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m Diverse human illnesses are characterized by loss or inactivation of endothelial thrombo-
modulin (TM), predisposing to microvascular inflammation, activation of coagulation, and
* A microfluidic model of
TF-driven thrombosis
allows testing of
human-specific,
antibody-targeted ther-
apeutics in whole blood
under flow.

* hTM/R6.5 inhibits in-
flammatory thrombosis
more effectively than
untargeted agents
(eg, shTM) and shows
synergy with supple-
mental PC. (ICAM-1)-targeted scFv/TM biotherapeutic, to untargeted antithrombotic agents, including

soluble human TM (shTM), anti-TF antibodies, and hirudin. The targeted hTM/R6.5 more
effectively inhibited TF-driven coagulation in a protein C (PC)-dependent manner and

tissue ischemia. Single-chain antibody fragment (scFv)/TM) fusion proteins, previously
protective against end-organ injury in murine models of inflammation, are attractive
candidates to treat inflammatory thrombosis. However, animal models have inherent
differences in TM and coagulation biology, are limited in their ability to resolve and control
endothelial biology, and do not allow in-depth testing of “humanized” scFv/TM fusion
proteins, which are necessary for translation to the clinical domain. To address these
challenges, we developed a human whole-blood, microfluidic model of inflammatory, tissue
factor (TF)-driven coagulation that features a multichannel format for head-to-head
comparison of therapeutic approaches. In this model, fibrin deposition, leukocyte
adhesion, and platelet adhesion and aggregation showed a dose-dependent response to
tumor necrosis factor-a activation and could be quantified via real-time microscopy. We
used this model to compare hTM/R6.5, a humanized, intracellular adhesion molecule 1

demonstrated synergy with supplemental PC. These results support the translational
prospects of ICAM-targeted scFv/TM and illustrate the utility of the microfluidic system as a
platform to study humanized therapeutics at the interface of endothelium and whole
blood under flow.

Introduction

More than a century after the first description of purpura fulminans in 1884, the relationship between
coagulation and systemic inflammation remains the subject of considerable interest and study."* The
thrombotic process that occurs in the setting of infection or activation of the immune response is recognized
as having distinct elements, which distinguish it from normal hemostasis or even other forms of arterial or
venous thrombosis.®> While agents such as antithrombin lll and activated protein C (APC) initially held
promise in treating sepsis, their clinical utility has been limited by a lack of efficacy and bleeding risks,®” and
the benefit of more standard anticoagulants such as heparin is uncertain.® Better understanding of the
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Figure 1. Assembly, characterization, and functional activity of hTM/R6.5 biotherapeutic. (A) Molecular design of R6.5 scFv and hTM/R6.5. (B) Size and purity of
recombinant proteins based on sodium dodecyl! sulfate-polyacrylamide gel electrophoresis (lane 1, R6.5 scFv; lane 2, hTM/R6.5) and (C) size exclusion high-performance liquid
chromatography. hTM/R6.5 has a minor dimer form (indicated by arrow), accounting for ~20% of absorbance at 280 nm. (D) hTM/R86.5 binds specifically to human ICAM-
1-expressing CHO cells (CHO-hICAM), but not wild type (CHO wt). Flow cytometry was performed on each cell type incubated with different concentrations of fluorescently
labeled fusion protein. For each reaction, MFl was calculated for 10 000 events. Each reaction was done twice, with mean =+ standard deviation (SD) of the MFI shown.

(E) hTM/R6.5 binds strongly to TNF-a—stimulated HUVEC but only minimally to nonstimulated ECs. Cell-based enzyme-linked immunosorbent assays were performed on live cells as
previously described'® using anti-FLAG-HRP to probe for cell-bound fusion protein. Graph shows mean = SD. (F) In vitro APC generation assay by cell-bound fusion protein, as
described previously.'® TNF-a—stimulated HUVECs show reduced APC generation capacity due to loss of surface TM, although some residual function is seen in comparison
with cells treated with an anti-TM blocking mAb. For testing the functional activity of cell-bound hTM/R6.5, TNF-a—stimulated cells were incubated for 30 min at 37°C with various
concentrations of fusion protein and then washed to remove nonspecifically bound protein prior to incubation with human thrombin (1 nM) and PC (100 nM). At saturating
concentrations of hTM/R6.5 (40-50 nM), the fusion protein more than compensates for the reduction in PC activation induced by TNF-a stimulation (*P < .01 vs TNF only).
Graph shows mean = SD, n = 3 for each condition. ECso, 50% effective concentration; mOD, 1/1000th of an optical density unit.

elements of inflammatory thrombosis and identification of targets for TM was fused to a single-chain antibody fragment (scFv) specific for
safe intervention represent a significant medical priority. mouse intracellular adhesion molecule 1 (ICAM-1, or CD54). In a
murine model of acute lung injury, ICAM-1-targeted scFv/TM was

The protein C (PC) pathway normally functions to limit excessive 5 X ] '
found to facilitate interaction with endogenous EPCR, reduce

activation of coagulation, but it is suppressed in the setting of : i ) '
systemic inflammation. Inflamed endothelial cells (ECs) demonstrate inflammatory markers, and improve transendothelial plasma protein

19 H . .
loss of the natural anticoagulants thrombomodulin (TM) and the Ieakage.. Wh'le_ thesg studies demonstrated the .pot.entlal
endothelial protein C receptor (EPCR) from their luminal surface.'®'#  therapeutic benefit of this approach, the effect on activation of

Conversely, tissue factor (TF) expression on a variety of cell types in coagulation was not examined.

systemic inflammation promotes activation of coagulation and is an The challenges in demonstrating the efficacy of ICAM-1—targeted TM
attractive target for intervention.'®'® Existing pharmacologic appro-  in TF-driven inflammatory thrombosis are several fold. First, there is
aches intended to intercept inflammatory activation of coagulation  yncertainty over the clinically significant sources of TF in sepsis and
may be limited by their inability to localize to TF-expressing pro-  related disorders.2>?" Differences in cellular sources of TF are

coagulant surfaces. For example, soluble human TM (shTM), which is particularly relevant to scFv/TM, as its distribution is more controlled
currently being evaluated in a phase 3 clinical trial of patients with than untargeted “fluid-phase” agents (ie, soluble TM) and therefore
severe sepsis and coagulopathy (www.clinicaltrials.gov identifier o0 likely sensitive to changes in the relative cellular contributions to
#NCT0158831), lacks any specific affinity for cellular surfaces."” thrombin generation. It is challenging to discern the contribution
Our laboratory has pursued a pharmacologic approach to attenuate of endothelial TF from other sources such as hematopoietic cells,
inflammation by specifically targeting TM to activated cellular  epithelium, fibroblasts, pericytes, and smooth muscle.?** While ECs
surfaces."® In the first report of this strategy, recombinant mouse express TF under inflammatory stimuli in vitro, studies have failed to
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demonstrate a definitive role of endothelial TF in murine models,25
which may not fully replicate human biology or be sensitive to the
contribution of endothelial TF to activation of coagulation.?*>?* TM
itself demonstrates species-specific differences in the balance
between anti-inflammatory and antithrombotic activity.2%? Finally,
translation to human pathologies has been limited by the absence of
species cross-reactivity of the murine therapeutic.

To address these challenges and provide a model that can begin
to close this translational gap, we have adapted a commercially
available, multichannel microfluidic system that uses human whole
blood (WB) perfused through cytokine-activated, human endothelial—
lined flow chambers, with real-time microscopy for visualization of
underlying pathophysiologic events. We report the development and
efficacy of a “humanized” scFv/TM therapeutic, hTM/R6.5, which
incorporates both human TM and a human-specific anti—-ICAM-1
scFv. This approach allowed testing of ICAM-1-targeted scFv/TM as
an intervention in TF-driven inflammatory thrombosis using an entirely
human system, employing multiple channels run simultaneously,
allowing for a side-by-side comparison of therapeutic interventions
within a single experiment.

Materials and methods

Venipuncture and WB preparation

All studies involving human subjects were approved by the University
of Pennsylvania institutional review board (protocol 822534). Written
informed consent from healthy volunteer donors was obtained for the
use of deidentified blood samples. WB samples were collected from
the antecubital vein using a 19G butterfly cannula system. The first
5 mL of blood was discarded, followed by collection into vacuum
tubes containing citrate and corn trypsin inhibitor (CTI), with final
concentrations of 11 mM and 50 pg/mL, respectively.

In experiments involving inflammatory activation of WB, 50 ng/mL
lipopolysaccharide (LPS) was added for 90 minutes at 37°C. In
experiments involving PC-deficient blood, WB samples were cen-
trifuged for 15 minutes at 1500g at room temperature to isolate
platelet-poor plasma. 50% of the original plasma was removed and
replaced with an equivalent volume of PC-immunodepleted or normal
control plasma. Corn trypsin inhibitor was then added to maintain the
final blood concentration at 50 pg/mL.

In all experiments, 5 wg/mL Alexa Fluor 568/antifibrin monoclonal
antibody (mAb) was added to WB, along with either calcein-AM
(2 pg/ml) or fluorescent antileukocyte and platelet antibodies (Brilliant
Violet anti-CD45 and FITC anti-CD41, each 1.5 pg/mL). WB samples
were recalcified just prior to infusion into the microfluidic channels,
adding CaCl, to a final concentration of 11 mM.

Microfluidic model of inflammatory thrombosis

Endothelialized microfluidic chambers were prepared by seeding
human umbilical vein endothelial cells (HUVECS) into fibronectin-
coated, glass-bottomed, polydimethylsiloxane (PDMS) flow cham-
bers of high-shear, 48-well Bioflux plates (Fluxion Biosciences, San

Francisco, CA). The Bioflux system uses constant pressure applied
to input wells to generate flow at specified levels of shear stress.

On the day of experimentation, endothelialized channels were flow
adapted for 4 to 6 hours at 5 dynes/cm? at 37°C. To induce inflam-
matory activation of ECs, tumor necrosis factor alpha (TNF-a) was
added at varying concentrations during the flow adaption period.
Fresh media was allowed to flow through the channels for 30 minutes
to “wash out” residual TNF-a prior to introduction of WB. In some
experiments, EC-targeted antibodies or recombinant proteins were
added during the first 25 minutes of this washout period, followed by
5 minutes of flow to remove nonspecifically bound protein. In other
experiments, antithrombotic agents were mixed into WB.

While each Bioflux 48-well plate contains 24 flow chambers, WB
experiments were run with no more than 8 channels (4 pairs of 2) at
once to minimize the time between imaging of each pair of channels.
This setup allowed 2 or 3 replicates for each of 3 or 4 experimental
conditions (eg, control, TNF-a only, TNF-ao + therapeutic A, and
TNF-a + therapeutic B). A computer interface was used to move a
motorized microscope stage (Fluxion Biosciences) rapidly between
viewing areas, allowing each pair of channels to be imaged
approximately every 15 to 30 s. Imaging was performed on a Zeiss
Axio Observer microscope under a 10X/0.25 objective. The focal
plane was set to be at the interface of the lower wall endothelial layer
and the WB. Under this objective and aperture, we expect the depth
of field to be ~8.5 wm. Fluorescent images were acquired using
identical settings for all channels, while bright-field images allowed
direct visualization of flow.

Confocal microscopy

Channels were fixed by flowing 4% paraformaldehyde at 1 dyne/cm?
into the channel for 15 minutes. The cells were washed with PBS
and blocked with 5% donkey serum prior to adding primary and
secondary antibody and staining with Hoechst reagent. Imaging was
performed using a Zeiss LSM 710 at original magnification X20.

Data analysis and statistics

Each figure represents data from a single experiment with means and
standard errors derived from replicate channels within that experiment.
For analyses, bright-field and fluorescence microscopy images were
imported into Image) and analyzed frame by frame using identical
acquisition parameters for each experiment. Backgrounds were
subtracted using an ImageJ rolling-ball algorithm with a radius of 50
pixels. Preset regions of interest, covering the entire channel except
the areas immediately adjacent to the side walls, were used to measure
mean fluorescence intensity (MFI) in green and red channels or mean
signal intensity in the bright-field channel. Frame “time codes” were
used to generate time courses, and areas under the curve (AUCs)
were calculated for statistical comparisons. First-derivative curves were
calculated with statistical software (GraphPad, La Jolla, CA).

Significant differences between means were determined using
Prism 6.0 software (GraphPad, La Jolla, CA). One-way analysis of
variance was performed, followed by appropriate multiple comparison

Figure 2. Fibrin deposition in microfluidic model of inflammatory thrombosis. Fibrin deposition was monitored via red fluorescent antifibrin mAb during perfusion of WB

through TNF-a—activated endothelialized channels at shear stress of 5 dynes/cm?. Accumulation of fibrin varies with increasing (A) concentration (1 ng/mL vs 10 ng/mL, each for

6 hours) and (B) duration (4 hours vs 6 hours, each 1 ng/mL) of TNF-a preactivation. Left panels show representative fluorescent images at various time points. Middle panel shows

MFI vs time, with mean = standard error of the mean (SEM) shown for n = 2 channels for control (no TNF) groups and n = 3 channels for each experimental group. Right panel

shows AUC analyses. *P < .05 vs control; **P < .05 vs each other condition; #, not significant (P = .14).
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(Tukey) test and calculation of multiplicity adjusted P values.
P < .05 was considered statistically significant.

Additional materials and methods can be found in the supplemental
Material.

Results

Production and characterization of human-specific
anti-ICAM scFv/TM

To create the humanized anti-ICAM scFv/TM complementary DNA
(cDNA) construct (hTM/R6.5), cDNA encoding the extracellular
portion of human TM (Glu22-Ser515) was fused with the R6.5 scFv
cDNA, containing Vi and V| domains cloned from the corresponding
anti-human ICAM-1 hybridoma.?®?° The detailed molecular design
of each construct is shown in Figure 1A. Purified R6.5 scFv and hTM/
R6.5 migrated as single bands on nonreducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Figure 1B), with sizes
(~35 kDa and ~120 kDa) similar to those seen for previous scFv and
scFv/TM fusion proteins (TM runs significantly higher than its pre-
dicted size due to glycosylation). Similar purity was seen on size-
exclusion high-performance liquid chromatography, although this
method revealed a dimer form of hTM/R6.5, which accounted for
~20% of total absorbance (Figure 1C). As shown in Figures 1D and
E, hTM/R6.5 demonstrated high affinity, specific binding to human
ICAM-1 in a flow cytometry based assay with stably-transfected CHO
cells (K4 = 24 nM) and a cell-based enzyme-linked immunosorbent
assay on TNF-a—activated HUVECs (Ky = 9.7 nM), respectively.
The fusion protein was functionally active when bound to TNF-
a—activated HUVECs, demonstrating thrombin-dependent PC acti-
vation after binding and washing to remove nonspecifically bound
protein. At concentrations (40-50 nM) sufficient to saturate available
binding sites on these cells, the fusion protein more than compensated
for the loss of APC generation caused by activation of the ECs by
cytokine (P < .01; Figure 1F).

Establishing a multichannel system of
endothelialized flow channels

To enable testing of hTM/R6.5 at the interface of human WB and
endothelium, HUVECs were grown in microfluidic flow chambers
until they established 3-dimensional, fully confluent, endothelialized
channels (typically 2-3 days). Following 6 hours of flow adaptation
at 5 dynes/cm?, a shear stress typical of postcapillary venules,®
cells covered all surfaces of the flow chamber (supplemental Movie 1),
maintained a normal cobblestone morphology, and showed a typical
pattern of PECAM-1 (CD31) expression, with staining predominantly
at cell—cell junctions (supplemental Figure 1). Infusion of human WB
(collected in citrate/CTl and recalcified) for up to 60 minutes did not
cause deposition of fibrin, adhesion of leukocytes or platelets to
ECs, or disruption of flow. The bottom panels of supplemental
Movies 2 (fluorescence) and 3 (bright field) show a representative
time-lapse video (each frame represents ~30 s) of ~20 minutes of
blood flow through a quiescent endothelialized channel, with no
accumulation of fibrin (red) or cellular adhesion (green) and no
disruption of flow.

Characterization of inflammatory thrombosis model

We next sought to model the intravascular events of human
inflammatory thrombosis by flowing WB through TNF-a—activated
endothelialized channels. A schematic diagram of this 2-step model
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is shown in supplemental Figure 2A. Confocal imaging of TNF-
a—activated channels showed the expected changes in luminal
expression of a variety of markers, including increased TF, ICAM-1,
and VCAM-1 and decreased TM (supplemental Figure 2B-D). The
top panels of supplemental Movies 2 (fluorescence) and 3 (bright
field) show infusion of WB into a cytokine-activated endothelialized
channel that, in stark contrast to the quiescent channel, results in
rapid adhesion of leukocytes and platelets, deposition of fibrin, and
ultimately occlusion of flow.

To determine the optimal conditions for testing antithrombotic
therapeutics, we defined the extent of coagulation in the microfluidic
model as a function of the dose and time of cytokine exposure. Both
higher concentration of TNF-a (Figure 2A; supplemental Movie 4) and
longer duration of stimulation (Figure 2B; supplemental Movie 5) led to
greater fibrin deposition upon infusion of WB. These experiments also
revealed the advantage afforded by the multichannel format, which
allowed comparison of multiple experimental conditions (with repli-
cates) within a single experiment. Supplemental Figure 3 shows the
relatively small variance within a single experiment, compared with the
variability across experiments with separate EC preparations and WB
samples. On the basis of these results, each subsequent experiment
was performed with a single blood sample and EC preparation and 8
microfluidic channels. The MFI of the fibrin signal rose in roughly
sigmoidal fashion with a bell-shaped first-derivative curve, analogous to
a thrombin generation curve generated from thrombin generation
assay (TGA) data (supplemental Figure 4).3' Two parameters (peak
fibrin generation rate and the time to peak rate) derived from these
curves were found to be dependent on time and dose of TNF-a
(supplemental Tables 1 and 2).

Apart from fibrin deposition, other physiologically relevant outcomes
were found to vary with the extent of cytokine activation of the
endothelialized channels. In particular, adhesion of leukocytes and
platelets, based on accumulation of green fluorescence, was seen
only after TNF-a stimulation (supplemental Figure 5A; supplemental
Movie 6). Higher doses of TNF-a also demonstrated earlier disruption
and occlusion of blood flow, based on changes in bright-field signal
intensity (supplemental Figure 5C; supplemental Movie 8). Sepa-
rately tracking platelets and leukocytes using antibodies to platelet
GPlIbllla labeled in green and antibodies to leukocyte CD45 labeled
in blue, we found that while that the number of adherent platelets
varied with TNF-a. concentration in the range of 1 to 10 ng/mL, the
number of adhered leukocytes was similar (supplemental Figures 5B
and 6; supplemental Movie 7). We confirmed this finding using an
automated cell counting algorithm to enumerate adherent leukocytes
flowing over TNF-a—activated channels and found similar numbers of
adhered leukocytes per channel area in channels treated with either 1
or 10 ng/mL TNF-a (supplemental Figure 6A). Additional experiments
performed across a lower range of TNF doses (0.1-1 ng/mL) revealed
a dose response of leukocyte adhesion to TNF stimulation within this
lower range (supplemental Figure 6B). Finally, flowing WB over TNF-
a—activated channels resulted in not only adhesion of leukocytes but
also an activation of neutrophils that resulted in deposition of
neutrophil extracellular traps,®2 which could be visualized in real time
with nucleic acid stains (supplemental Figure 7).%°

Inflammatory thrombosis model is TF driven

We next validated the role of TF in initiating coagulation in this
model, noting that peripheral blood was collected in the presence
of CTI, a factor Xlla inhibitor.®* Figure 3A shows the experimental
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Figure 3. Endothelial TM regulates TF-driven coagulation in inflammatory thrombosis model. (A) Schematic showing experimental design. Endothelialized channels
were flow adapted at shear stress of 5 dynes/cm?, stimulated with 1 ng/mL TNF-a for 6 hours, and then treated with antibodies or fusion protein during the first 25 minutes of a
30-minute TNF-a washout period, followed by a 5-minute wash to remove nonspecifically bound protein and, finally, infusion of WB at shear stress of 5 dynes/cm?. (B) Blockade
of endothelial TF delays and markedly reduces fibrin deposition (P = .02 for AUC of TNF vs TNF + anti-TF mAb). Graph shows mean + SEM, with n = 2-3 channels per
condition. (C) Blockade of endothelial TM results in significant increase in fibrin deposition (P < .001 for AUC of TNF only vs TNF + TM blockade), whereas treatment of
TNF-a—activated endothelium with hTM/R6.5 scFv fusion protein completely eliminates fibrin deposition (P = .03 for AUC of TNF only vs TNF + hTM/R6.5). Graph shows mean * SEM,
with n = 2-3 channels per condition. (D) Representative fluorescent images for panel C show fibrin deposition within endothelialized channels and demonstrate opposing effects of

TM inhibition and augmentation.

design, in which TF inhibitory antibody (or media control) was
flowed over TNF-a—activated endothelialized channels prior to the
infusion of WB. As shown in Figure 3B and supplemental Movie 9,
TF blockade significantly (P = .02) reduced fibrin deposition,
confirming the role of endothelial TF as a driver of coagulation in this
model. Analysis of first-derivative curves showed that anti-TF led to
both a decrease in peak fibrin generation rate and an increase in the
time to peak fibrin generation (supplemental Table 3). TF antibody also
decreased the accumulation of green fluorescence (supplemental
Figure 8A), reflecting the sum of leukocyte and platelet adhesion. While
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these cell types were not individually stained in this experiment, the
morphology suggested a decrease in platelet rather than leukocyte
adhesion.

Endothelial TM regulates inflammatory activation
of coagulation

A similar approach was taken to investigate the role of endogenous
endothelial TM in regulating coagulation in the WB microfluidic
model. Although TNF-a stimulation decreases endothelial TM, some
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(50 nM) during the TNF washout period, followed by a 5-minute wash to remove nonspecifically bound protein. Flow of media and WB was at shear stress of 5 dynes/cm?.

(B) Only hTM/R6.5 inhibited fibrin deposition, confirming that both the ICAM-1 binding and hTM domains must be present to produce an antithrombotic effect. Left panel shows

MFI vs time, mean = SEM, with n = 2 channels per condition. Right panel shows AUC analysis. *P < .05 vs all other conditions.

APC generation capacity remains (Figure 1F). To achieve complete
inhibition, we used an antibody specific for the fifth epidermal
growth factor—like domain of TM, which blocks thrombin binding
and eliminates nearly all APC generation capacity (Figure 1F).%°
Treatment of TNF-a—stimulated channels with this antibody prior to
the infusion of WB significantly increased fibrin deposition (P < .001;
Figure 3C-D). Analysis of first-derivative curves revealed an increase
in the peak fibrin generation rate (supplemental Table 4).

These results established the microfluidic model as a means to test
targeted therapeutics in a humanized system, with the hypothesis that
the ICAM-1 targeted fusion protein would localize to activated cellular
surfaces, reverse the loss of endothelial TM induced by cytokine
activation, and abrogate the TF-driven thrombotic response. Indeed,
treatment of TNF-a—activated endothelialized channels with 50 nM
hTM/R6.5, a concentration chosen based on the prior binding
studies (Figure 1E), produced the opposite effect of the TM blocking
antibody, completely eliminating fibrin deposition (Figure 3B-C;
supplemental Table 4; supplemental Movie 10). As seen previously,
effects on green fluorescence mirrored those seen for fibrin gener-
ation, consistent with a reduction in platelet adhesion (supplemental
Figure 8B; supplemental Movie 10).

Comparative testing of antithrombotic agents

Given the effectiveness of hTM/R6.5 in the WB microfluidic model,
we next took advantage of the multichannel format to compare its
antithrombotic efficacy with that of other antithrombotic agents. As
a first step, the fusion protein was tested against equimolar
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concentrations of its individual components, shTM and R6.5 scFv.
These proteins had minimal effects on fibrin deposition when
infused during the TNF-a washout period (Figure 4; supplemental
Table 5). While expected, this confirmed that both domains of the
fusion protein are required for its activity and excluded that ICAM-1
blockade alone might be solely responsible for the observed anti-
thrombotic effect.

Endothelial-bound hTM/R6.5 was next tested against shTM added
directly to WB. Figure 5A shows the experimental design of these
experiments. While both agents significantly decreased fibrin de-
position (Figure 5B; supplemental Table 6; supplemental Movie 11),
the effect of shTM was less sustained (P = .05), even at a dose far
greater than its IC50 in TF-induced thrombin generation assays.®® It
should be noted that hTM/R6.5 was limited to the protein bound to
the cells, as the targeted protein was not added to WB in these
experiments. Hirudin (5 U/mL) and hTM/R6.5 (50 nM) were also
compared and demonstrated similar results (P = .03; Figure 5C;
supplemental Movie 12). Consistent with previous TGA reports,®
hirudin primarily affected the time to peak fibrin generation, without a
major effect on the peak generation rate (supplemental Table 7).

hTM/R6.5 was next compared with shTM following a combination of
cytokine activation of ECs and inflammatory activation of WB
(Figure 6A). The latter was induced by 90-minute preincubation of
the WB with 50 ng/mL LPS, conditions previously used to induce
neutrophil oxidative burst and monocyte TF expression in human
WB.37%8 | PS was chosen to better simulate human disease states,
such as sepsis, in which activated leukocytes and other blood
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Figure 5. Comparative testing of antithrombotic agents. (A) Experimental design, showing distinct timing of treatment with hTM/R6.5 scFv, bound to ECs during the first
25 minutes of the TNF-a washout period, vs soluble agents, which were mixed into WB. (B-C) Both 100 nM shTM (B) and 5 U/mL hirudin (C) inhibited coagulation but were less
effective than hTM/R6.5 (50 nM). Left panels show MFI vs time, = SEM, with n = 2 channels for TNF-a only and n = 3 channels for each therapeutic. Middle panels show

representative fluorescent images. Right panels show AUC analyses. *P < .05 vs TNF only; **P < .05 vs both other conditions; #, not significant (P = .17).

components may contribute to inflammatory thrombosis.*® While
both agents demonstrated antithrombotic effect in this setting, hTM/
R6.5 was significantly more effective in inhibiting fibrin deposition
than shTM (P = .05; Figure 6B; supplemental Table 8; supplemental
Movie 13). In all experiments, the effect of hTM/R6.5 on fibrin
deposition was mirrored by reduction in accumulation of green
fluorescence, consistent with a decrease in platelet accumulation
(supplemental Figure 8C-D; supplemental Movies 11-13).

hTM/R6.5 is at least partially PC dependent

We next tested the contribution of PC activation to the antithrombotic
activity of hTM/R6.5. A recently reported antibody, HAPC1573,
which binds human APC (but not its zymogen) and inhibits its
inactivation of factors Va and Vllla in a dose-dependent manner,®®
was mixed into WB (Figure 7A). In naive WB, HAPC1573 treatment
produced fibrin deposition similar to equimolar isotype control
antibody (P = .33), although shortened time to peak fibrin generation
was observed (supplemental Table 9). APC inhibition markedly
increased fibrin deposition in endothelialized channels treated with
hTM/R6.5 (P < .05), although a persistent delay was seen in the time
to peak fibrin generation (Figure 7B-D; supplemental Table 9;
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supplemental Movie 14). This effect, reported in previous TGA
studies, has been attributed to direct inhibition of thrombin by TM.%®

These results prompted investigation of hTM/R6.5 in the setting of
PC deficiency, a condition observed in sepsis and other syndromes
involving systemic activation of coagulation.*®*? To achieve the levels
of PC deficiency similar to patients with these illnesses, we removed
50% of the plasma from donor WB and replaced it with an equal
volume of PC-immunodepleted (or nondepleted control) plasma
(Figure 8A). Like APC inhibition, partial depletion of plasma PC
produced fibrin deposition similar to control WB (P = .34), with a
slight decrease in time to peak fibrin deposition.** PC deficiency
dramatically altered the activity of the fusion protein, eliminating its
inhibitory effect on overall fibrin deposition (P = .34; Figure 8B-D)
and the decrease in peak fibrin generation rate seen in control WB
(supplemental Table 10). In contrast, \TM/R6.5 produced a delay in
time to peak fibrin generation in both PC-deficient and control WB,
consistent with direct thrombin inhibition by the fusion protein
(supplemental Table 10).3® Finally, addition of exogenous, plasma-
derived human PC to the PC-depleted blood restored the full
antithrombotic effect of hTM/R6.5 (P < .05; Figure 8B-D; supple-
mental Table 10; supplemental Movie 15).
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the TNF-a washout period and mixed into the WB. (B) The fusion protein provided superior antithrombotic effect. Left panels show MFI vs time, mean = SEM, with n = 2 channels for
TNF/LPS only and n = 3 channels for each therapeutic. Right panels show AUC analyses. *P < .05 vs TNF/LPS only; **P < .05 vs both other conditions.

Discussion

This is the first report of ICAM-1 targeted fusion proteins as a therapy
for TF-driven inflammatory thrombosis. Affinity targeting to cellular
surfaces has the potential to dramatically alter local concentrations
and interaction with binding partners, particularly in surface-driven
phenomena such as coagulation, and the improved efficacy of hTM/
R6.5, compared with other therapeutics, including sTM, hirudin, and
anti-TF, demonstrates the translational potential of this approach.
hTM/R6.5 bound to the surface of activated human ECs and
restored APC generation capacity above that of uninflamed
endothelium. hTM/R6.5 shares a number of desirable features with
its mouse-specific analog, YN1/mTM,"® and the use of an scFv
fragment enables facile genetic fusion to therapeutic cargoes and
mitigates the Fc and complement-mediated toxicities seen in clinical
trials of the parental antibody, R6.5, or enlimomab.*44?

To demonstrate the therapeutic efficacy of human-specific hTM/
R8.5, a microfluidic system consisting of entirely human components
was developed to model TF-driven inflammatory thrombosis.
Sophisticated in vitro systems have been developed that incorporate
multiple cell types and reproduce the architecture of microvascular
networks.*®®2 Qur priority was to establish a comparatively straight-
forward model, suitable for testing and comparing targeted scFv/TM
with other antithrombotic drugs.'®°%°° Although the model lacks
subendothelial components of a true vessel, including epithelial
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tissues, it allows for control over endothelial and leukocyte activation,
manipulation and treatment of human WB, and quantification of
therapeutic effects with high spatial and temporal resolution. While
the present focus was on abrogation of fibrin deposition, additional
readouts of inflammatory biology such as leukocyte adhesion and
generation of neutrophil extracellular traps were also shown to be
possible using this model system. By calculating first-derivative curves
of fibrin fluorescence intensity, we provide readouts analogous to
common TGA assays. Importantly, the multichannel format of this
system allows for parallel testing of multiple therapeutic approaches
with a single blood donor and EC preparation, limiting the impact of
these variables, which can complicate other complex microfluidic
model systems.

Several limitations of the model should be highlighted. First, PDMS flow
chambers are rectangular in cross-section and fail to reflect the
mechanical compliance of normal vasculature.>® Use of linear channels
with fixed dimensions and no branches limits extrapolation to physiologic
vascular beds, where inflammatory, TF-driven thrombosis may occur
heterogeneously.?” The important physiologic sources of TF are a matter
of ongoing investigation,®® and as currently constructed, this model is
limited to hematopoietic and endothelial sources. In addition, only
HUVEC cells were investigated in the current model, although further
optimization to enable culture of and comparison with other
endothelial sources is ongoing. The current conformation does not
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rate. Dotted lines show actual values, whereas solid lines show Gaussian functions fitted to these data. Parameters and their 95% confidence intervals are shown in supplemental

Table 10.

permit recirculation, so exposure of endothelialized channels to WB
flow was limited in duration by need to avoid cell settling and
activation of the contact pathway (CTI provides ~1 hour of
inhibition®*). While our intention was to model TF-driven thrombosis,
the use of CTI may likewise be viewed as a limitation, as it eliminates
any contribution of factor Xll-dependent coagulation, believed to play
a role in certain systemic inflammatory syndromes.>®

€ blood advances s aucusT 2017 - voLUME 1, NUMBER 18

These limitations notwithstanding, the data presented provide
several insights into the role of the endogenous PC pathway and
the action of scFv/TM therapeutics. First, the contrasting results
with inhibition and augmentation of endothelial TM suggest its
importance in regulating coagulation under systemic inflammation.
Second, the benefit of ICAM-targeted TM over its soluble
counterpart supports the hypothesis that localization of the protein
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restored with the addition of supplemental plasma PC.

to the cellular membranes enhances its functional activity.'®¢%¢ In

fact, the difference in potency between these 2 agents may be more
significant than their relative concentrations would suggest, as only
a fraction of hTM/R6.5 molecules would have bound to the cell
membrane. While ICAM-1 targeting of hTM/R6.5 was limited to
hematopoietic and ECs in these studies, other cell types, such as
epithelium, express ICAM-1, and may be both an important source
of TF?* and a valuable target of this approach.®?

There are several reasons why binding of TM to cell membranes may
enhance its antithrombotic activity. Cell-surface localization positions
TM in proximity to TF and prothrombinase complexes assembled on
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cell membranes, resulting in immediate inhibition of thrombin and
redirection to PC activation as it is produced.®®®* Experiments
involving antibody inhibition of APC and plasma PC deficiency
suggest that PC activation is an important mechanism of hTM/R6.5
antithrombotic activity, as the ability of hTM/R6.5 to decrease the
peak rate of fibrin generation was PC dependent. EC surface
localization may accelerate activation of PC by partnering with
endogenous EPCR, promoting PC cleavage by the thrombin/TM
complex.?® Although this was not investigated in the present
studies, previous studies with the murine-specific analog of
hTM/R6.5 demonstrated APC generation by cell-bound fusion
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protein was inhibited when binding of PC to endothelial EPCR was
blocked."®

The contribution of PC activation to the antithrombotic activity of hTM/
R6.5 suggests a benefit with combination therapy, as pharmacologic
replacement of TM alone may be insufficient in the setting of PC
deficiency (as seen in septic patients***'). While human plasma-—
derived PC concentrate failed to improve outcomes in sepsis or
disseminated intravascular coagulation,®®®” the synergy observed
with pairing of PC and hTM/R6.5 suggests that simultaneous PC
replacement and targeted delivery of TM may be an effective
clinical strategy. Further investigation using patient specimens in
our microfluidic model and confirmation in preclinical animal models
will be necessary to determine if this combination therapy can surpass
numerous previous pharmacologic attempts to prevent TF-driven
inflammatory thrombosis and disseminated intravascular coagulation
in the clinical setting.
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