prompted us to investigate the overall sequence diversity of light
chains in the FR1 region. To address this question, we queried the Abysis database, an
online resource which integrates immunoglobulin sequence data from the Kabat database,
the International Immunogenetics Information System (IMGT), and the Protein Databank
(PDB)[34]. Searching the database for all mouse kappa light chains with full length FR1
sequence information resulted in 2676 V| sequences (Supplemental Fig 1). After excluding
duplicates, we compared the initial 7 amino acids of FR1 (the region encoded by PCR
primers). The results shows that the sequence diversity is fairly limited — just 190 unique
heptapeptides account for all 2237 sequences, with 15 of these accounting for 1714, or just
over 76% of the light chains. Moreover, Figure 2 shows that the majority of these 15
sequences share significant homology with the Sp2/0 myeloma, the third most commonly
occurring sequence.
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A similar analysis was performed on the SP region, although fewer light chains in the
database have complete signal peptide information. The first 10 amino acids (the area
covered by the SP primers) of the SP region were analyzed for each of the 449 unique light
chains identified, resulting in 141 unique decapeptide sequences. In contrast to the FR1
region, the top 15 sequences account for only 51% of the light chains. Interestingly, the
Sp2/0 myeloma SP sequence again ranks as the third most common, although in this case, it
accounts for < 5% of the total sequences. More importantly, significantly less sequence
homology is present in this region, as compared to the start of the FR1 region. This is
particularly notable towards the end of the sequence, corresponding to the 3’ end of DNA
critical for annealing of PCR primers. Overall, this analysis supports our observations and
suggests that individual SP primers are more likely to selectively amplify either myeloma or
antigen-specific cDNAs than their FR1 counterparts.

Production and characterization of Ab62 scFv protein

Having successfully amplified VH and VL, the cDNAs were assembled into an scFv
construct (Figure 3a) with a C-terminal triple FLAG tag for purification of the protein
following production in S2 cells. A second construct was made, incorporating a 15-amino
acid AviTag cassette for site-specific, enzymatic biotinylation (see below). SDS-PAGE gel
electrophoresis of each protein demonstrates a single major band at the expected size (Figure
3b). The functional activity of the Ab62 scFv was first tested on REN-hPECAM cells, which
stably express human PECAM-1[32]. REN wild type cells were used as a control. As shown
in Figure 3c, high affinity binding was seen on REN-hPECAM cells, with little non-specific
binding on REN wild type cells. A similar cell-based ELISA was performed using primary
human endothelial cells (HUVECS), to confirm binding to endogenously expressed
PECAM-1. In these experiments, Ab62 scFv demonstrated sub-nanomolar affinity (EC50 =
0.69+0.23 nM based on three independent ELISAS), with a binding curve similar to its
parental mAb. Finally, we assessed the distribution of Ab62 scFv following binding to
HUVECs. As shown in Figure 3d, the pattern of staining matches the known distribution of
PECAM-1, which is concentrated at cell-cell borders, and is identical to that of the parental
antibody. Essentially no staining is seen with the control Mec13 scFv, which binds mouse
PECAM-1 but has no species cross-reactivity.

Site-specific modification and in vivo biodistribution in rats

Having established binding of the Ab62 scFv to human endothelial PECAM-1, our next goal
was to evaluate its species cross-reactivity — specifically, the ability to target the pulmonary
endothelium in rats. Prior experience in our laboratory suggested that monovalent binding to
PECAM-1, combined with the rapid clearance of isolated scFv, might severely limit
biodistribution to the lung. We hypothesized that increasing the size and avidity of the Ab62
scFv targeting moiety would enhance pulmonary endothelial delivery /in vivo. To test this
hypothesis, we constructed scFv-streptavidin (SA) complexes, making use of the AviTag
biotinylation cassette. In addition to its high efficiency, enzymatic biotinylation is site-
specific, preserving the scFv antigen binding site, and allows addition of only one biotin per
molecule (Figure 4a)[35]. The latter prevents crosslinking of streptavidin (SA) and
formation of large complexes. To ensure tracing of the cargo protein, streptavidin was
radiolabeled first and then complexed with either Ab62 or Mec13 scFv-biotin. Binding of
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the scFv-SA complexes was tested /n vitro using HUVECs (Figure 4b), followed by
intravenous injection in rats. As shown in Figure 4c, Ab62 scFv-biotin-SA complexes
selectively accumulate in the lung, as compared to Mec13 controls (3.70+0.39% vs.
0.46+0.05 ID/g). Both the lung biodistribution and the immunospecificity index were
significantly higher for the scFv-biotin-SA complexes than the radiolabeled scFv alone. In
addition to confirming the species cross-reactivity of Ab62 scFv, this result provided a first
assessment of its potential for targeting therapeutic proteins to the lung vasculature.

Ab62 scFv targeting of liposomes to human and rat endothelium

To further assess the translational potential of Ab62 scFv, we evaluated its capacity as a
targeting ligand on PEGylated liposomes — well characterized, uniform, and biocompatible
nanocarriers successfully used to deliver antioxidant enzymes, antithrombotic agents, and a
wide variety of other cargoes to therapeutic sites in animal models of cardiovascular
disease[42—-44]. Fluorescent SA-liposomes were decorated with Ab62 or Mec13 scFv-biotin
and bound to HUVECSs under static conditions (Supplemental Fig 2). The pattern of staining
in Ab62 scFv liposome treated cells suggests endosomal uptake, consistent with previous
reports that nanoparticles bearing multiple anti-PECAM antibodies trigger a non-canonical
vesicular uptake pathway[25,45]. The present results suggest that multivalent binding by
Ab62 scFv-decorated nanocarriers also induces endocytosis.

We next studied binding of scFv-decorated liposomes to ECs under flow. HUVECs were
grown in a continuous 360° monolayer in a fibronectin-coated microfluidic chamber.
Liposomes dispersed in cell culture medium were flowed into the chamber at a rate
calculated to produce a constant shear stress of 5 dynes/cm?, roughly equivalent to the
conditions in pulmonary capillaries and post-capillary venules. Video 1 shows a typical
experiment in time-lapse format (each frame represents 15 seconds), with two side-by-side
chambers to allow direct comparison of Ab62 and Mec13 scFv-liposomes. The former
accumulate rapidly on the endothelial monolayer (top chamber), whereas the latter show
minimal binding (bottom panel). To better simulate physiological conditions, we conducted
a series of experiments in which liposomes were added to anti-coagulated whole blood,
which was immediately perfused into the microfluidic chamber. Again, the flow rate was
adjusted to maintain a constant shear stress of 5 dynes/cm?. In this case, binding of
nanoparticles was difficult to visualize in real time due to signal attenuation by the blood
cells (Video 2 and 3). After flushing the channel with saline, however, adherent and
internalized liposomes were apparent (Figure 5). Projected z-stacks of the bottom half of the
channel (Figure 5a) show a clear difference in the overall binding of Ab62 scFv-targeted and
Mec13 scFv-control liposomes. Figure 5b shows 3-D reconstructions of confocal images
from Ab62 scFv-liposome treated channels and demonstrates the same perinuclear staining
pattern seen in Supplemental Figure 2, again suggesting endosomal uptake of the multivalent
PECAM-targeted nanocarriers.

Finally, we tested targeting of scFv-decorated liposomes to the lung endothelium 7n vivo.
Figure 6 shows staining of the pulmonary capillaries in rats injected with Ab62 scFv-
liposomes, whereas no fluorescence is seen in animals receiving control liposomes. The
diffuse pattern of staining is distinct from what has been observed with other types of
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fluorescent nanoparticles, e.g., antibody-coated polystyrene beads[45]. It is possible that this
reflects the diffusion of fluorescent lipid throughout the EC membrane, but this interesting
observation clearly merits further investigation.

Discussion

The endothelium, the cellular interface regulating interactions between blood and tissues, is
a critically important target for therapeutic interventions in a wide variety of acute
cardiovascular and inflammatory diseases. Vascular immunotargeting is a pharmacologic
strategy to direct delivery of drugs to the endothelium and, in some cases, to further control
their therapeutic effect via precise localization within or around these cells. Several
promising endothelial targets have been explored, including PECAM-1 and other cell
adhesion molecules, angiotensin converting enzyme, and caveolar proteins such as
aminopeptidase P and the plasmalemma vesicle associated protein (PLVAP or PV-1)
[7,9,26,46,47]. Drug delivery systems targeted to these and other determinants have enabled
significant improvement of therapeutic interventions in numerous animal models of human
diseases, but translation to the clinical domain has been lacking. Amongst other challenges,
efforts have been hampered by a lack of affinity ligands that react across multiple species.
Emerging evidence that antibody epitope is an important determinant of drug carrier
accessibility, cellular uptake, and recycling, has further complicated this issue[25,26,36]. In
this light, simple substitution of an anti-human antibody specific for the equivalent target
protein may not be a viable strategy for translation.

This study reports several relevant and critical results to the field of vascular
immunotargeting. First, we reintroduce a method for cloning Vi and V| cDNAs from
hybridoma cells, highlighting a previously unrecognized advantage of this approach in the
creation of scFv and other recombinant antibody derivatives. SP primers have been reported
previously, amongst the earliest methods described for PCR-based cloning of variable
regions[48,49]. In these early reports, however, the signal peptide, or “leader sequence”, was
singled out not because of its ability to selectively amplify antigen specific cDNAs, but
because of its relatively conserved sequence, which led to speculation that it might allow
creation of a universal degenerate PCR primer capable of amplifying any variable region
cDNA[50]. Potential interference by myeloma sequences, however, was not mentioned and,
in fact, the primers were reportedly mixed together and run in a single PCR reaction, such
that the product presumably contained a mixture of a number of different sequences.

Since the publication of the original reports of SP primers, FR1 primer sets have become the
mainstay of variable region cloning and the existence of multiple distinct heavy and light
chain transcripts within a single hybridoma clone has been identified as a significant
challenge[33,39]. Of note, these transcripts exist even in hybridomas where the tumor cell
fusion partner (e.g., the Sp2/0 myeloma) has been selected to make no immunoglobulin[51].
One review cites the existence of as many as nine different \V/|_sequences in a single
hybridoma and notes that pseudogenes containing internal stop codons, such as the Sp2/0
transcript, “may represent the most abundant PCR product in some cases”[33]. Data from
the current study certainly supports this notion, as the majority of our PCR reactions yielded
the Sp2/0-derived variable light chain upon sequencing (Figure 1). While it is likely that at
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least some of these PCR products were mixtures of Sp2/0 and Ab62 cDNAS, our results
suggest a significant excess of myeloma-derived sequence, leaving us with the unappetizing
option of “trial-and-error” modulation of PCR parameters in an effort to increase the relative
amplification of antigen-specific cDNA, or the equally unpalatable brute force sequencing of
hundreds of clones.

A number of different techniques have been developed to deal with this situation. Several of
these involve destruction of myeloma mRNA, e.g. via RNase H digestion or ribozyme
cleavage, whereas others involve “clamping” of the undesired cDNA to prevent its
amplification[39,52,53]. Other techniques use high-throughput screening methods such as
PCR or cell free expression systems to rapidly separate clones incorporating myeloma
sequence from those conferring antigen specificity[38,52]. Still other methods circumvent
the entire process of annealing primers to the V-region, using techniques such as inverted
PCR or the so-called “Rapid Amplification of cDNA ends”, or RACE technique[54,55].
Finally, our group and others have made use of protein sequencing of the parental mAb, with
subsequent design of selective oligonucleotide primers based on this amino acid
sequence[12,27]. While each of these techniques has been successfully reported as a means
of identifying Vi and V| cDNAs, they are all potentially time consuming, labor intensive,
and fraught with technical difficulties.

In contrast, we report here that SP primers may offer a straightforward and simple means for
selectively amplifying antigen-specific cDNA, at least for mouse-derived mAbs. The
sequence analysis in Figure 2 suggests that the majority of mouse kappa monoclonal
antibodies will share little homology in the SP region with the Sp2/0 myeloma transcript,
found not only in hybridomas generated using this fusion partner, but also MOPC-21 and
P3-X63-Ag8.653-derived cell lines. In this case, creation of an scFv becomes a relatively
straightforward and rapid process, achievable not only in specialized antibody engineering
laboratories, but also those primarily focused on the design and testing of drug delivery
systems. Beyond the speed and ease of this process, the SP primers have another significant
advantage, that being the identification of full-length cDNAs, without the incorporation of
primer sequence. While this is infrequently discussed in the literature, many reported scFv
sequences obtained with FR1 primers have amino acid substitutions at the start of both
heavy and light chain variable regions. Reports exist in the literature of both decreased
stability and complete loss of antigen binding due to FR1 substitutions[40,41].

Apart from the techniques used in cloning, the current study is significant in demonstrating
the potential of Ab62 scFv as a translational affinity ligand for endothelial drug delivery.
Our results indicate that the scFv functions similarly to its parental immunoglobulin, with
nearly equivalent binding affinity and distribution on human endothelial cells. Likewise,
when the scFv is assembled on a liposomal drug carrier, it demonstrates behavior
characteristic of anti-PECAM-1 antibody decorated nanoparticles: namely, targeted delivery
to the pulmonary vasculature in animals and endosomal uptake by endothelial cells under
flow. One caveat with regards to our current approach is the use of biotin-streptavidin as a
means of attaching scFv to protein cargo and drug carrier. To be fully translational, future
systems will require covalent attachment of scFv, ideally without sacrificing the site-specific
and directionally oriented approach utilized here. This limitation aside, our results support

J Control Release. Author manuscript; available in PMC 2017 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Greineder et al.

Page 12

ADb62 scFv as a valuable affinity ligand, which will allow study of pharmacokinetics,
therapeutic efficacy, and toxicity in rat models of lung disease, with the potential for
straightforward translation to large animals and the clinical domain. The identification of
similar species cross-reactive endothelial targeting ligands should be a priority.

Conclusion

In this study we report the engineering of a high affinity scFv that binds human PECAM-1
and cross reacts with the analogous endothelial cell adhesion molecule in rats. We modify
this recombinant affinity ligand site-specifically, allowing oriented attachment to protein
cargo and liposomal drug carriers. We demonstrate endothelial targeting /77 vivo in rodents
and in a microfluidic model of a perfused human capillary. Our approach provides a
template for the generation of translational affinity ligands with potential application to a
wide variety of advanced drug delivery systems.
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Figure 1.
PCR amplication of Ab62 V and V| cDNAs. (a) Schematic comparing use of traditional

(FRY) vs. signal peptide (SP) primer sets. SP primers amplify full-length cDNA, without
incorporation of primer-derived sequence, which can introduce amino acid substitutions at
the N terminus of the FR1 region. (b) DNA gels comparing V| cDNAs amplified using FR1
vs. SP primer sets. Sequencing of each appropriately sized amplicon revealed an additional
advantage of the SP primers — selective amplification of the Ab62 anti-PECAM V|_ by
primers MKV.SP6 and SP9.
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(S eS| e i sy
GACATCARGATGACCCAGTICT Ab62 V, DIKMTQS g i 3 ; : g : igi i;:
GACATTGTGCTGACACAGTCT Sp2/0OmyelomaV, D I VL T Q S MIvLToS] iai o
DIQLTOQS 169 7.6
DVVMTOQT 163 7.3
GATGTTTTGATGACCCAAACT MKV.B1 DVLMTOQT DIQMTOS 155 6.9
GATATTGTGATGACGCAGGCT MKV.B2 DIVMTOARA DVLMTOT 115 5.1
GATATTGTGATAACCCAG MKV.B3 DIVITOQ DIQMTOQT 107 4.8
GACATTGTGCTGACCCAATCT MKV.B4 DIVLTOS DIELTOQS 64 2.9
GACATTGTGATGACCCAGTCT MKV.B5 DIVMTOS ELVMTQS 51 2.3
GATATTGTGCTAACTCAGTCT MKV.B6 DIVLTOQS DIVMSOQOS 50 2.2
GATATCCAGATGACACAGACT MKV.B7 DIQMTOQT EIVLTOS 49 2.2
GACATCCAGCTGACTCAGTCT MKV.B8 DIQLTQS |ED : : ;‘ : g g | :i i:
CAAATTGTTCTCACCCAGTCT MKV.B9 QIVLTQOQS DIVMTOQA 17 1.7
GACATTCTGATGACCCAGTCT MKV.B10 DILMTOQS 1714 76.6

S
Myeloma V, M ETODTTULTULTLWV MDFQVOQIFSF 67 14.9
MKLPVRLLVL 67 14.9
[METDTLLLGWYV| 20 4.5
MMSSAQFLGL 9 2.0
MKV.SP1 M KL PV RULILUVL MSVPTQVLGL 9 2.0
MKV.5P2 M Es/TD T L L L W MDSQAQVLML 7 1.6
MKV.5P3 M S VLTGQUVTLG MDMRAPAOQIF 7 1.6
MKV.SP4 M R PLL ST F G METDTILLWYV 7 1.6
MKV.SP5 M D F Q CRTF S A MVFTPQILGL 7 1.6
MKV.SP6 M R C/FL/PA/V Q F/L L, G MMSPAQFLFL 6 1.3
MKV.SP7 M GF/IK M E S HQ Z L/Q MESQTQVLMF 5 1.1
MKV.SP8 M W GIiUTe/f F T F S I MRCLAEFLGUL 5 1.1
MKV.SP9 M V S s/TA/P Q F L MKSOQTQVFIF 5 1.1
paleedt U EF EE L E D S MSVLTQVLAL 5 1.1
METHSQVFVY 5 1.1
MKV.SP11 M EAPCSASL 231 51.4

Figure 2.

(a) Comparison of Ab62 and myeloma V| sequences in the region covered by the FR1
primers. Significant homology is seen, particularly at the 3’ end of the nucleic acid sequence,
where the strength of primer annealing is largely determined. Right hand panel shows
analysis of 2237 light chain sequences from the abY'sis database[34]. The 15 most common
7-amino acid FR1 sequences are shown. Significant homology between these sequences
explains why repeated amplification of the Sp2/0 myeloma transcript is frequently a
problem. (b) Similar analysis of the SP region shows substantially greater variation in the
amino acid sequences encoded by the 11 SP primers. While the SP sequence of the Ab62 V|
is not known, its selective amplification by MKV.SP6 and SP9 suggests that it has greater
homology to those primers. Degeneracy in the SP primers results in ambiguous amino acids
at some positions, as shown. Analysis of 449 sequences from abYsis database also shows
less homology in SP region, suggesting that SP primers will frequently be capable of
selective amplification of antigen-specific cDNA.
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Figure 3. Assembly of Ab62 scFv and validation of human PECAM-1 binding in vitro
(@) Molecular assembly of Vi and V| sequences into scFv construct, with and without

AviTag biotinylation cassette. (b) SDS-PAGE gel electrophoresis of purified Ab62 scFv and
scFv-AviTag. (c) Cell based ELISA demonstrates specific binding of Ab62 scFv to human
PECAM expressing REN cells (REN-hPECAM), with no binding observed to wild type
REN cells. (d) Ab62 scFv binds to primary human endothelial cells (HUVECSs) with affinity
similar to that of the parental antibody. Each ELISA experiment was done in triplicate (i.e.,
each point shown represents three wells), with SD shown. The ECgq of the Ab62 scFv
ELISA was calculated based on three independent experiments — a representative binding
curve is shown. () Immunofluorescence images demonstrate expected localization of Ab62
scFv to endothelial cell-cell borders, characteristic of PECAM-1 and analogous to the
pattern of staining seen with parental Ab62 mAb. No staining is seen with anti-mouse
PECAM-1 Mec13 scFv.
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Figure 4. Validation of Ab62 scFv species cross-reactivity and binding in vivo
(a) Enzymatic biotinylation of Ab62 scFv modifies the protein site-specifically, preserving

the antigen binding site. (b) Ab62-biotin-1251-SA (i.e., complexes of Ab62 scFv-biotin

with 125]-labeled streptavidin) bound human ECs /n vitro and (c) to rat lung endothelium /n
vivo. Mec13-biotin-1251-SA complexes were used as controls. N = 4 rats for each group,
with data shown as mean + SD. ™ indicates statistical significance (p < 0.001). Inset figure
shows the lung immunospecificity index, calculated as the ratio of %ID/g of targeted (Ab62)
vs. nontargeted (Mec13) SA-complexes, normalized to blood levels.
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Figure 5. Microfluidic testing of anti-PECAM scFv liposomes
scFv-biotin decorated SA-fluoroliposomes were mixed with human whole blood and infused

in a fully endothelialized microfluidic device at a flow rate calculated to produce shear stress
(5 dynes/cm?) typical of capillaries and post-capillary venules. (a) Projected confocal stacks
show that Ab62 scFv, but not Mec13 scFv, liposomes bound to HUVEC. (b) 3D
reconstruction reveals punctate, perinuclear localization, suggesting endosomal uptake of the
fluoroliposomes.
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Figure 6. Localization of Ab62 scFv-fluoroliposomes in rat lung
Rats were injected with (a) Ab62 scFv-decorated liposomes, or (b) control liposomes. 30

minutes later, the pulmonary vasculature was flushed with saline and lungs were inflated and
frozen. Fluorescence imaging was performed on 5um frozen sections.
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