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Introduction
Historical Background

Stroke is the 5th leading cause of death in the United
States:
• 795,000 Americans suffering an ischemic stroke
annually, with ~610,000 being first-time strokes and
185,000 being recurrent6. Worldwide, a stroke occurs
every three-and-a-half minutes
Stroke results in lack of vital oxygen and nutrient delivery
to the brain:
• Often life-altering cognitive, emotional, and physical
effects in the victim
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Introduction
Historical Background

Three main categories of stroke: (Percent occurrence)
1. intracerebral hemorrhagic stroke (ICH): 10%
2. subarachnoid hemorrhagic stroke (SAH): 3%
Hemorrhagic strokes are defined by the rupture/tearing of blood
vessels within the brain, leading to blood pooling inside the skull.
3. Acute Ischemic Stroke (AIS): 87%, with over half occurring in the
Middle Cerebral Artery (MCA)
AIS presents via a blockage within the vessel itself, limiting oxygen
to the brain
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Introduction
Motivation, and Significance

Prevailing treatments for AIS include antiplatelet and thrombolytic therapy:
Antiplatelet therapies: Stop platelets from sticking together and forming a clot using
drugs like low-dose aspirin. Side effects include gastrointestinal bleeding and
hemorrhagic stroke7-9.
Thrombolytic therapies: Break apart (lyse) an existing blood clot. Today, the only FDA
approved thrombolytic therapy for the treatment of ischemic stroke is Tissue
Plasminogen Activator (rTPA).
rTPA: Only given to 8.5% of patients who present with AIS and >66% of U.S.
hospitals rarely, or never, administer rTPA due to:
• Small administration timeframe due to hemorrhage risk (<4.5 hours)
• Risk of secondary hemorrhagic stroke from irreversibility

Distinct lack of safe, and reversible, therapeutic options for both
the early and long-term treatment of AIS patients 3-5.
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Introduction
Platelet Activation and Aggregation

Respecting the basic concepts of blood clot formation is a crucial first step in
developing a safe and effective treatment for Ischemic stroke:
Platelet activation followed by aggregation is key to the formation of a
thrombus in the vessel:
o Hemostatic Conditions: platelets circulate within vasculature, but do not
stick to the endothelial surface of vessels

Figure made in Biorender

Normal Blood Platelet Flow
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Introduction
Platelet Activation and Aggregation

o Vascular Injury: Endothelial cell layer is compromised and the subendothelial
extracellular matrix (ECM) becomes exposed, creating a highly thrombogenic
environment for platelets to adhere to.
o Returning to Hemostasis: Platelets will adhere to the ECM at the injured site and
form a hemostatic plug via interaction of Glycoprotein Ib-IX-V (GPIb-IX-V) on the
platelets surface, and vWF, which is released from inflammatory cells that flood to
the injured site12.

Modified from Varga-Szabo et al.

Platelet Activation and Aggregation
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Introduction
The Role of vWF in Stroke: GPIb-IX-V – vWF Tethering

Von Willebrand Factor (vWF)
What is Von Willebrand Factor?:
• vWF is a multimeric glycoprotein involved in the formation of a hemostatic
plug (thrombus) when a vascular injury occurs.
• Clinical studies have demonstrated that incidence of AIS correlates with vWF
levels among persons at risk15,16.
• Ex vivo studies of human blood have demonstrated that the GPIb-IX-V - vWF
interaction is the primary adhesive interaction in the initiation of blood
platelet adhesion
• Characteristic of platelet-vessel shear rates >1000s-1 21. These high shear
rates are most often found in small arteries, such as the MCA, which
make it an attractive target for anti-thrombotic therapies21.
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Introduction
The Role of vWF in Stroke: GPIb-IX-V – vWF Tethering
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Introduction
The Role of vWF in Stroke: GPIb-IX-V – vWF Tethering

Figure made in Biorender
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Introduction
Aptamers

Aptamers
With this process in mind, inhibitors of vWF have been shown to limit
thrombosis,23-26 however, one would expect their effect on hemostasis to lead
to significant bleeding in the surgical setting25-27,as is the case with the use of
rTPA.
Knowing this, it is clear as to why vWF is so important in the formation of a
thrombus, and why a reversible vWF inhibitor would benefit patients
requiring platelet inhibition in the perioperative setting

Figure made in Biorender

vWF Inhibition
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Introduction
Aptamers

Aptamers
Overview:
•

DNA or RNA ligands that act as
inhibitors. They bind to and inhibit a
target protein with high affinity and
specificity because of their 3D
structure folds.

•

Created by SELEX, (Systematic
Evolution of Ligands by Exponential
Enrichment), an in-vitro selection
technique developed by Tuerk and
Gold, and Ellington and Szostak
1.
2.

Nimjee et al. Ann Rev Med 2005.
2. Tuerk and Gold. Science 1990 3. Ellington and Szostak. Nature 1990.
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Introduction
Aptamers

Aptamers
Advantages:
• Modifications can be made
to half-life
• Unlimited shelf life
• Low to no immunogenicity
(Low ability to provoke an
immune response in the
body)
Figure made in Biorender
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Introduction
Aptamers

DTRI-031 and DTRI-025
Aptamer DTRI-031 and Antidote DTRI-025:
• Our laboratory has developed an RNA aptamer (DTRI-031) that
binds to and inhibits vWF, along with a specific antidote (DTRI025) to regulate its activity.
• The combination of anti-VWF aptamer DTRI-031 and specific
neutralizing oligonucleotide DTRI-025 represents the first
rationally-designed drug-antidote pair to treat thrombotic
disease.
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Introduction
Aptamers

DTRI-031
By binding DTRI-031 to the A1
domain of vWF:
• vWF cannot undergo its initial
interaction with the GPIb⍺ of
the GPIb-IX-V complex on the
platelets surface
• Prevention of the clotting
cascade: Platelet activation,
aggregation, and finally
thrombus formation

Adapted from De Meyer et al. 2011

Dimer Structure of vWF and DTRI-031 – A1
Domain Interaction
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Introduction
Aptamers

DTRI-025
Reversal of DTRI-031:
• While most antithrombotic therapeutics
routinely come with the risk of hemorrhage
due to lack of reversibility (rTPA), DTRI-031
was carefully regulated with a
complementary antidote oligonucleotide,
DTRI-025
• Created via the properties of Watson-Crick
base-pairing
• DTRI-025 binds and inhibits DTRI-031,
reducing the risk of subsequent
hemorrhage from vWF inhibition

Inhibition of DTRI-031 via administration of DTRI-025
(Nimjee et al. Molecular Therapy 2019).
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Introduction
Research Goals

Research Goals
Our lab’s goal was to demonstrate DTRI-031 efficacy on an
occlusive thrombus in a large animal Middle Cerebral Arterial
Occlusion stroke model (MCAO):
Through administration of DTRI-031 we aimed to:
1. Reduce overall infarct size and increase vessel
recanalization, in a large animal MCAO model, compared to saline
control
2. Reduce blood platelet reactivity by inhibiting vWF – GPIb-IXV complex interaction, compared to saline control
3. Demonstrate the ability of DTRI-025 to neutralize and
reverse DTRI-031
17

Introduction
Research Goals

Specific Aims
Specific Aim 1. Reduce overall infarct size in the brain, and
increase vessel recanalization, in a large animal MCAO model
Sub-aim 1. Compare overall MCAO infarct size and
vessel recanalization between DTRI-031 and saline control
Specific Aim 2. Reduce overall platelet reactivity by inhibiting
vWF in a large animal MCAO model
Sub-aim 2. Compare platelet reactivity between DTRI031 and saline control
Specific Aim 3. Demonstrate reversal of aptamer DTRI-031 via
administration of antidote DTRI-025 in a large animal MCAO
model
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Introduction
Research Goals

Hypotheses
1. Aptamer inhibition of vWF will result in reduced
infarct size, greater vessel recanalization, and greater
inhibition of platelet reactivity, compared to saline
control (Specific Aims 1./2.)
2. DTRI-025 antidote administration will result in
reversal of DTRI-031 (Specific Aim 3.)
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Materials and Methods
Animals

Animals
32 adult hounds (24-45 kg, > 1 year of age):
• Group housed in a temperature and humidity-controlled vivarium at Wiseman
Hall and maintained by ULAR staff.
• Pre-medicated with intramuscular acepromazine followed by ketamine and
midazolam, intubated, placed on a ventilator, and maintained with continuous
inhalation of isoflurane throughout entirety of experiment
• Deep anesthesia was verified by loss of consciousness, loss of reflex or muscle
response, and loss of response to stimuli.
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Materials and Methods
Middle Cerebral Arterial Occlusion (MCAO)

MCAO

Middle Cerebral Arterial Occlusion (MCAO) Procedure:
1. Animals were positioned supine, with the right femoral artery and vein
surgically exposed.
2. A 4-French sheath was placed into the artery for endovascular access, in
order to place an occlusive thrombus.
3. A 4-F venous sheath for drug administration was also placed, as well an
additional 4-F arterial sheath for serial blood draws.
• Baseline angiogram was performed to verify unobstructed MCA
4. An MCA stroke was induced by inserting an autologous clot into the right
MCA via a micro-catheter under fluoroscopic guidance (using a GE 9900
Fluoroscope, GE Healthcare, Chicago, IL)30.
• Angiogram was performed again to verify occlusion
21

Materials and Methods
Middle Cerebral Arterial Occlusion (MCAO)

Treatment
Treatment Initiated 6 Hours Post-MCAO: This is outside the
administration window for rTPA
Control: Saline infused over 5 minutes intravenously
OR
Aptamer: DTRI-031 0.5mg/kg + saline, 1.0mg/kg + saline, or
5.0mg/kg, infused over 5 minutes intravenously
OR
Aptamer + Antidote: DTRI-031 0.5mg/kg + DTRI-025 0.5mg/kg
or DTRI-031 0.5mg/kg + DTRI-025 5.0mg/kg both infused over 5
minutes individually with a 10-minute interval between
administrations
Note: DTRI-025 concentrations were determined in previous
serial bleed experiments.
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Materials and Methods
Middle Cerebral Arterial Occlusion

Treatment

Whole blood was collected at designated times: Baseline, 6 hours post-MCAO,
10 minutes post-treatment 1 infusion (start of treatment 2 infusion), 5, 10, 15-,
20-, 50-, and 230-minutes post-treatment 2 infusion
• Whole blood was collected for Platelet Reactivity Tests: Platelet
Function Analysis (PFA), Whole Blood Impedance Aggregometry (WBIA),
and was extracted for Buccal Mucosa Bleeding Time (BMBT)
• Angiogram was performed 10 minutes, and 1 hour, after drug
administration to monitor thrombolysis process
Magnetic resonance imaging (MRI): Performed 7 hours after MCAO and was
the chosen timepoint as it is outside the therapeutic limit for rTPA use. A final
angiogram was completed upon return to verify persistent latency.
Animals were then sacrificed immediately thereafter, and necropsy was
performed to isolate the heart, kidneys, liver, and brain for histopathologic
evaluation
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Materials and Methods
Middle Cerebral Arterial Occlusion (MCAO)

Treatment Timetable

MCAO Treatment Groups and Animal Numbers
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Materials and Methods
In-Vivo Visualization of the Induced Thrombus

Recall:
Specific Aim 1. Reduce overall infarct size in the brain, and increase vessel
recanalization, in a large animal MCAO model
Sub-aim 1. Compare overall MCAO infarct size and vessel recanalization
between DTRI-031 and saline control
Methods for Analysis:
• Fluorescent Angiography
• Magnetic Resonance Imaging (MRI)

Compared to saline control, we hope to see reduced
infarct size and greater vessel recanalization (overall
greater inhibition of vWF) with DTRI-031
administration
25

Materials and Methods
In-Vivo Visualization of Thrombus

Fluorescent Angiography
In-Vivo Visualization of Thrombus and recanalization assessment:
To verify both MCA occlusion and reperfusion after DTRI-031 (or
saline) and DTRI-025 (or saline) were infused, digital subtraction
angiography was performed on the hounds. This was done at
baseline, after thrombus placement, and before sacrifice.
• The angiogram utilizes a contrast agent at is delivered into the
cranial arteries, making them visible on a fluoroscope (GE
9900) x-ray monitor, effectively creating a visual pathway of
the cranial arteries (Graded by the TICI System)
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Materials and Methods
In-Vivo Visualization of Thrombus

TICI Grading System
To classify percent recanalization of the MCA in hounds, the Thrombolysis in Cerebral
Infarction (TICI) grading system was used.
• Allows for the determination of response to thrombolytic therapy after AIS.

Modified from Hacking et al. 2013

TICI Grading System
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Materials and Methods
In-Vivo Visualization of Thrombus

Angiogram
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Materials and Methods
Quantification of Infarct Volume

Quantification of Infarct Volume
Magnetic Resonance Imaging (MRI):
Brain MRI performed immediately before sacrifice utilizing a Siemens
Prisma 3 Tesla MRI scanner (Siemens, Munich Germany).
• An ECG-gated breath hold pulse sequence requiring a 10-15
second hold was used
MRI Capture Protocol: Diffusion Weighted Images (DWI)
• Single slice horizontal long axis (4 chamber view) steady-state free
precision cine acquisition (8 mm slice thickness), multi-slice short axis
cine acquisitions (8mm slice thickness, 0 mm separation), multi-slice
short axis double inversion recovery fast spin echo imaging) and bright
blood acquisitions (using steady state free precession imaging).
• For stroke volume calculation from 2D images, we converted raw MRI
images to DICOM format, importing them into ImageJ software.
• Most importantly, by delineating both whole brain and injured brain
borders, we were able to quantify whole brain and infarct areas.
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Materials and Methods
Quantification of Infarct Volume

Nimjee et al. 2021

DWI MRI Images:
• Lighter regions correspond to stroke-damaged brain tissue
• Darker regions are normal brain tissue
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Materials and Methods
Quantification of Infarct Volume

TTC verification of Infarct Volume
We verified infarction and hemorrhage volumes found on MRI, on a macro scale, by
obtaining consecutive coronal sections of hound brain and staining with triphenyl-2,3,5tetrazolium-chloride (TTC) to differentiate between metabolically active (red) and
inactive (white) cells
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Materials and Methods
Platelet Reactivity Tests

Recall:
Specific Aim 2. Reduce overall platelet
reactivity by inhibiting vWF in a large animal
MCAO model
Sub-aim 2. Compare platelet
reactivity between DTRI-031 and saline control

Compared to saline control, we hope to
see greater reduction of platelet
reactivity with administration of DTRI031

Specific Aim 3. Demonstrate reversal of DTRI031 via administration of antidote DTRI-025 in
a large animal MCAO model

Once administered, we hope to see
complete reversal of DTRI-031 by
antidote DTRI-025

Methods for Analysis:
• Platelet Function Analysis (PFA)
• Whole Blood Impedance
Aggregometry (WBIA)
• Buccal Mucosa Bleeding Time (BMBT)
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Materials and Methods
Platelet Reactivity Tests: Platelet Function Analysis (PFA)

PFA
Platelet Function Analysis (PFA): Determines how quickly blood flow stops
when platelets are activated (Closure time) ex-vivo.
• The platelet function analyzer 100 (PFA-100) is a bench-top automated
instrument that assesses primary platelet hemostasis under shear stress.
The PFA-100 uses a disposable test cartridge that contains a membrane
impregnated with collagen plus ADP (Col/ADP membrane) or epinephrine
(Col/Epi membrane)38.

Thiagarajan et al. 2019
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Materials and Methods
Platelet Reactivity Tests: Whole Blood Impedance Aggregometry (WBIA)

WBIA
Whole Blood Impedance Aggregometry (WBIA): Used to verify how well the
subject’s platelets were aggregating once subjected to administered agonists ex-vivo.
• Measures the change in electrical impedance between two electrodes when
platelet aggregation is induced by an agonist.
• Performed using whole blood and so eliminates the need to generate platelet rich
plasma [PRP]39.
Optimal concentrations of agonists:
• Botrocetin: 1ug/ul
Note: Optimal concentrations were
• Collagen: 3.2ug/ul
determined in previous studies
• ADP: 20uM
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Materials and Methods
Platelet Reactivity Tests: Buccal Mucosa Bleeding Time (BMBT)

BMBT
Buccal Mucosa Bleeding Time (BMBT): Collected to determine the time required
for platelet clotting on the endothelium of the site of injury to occur in-vivo.
• Performed by activating the Accriva Diagnostics Surgicutt™ Bleeding Time
Device (Accriva Diagnostics SU50I)40 at dimensions of 0.1cm depth x 0.5
cm length on the endothelium of the animal and timing the resulting
bleeding until clotting had finished.

Accriva Diagnostics 2019
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Materials and Methods
Data Analysis

Data Analysis
Statistical analysis of collected data was performed via the software programs
GraphPad Prism and Microsoft Excel:
Statistical Data:
• Expressed as mean ± standard deviations.
• For comparison between two groups, significance was determined by paired
or unpaired Student t-test.
• For all data analysis, probability values of p < 0.05 were considered
significant.
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Results
Increased Vessel Recanalization: Angiography

Recanalization (Specific Aim 1.)
DTRI-031 Resulted in Increased Reperfusion of the MCA Compared to
Control:
DTRI-031 recanalized the hound MCA after 6 hours of Large Vessel
Occlusion (MCAO) stroke, compared to no reperfusion in saline control (see
figure on next slide).
• To verify reperfusion, digital subtraction angiography (DSA) was taken
1 hour after treatment and demonstrated no revascularization (a TICI
grade of 0) in control (N = 7) as compared to DTRI-031 treatment,
which resulted in a TICI grade of 2A in 12.5%, 2B in 37.5%, and all
the way to a grade 3 in 12.5% of cases (N = 8). These results
demonstrate the ability of DTRI-031 to effectively lyse thrombi invivo.
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Results
Increased Vessel Recanalization: Angiography

TICI-Graded Reperfusion Percentages of MCAO Hounds
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Results
Reduced Infarct Volume: MRI

Infarct Volume (Specific Aim 1.)
In Preliminary Data DTRI-031 Administration
demonstrated overall reduced infarct volume:
Control: MRI of hounds treated with negative control six
hours after MCAO developed an infarct of 47.0 +/- 6.7% of the
brain (N = 7).
DTRI-031: Overall, animals treated with DTRI-031
developed an infarct of 44.2 +/- 15.5% of the brain (N = 8).
• Even more so, Animals treated with DTRI-031 that
resulted in revascularization (5 of 8 hounds) developed
an infarct of 29.3 +/- 9.4% of the brain, which was
significantly less than the negative control group (p<0.5,
utilizing an unpaired t-test). This can be visualized in the
figure on the next slide. MRI Analysis is on-going
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Results
Reduced Infarct Volume: MRI

n=8
n=7
n=5
DTRI-031-mediated recanalization reduces infarct volume
• TICI>2A is n = 5 due to 5 of the 8 hounds recanalizing
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Results
Reduced Platelet Reactivity: BMBT

Platelet Reactivity (Specific Aim 2./3.)
BMBT Results:
DTRI-031 at concentrations of 5.0mg/kg and 1.0 mg/kg
demonstrated the most efficacious platelet inhibition times.
• DTRI-031 showed showed both a longer overall clotting time,
and more durable clotting time for a longer period of time
when compared to saline control.
• When DTRI-025 was administered after DTRI-031, durable
aptamer reversal was witnessed with clotting times returning
to normal in as little as 10 minutes.
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Results
Reduced Platelet Reactivity: BMBT
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Results
Reduced Platelet Reactivity: PFA

Platelet Reactivity (Specific Aim 2./3.)
PFA Results:
PFA showed similar results to BMBT, with DTRI-031 concentrations of
5.0mg/kg and 1.0mg/kg presenting the longest closure time in
response to aggregation. Again, DTRI-031 held a steady closure time
for a longer period than saline control (held at 300 seconds for
approximately 175 minutes before vWF inhibition began to wear off)
• Similarly, DTRI-025 quickly and durably reversed aptamer inhibition
in as little as 10 minutes.
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Results
Reduced Platelet Reactivity: PFA
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Results
Reduced Platelet Reactivity: WBIA

Platelet Reactivity (Specific Aim 2./3.)
WBIA Results:
WBIA had similar results to both BMBT and PFA with DTRI-031
showing the lower overall impedance values compared to saline
control, indicating the greatest inhibition of platelet reactivity.
• Just as was seen for DTRI-025 in the other two testing
parameters, durable reversal of the aptamer occurred with
impedance values returning to normal in as little as 10 minutes,
indicating reversal of platelet inhibition.

45

Results
Reduced Platelet Reactivity: WBIA

MCAO Hound Whole Blood Impedance Aggregometry Area-Under-the-Curve (AUC) for
1ug/ul Botrocetin Agonist Addition
Note: Botrocetin showed the greatest change in reactivity and so was used
as the example graph, all other WBIA graphs are in the thesis appendix
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Physiological Effects

Physiological Effects
DTRI-031/DTRI-025 Administration did not alter Canine Physiological State:
Administration of DTRI-031, and its subsequent neutralization with administration of
DTRI-025) demonstrated no negative effects on animal physiology.
• Vital signs (Heart Rate, Mean Arterial Pressure, Mean Systolic Pressure, and Mean
Diastolic pressure) were recorded throughout the entirety of the experiment, in order
to ensure normal physiological conditions were maintained within the animal.
o No significant difference was found in the mean blood pressures or heart rates
between treatment groups.
• White Blood Cell counts, and Platelet Counts (WBC, PC) were taken at baseline and
before sacrifice, also to ensure normal physiological conditions were maintained
within the animal.
o Normal increase in WBC count was seen and overall PC was maintained for all
groups (DTRI-031 5.0mg/kg did not undergo WBC/PC counts due to logistical
issues). All treatment groups resulted in normal physiological conditions during
the entire surgical procedure.
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Results
Physiological Effects: MAP
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Results
Physiological Effects: SBP
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Results
Physiological Effects: DBP
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Results
Physiological Effects: HR
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Results
Physiological Effects: WBC
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Results
Physiological Effects: PC
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Discussion
Summary

Discussion
In past studies, DTRI-031 has shown efficacy in its ability to inhibit VWF and perform in
vivo as an anti-platelet agent, preventing thrombus formation34. In this study we aimed
to investigate the thrombolytic efficacy of DTRI-031 and its reversibility with DTRI-025.
Specific Aim 1. Our findings showed that DTRI-031 resulted in smaller infarct size and greater
vessel recanalization when compared to saline control
Specific Aim 2. Additionally, DTRI-031 administration resulted in longer platelet clotting times
in vivo (Figure 8.), longer time for blood flow to stop when aggravated ex vivo (reported as
closure times) (Figure 9.), and lower overall impedance when platelets were subjected to
agonists ex vivo, suggesting less platelet-platelet activation (Figure 10.).
Specific Aim 3. Lastly, DTRI-025 showed complete reversal of DTRI-031 in as little as 10
minutes post-infusion, demonstrating the ability to control this thrombolytic therapy.
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Discussion
Conclusions

Discussion
The results presented in this study demonstrate the ability of DTRI-031 to inhibit vWF
effectively and showcase its role as a reversable anti-thrombotic agent in a large animal
model of thromboembolic stroke.
Potential Errors:
• Hounds were the animal used, which are not genetically similar between each other.
This means underlying differences in their physiology could be present, such as
different levels of baseline vWF.
• Could affect how responsive the animal was to treatment
• Differences in vWF levels have been shown to exist between males and females
• Autologous clot size differed between animals
• Unavoidable shape change of the clot due to factors like clot breakdown while
being inserted into the vessel
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Discussion
Conclusions

Discussion
This is an ongoing study, and our team believes that with further investigation, DTRI-031
inhibition of vWF can become a replacement for rTPA therapeutics and for those 91.5%
of stroke patients who cannot receive rTPA and are left with little options for treatment.
Furthermore, we believe that pairing DTRI-031 with its complementary antidote, DTRI025, will provide a safer method of treatment in the prevention of hemorrhaging side
effects that currently plague stroke treatment.
Future Applications:
Potential future applications could be administration of the DTRI-031/DTRI-025 pair on a
slow acting drug eluting stent, which could be used as a preventative measure in
potential at-risk stroke patients.
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