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m Carriage of drugs by red blood cells (RBCs) modulates pharmacokinetics, pharmacodynamics,
and immunogenicity. However, optimal targets for attaching therapeutics to human RBCs
* Thrombomodulin was
fused to scFvs target-
ing RhCE (Rh17 epi-
tope) and band 3/GPA
(Wr° epitope).

and adverse effects have not been studied. We engineered nonhuman-primate single-chain
antibody fragments (scFvs) directed to human RBCs and fused scFvs with human
thrombomodulin (hTM) as a representative biotherapeutic cargo (hnTM-scFv). Binding fusions
to RBCs on band 3/glycophorin A (GPA; Wright b [Wr”] epitope) and RhCE (Rh17/Hr0
epitope) similarly endowed RBCs with hTM activity, but differed in their effects on RBC
physiology. scFv and hTM-scFv targeted to band 3/GPA increased membrane rigidity and
sensitized RBCs to hemolysis induced by mechanical stress, while reducing sensitivity to
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hypo-osmotic hemolysis. Similar properties were seen for other ligands bound to GPA and
band 3 on human and murine RBCs. In contrast, binding of scFv or hTM-scFv to RhCE did
not alter deformability or sensitivity to mechanical and osmotic stress at similar copy
numbers bound per RBCs. Contrasting responses were also seen for immunoglobulin G
antibodies against band 3, GPA, and RhCE. RBC-bound hTM-scFv generated activated protein
C (APQ) in the presence of thrombin, but RhCE-targeted hTM-scFv demonstrated greater
APC generation per bound copy. Both WrP- and RhCE-targeted fusion proteins inhibited
fibrin deposition induced by tumor necrosis factor-« in an endothelialized microfluidic
model using human whole blood. RhCE-bound hTM-scFv more effectively reduced platelet
and leukocyte adhesion, whereas anti-Wr” scFv appeared to promote platelet adhesion.
These data provide a translational framework for the development of engineered affinity
ligands to safely couple therapeutics to human RBCs.

Introduction

Drug delivery by red blood cells (RBCs) was envisioned decades ago'™® and the field has seen

substantial growth,“'6 spurred by advances in drug loading within cells,”® approaches to coupling to
the cell surface,'® new technologies for genetic manipulation,’ and clinical successes in cellular
therapeutics overall.'? Delivery by carrier RBCs enhances pharmacokinetics and, in some cases, the
pharmacodynamics of the loaded agents. Furthermore, recent reports that RBCs can modulate
immunogenicity, even inducing tolerance, expand the potential applications of RBC delivery.'®'® RBC-
encapsulated agents, including dexamethasone and L-asparaginase, have entered clinical trials.

Surface coupling may offer advantages with respect to clinical translatability, manufacturing, and
biocompatibility.'® Animal studies demonstrated highly desirable features of surface-coupled antithrombotic
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and anti-inflammatory agents."®'”2° For example, coupling of
thrombomodulin (TM) to murine RBCs improves its efficacy in
thrombotic,?® inflammatory, and ischemia-reperfusion injuries.?' Pre-
vious reports have generally used fusion proteins, antibodies, and
peptides to couple therapeutics to the surface of murine and porcine,
but not human, RBCs. Coupling to murine RBCs is typically
accomplished by derivatives of Ter119, an antibody to an epitope
associated with glycophorin A (GPA),?? or with ERY1 peptide, whose
putative target is GPA.'® Although no overt adverse effects on RBCs
have been noted when using these ligands,?® the effects of their
binding to murine RBCs have not been characterized extensively.

RBC ligands, even monovalent, specifically targeted to GPA and
band 3, have the potential to cause undesirable alterations of RBC,
including changes in deformability,?*® exposure of phosphatidyl-
serine (PS),2° and generation of reactive oxygen species (ROS).%°
Although antibodies to GPA and band 3 generally reduce
membrane deformability, in early studies of the membrane deform-
ability of antibody-coated RBCs, others observed that for some
antigens, nonspherocytic antibody-sensitized RBCs could maintain
normal deformability.>' Membrane effects vary even among
epitopes within the same target protein. Surface proteins may have
important intrinsic roles that could be disrupted by ligand binding,
such as GPA interaction with neutrophils to promote quiescence>?
or ion transport by band 3.2 It is critical to examine untoward
effects to identify optimal RBC targets. The ideal target should
be erythroid specific, present in sufficient copy number for its
therapeutic intent, be widely distributed among human populations,
and for most applications, not compromise RBC biocompatibility.
Importantly, expression of 3 blood group systems is largely confined
to erythropoiesis, GPA (MNS system), band 3 (Diego system), and
Rhesus family members (RhCE and RhD; Rh system).®*

To address these questions, we identified single-chain antibody
fragments (scFvs) against epitopes on band 3/GPA protein
complexes (Wright b [Wr]) and RhCE protein (Rh17/Hrp) on
human erythrocytes using antibody phage-display libraries prepared
from immunized cynomolgus macaques (Macaca fascicularis). Both
antigens are present on RBCs from nearly 100% of the population
and are considered erythroid specific.>>%® Although targeting Wr°
can induce rigidity,?® ligands to RhCE determinants have not been
extensively characterized on human RBCs with respect to effects on
red cell physiology. These antibodies were fused to the extracellular
domain of human TM (hTM-scFv) to produce a multifaceted
thromboprophylactic agent.>® We characterized the binding of the
scFv and hTM-scFv and compared how both affected several
clinically relevant aspects of human RBC physiology, including
osmotic resistance, mechanical strength, deformability under flow,
and exposure of surface PS. The efficacy of these human RBC-
coupled TMs was compared using a whole-blood, microfluidic model
of inflammatory thrombosis recently described by our group.®”

Materials and methods
Red blood cells

Human whole blood was obtained from healthy volunteer donors.
All studies involving human subjects were approved by the
institutional review board of the University of Pennsylvania. Written
informed consent was obtained and phlebotomy was performed via
the antecubital veins using a 21-gauge butterfly needle. Specimens
were drawn into 3.2% sodium citrate vacuum tubes (BD, Franklin
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Lakes, NJ). To obtain RBCs for ektacytometry and cell-binding
studies, whole blood was spun at 1000g for 10 minutes and the
plasma and buffy coat were discarded. A portion of the packed red
cells was then resuspended in balanced salt solution (phosphate-
buffered saline [PBS] or Hank-buffered salt solution [HBSS]) with
calcium and magnesium and 2% normal human AB serum (Sigma-
Aldrich, St. Louis, MO) at the indicated hematocrit for each
subsequent assay. In assays of osmotic resistance and mechanical
resistance, human RBCs were isolated from the retained segments
of nonexpired (<21-day-old) O™, leukoreduced, irradiated RBCs
from our hospital blood bank and prepared similarly. In these assays,
similar results were seen using either fresh RBCs from volunteer
donors or RBCs isolated from retained segments.

Derivation and production of antibodies and
fusion proteins

An immunoglobulin G (IgG) Fab/phage-display library was prepared
from the peripheral blood lymphocytes of a human erythrocyte
hyperimmunized macaque using homologous human V-region
oligonucleotides.®® Fab/phage specific for human RBCs was
isolated by panning on intact human RBCs. Monoclonal Fab/
phage was grown to produce antibodies for immunoassays and
their corresponding DNA was extracted for sequencing. To identify
target epitopes, antibodies were screened against RBCs of known
serologic phenotypes, including rare cells lacking highly con-
served antigens, using standard immunohematologic agglutination
techniques.®®

After identification of the target epitopes, clones reactive against
WrP (aBand3/GPA epitope) and Rh17 (an RhCE epitope, also
known as Hr°) present at the highest titers were chosen to produce
scFv derivatives of the encoded antibodies. Sequences of the
antibody clones examined herein are available in the supplemental
Methods. For each heavy-chain variable region (VH) and light-chain
variable region (VL), restriction enzyme sites were introduced for
cloning into expression vectors and fusion to the extracellular
domain of hTM (Glu22-Ser515) as previously described.?®° VH and
VL were also ligated into a pBAD/glll expression system (Thermo
Fisher Scientific, Carlsbad, CA) to produce scFv alone in
Escherichia coli periplasm. Sequences were modified by custom
synthesis of double-stranded gene fragments (gBlock; IDT, Coral-
ville, 1A). Details of recombinant protein production can be found in
the supplemental Methods.

Microfluidic assay

Microfluidic experiments were performed on a Bioflux 1000
multiwell microfluidic system (Fluxion Biosciences, San Francisco,
CA). Microchannels were endothelialized with human umbilical vein
endothelial cells as described previously,®” which typically resulted
in complete coverage of the microchannels. Channels were treated
with tumor necrosis factor-a (TNF-a; 10 ng/mL) under flow (at
shear stress of 5 dyne/cm?) for 6 hours to flow condition and induce
activation prior to exposure to whole blood. Whole blood was
obtained from healthy volunteer donors and collected into citrate
collection tubes containing corn trypsin inhibitor. The indicated
concentrations of recombinant proteins were added to the whole
blood for 1 hour prior to perfusion through the microchannels.
Fluorescently labeled anti-fibrin antibodies and calcein AM were
also added to blood 15 minutes before microfluidic assay to image
fibrin deposition and leukocyte and platelet adhesion, respectively.
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Blood was flowed through the channels under conditions mimicking
postcapillary venules (5 dyne/cm?®) for 20 minutes while images
were continuously acquired. Controls and experimental conditions
were compared on simultaneously run parallel channels using a
motorized stage for real-time acquisition. Images were analyzed
using ImageJ for quantification of mean fluorescence intensity.

Osmotic and mechanical resistance assays

Osmotic and mechanical resistance was measured as previously
described.*® In brief, human RBCs obtained from retained
segments of donor RBCs were resuspended in PBS at 5%
hematocrit prior to incubation with various concentrations of
antibodies, antibody fragments, or fusion proteins. The RBCs were
then washed and exposed to osmotic or mechanical stress.
Osmotic stress was induced by incubation in various concentra-
tions of buffered (10 mM phosphate) hypo-osmolar NaCl solution
(0-308 mOsm total) for 5 minutes. The suspensions were then
centrifuged at 13400g and the resulting supernatants were
assayed for hemoglobin content by measuring absorbance at
540 nm. Hemolysis of equivalent concentrations of RBCs in water
was taken as 100% hemolysis. To measure mechanical stress,
RBCs were similarly treated with antibodies and fusion proteins,
resuspended at 1% hematocrit, and rotated in the presence of
8-mm X 4-mm glass beads (Corning Pyrex, Corning, NY) for 1 hour
at 37°C. The RBC suspension supernatants were then similarly
analyzed spectrophotometrically for hemolysis.

Ektacytometry

Ektacytometry was performed using a RheoScan AnD system
(Rheo Meditech, Seoul, Republic of Korea). In a typical experiment,
50 plL of 5% RBCs or 5 pL of whole blood was resuspended in
700 pL of a 5.5% (wt/vol) solution of 360-kDa poly-vinylpyrrolidine
(Sigma-Aldrich, St. Louis, MO) in PBS. A 500-uL sample within
each microfluidic chamber was then analyzed per the manufac-
turer's protocol. The elongation indices at the corresponding shear
stresses were then input into statistical software (Prism, GraphPad,
San Diego, CA) and the data were fit using nonlinear regression and a
Streekstra-Bronkhorst model*' to derive the maximal elongation
indices (Elmax) and shear stress at half-maximal deformation (SS1/2).

Results
Synthesis of targeting ligands

Using antibody phage display, we identified nonhuman-primate Fab
antibody fragments to antigenic determinants on human RBCs. By
panning phage libraries on human RBCs, we produced a Fab/
phage preparation with >107 RBC-specific clones capable of
agglutinating human RBCs. By performing binding assays against
rare RBC types lacking highly conserved antigens and epitopes, we
identified the target antigens of >30 of these clones. At least 34
clones bound the Wr® epitope formed by a band 3/GPA interaction,
present on the RBCs of essentially 100% of the human population.
The Wr® epitope, determined by the protein sequence of band 3,
is a site of association between band 3 with GPA, and GPA
expression is simultaneously required for its presence on the
membrane.*? At least 3 other clones bound to a highly conserved
epitope Rh17(Hr°) on human RhCE protein, also present on
essentially 100% of the human population expect for rare Rh,,,; or D
phenotypes. Both of these targets are specific for erythroid
lineage.®#*>*% We assessed the extent of humanness of the
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variable chains using T20 scores**; scores of 79.8 for VH and 93.5
for VL framework regions were calculated for the anti-Rh17
(aRh17), and 86.0 for VH and 85.4 for VL framework regions were
calculated for anti-Wr® (aWr®). These scores are comparable with
“humanized” antibodies** and therefore are encouraging with
respect to potential lack of immunogenicity of derivatives of these
ligands.

Binding of ligands and cargoes to RBCs

The sequences of the variable fragment genes were cloned into
plasmids to produce scFvs of the parent Fab, as well as fusions of
the scFv antibodies with hTM. These scFvs and hTM-scFvs were
produced with high purity as characterized by sodium dodecyl
sulfate gel electrophoresis and size-exclusion high-performance
liquid chromatography (HPLC), with peaks consistent with the
expected molecular weights (Figure 1A-B). We then performed
direct binding assays with radiolabeled and fluorescently labeled
scFv antibody fragments and fusion proteins (see supplemental
Methods). The aRh17 and aWr® scFvs and their corresponding TM
fusions demonstrated similar binding affinities (equilibrium dissoci-
ation constant [Kp] 21-53 nM; Figure 1C-D; supplemental Table 2),
as did both radioiodinated and fluorescently labeled proteins
(supplemental Figure 1). The scFvs and fusion proteins bound to
conserved epitopes on human, but not mouse, rat, or pig RBCs
(supplemental Figure 1), and binding parameters (Kp, maximum
number of binding sites [Bmax]) were consistent between multiple
donors. Binding saturated at the expected level of target expression
(Bmax of 100 000 to 160 000 copies per RBC for aRh17 and 750
000 to 900 000 copies per RBC for aWr®).*® The dissociation rates
were similar for both scFvs alone and their corresponding fusions,
with >50% of the ligands remaining bound after 4 hours at 37°
(Figure 1E-F; supplemental Table 2). We also examined effects of
shear stress on scFv binding and the potential for ligand exchange
onto unbound RBCs in whole blood under constant mixing
(supplemental Figures 2 and 3). These experiments demonstrated
that short periods of low (5 dyne/cm?) and high (200 dyne/cm?)
shear in whole blood did not alter scFv binding, and that similar
dissociation kinetics were seen in the presence of whole blood
containing mostly unbound RBCs (with gradual exchange onto
the unbound RBC population). Hemagglutination by an anti-TM
secondary antibody was seen when hTM-scFv fusions were added
at concentrations estimated to generate ~1000 copies of TM per
RBC based on the calculated affinities (Figure 1G). The fusion
proteins alone did not induce aggregation or agglutination of RBCs
in the absence of secondary anti-TM. Morphology of fusion protein-
loaded RBCs was confirmed on Wright-Giemsa—stained peripheral
blood smears and no morphologic abnormalities in the RBCs were
noted (supplemental Figure 4).

Effect of ligands and cargoes on RBC function

Having characterized the binding of the antibody fragments and
fusion proteins to human RBCs, we then investigated how the
binding of these ligands may affect several parameters of RBC
integrity including osmotic fragility, mechanical resistance, mem-
brane deformability, exposure of PS, and generation of ROS. These
experiments were conducted at 5% hematocrit and with ligand-to-
RBC ratios calculated to yield 10 000 and 100 000 copies per
RBC for both ligands based on their affinity and the known
concentration of RBC targets. These copy numbers are below
saturation for both Wr® and Rh17.
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Figure 1. Characterization of aRh17 and aWr® ligands and their binding to human RBCs. Representative size-exclusion HPLC analysis of (A) hTM-scFv fusions and
(B) scFvs alone directed to band 3/GPA (aWr®, solid blue lines) and RhCE (aRh17, dashed red lines) demonstrates high purity of recombinant proteins and elution times
consistent with theoretical molecular weights. Direct binding assays with radiolabeled proteins demonstrates high affinity and Bmax (supplemental Table 1) consistent with
reported copy number of the surface targets for both the (C) hTM-scFv fusions and the (D) scFv antibodies. No significant nonspecific binding to control murine RBCs was
seen. Representative data of 3 independent experiments are shown. Ligand dissociation studies demonstrated slow dissociation kinetics (>50% bound at 3 hours) for both the
(E) TM-scFv fusions and (F) scFv antibodies. (G) Binding assay by hemagglutination techniques demonstrated that when anti-hTM IgG antibody (100 nM) was added to RBC
prebound with the indicated concentration of hTM-scFv fusions, agglutination was observed when ~1000 copies of hTM would be expected on the surface. Representative

data of 3 independent experiments are shown. No agglutination was seen with RBCs treated with either scFv or hTM-scFv alone or with mouse, rat, or pig RBCs treated with

scFv or hTM-scFv followed by anti-hTM.

We found that the 2 scFvs (and their corresponding TM fusions)
had significantly different effects on target RBCs. Targeting of Wr®°,
but not Rh17, by the antibody fragments induced a left shift in
osmotic fragility curves (50% effective concentration [EC50] 122
vs 128 mOsm, P < .05) with a pattern suggesting a whole
population change rather than just a subset (Figure 2A-B). We
tested the dose dependence of the observed changes in osmotic
resistance using the EC50 of naive RBCs (128 mOsm) (Figure 2C,
E) and again found that aRh17 did not produce changes in osmotic
hemolysis at this osmolarity, whereas aWr® again decreased
hemolysis. The changes in osmotic resistance were paralleled by
an increase in hemolysis following mechanical stress for aWr®
(Figure 2D), but similarly, no change was seen after treatment with
aRh17 (Figure 2F). Although the mechanical stress assay40 does
not directly represent a pathophysiologic scenario, it is intended to
reflect overall integrity of the RBC membrane architecture. Nearly
identical effects were observed after treatment with the scFvs alone
or with their corresponding TM fusions (Figure 3A-B).
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We then used ektacytometry to test whether effects on osmotic
and mechanical fragility were mirrored by alterations in membrane
deformability. In this technique, a decrease in El.,,, or an increase in
SS1/2 reflects an increase in RBC rigidity. As we expected, when
ligands were bound to W®, there was a dose-dependent increase in
RBC rigidity (Figure 4), reflected in both increased SS1/2 (Figure 4B,
D) or decreased El,., (supplemental Figure 5). This rigidifying effect
was identical for TM-scFv fusions and scFvs alone, again demonstrat-
ing that the ligand, and not the TM cargo, induced these changes.
Consistent with the mechanical and osmotic stress assays, binding of
fusions or scFvs to RhCE did not change ektacytometric curves or
indices (Figure 4) and the behavior of aRh17-treated RBCs was
consistently identical to naive donor RBCs.

The target-dependent effect of these ligands on membrane
deformability raised the question of how targeting other RBC
epitopes (particularly on GPA, given its ubiquity as an erythroid-
specific target) might affect RBC physiology. To probe this
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question, we produced anti-GPA antibodies and Fab fragments
from a commercially available hybridoma, YTH89.14® (supplemental
Figure 6). After incubating human RBCs with the anti-GPA IgG
antibodies or their monovalent Fabs, we observed similar rigidifying
effects to those seen with aWr® ligands. Monovalent Fab induced a
slight dose-dependent change in ektacytometric indices, whereas
the parent antibody induced more marked changes in red cell
rigidity (supplemental Figure 7). The Fab also induced a slight
increase in hemolysis under mechanical stress, while also inducing
a slight increase in hemolysis under hypo-osmolar conditions.
Because prior studies loading drugs onto murine RBCs have largely
relied on Ter119 or other GPA-associated ligands as the targeting
agent, we also examined the effects of a scFv-TM fusion of this
antibody on mouse RBCs.?° As with targeting of human Wr° or
GPA, Ter119-TM fusions decreased deformability of murine RBCs
(increased SS1/2, decreased Elmax) as a monovalent fusion
protein (Ter119-mTM), and markedly so as the parent IgG antibody
(supplemental Figure 8). As with the human ligands, these changes
in deformability were accompanied by changes in susceptibility to
osmotic and mechanical stress.

To address the generalizability of the observed deformability effects
of the band 3, GPA, and RhCE ligands, we also compared the
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ektacytometric effects of a range of full-length IgG antibodies
covering different epitopes on these membrane targets. For this
purpose, we used BRIC69 (anti-RHCE, mouse IgG1), BRAD2
(anti-D, human IgG1), BRADS (anti-D, human IgG8), FOG1 (anti-D,
human IgG1), BIRMA84b (anti-Wr®, mouse IgG3), BRIC14 (anti-
WrP, mouse IgG2a), YTH89.1 (anti-GPA, rat IgG2b), BRIC256
(anti-GPA, mouse IgG1), and BRIC200 (anti-band 3, mouse IgG1).
In agreement with prior studies,?®283! we found that all IgGs tested
against epitopes on GPA and band 3 induced decreases in
deformability, whereas antibodies to RhCE and RhD (on serolog-
ically confirmed RHD™ RBC donors) showed minimal change from
naive RBCs (Figure 5A-C). Although all IgGs were added at a ratio
of ~10* monoclonal antibodies (mAbs) per RBC (10 nM mAb in a
5% RBC suspension), differences in affinities of these clones are
likely to result in different numbers of bound copies and, therefore,
the relative degrees of rigidification as a function of bound copy
numbers remained uncertain. To address this, we selected
representative anti-RhCE (BRIC69) and anti-Wr° (BRIC14) IgG
antibodies and performed additional dose-titration experiments to
show that when the anti-RhCE antibodies were added at ratios
below saturation and which resulted in similar total numbers of
bound IgG as anti-Wr® antibodies (Figure 5D-F), no change in SS1/2
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was seen for anti-RhCE whereas anti-Wr° showed significant, dose-
dependent rigidification.

Additional characterization of the effects of the scFvs and fusions
on RBCs included assays of PS surface exposure, as measured
by annexin V binding and ROS generation. Binding of both scFvs
and hTM-scFv fusions did not lead to a detectable increase in PS
exposure (supplemental Figure 9A). None of the scFv ligands
examined demonstrated detectable induction of ROS generation by
a dihydrorhodamine-based assay (supplemental Figure 9B).

Therapeutic effectiveness of RBC cargoes

Having examined the effects on aWr® and aRh17 scFvs and their
respective TM fusion proteins on human RBC physiology, we
next compared the enzymatic activity and therapeutic efficacy of
these fusions. In solution, fusion proteins demonstrated activated
protein C (APC)-generative capacity identical to soluble TM in
the presence of human protein C and thrombin (supplemental
Figure 10). Fusion proteins were then prebound to human RBCs at
saturating concentrations and their capacity to generate APCs was
measured as a function of RBC concentration. The fusions
generated a RBC dose-dependent increase in APC generation by
carrier RBCs (Figure 6A). Using a standard curve generated with
soluble TM, the Wr°-coupled RBC-TM generated roughly 100 000
soluble TM “equivalents” per loaded RBCs at saturation whereas
the RhCE-coupled RBC-TM generated 50 000. Therefore, although
WrP-coupled TM would be predicted to carry fivefold to 10-fold
more copies of the fusion per RBC at saturation, the APC-
generating capacity was only twofold higher. We then reversed
these conditions such that RBCs and target epitopes were at
excess (50 nM fusion in 20% hematocrit [Hct], ~10 000 copies per
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RBCs), which would drive fusions to be essentially completely
RBC-bound. At these high concentrations of RBCs, comparable to
the circulatory environment, APC generation was similar for both
fusion proteins and comparable to that seen for soluble TM,
although a slight reduction was seen for hTM-aBand3/GPA and not
hTM-aRhCE (Figure 6B). These results confirm that the fusions
maintain their enzymatic activity when coupled to RBCs, and
suggest that RhCE-coupled TM may better conserve specific
activity.

We then tested the therapeutic activity of hTM/scFv fusions bound
to human RBCs in a microfluidic model of microvascular in-
flammatory thrombosis that permits assessment of human-targeted
therapeutics in whole blood in a system simulating human vessels.®”
In this model, fully endothelialized microchannels are activated
with an inflammatory mediator (eg, TNF-a), inducing leukocyte
and platelet adhesion and widespread fibrin generation when
the channels are exposed to flowing human whole blood. We
hypothesized that if the fusions maintain their activity in whole blood,
they would significantly reduce fibrin and platelet deposition in
response to inflamed endothelium. To test this, we added 200 nM
of each fusion protein (and soluble TM as a control) to whole blood
(a ratio of ~25 000 copies of TM per RBC at normal RBC counts).
Both fusions significantly reduced fibrin deposition (measured by
red fluorescence) in response to TNF-a activation (Figure 6C).
Channels exposed to WrP-targeted TM fusions, as compared with
RhCE-targeted, showed a slight increase in mostly platelet-
associated fibrin deposition at the end of the perfusion period
(20 minutes), but both remained significantly reduced compared with
untreated controls and similar to soluble TM (supplemental Videos
1-4). Additional analysis of fluorescence from calcein AM labeling
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Figure 4. aWr® scFv and hTM-scFv increase RBC
rigidity, whereas aRh17 scFv and hTM-scFv show no
changes compared with naive RBCs. Ektacytometry was
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(leukocytes and platelets) demonstrated that RhCE-targeted hTM-
scFv was more effective than the WrP-targeted fusion at reducing
platelet and leukocyte adhesion (Figure 6D), with efficacy of hTM-
aRhCE again similar to soluble TM. Hypothesizing that the increase in
calcein signal in hTM-aWr® compared with hTM-aRhCE was a result
of rigidifying effects of the aWr°, we performed additional
experiments in this model using the aWr® and aRHCE scFvs alone
(not fused to TM), and demonstrated that after 15 minutes of flow,
activated channels exposed to aWr® scFv-treated blood showed
greater platelet and leukocyte accumulation compared with that
treated with aRh17 scFv (Figure 7), suggesting the difference in
efficacy of hTM-aRHCE and hTM-aWr® is due to aWr® promotion of
leukocyte and platelet adhesion rather than a loss of efficacy of the
appended TM. We also confirmed that RBC rigidification was seen at
this ratio of scFv to RBC in whole blood (supplemental Figure 9).

Discussion

As a critical step in the translation of RBC-targeted therapeutic
fusion proteins to clinical practice, we designed human RBC-
specific fusion proteins based on scFvs derived from nonhuman-
primate antibody phage-display libraries. Using this technique, we
generated antibodies against highly conserved, erythroid-specific
epitopes on band 3/GPA (Wr°) and RhCE (Rh17) proteins. Both
epitopes are on multipass transmembrane proteins and exist
predominantly within discrete multiprotein complexes. Although
Wr® is more widely distributed between band 3/ankrin complexes,
junctional complexes, and free forms, Rh17 (as part of RhCE) exists
largely within band/ankrin complexes.*” Wr® has been localized to
a juxtamembrane site of interaction between GPA and band 3, but
the precise epitope for Rh17, which is defined serologically, is
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unknown. Both antibody fragments and their respective TM fusions
showed affinities sufficient to drive rapid, complete binding in whole
blood, where concentrations of their targets are >1 uM. Although
only a slight increase in off rate was noted for TM fusion proteins,
interaction with TM-binding partners (thrombin, PF4, protein C) may
promote dissociation in whole blood under flow, which was not
directly assessed this in the present study. The primate origin of
these ligands is expected to confer less immunogenicity than
nonengineered murine monoclonal antibodies or foreign peptides,
but further data would be required to support this.

Targeting of band 3/GPA (Wr®) led to changes in RBC membrane
deformability, mechanical resistance, and osmotic resistance,
whereas RhCE-targeted fusions and antibody fragments did not
perturb any of the physiologic parameters assessed in this study.
Membrane effects were shared, to varying extents, by other GPA
and band 3 ligands against human and murine RBCs, including
Ter119, particularly for bivalent IgG ligands. In contrast, antibodies
against RhD and RhCE failed to demonstrate significant
rigidification of human RBCs, consistent with prior literature.®’
Antibodies against GPA and RhD can produce markedly different
effects on different subsets of phagocytic cells,*® and, although
the authors hypothesized that copy number was critical, the
current findings suggest that altered deformability may have also
been contributory. The precise function of RhCE has been difficult
to define® and a large diversity of polymorphisms has been
described.*® Individuals expressing RhD but not RhCE (rare D™~
phenotype) show modest alteration of membranes without overt
RBC or clinical phenotypes.®>® Although homologous proteins
participate in ammonia/ammonium transport and acid/base
balance, RhCE and RhD do not.®'*2 Band 3 and GPA are highly
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Figure 5. IgG antibodies against band 3 and GPA rigidify RBCs, whereas IgGs against RhCE and RhD do not. Representative ektacytometric curves (at least 3
separate donors studied per antibody) of RBCs treated with antibodies targeting (A) RhD or RhCE, (B) band 3 or Wr°, or (C) GPA. A 5% suspension of RhD* human RBCs
in PBS was treated with 100 nM of the indicated antibody clones (~100 000 IgG per RBC). After incubation for 1 hour at 37°C, the red cell suspensions were read on an

ektacytometer in 5.5% polyvinylpyrrolidone. Figure keys indicate antibody clones. (D) Ektacytometric dose response of anti-RhCE vs anti-Wr® IgG antibodies. Selected antibody
clones against RhCE (BRIC69, red) and WP (BRIC14, blue) were added at 100 nM to varying hematocrit RBC suspensions (6%, 10%, and 20%, 6 donors tested) to result in
ligand ratios of 25 000 to 100 000 IgG per RBC. aWr® demonstrated a significant increase in SS1/2 at all ligand-loading ratios, whereas no significant difference was seen for
aRhCE antibodies. Mean *+ SD is shown, n = 3-6 for each condition. (E) Flow cytometry on aRhCE (BRIC69, red) and aWr® (BRIC14, blue) IgG-treated RBCs stained with
Alexa Fluor 488-labeled anti-mouse secondary antibodies shows no significant difference in bound IgGs (based on median fluorescence) at the indicated loading ratios.

(F) Representative histogram demonstrating similar antibody loading for RBCs treated with aRhCE (BRIC69, red) and aWr® (BRIC14, blue) antibodies.

expressed membrane proteins important for structural membrane
complexes and ion exchange, and carriage of sialoglycoproteins,
respectively. In this context, the apparent “unresponsiveness” of
RBCs bound by RhD/RhCE-targeted ligands is consistent with a lack
of recognized function in mature RBCs.
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As a representative therapeutic, we coupled TM to both scFvs. TM
shows promise in the treatment of sepsis,®>® and RBC-coupled TM
has demonstrated superiority to soluble TM in mouse models.?%?’
Coupling TM to either epitope resulted in efficacious RBC drug
carriers as measured by enzymatic activity and in a humanized
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Figure 6. Characterization of the activity of RBCs bound by hTM-scFv fusions and their therapeutic efficacy in a microfluidic model of inflammatory
thrombosis. (A) APC generation by RBCs loaded with hTM-scFv demonstrates a dose- and copy-number—dependent response in APC generation as measured by
chromogenic assay. hTM-aBand3 (blue circles) showed about twofold higher APC generation per RBC compared with hTM-aRhCE (red triangles), although copy numbers are
expected to be fivefold to 10-fold higher. Soluble hTM (shTM)-treated RBCs are shown as a nonbinding control (green open squares). (B) Comparison of APC-generative
capacity of sTM vs hTM-scFv fusions (added at 50 nM) in a high Hct (20%) RBC suspension. Mean + SD is shown; n = 3 for each condition (*P < .05 vs sTM, 1-way
ANOVA with Holm-Sidak correction for multiple comparisons). A slight reduction in activity was seen for hTM-aBand3 but not hTM-aRhCE. (C) Fibrin generation on TNF-
a—activated, endothelialized microfluidic channels perfused with human whole blood preincubated with either PBS control (green open squares), shTM control (orange
crosses), hTM-Wr® (blue circles), or hTM-aRh17 (red triangles). Both fusion proteins (and shTM™ control) significantly reduced fibrin generation (*P < .05 vs untreated, 1-way
ANOVA with Holm-Sidak correction for multiple comparisons) as compared with the control channel. An increase in fibrin generation was noted toward the end of the
observation period for the hTM-aWr°-treated channels. (D) hTM-aRh17 treatment (red triangles) more effectively reduced platelet and leukocyte adhesion (quantified with
calcein AM fluorescence) than hTM-aWr® (blue circles) vs untreated control (open squares). hTM-Rh17 treatment was similar to shTM* control (crosses). For panels C-D,
mean = standard error of the mean (SEM) for 2 independent channels is shown. (E) Representative composite images of whole blood (fibrin in red [anti-fibrin-AlexaFluor568
stain], platelets and leukocytes in green [calcein AM stain], brightfield image in gray) flowing through endothelialized channels at the end of the observation period (t = 20
minutes). Fibrin is decreased in both fusion-treated channels. An increase in platelet adhesion with associated fibrin (yellow, arrowhead) is seen in the hTM-aWrP-treated

channels compared with hTM-aRh17 (see supplemental Videos 1-4 for the full time course).

microfluidic model of inflammatory thrombosis. However, RhCE-
coupled TM showed higher specific activity in vitro and improved
efficacy in our microfluidic model. The reasons for the difference in
enzymatic activity may reflect spatial localization, as the Wr° epitope is
immediately adjacent to the RBC membrane, which may limit
substrate accessibility, whereas the precise Rh17 epitope localization
is unknown. The difference in efficacy in our humanized microfluidic
model was unexpected, but because cellular rigidity has significant
effects on margination of red cells, white cells, and platelets within the
vascular lumen, and decreased RBC deformability can drive increased
platelet adhesion,”*®° we speculate that the difference in efficacy
reflects the observed difference in membrane effects. Our observation
of higher platelet adhesion after treatment with Wrb-targeted scFv is
consistent with this phenomenon. The potential for drug or antibody
loading of RBCs to affect their intravascular distribution and
margination of cellular components, and how this distribution affects
their therapeutic efficacy, warrants further investigation.
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RBCs can respond to their environment in diverse ways including
dynamic changes in linkage of membrane protein complexes,®®
phosphorylation of membrane and cytoskeletal components,®”®°
calcium influx,%"®? PS exposure,2%® and oxidative stress responses.®°
In targeting RBCs for delivery of therapeutics, the present findings
suggest that dose- and target-dependent changes in membrane
physiology, and ultimately, circulatory behavior should be carefully
considered.?*?°%* As increases in RBC rigidity can result in an
override of the CD47/SIRPA interaction,®® these factors may also play
a role in RBC interactions with host defenses and immune response.
This is especially important because RBC drug carriers are drawing
increased attention for their apparent ability to modulate immune
responses and even induce immune tolerance.®'® However, although
ligands to murine RBCs have been explored (eg, Ter119, ERY1) in this
approach, application to human RBCs has not been well developed.

Based on the current findings, RhCE (on Rh17) may be a
particularly attractive target for surface loading of RBCs given its

COUPLING FUSION PROTEINS TO HUMAN ERYTHROCYTES 173



25 N
1
aRh17 —~ 20 A
=
<T
515-
<
£ 10
[
= 5
swe —
awr® aRh17
scFv

Figure 7. Whole blood treated with aWr® scFv shows increased platelet adhesion in response to flow over TNF-a-activated endothelium compared with
blood treated with aRh17. (A) Representative image of endothelialized channels subjected to flow with either (top) aWr® scFv treated whole blood or (bottom) aRh17 scFv
treated whole blood. Blood was collected in citrate with corn trypsin inhibitor, incubated with scFv (600 nM) for 15 minutes, recalcified, and flowed over channels for 15
minutes after which images were captured across the channels. Prior to flow, platelets and leukocytes were stained by addition of calcein AM dye. (B) Quantification of

the experiments in panel A (mean fluorescence intensity) demonstrates a significant increase in calcein AM signal in the aWr® scFv—treated blood but not aRh17 scFv (n = 4,
*P < .05, 1-way ANOVA).

erythroid specificity, high copy number, apparent lack of adverse Authorship
impact on RBC physiology, and presence on the RBCs of
essentially 100% of the human population. The therapeutic efficacy
of hTM targeted to human RBCs on either epitope was comparable
to soluble TM, and was optimal when coupled to RhCE. The ligands
described in the present study offer a new set of biochemical tools
for optimizing the delivery of therapeutics by human RBCs.
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