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Extracorporeal membrane oxygenation (ECMO) requires anti-
coagulation to prevent clottingwhen the patient’s blood contacts
the circuit. Unfractionated heparin (UFH) usually prevents clot-
ting but can cause life-threatening bleeding. An anticoagulant
that selectively inhibits the contact activation (intrinsic) pathway
while sparing the tissue factor (extrinsic) pathway of coagulation
might prevent clotting triggered by the circuit while permitting
physiologic coagulation at surgical sites. DTRI-178 is an RNA
anticoagulant aptamer conjugated to polyethylene glycol that
increases its half-life in circulation. This aptamer is based on a
previously describedmolecule (9.3t) that inhibits intrinsic tenase
activity by binding to factor IXa on an exosite. Using a piglet
model of pediatric venoarterial (VA) ECMO, we compared
thromboprevention and blood loss using a single dose of
DTRI-178 versus UFH. In each of five experiments, we subjected
two litter-matched piglets, one anticoagulated with DTRI-178
and the other with UFH, to simultaneous 12-h periods of VA
ECMO. Both anticoagulants achieved satisfactory and compara-
ble thromboprotection. However, UFH piglets had increased
surgical site bleeding and required significantly greater blood
transfusion volumes than piglets anticoagulated with DTRI-
178. Our results indicate thatDTRI-178, an aptamer against fac-
tor IXa, may be feasible, safer, and result in fewer transfusions
and clinical bleeding events in ECMO.

INTRODUCTION
Venoarterial (VA) extracorporeal membrane oxygenation (ECMO) is
an ex vivo temporary cardiopulmonary support procedure that may
be used to support heart and lung functions for days, weeks, or
months. Venous and arterial cannulae, polyvinylchloride (PVC)
tubing segments, and a mechanical pump are used to channel central
venous blood through a membrane oxygenator, through a heat
exchanger, and then into the patient’s arterial system. This procedure
is lifesaving for many infants with primary pulmonary hypertension,
524 Molecular Therapy: Nucleic Acids Vol. 27 March 2022 ª 2021 The
This is an open access article under the CC BY-NC-ND license (http
meconium aspiration, congenital diaphragmatic hernia, and other
congenital anomalies; as well as for many adults and older children
with acute respiratory distress syndrome consequent to critical illness,
trauma, and viral infections. ECMO is also used to provide circulatory
support following cardiac arrest in pediatric and adult patients.1,2

During ECMO, systemic anticoagulation is necessary to prevent coag-
ulation that would otherwise be triggered when the patient’s blood
contacts the surfaces of the ECMO circuit. Unfractionated heparin
(UFH) is the standard anticoagulant used in ECMO and has
numerous important drawbacks that arise from its origin, composi-
tion, structure, anticoagulation mechanisms, and immunogenicity.
Extracted from porcine intestinal mucosa or bovine lung, UFH is a
polydisperse mixture of sulfated polysaccharide chains. Only about
one-third of UFH’s chains possess a specific pentasaccharide
sequence that is necessary for antithrombin III (AT) binding.3 The
ability of an individual UFH chain to inhibit factor (F)IXa, FXa, or
thrombin depends not only on its ability to bind AT, but also on
the number of monosaccharide units in the chain. Since AT is a sui-
cide inhibitor, UFH’s principal anticoagulation mechanism leads to
depletion of this cofactor.4 UFH infusion can be particularly problem-
atic in newborns, in whom AT circulates at a concentration less than
50% of its concentration in healthy adults.5 Since AT exerts both anti-
inflammatory and anticoagulant effects, the depletion of AT not only
reduces UFH’s efficacy, but may also exacerbate disease-related and
ECMO-induced inflammation.6 Another important complication of
heparin therapy that is particularly prevalent among adults is devel-
opment of heparin-induced thrombocytopenia (HIT), an immune
Authors.
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Figure 1. Schematics of DTRI-178 secondary structure and extracorporeal

membrane oxygenation ECMO circuit

(A) Secondary structure of DTRI-178. (B) Venous blood is withdrawn from the su-

perior cavoatrial junction via an 8-Fr cannula. A centrifugal pump (artificial heart)

pumps blood through a polymethylpentene membrane oxygenator (artificial lung),

where gas exchange and warming occurs. Arterialized blood is then returned via the

arterial cannula terminating in the arch of the aorta. Resistance to flow across the

membrane oxygenator is estimated by transduction of hydrostatic pressure

immediately prior to (Ppre) and after (Ppost) the oxygenator.
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response that develops in 1% to 3% of patients who receive prolonged
UFH infusions. If unrecognized, HIT can cause end-organ damage
and life-threatening thrombosis.7 In addition, UFH does not effec-
tively inhibit thrombin generation during ECMO and cannot inacti-
vate clot-bound thrombin. These limitations can result in the deple-
tion of prothrombin and the activation of inflammation in this
setting.8

The most overt, common, and perhaps important adverse effect of
UFH infusion for ECMO is bleeding. Infants and children are at
particularly high risk for hemorrhagic complications while on
ECMO. Their smaller circulating blood volume necessitates near-
daily blood transfusions due to small-volume but ongoing blood
loss (typically from cannulation sites). Intracranial hemorrhage is
also six times more common in neonates compared with adults.9,10

Last, the immaturity of the neonatal hemostatic system also makes
effective monitoring much more complicated and potentially
morbid.11,12 Strategies aimed at reducing heparin exposure and miti-
gating hemorrhagic risk, such as liberal platelet transfusions and
improving biocompatibility of synthetic circuit components, do not
obviate the need for systemic anticoagulation and associated effects
of UFH.13,14

Aptamers are synthetic oligonucleotides that bind a target epitope with
high specificity and avidity.15,16 Aptamers often act as protein inhibi-
tors by binding and burying large patches on the surface of a target pro-
tein and thereby sterically interfering with the protein’s ability to form
macromolecular interactions.17,18 As pathologic blood clotting remains
a major driver of morbidity and mortality and is mediated through
macromolecular interactions among coagulation factors, the concept
of developing aptamers into anticoagulants has received considerable
attention.16,19 In particular, recent studies have focused attention to-
ward targeting the intrinsic or contact pathway factors (FXII, FXI,
and FIX),20,21 which are activated when blood is passed over foreign
surfaces, as occurs during ECMO.22 As ECMO is often performed
for hours or days, it is important that aptamers can be chemicallymodi-
fied (e.g., conjugated to polyethylene glycol [“PEGylated”] to reduce
renal clearance and increase circulating half-life) and manufactured
at large scale by chemical synthesis. Finally, unlike the biological effects
from monoclonal antibodies, aptamers also have the unique benefit of
being rapidly and specifically reversible by administration of a second
oligonucleotide composed of a complementary sequence. Through
Watson-Crick base-pairing with the aptamer, the antidote oligonucle-
otide neutralizes the ability of the aptamer to bind its target epitope and
rapidly reverses its anticoagulant activity,23–26 an important safety
benefit for an anticoagulant in the setting of ECMO, as these patients
often walk a fine line between clotting and bleeding events.

FIXa is the enzymatic component of intrinsic tenase, the final procoagu-
lant enzyme complex in the contact activation (intrinsic) coagulation
pathway. The anticoagulant aptamer 9.3t is a 35-base RNA anticoagu-
lant aptamer that binds a human FIXa exosite in a manner that inhibits
the formation of intrinsic tenase.27Thismoleculehas also been shown to
bind and inhibit porcine FIXa, and has been used to achieve short-term
anticoagulation (<1 h) in a piglet model of cardiopulmonary bypass.28

Clinical investigations of DTRI-178, a 31-base PEGylated optimized
version of 9.3t previously named pegnivacogin (RB006), showed that
it achieved satisfactory anticoagulation inpatientswhowere undergoing
percutaneous coronary intervention.29–31Therefore,DTRI-178presents
an attractive means of inhibiting the final step of the contact activation
pathway while relatively sparing the tissue factor (TF; extrinsic) coagu-
lation pathway. The sequence and secondary structure of DTRTI-178
have been solved and reported (Figure 1A).

Assessing the efficacy of FIXa inhibition for thromboprevention during
ECMO requires in vivo modeling with high clinical fidelity. Pigs (Sus
scrofa) are commonly used as large animal models of human disease
due to their similar cardiopulmonary physiology, cardiovascular
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Figure 2. Blood flowand transmembrane oxygenator pressures through the

extracorporeal membrane oxygenation ECMO circuit over time

(A) ECMO flow was measured hourly by a flow transducer immediately post-

oxygenator. Each individual animal’s measurements are connected by line seg-

ments. (B) Transmembrane oxygenator pressure gradient (DP) was measured

hourly by subtracting the hydrostatic pressure measured at the oxygenator outflow

from the inflow. The clinically relevant normal and critical upper limit pressures are

indicated with dashed lines. Each individual animal’s measurements are connected

by line segments.
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anatomy, and hemostatic systems.32–35 Young pigs and piglets have
been used as models of pediatric ECMO in order to study ECMO-
induced ischemic and inflammatory changes, and in a model of cardio-
pulmonary bypass to compare the efficacy of anticoagulants.36–38 Con-
ventional coagulation parameters and individual factor activities in
swine have been described in detail.39,40 Generally, pigs have higher ac-
tivities of the same intrinsic coagulation factors established in humans
(i.e., IX, XI, and XII). This high degree of conservation is inferred
from both porcine enzymatic activity in assays using human substrates
and structural analysis of clots ex vivo; as well as from overall interspe-
cies amino acid sequence homology.41–43 Finally, we have previously
described the use of piglets tomodel VAECMOusingUFH as the stan-
dard of care.44 Given the similarities between human and pig cardiovas-
cular and coagulation systems, as well as prior establishment of models
for extracorporeal support in piglets, a porcine model was selected to
examine the effects of selective FIXa inhibition during VA ECMO.

We hypothesized that the FIXa aptamer DTRI-178 would provide
improved hemostasis with equivalent thromboprevention compared
with UFH infusion in a piglet model of VA ECMO.
526 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
RESULTS
UFH and aptamer DTRI-178 both maintain circuit patency in

piglet ECMO

Five pairs of piglets (five UFH, five aptamer) were cannulated for VA
ECMO and supported through the study endpoint of 12 h. Each pair
came from a single litter and were therefore identical in age (mean =
15.2 days, Figure S1). Themean weight was 5.03 kg for the UFH group
and 4.84 kg for the aptamer group (p = 0.5714).

All animals achieved and maintained good ECMO flows throughout
the experiment (Figure 2A). Mean flows ranged from 100 to 140 mL/
kg/min and were stable throughout the procedure for both groups.
Transmembrane oxygenator pressure gradient (DP), a measure of
resistance to flow through the oxygenator and surrogate for oxygen-
ator clot burden, was negligible for both groups at all but one time
point in every experiment (Figure 2B). There was one outlying
17 mm Hg measurement at 11 h from an aptamer-treated animal,
which normalized by the next hour’s data collection point (mean
DP for all other measurements in all animals in all experiments %
10 mm Hg). Oxygenation and decarbonation were adequate in both
experimental groups throughout each run, although the partial pres-
sure of carbon dioxide (PaCO2) tended to increase throughout the
run in the case of heparinized animals (Figure S2).
Hemostasis is superior with aptamer compared with heparin

Animals in the UFH group required significantly more blood transfu-
sions in order to address hematocrit instability (Figure 3, 44.2 mL/kg
versus 0.4 mL/kg, p = 0.0159). Furthermore, two of five animals in the
aptamer group did not require any transfusions in order to maintain
hematocrit stability despite repeated blood draws for laboratory
studies and monitoring, while all animals in the UFH group required
repeated transfusions. This corresponded with slow but persistent
hemorrhage from cannulation and suprapubic bladder/femoral arte-
rial catheterization sites for the duration of the run in five of five UFH
animals. In contrast, three of five aptamer-treated animals had imme-
diate hemostasis after the initial procedures, with the remainder
achieving delayed hemostasis by the end of the experiment.
Aptamer and heparin provide equivalent thromboprevention

After rinsing away residual blood with crystalloid, high-resolution
photographs of all five oxygenators from each treatment group
were examined to compare macroscopic clot burden (Figures 4A
and 4B). In agreement with negligible DP throughout each run, clot
burden was overall low in both groups (Figure 4C). There was no sig-
nificant difference in the mean percentage of the oxygenator face
occupied by clot on photography (0.72% for UFH versus 1.25% for
aptamer, p = 0.0952).

Ten regions from each of two layers (superficial, deep) from each of
three oxygenators in each treatment group (UFH, DTRI-178 ap-
tamer) were analyzed with scanning electron microscopy (Figures
4D and 4E). Blinded manual counting revealed no significant differ-
ence in the mean percent of area clotted among oxygenators from



Figure 3. Blood transfusion volumes and clinical

bleeding events

(A–D) Clinical bleeding at the experiment completion (12 h

total) at the sites of cannulation at neck (A and C) and

instrumentation at groin (B and D). Representative photos

of heparinized (top: A and B) and DTRI-178-treated (bot-

tom: C and D) animals are provided. (E) Whole-blood

transfusion volume. Individual points are transfusion totals

in mL/kg. Bars represent the median transfusion total and

error bars are interquartile ranges, and the difference is

statistically significant (p = 0.0159). Striped boxes repre-

sent the total blood volume removed throughout the run

for study sampling and monitoring.
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animals treated with UFH (1.55%) versus aptamer-treated animals
(1.67%, p = 0.9372) using scanning electron microscopy (Figure 4F).

Aptamer anticoagulation is quantifiable and durable

Porcine UFH infusion was titrated to the activated clotting time
(ACT) goal of 180 to 220 s, with a mean ACT across all time points
for all animals on ECMO of 194 s. The aptamer dose required to dou-
ble the baseline activated partial thromboplastin time (aPTT) was
about 0.5 mM (Figure S3). Therefore, the five aptamer-treated piglets
received only a single dose at the time of cannulation divided between
the animal and circuit for a target plasma concentration of 0.50 mM.
The mean dose received based on hematocrit, weight, and dose
administered on the day of the procedure resulted in an actual plasma
concentration of 0.49 mM. Administration of aptamer to the piglet
immediately prior to cannulation resulted in a median ACT-low
range (ACT-LR) increase of 23 s (Figure 5, p = 0.0159). This increase
was durable across all five runs, with the median increase persisting at
12 h (108 s versus 132 s, p = 0.0079). The mean ACT-LR across all
time points in all animals after aptamer treatment on ECMO was
127 s (normal = 103 s across all neonatal piglets in our experience).

Aptamer anticoagulation spares the TF pathway of coagulation

Rotational thromboelastometry (ROTEM) provides data similar to
the older viscoelastic testing technology thromboelastography
(TEG). It is a rapid whole-blood assay that quantifies clot formation
kinetics and firmness in response to different activation agents. RO-
TEM samples taken throughout the run confirmed the specificity of
the aptamer for the intrinsic pathway of coagulation. As expected,
treatment with DTRI-178 resulted in a significant and reproducible
increase in intrinsic pathway ROTEM (INTEM) coagulation time
(CT), consistent with ACT-LR testing (Figure 6B). Specifically, the
median INTEM CT increased from 160 s to 380 s after bolus
administration of DTRI-178 but before starting ECMO (p =
0.0159). ROTEM demonstrated that the extrinsic pathway was
spared by both UFH and aptamer, with extrinsic pathway ROTEM
(EXTEM) CT unchanged after administration of each (54 s–56 s for
Molecular Th
UFH, p = 0.9268; and 57 s–56 s for DTRI-178;
p = 0.3175; Figures 6A and 6C). Of note, IN-
TEM testing was not performed for heparin-
ized samples, as the heparin concentrations
used in this experiment would result in no
clot formation and no calculable CT.45 Instead, the ROTEM hepa-
rinase-treated HEPTEM protocol were used to determine if there
was an underlying intrinsic coagulopathy. Finally, fibrin-only RO-
TEM (FIBTEM, which uses an extrinsic pathway activator after a
cytochalasin D platelet inactivation step) revealed no differences
in the trajectory of clot firmness over the 12-h runs between the
two groups. Platelet counts and quantitative fibrinogen testing
confirmed similarity between the two groups over each run (Fig-
ure S4). White blood cell count (WBC) was stable without clinically
meaningful elevations or differences between treatment groups
throughout the run. Although the WBC was statistically signifi-
cantly less among DTRI-178 aptamer-treated piglets immediately
after administration, the difference was not redemonstrated at other
time points, and the magnitude of 1.0 � 103 cells/mL is not consid-
ered clinically significant (Figure S5).

DISCUSSION
The use of ECMO has steadily increased worldwide since 2006, with
about 15,000 runs registered in 2018.46 The Extracorporeal Life Sup-
port Organization projects continued expansion of this lifesaving
therapy worldwide, particularly as safer devices expand the indica-
tions for ECMO. Despite other advances in the field and well-estab-
lished risks of hemorrhage and HIT, UFH infusion has remained
the standard of care since the inception of ECMO in the 1970s. The
present study demonstrates that in a piglet model of VA ECMO, an-
imals anticoagulated with either an anti-FIXa aptamer or UFH have
comparable thromboprevention, but that piglets anticoagulated
with the aptamer have significantly better hemostasis.

Although FIX is activated to FIXa during TF-FVIIa complex-medi-
ated coagulation, it is not required for FXa generation in the presence
of TF.47 Therefore, thrombin can be generated with subsequent
platelet aggregation and fibrin polymerization by TF-FVIIa com-
plexes in the absence of FIXa. More recent studies have also described
activation of FIX in a non-canonical pathway by the contact activa-
tion protease kallikrein, suggesting that foreign surfaces may be a
erapy: Nucleic Acids Vol. 27 March 2022 527
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Figure 4. Macroscopic inspection and scanning

electron microscopy analyses of clotting on

membrane oxygenators

(A and B) Photograph of the median-clotted membrane

oxygenator from (A) heparinized, and (B) DTRI-178-

treated animals. (C) The percentage of total oxygenator

surface area covered with clot, expressed as themedian ±

the interquartile range. Data points indicate value for all

five animals in each group, and the difference is not sta-

tistically significant (p > 0.05, ns). (D and E) Scanning

electron micrographs of oxygenator fibers from the me-

dian-clotted (D) heparin- and (E) DTRI-178-treated ani-

mals. Inlays are higher-magnification images of repre-

sentative clots. Lower magnification = �65, inlays =

�1,500 and �2,500, respectively. Scale bars at lower

magnification, 200 mm, inlays, 10 mm. (F) The percentage

of the total oxygenator surface area covered with clot,

expressed as the median ± the interquartile range. Data

points indicate the separate average values for fibers

obtained from the superficial and deep portions of the

oxygenators for three animals in each group, and the

difference is not statistically significant (p > 0.05, ns).
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very proximal stimulus for FIXa generation via kallikrein and inde-
pendent of other mechanisms.48 Thus, FIXa is an attractive target
to limit clotting during ECMO. Using the whole-blood ROTEM
assay, we reported that aptamer DTRI-178 permits TF pathway-
mediated FX activation, thereby preserving normal EXTEM parame-
ters and hemostatic capacity in response to tissue trauma (i.e., surgical
manipulation for the ECMO cannulation procedure). Simulta-
neously, DTRI-178 prevented undesired clot formation in and on
the synthetic oxygenator.

These findings are a potentially significant advance in the develop-
ment of a more rational systemic anticoagulation strategy for
ECMO patients, and might reduce bleeding, decrease cost, and
improve survival.49 Our findings are of particular interest in the treat-
ment of patients with pre-existing coagulopathies who may be at the
highest risk of hemorrhage and/or thrombosis. Patients undergoing a
prolonged resuscitation, premature and early-term infants with
increased intraventricular hemorrhage risk, those with disseminated
intravascular coagulation, and those with severe COVID-19 pneu-
monia might stand to benefit most from more selective approaches
to anticoagulation and improvement in hemostasis. In addition, the
global COVID-19 pandemic highlights the potential for unprece-
dented and sudden increases in the need for ECMO, as well as atten-
dant needs for safer anticoagulation in circumstances.

Our findings have significant implications not only for ECMO, but
also for other applications in which blood-foreign surface contact ne-
cessitates ongoing anticoagulation. Ventricular assist devices (VADs)
for heart failure, for example, typically use a centrifugal pump very
similar to most ECMO systems. Patients with VADs routinely receive
oral vitamin K antagonists, which carry considerable hemorrhagic
risk and associated complications, including mortality.50
528 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Furthermore, there is ongoing study of the specific mechanisms of hy-
percoagulability, thrombosis, and hemorrhage among children and
adults while on extracorporeal circulation, and with a blood-device
interface as a whole. Clinical observational studies of coagulation fac-
tor activities implicate the underlying disease process as well as ac-
quired TF and contact activation coagulation deficiencies from extra-
corporeal circulation itself, and the cause of thrombosis and
hemorrhage is ultimately probably multifactorial.51 To this end, a
recent review on this subject in particular concluded that there is “a
lack of data regarding the extent of TF-FVII as compared with contact
activation mediated thrombin generation in ECMO.”52 Our findings
directly implicate FIX/FIXa and intrinsic tenase in the development of
clot associated with synthetic surfaces in a highly relevant clinical
model using healthy animals, providing additional mechanistic
insight that suggests a critical role for contact activation in the path-
ogenesis of device-related thrombosis. Overall, our observations
should guide future studies and therapeutic targets in anticoagulation
for extracorporeal circulation and synthetic devices as a whole, with
special attention toward more hemostatic and safer anticoagulant
strategies by exploiting the critical importance of the contact activa-
tion system.

Given the considerable risks of UFH, there has been recent interest in
development of alternative anticoagulation strategies for a myriad of
applications in which UFH is typically the standard of care, including
ECMO.53 This study, therefore, accords with a rapidly growing body
of studies investigating more selective approaches to anticoagulation.
In particular, the past decade has seen a proliferation of experimental
small molecule and antibody-based therapies targeting the contact
activation coagulation system in extracorporeal circuits.54,55 Such
strategies have the theoretical hemostatic benefit of sparing TF-medi-
ated coagulation in the face of tissue trauma, while inhibiting enzymes



Figure 5. Low-range activated clotting time ACT-LR in DTRI-178-treated

animals

Points represent the median ACT-LR and error bars are interquartile ranges. The

first point (before time 0) is the baseline reading prior to DTRI-178 administration, the

second point (at time 0) is immediately prior to starting ECMO, and the third point is

immediately after commencing extracorporeal circulation.
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specifically associated with foreign surface-induced clotting.22 For
example, an anti-FXIIa antibody was sufficient to maintain ECMO
circuit patency in four healthy adult rabbits cannulated via open
abdominal approach for 6 h, with superior hemostasis compared
with five adult rabbits treated with UFH. Proteins isolated from the
midgut of blood-eating insects have been found to possess anti-
FXIa and FXIIa activities that facilitate anticoagulation as measured
by FeCl3-and foreign surface-induced clotting55,56 and aptamers
have also been generated against FXI and FXII.20,21 All of these stra-
tegies offer the theoretical benefit of targeting enzyme effectors of
coagulation that are most proximal to the procoagulant stimulus;
i.e., foreign surface contact and FXIIa generation. None of these stra-
tegies have yet been integrated into routine clinical practice.

Our strategy targets a critical component of the intrinsic tenase com-
plex that is dispensable for TF-FVIIa complex-mediated coagulation.
Although it may theoretically present a greater hemorrhagic tendency
compared with FXI and FXII inhibitors, we have demonstrated very
favorable hemostasis in our model using FIXa inhibition while main-
taining thromboprevention comparable to that achieved with UFH.
The basis for this relative preservation of hemostasis may be multifac-
torial and complex. In two prior studies using the similar molecule
9.3t, it was demonstrated that this closely related anti-FIXa aptamer
inhibited formation of intrinsic tenase.23,27 As intrinsic tenase acti-
vates FX orders of magnitude faster than does free FIXa; that effect
alone likely provides potent anticoagulation. This is the basis for
aPTT prolongation and likely the mechanism for thromboprevention
during ECMO. Rusconi and colleagues additionally suggested that
9.3t disrupted the formation of pre-formed intrinsic tenase by bind-
ing FIXa; i.e., by “pulling” FIXa away from FVIIIa. In a separate
report, Gopinath et al demonstrated that 9.3t, by binding FIX, also in-
hibited TF:FVIIa-mediated FIXa activation, but not FXIa-catalyzed
cleavage of FIX.57 This ability to partially inhibit TF:FVIIa activation
of FIX may be beneficial in the setting ECMO for patients who have
suffered vascular injury and exposure of TF due to trauma, surgery, or
infection such as has been observed in severe COVID-19.58 Unfortu-
nately, inhibitors of FXII or FXI are not expected to be able to control
clotting induced by the TF pathway in these settings, which may
significantly compromise their utility.

Another intriguing potential explanation for adequate hemostasis
despite FIXa inhibition is mounting evidence in multiple animal
models of an extravascular FIX reservoir.59,60 Collagen-avid FIX
may extravasate and provide a limited but significant reserve that is
not immediately accessible by drugs administered intravenously
such as aptamer DTRI-178. Such a reservoir might reach sufficient
concentrations to promote hemostasis in injured tissue beds when
intravascular FIX zymogen has been inactivated. More study is
needed to investigate the clinical relevance of extravascular FIXa. In
summary, we have demonstrated that an RNA aptamer against
FIXa maintains circuit patency with superior hemostasis and equiva-
lent thromboprevention compared with UFH in a high-fidelity
porcine model of pediatric VA ECMO. This preclinical evidence
demonstrates a role for FIXa inhibition in the management of chil-
dren and adults on ECMO, particularly among those at highest risk
for bleeding, clotting, or both (i.e., premature infants, adults with coa-
gulopathy, COVID-19 pneumonia, and trauma victims). This
rational approach to anticoagulation may reduce or obviate the
need for frequent blood product transfusions, reduce devastating
hemorrhagic complications, avoid the risk of HIT, and potentially
make ECMO a safer therapy for additional populations of infants
and adults for whom the risks of conventional anticoagulation have
historically been unacceptably high, including those with severe
COVID-19 pneumonia. As this aptamer has been evaluated in
more than a thousand patients undergoing percutaneous coronary
intervention and provided effective anticoagulation in these pa-
tients29–31 while proving safe except for rare individuals who con-
tained high levels of pre-existing anti-PEG antibodies,61,62 we believe
that DTRI-178 represents an anticoagulant agent that can be rapidly
translated into the clinic by pre-screening individuals for anti-PEG
antibodies through established immunoassays prior to administering
the PEGylated aptamer and subjecting them to ECMO.

Limitations of our study include the 12-h duration and sample size
employed. Children on ECMO may require days to wean support or
reach stability for destination therapy. In one retrospective multi-
center observational study, the median pediatric ECMO run length
was 4 days.63 Therefore, the ideal study would similarly observe an-
imals maintained on ECMO for a minimum of several days, regard-
less of resources required. Despite this apparent limitation, it is
worthwhile to note that our study used ECMO for longer than
similar such studies using ECMO in swine and rabbits, and animals
rapidly reached and maintained a steady state of anticoagulation
and flow as demonstrated in Figures 5, 6, and 2; respectively.38,54,64

Although the number of animals studied could be expanded to
strengthen our conclusions, piglets were selected from the same lit-
ters for each ECMO run in order to decrease the chance that genetic
heterogeneity could affect anticoagulation efficacy and bleeding
phenotype. Particularly with respect to blood loss and transfusions
required, the magnitude and reproducibility of our findings were
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 529
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Figure 6. Rotational thromboelastometry ROTEM

analyses of the extrinsic EXTEM, intrinsic INTEM or

HEPTEM, and acellular fibrin-only FIBTEM

pathways of coagulation

The first point (before time 0) is the baseline reading prior

to DTRI-178 administration, the second point (at time 0) is

immediately prior to starting ECMO, and the third point is

immediately after commencing extracorporeal circulation.

Points represent the median clotting time or firmness, and

error bars are the interquartile range. (A) ROTEM EXTEM

CT. This measure of clotting speed in response to a TF

analog is similar to the conventional prothrombin time. As

expected for agents that primarily or solely target the

contact activation pathway, the CT of the extrinsic

pathway is unaffected by the addition of either heparin

(red) or DTRI-178 (turquoise). (B) ROTEM HEPTEM CT for

heparin animals and INTEMCT for DTRI-178 animals. This

measure of clotting speed in response to a contact acti-

vation agent (micronized silica) is analogous to the con-

ventional aPTT. As expected, CT is prolonged among

aptamer-treated animals immediately after administration

(median 160 s at baseline compared with 380 s after

aptamer, p = 0.0159). CT remains near normal among

heparinized animal due to the effects of the HEPTEM test

pre-treatment, which neutralizes heparin’s effects on the

CT in order to demonstrate underlying coagulopathy. (C)

ROTEM EXTEM maximum clot firmness (MCF). The

overall clot firmness remains unchanged and similar be-

tween study groups. (D) ROTEM HEPTEM MCF for hep-

arin animals and INTEM MCF for DTRI-178 animals. The

overall clot firmness remains unchanged and similar be-

tween study groups. (E) ROTEM FIBTEM MCF. The

acellular clot firmness (i.e., minus platelet contribution) is

decreased after initiating ECMO, but is similar between

groups and steady throughout the remainder of the

experiment.
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sufficient to draw conclusions about the effects of DTRI-178. Future
studies with additional animals might study additional doses of
DTRI-178 or its cognate reversal agent, which has been previously
described and employed to good effect in human subjects.65 Howev-
er, with the benefit of such human studies as well as our rational
approach to dose selection based on studies of aPTT prolongation
in vitro, we believe that the current dosing regimen represents a
reasonable empiric strategy for this application and may guide
future studies.

MATERIALS AND METHODS
The animal experiments were reviewed, approved, and monitored by
the Duke Institutional Animal Care and Use Committee.

Ten litter-matched, approximately 2-week-old male Yorkshire farm
piglets, 4.5 to 5.5 kg, were randomly assigned to control (UFH) or ap-
tamer (DTRI-178) study groups. Ten juvenile female Yorkshire pigs
(3–4 months of age, 30–55 kg) were used for circuit priming and
blood transfusions. All piglets and donor animals were confirmed
530 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
to be blood type O with EldonCard (Eldon Biologicals, Gentofte,
Denmark) kits as previously described.66 Animals were only included
if they met size criteria and were blood type O as described above.

DTRI-178 anticoagulation

The in vivo and in vitro activities of DTRI-178 in human blood have
been previously described.30,67 In order to confirm species specificity
and estimate dosing in porcine models, normal plasma was obtained
from 10 healthy adult pigs, pooled, and subjected to aPTT tests with
graded dilutions of DTRI-178. Briefly, 10-fold dilutions of DTRI-178
were added to pooled normal porcine plasma for final reaction
mixture concentrations of 5 � 10�3 mM–5 mM in 20 mM HEPES
buffer, pH 7.4. The plasma-aptamer mixture was incubated for
5min at 37�C before addition of the silica-based SynthasIL aPTT acti-
vation reagent (Instrumentation Laboratory). After 2 min of incuba-
tion with the activation reagent, calcium chloride 0.2 M was added to
commence coagulation (Instrumentation Laboratory), and a BBL
fibrometer (BD, Franklin Lakes, NJ) was used to measure the time un-
til coagulation began. All tests were performed in triplicate, and the
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aptamer concentration at which the aPTT was doubled was selected
for further experimentation in vivo.

The half-life of DTRI-178 is dose-dependent and has been previously
studied in humans. In healthy adult subjects receiving sufficient ap-
tamer to double the aPTT in vivo, the duration of activity was about
30 h.30 In subjects receiving aptamer to increase the aPTT 1.3-fold
(i.e., the approximate ACT-LR increase in our animal studies), the
duration of effect was 20 to 24 h, well over the duration of the study.

Donor blood collection procedures

After overnight fasting, two donor animals were sedated with intra-
muscular ketamine (22 mg/kg) and acepromazine (1.1 mg/kg), and
then anesthetized with isoflurane (1%–5%), intubated, and mechani-
cally ventilated. Following infiltration with 1% bupivacaine, the right
carotid artery was exposed and cannulated for whole blood collection.
The first 5 mL of blood was discarded, and then donor collection bags
containing sterile anticoagulant-citrate-dextrose A (ACD-A; Fenwal
Inc., Lake Zurich, IL) were filled with donor blood in a 1:8 ratio.
When sluggish flow was encountered at the end of the collection or
in the case of incompletely filled bags, the blood was discarded. After
exsanguination, donor animals were killed humanely under deep
anesthesia with approved methods, and the piglet ECMO cannulation
procedure commenced immediately.

Donor blood was stored at 4�C, and individual bags were introduced
into each of the two ECMO circuits in each experiment in the same
order (in order to maintain similar donor-recipient dynamics). Blood
was transfused through the heated ECMO circuit to prevent hypo-
thermia. All blood was used within 24 h of collection.

Piglet cannulation procedures and ECMO circuit description

After 8 h of fasting, two litter-matched piglets were sedated with iso-
flurane (1%–5%) and intravenous propofol infusion (4–10 mg/kg/h).
After infiltration of bupivacaine, a femoral arterial catheter and
suprapubic urinary bladder catheter were placed for monitoring.
The first piglet’s assignment (UFH versus aptamer) was alternated
for each of the study days. The right common carotid artery and
external jugular vein were exposed with blunt and sharp dissection,
and both vessels were controlled with monofilament suture. Immedi-
ately prior to carotid ligation and arteriotomy, an anticoagulant bolus
(heparin for goal ACT 180–200 s or target plasma aptamer concentra-
tion 0.50 mm) was administered. Finally, the common carotid artery
and external jugular vein were cannulated under direct vision with
8-Fr venous and 8-Fr arterial cannulae (Biomedicus Medtronic, Min-
neapolis, MN). The arterial and venous cannulae were advanced 2 to 3
and 7 cm, respectively, and their tip positions were confirmed at nec-
ropsy to be in the transverse arch of the aorta and cavoatrial junction,
respectively.

Simultaneously, the ECMO circuit was prepared in a manner consis-
tent with our clinical practice (Figure 1B). The circuit employed un-
coated PVC tubing and a centrifugal magnetic levitation pump from a
commercially available perfusion pack (Custom Revolution Pump
Base Pack and Tubing Pack, Sorin Group Liva Nova, London, United
Kingdom). An adult membrane oxygenator was used (Quadrox-iD;
Maquet Getinge Group, Wayne, NJ). The circuit was clear-primed
in anticipation of cannulation with the calcium-free balanced sa-
line-containing crystalloid Plasmalyte-A (Baxter International, Deer-
field, IL). Immediately prior to commencing ECMO, the circuit was
primed with whole citrated donor blood (�450mL), followed by anti-
coagulation (300 U heparin or target plasma aptamer concentration
0.50 mm), recalcification with 500 mg CaCl2, and 3 to 5 mEq sodium
bicarbonate for a target pH of 7.4.

ECMO settings, monitoring, and lab draws

The target ECMO flow was 120 mL/kg/min (range: 80–160 mL/kg/
min) and the pump speed was the dependent variable. The sweep
gas was initially set to 1/32 L/min of flow and titrated to achieve a
PaCO2 40 to 60 mm Hg. The pressure gradient across the membrane
oxygenator (Ppre – Ppost = DP) was calculated as a real-time surrogate
of oxygenator clot burden. All settings were recorded hourly. Vital
signs including rectal temperature, heart rate, SpO2, respiratory
rate, end-tidal CO2, and femoral arterial blood pressure were re-
corded every 15 min for the first 4 hours and then every 30 min
thereafter.

Piglets underwent arterial blood gas (ABG) sampling via femoral
catheter every hour using a GEM Premier 3000 analyzer with fresh
whole blood (Instrumentation Laboratory, Bedford, MA). Hemato-
crit was measured every hour and a 10 mL/kg transfusion was deliv-
ered if ABG hematocrit was <21%. In order to exclude variability
incurred during cannulation or at baseline, only transfusions after
4 h were compared. Based on previously established ECMOmodeling
in piglets as well as clinical guidelines for humans, a UFH anticoagu-
lation target using ACT 180 to 220 s was established a priori.38,68

Hourly MAX-ACT with an Actalyte Mini II analyzer (Helena Labo-
ratories, Beaumont, TX) was performed with fresh whole blood to
monitor heparin anticoagulation hourly. Heparin infusion rate
adjustments were made after any MAX-ACT value outside of the
180- to 220-s range. The MAX-ACT was repeated 5 min after sub-
therapeutic (<180 s) or very supratherapeutic (>250 s) readings until
a therapeutic range reading was obtained. For aptamer-treated pig-
lets, ACT-LR (Instrumentation Laboratory) was performed hourly
with a HemoChron Jr Signature analyzer (Instrumentation Labora-
tory) designed to monitor patients receiving less potent anticoagula-
tion. The heparin strategy (bolus and then constant infusion) was ul-
timately based on typical clinical practice.

Finally, ROTEM tests of the extrinsic, intrinsic, and fibrin-only
coagulation pathways were performed at baseline, after anticoagula-
tion but pre-ECMO, 5 min after starting ECMO, and then at 4, 8,
and 12 h after starting ECMO (Instrumentation Laboratory). In or-
der to account for the effects of heparin (which arrests INTEM
intrinsic coagulation entirely at the concentrations used in this
experiment) and probe for underlying coagulopathy, all heparin-
containing specimens were pre-treated with heparinase as per the
manufacturer HEPTEM protocol. Citrated whole blood and
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commercially available reagents from Instrumentation Laboratory
were used for ROTEM testing on a ROTEM delta analyzer accord-
ing to manufacturer instructions, and reactions were allowed to pro-
ceed for at least 30 min.

Additional laboratory testing included complete blood count ob-
tained with an automated hematology analyzer (Model KX-21N; Sys-
mex, Lincolnshire, IL) at baseline, and 0, 4, 8, and 12 h; and quanti-
tative fibrinogen levels (IDEXX BioAnalytics, North Grafton, MA)
at 0, 4, and 12 h.

Membrane oxygenator analyses

At the completion of each run, membrane oxygenators were gently
rinsed with isotonic normal saline to remove blood, and then the
face of each oxygenator was photographed for clot quantification. Ox-
ygenators were then processed for scanning electron microscopy.
Briefly, a 3 � 3-cm section of the outermost superficial layer of the
oxygenator membrane and a similar-sized section of deep interior
layer were cut and then dehydrated in graded series of aqueous
ethanol (50%, 70%, 90%, and then three times in 100%). A final dehy-
dration step was completed in hexamethyldisilazane (EM Sciences,
Hatfield, PA) before specimens were placed in a dehydration chamber
overnight. Samples were sputter-coated with gold in a Desk V unit
(Denton Vacuum, Moorestown, NJ). Finally, 1 � 1-cm sections
from both shallow and deep portions of the oxygenator weremounted
onto aluminum stubs. Ten random images were acquired from both
depths on each of six oxygenators (three UFH, three aptamer) at
�200,000 magnification using an Apreo S scanning electron micro-
scope (ThermoFisher Scientific, Hillsboro, OR).

For photography analysis and comparison, lossless TIF photographs
of all 10 oxygenators were analyzed in Fiji by two blinded authors.69

Both authors quantified the number of macroscopic clots as well as
the overall percent of the oxygenator face that was clotted. The num-
ber of clots and percent of oxygenator face clotted for both experi-
mental groups were ultimately expressed as the mean and SEM of
the duplicate means calculated for each oxygenator.

For scanning electron microscopy analysis, all 20 images (10 superfi-
cial, 10 deep) for each of the three oxygenators per study group were
analyzed for combined fibrin and cellular clot burden by the same
blinded authors. In a manner similar to that described above for pho-
tographs, Fiji was used to count all clots R5 mM in any dimension,
and then to estimate the percent area clotted.

Statistical analysis

Data were analyzed and graphed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA). Continuous data were described using the
median and interquartile range. Given the limited sample size,
nonparametric testing was selected for inferential statistics. Point
comparisons of continuous variables between study groups (i.e.,
weight) were made using the Mann-Whitney U test. For all tests,
p < 0.05 was interpreted as statistically significant. No correction
was made for multiple comparisons.
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