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ApTOLL is an aptamer that antagonizes Toll-like receptor 4
and improves functional outcomes in models of ischemic
stroke and myocardial infarction. The aim of this study was
to characterize the safety and pharmacokinetics of ApTOLL
in healthy volunteers. A first-in-human dose-ascending, ran-
domized, placebo-controlled phase I clinical trial to assess
safety and pharmacokinetics of ApTOLL (30-min infusion
intravenously) was performed in 46 healthy adult male volun-
teers. The study was divided into two parts: part A included
seven single ascending dose levels, and part B had one multiple
dose cohort. Safety and pharmacokinetic parameters were eval-
uated. No serious adverse events or biochemistry alterations
were detected at any dose nor at any administration pattern
studied. Maximum concentration was detected at the end of
the infusion and mean half-life was 9.3 h. Interestingly, expo-
sure increased in the first four levels receiving doses from
0.7 mg to 14 mg (AUC of 2,441.26 h*ng/mL to 23,371.11
h*ng/mL) but remained stable thereafter (mean of 23,184.61
h*ng/mL after 70 mg). Consequently, the multiple dose study
did not show any accumulation of ApTOLL. These results
show an excellent safety and adequate pharmacokinetic profile
that, together with the efficacy demonstrated in nonclinical
studies, provide the basis to start clinical trials in patients.

INTRODUCTION
ApTOLL is anunmodified single-strandedDNAaptamer (ssDNA) that
has been selected to antagonize the Toll-like receptor 4 (TLR4) with
high specificity and, therefore, to block the inflammatory response pro-
duced after different insults such as acute ischemic stroke (AIS)1 or
acute myocardial infarction (AMI).2

Toll-like receptors (TLRs) are a family of pattern recognition recep-
tors. TLR signaling is initiated by the binding of a TLR with its respec-
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tive ligand. TLR4 was the first TLR characterized in mammals,3,4 and
several authors have demonstrated its implication in the activation of
innate immunity and in the inflammatory response elicited during
the pathophysiology of different diseases such as ischemic or autoim-
mune diseases.5–9 For this reason, there is a high interest in devel-
oping TLR4 inhibitory drugs for the treatment of those diseases where
this receptor plays a central role.

Aptamers are single-stranded oligonucleotides selected from combi-
natorial libraries by systemic evolution of ligands by exponential
enrichment (SELEX) technology.10,11 Under physiological condi-
tions, and based on their nucleotide sequence, aptamers acquire
unique three-dimensional structures that confer the selectivity and af-
finity for each specific target.11,12 Aptamers are obtained by chemical
synthesis and possess certain properties that provide advantages over
antibody-based approaches.13 In particular, they do not require
mammalian cells for production and can be synthesized on a large
scale. Additionally, they show high stability with long shelf-lives,
can be chemically modified to extend half-live or to improve their
structures, and their functions can be neutralized by using an antidote
sequence.14–16 Aptamers also elicit little or no immunogenicity in
therapeutic applications.17,18 Consequently, aptamers are currently
being developed as tools for a wide range of applications, including
biosensors, diagnostics, and therapeutics. To determine their applica-
bility in therapeutics, several aptamers are currently in clinical
trials,19–22 and one aptamer has been commercialized up to date,
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Subject disposition in the ApTOLL-FIH-01

clinical trial (for details see materials and methods

section)
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pegaptanib,23 for the treatment of age-related macular degeneration
patients.

ApTOLL specifically binds to human TLR4, showing an antagonistic
profile and a great protective potential against ischemic diseases. Ap-
TOLL showed a long-lasting protective effect against experimental ce-
rebral ischemia induced by middle cerebral artery occlusion (MCAO)
in rats and mice.1 Additionally, ApTOLL has also demonstrated a
protective effect against cardiac ischemia in pigs,2 improving func-
tionality of cardiac tissue and reducing the inflammatory damage.
Finally, the characterization of nonclinical pharmacokinetic, safety
pharmacology, and toxicology properties of ApTOLL in rats and
non-human primates showed that ApTOLL is safe and has a good
pharmacokinetic profile to inhibit TLR4 after an ischemic stroke
(short half-life with rapid clearance) (data included in the interna-
tional patent WO2020/230108).

With this background, a first-in-human (FIH) study has been con-
ducted to determine whether ApTOLL is safe in healthy volunteers
(HVs). This study was a dose-ascending, double-blind, randomized,
placebo-controlled clinical trial to assess tolerability and pharmacoki-
netics of ApTOLL in HVs.

RESULTS
Demographics

From the initial 172 subjects screened, a total number of 46 male HVs
aged between 18 and 55 years (mean 30.2± 7.5 years), with a bodymass
index (BMI) of 25.1 ± 2.3 kg/m2 and a body weight 76.5 ± 5.6 kg, were
enrolled in the clinical trial and divided into the corresponding study
groups (Figure 1; Table 1). From the 46 subjects included, 35were Latin
(76%), 10 Caucasian (21.8%), and one Black (2.2%).

Thirty-eight subjects were enrolled in part A and eight subjects in part
B. In part A, 27 subjects received ApTOLL and 11 received placebo. In
part B (Level 8), six subjects received ApTOLL while two subjects
received placebo (for details, see materials and methods section).
Molecular
No subjects were withdrawn.

Pharmacokinetic analysis

Results from this study show that, in part A, Cmax

was detected 30 min after injection (at the end of
the infusion) (Figure 2), and mean half-life of
ApTOLL in plasma was 9.3 h. Interestingly, Ap-
TOLL exposure increased in levels 1–4 but re-
mained stable in higher levels (Table 2).

Accordingly, results obtained after multiple dose
administration of ApTOLL (part B) showed that
administration of several doses did not increase
Cmax. Additionally, there is not any accumulation of ApTOLL levels
in plasma from HVs that received multiple doses (Figure 3).

Results of the pharmacokinetic main parameters are summarized in
Table 2.

Pharmacokinetic parameters from part B subjects were assessed
also after every ApTOLL administration (Figure 3; Table 2),
and determination of Cmax showed similar values after each
administration (2,531 ± 368.8 ng/mL after the first dose,
1,866.32 ± 284.82 ng/mL after the second dose, and 1,626.70 ±

221.37 ng/mL after the third dose). Exposure was also evaluated
and no statistically significant differences between dose adminis-
trations were reported (AUC of 11,453 ± 2,567 h*ng/mL after
the first dose, 8,800 ± 2,172 h*ng/mL after the second dose, and
17,269 ± 5,513 h*ng/mL after the third dose). On the other
hand, ApTOLL levels in urine samples from part B subjects were
also determined, showing quantifiable concentrations from 3 h
to 23 h after administration in all subjects from the ApTOLL
arm (data not shown). In two subjects, ApTOLL was quantifiable
but close to the limit of quantification at 39.22 h (1.3 ng/mL) and
29.88 h (2 ng/mL). Total amount eliminated in urine during 48 h
was 0.69 ± 0.35 mg.

No ApTOLL concentrations were found in subjects from the placebo
arm, either in plasma nor in urine samples.

Adverse drug reactions

In the context of this clinical study, no adverse events (AEs) or serious
adverse events (SAEs) attributable to ApTOLL administration were
reported. Additionally, no clinically significant laboratory, vital
sign, or electrocardiogram (ECG) findings that were considered
possibly related to ApTOLL injection were described.

The safety profile was confirmed both in part A (seven single
ascending doses) and in part B (multiple dose cohort).
Therapy: Nucleic Acids Vol. 28 June 2022 125
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Table 1. Demographics and Baseline Characteristics of Subjects Enrolled in the ApTOLL-FIH-01 Clinical Trial

Descriptive Statistics Age (Years) Weight (Kg) Height (m) BMIa

Level 1 (0.7 mg; N = 2)

mean ± SD 37.5 ± 16.3 77.3 ± 8.9 170.0 ± 4.2 26.7 ± 1.7

minimum value 26 71.0 167.0 25.5

maximum value 49 83.6 173.0 27.9

Level 2 (2.1 mg; N = 2)

mean ± SD 39.5 ± 0. 7 78.4 ± 5.0 177.5 ± 4.9 24.9 ± 2.9

minimum value 39 74.9 174.0 22.9

maximum value 40 82.0 181.0 27.1

Level 3 (7 mg; N = 2)

mean ± SD 29.5 ± 3.5 69.0 ± 1.4 167.0 ± 4.2 24.7 ± 0.7

minimum value 27 68.0 164.0 24.2

maximum value 32 70.0 170.0 25.2

Level 4 (14 mg; N = 8)

mean ± SD 32.6 ± 9.4 77.6 ± 5.4 179.1 ± 4.8 24.2 ± 1.4

minimum value 25 69.5 169.0 22.5

maximum value 54 83.7 184.0 26.7

Level 5 (21 mg; N = 8)

mean ± SD 29.1 ± 9.4 78.0 ± 4.9 171.8 ± 4.2 26.5 ± 1.4

minimum value 21 67.0 164.0 24.9

maximum value 48 81.7 178.0 28.3

Level 6 (42 mg; N = 8)

mean ± SD 28.0 ± 4.7 74.6 ± 5.4 173.5 ± 5.9 24.8 ± 1.4

minimum value 22 65.0 166.0 21.4

maximum value 36 80.0 181.0 28.6

Level 7 (70 mg; N = 8)

mean ± SD 31.2 ± 5.3 77.7 ± 5.3 176.8 ± 6.3 25.0 ± 3.0

minimum value 25 70.2 165.0 20.3

maximum value 43 84.8 186.0 28.9

Level 8 (21 mg � 3; N = 8)

mean ± SD 25.7 ± 3.9 76.0 ± 6.9 175.6 ± 6.9 24.7 ± 2.9

minimum value 20 66.2 165.0 20.7

maximum value 30 84.3 188.0 29.8

aBMI: body mass index = weight (kg)/height2 (m2).

Molecular Therapy: Nucleic Acids
Adverse events

During the study, 47 AEs were described. Two of them appeared
before the first administered dose and therefore were considered n-
TEAE (non-treatment-emerged adverse event), both in the ApTOLL
arm, and 45 were TEAEs (treatment-emerged adverse events). From
the reported TEAEs, 32 AEs occurred in 20 subjects in the ApTOLL
arm, and 13 AEs occurred in seven subjects in the placebo arm. In
both arms, some subjects did not show any adverse event, and
some subjects showed more than one adverse event. Regarding
severity, 64.4% of TEAEs were mild (68.75% ApTOLL and 53.85%
placebo), 26.67% were moderate (25.00% ApTOLL and 30.77% pla-
cebo), and 8.89% were severe (6.25% ApTOLL and 15.38% placebo).
All AEs were considered not related to ApTOLL administration (Ta-
ble 3). Importantly, no SAEs were reported. Specific AEs by system
organ class (SOC) are included in Table 4.

In both arms, headache was the most frequent TEAE (28.13% Ap-
TOLL and 23.08% placebo). The incidence of headache did not in-
crease when ApTOLL dose was increased, confirming that headache
is not related to ApTOLL administration. Additionally, as shown in
Table 4, the most frequent AEs in the ApTOLL arm were headache,
126 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
nasopharyngitis, dizziness, blood creatine phosphokinase increase,
and diarrhea, although there were no significant differences
compared to the placebo arm.

All events were resolved at the end of the trial. The overall events rates
as well as the safety profile, as far as described by the assessment of
AEs, were comparable between ApTOLL and placebo.

Clinical laboratory assessment

Clinically significant analytical alterations did not occur in the
screening analyses performed. Nevertheless, nine analytical alter-
ations were reported during the clinical trial, mainly at the safety visits
on days 8 and 15 (four findings in each treatment arm and one n-
TEAE). Volunteers with these alterations (four subjects received Ap-
TOLL and two placebo) remained asymptomatic, but one of them
showed myalgia simultaneously with the analytical alteration (crea-
tine kinase elevation). In addition, volunteers reported an alternative
cause that in most cases justified the laboratory finding. Additional
safety visits and analyses were performed until the resolution of the
analytical alteration. There were no clinically significant alterations
in hemogram analysis, except a mild decrease in the mean
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hemoglobin value (0.65 mg/dL) without clinical relevance that can be
explained by multiple blood samplings. There were no major changes
that had to be attributed to treatment with ApTOLL or placebo. All
serology analysis were negative.

Regarding specific assessment of complement (CH50 and C5b9 fac-
tors) and coagulation (PT and aPTT) parameters, no differences
were detected after the treatment both in placebo and ApTOLL
arms at any time performed.

Vital signs, physical findings, and other observations related to

safety

Clinically significant alterations in the physical examinations, vital
signs, or ECG were not found during the study. Blood pressure, heart
rate, and ECG remained within physiologic limits during the whole
study.

DISCUSSION
ApTOLL is a potent Toll-like receptor 4 (TLR4) antagonist, a receptor
that is traditionally involved in innate immune response and is
directly involved in a large number of diseases such as stroke, myocar-
dial infarction, multiple sclerosis, and asthma,6–9,24 among others.

To determine the applicability of aptamers in therapeutics, several
clinical studies were conducted. To date, one aptamer has been
commercialized, pegaptanib,23 an RNA aptamer targeting vascular
endothelial growth factor in age-related macular degeneration pa-
tients. However, other aptamers are still in clinical trials such as
Zimura,19 Fovista,25 NOX-H94,20 or BT200,21 among others.

The application of ApTOLL to improve functional outcome after
acute ischemic insults, such as stroke or myocardial infarction, has
been demonstrated so far in animal trials.1,2 Studies in different ani-
mal species (mice, rats, and pigs) have been reproduced by different
laboratories, supporting the strong effect of ApTOLL in reducing in-
flammatory damage in different experimental models and under
blinded conditions. A battery of studies to characterize distribution,
metabolism, elimination, and drug interactions was also included as
part of the preclinical characterization of the aptamer (data included
in the international patent WO2020/230108). In those studies, Ap-
TOLL levels were detected in different tissues (including kidney,
spleen, and liver) early after administration (1 h) but were almost un-
detectable 24 h after injection. In addition, ApTOLL was present in
the ischemic brain tissue but not in brains from naïve animals, indi-
cating that ApTOLL is not able to cross the blood-brain barrier in
physiological conditions. On the other hand, studies to determine
in vitro drug interactions (off-target reactions and absorption, meta-
bolism, and elimination interactions) and toxicity studies in rats and
non-human primates (NHP) have demonstrated that ApTOLL is
Figure 2. ApTOLL plasma concentrations versus time after administration of d

(A–G) Plots of same color correspond to one subject enrolled in every single level of part

4 = 14mg; (E) Level 5 = 21mg; (F) Level 6 = 42mg; and (G) Level 7 = 70mg. In every dose

scale (right graphs).
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neither able to produce drug interactions nor to induce any impair-
ment in renal or in hepatic function. The safety and efficacy of Ap-
TOLL together with the proven advantages of aptamers over other
therapeutic entities like antibodies13 (higher specificity and affinity
for the specific target,11,12 less toxicity than small molecules due to
the endonuclease-mediated metabolism, greater long-term store sta-
bility and possibility of customization,14–16 reproducibility from
batch to batch, lower immunogenic profile,17,18 etc.) justify the assess-
ment of ApTOLL safety and pharmacokinetics in HVs in a FIH study.

Therefore, we conducted a phase I clinical trial, FIH dose-ascending,
randomized, placebo-controlled clinical trial to assess tolerability and
pharmacokinetics of ApTOLL in HVs.

Regarding pharmacokinetics, ApTOLL shows a half-life in plasma of
9.3 h with a Cmax detected immediately after the end of the infusion
(0.5 h) and a rapid clearance during the following hours, being almost
undetectable at 32 h after administration and under the limit of quan-
tification at 72 h. Quantifiable levels of ApTOLL were detected in
urine samples from part B subjects from 3 h to 23 h after administra-
tion, suggesting a rapid clearance by renal filtration. The highest con-
centrations of ApTOLL in urine were detected approximately 2–3 h
after dosing, indicating a rapid renal clearance of the aptamer. How-
ever, there is a limitation in the urine pharmacokinetic study since it
was not possible to obtain equivalent samples from all subjects and at
all time points, so urinary excretion could be underestimated.

The results obtained in this clinical trial fit with the expected pharma-
cokinetic profile of ApTOLL since it is an unmodified ssDNA ap-
tamer. Pharmacokinetic properties of unmodified aptamers and other
unmodified oligonucleotides have been described by several au-
thors.26 It has been established that unmodified aptamers show
noticeably short half-lives with detectable levels in urine a few hours
after administration. Therefore, pharmacokinetics of unmodified ap-
tamers shows typically poor stability in plasma and a rapid clearance
by renal filtration. For this reason, most aptamers are chemically
modified to increase the possibilities of therapeutic success. Yet, the
half-life was longer than expected for similar sized aptamers (e.g.,
ARC1779), and Cmax and ARC showed a ceiling effect. The former
may reflect high-affinity binding to the target, which is cell surface ex-
pressed. The latter would occur once this target is saturated and free
drug would be rapidly filtered renally.

However, in this context, ApTOLL has been designed for acute indi-
cations to reduce the acute inflammatory response after the insult
avoiding the interference with the reparative and proliferative phase
of the inflammation. As it is well described for acute indications
such as AIS and AMI, the inflammation shows a biphasic
behavior.27–29 First, the acute inflammation starts very early after
ifferent dose levels in part A of ApTOLL-FIH-01 clinical trial

A of the study. (A) Level 1 = 0.7 mg; (B) Level 2 = 2.1 mg; (C) Level 3 = 7mg; (D) Level

level, the concentration is shown in a lineal scale (left graphs) and in semilogarithmic
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onset of ischemic stroke or myocardial infarction, and it is prolonged
for a few hours. During this initial phase, necrotic cells release
DAMPS (damage associated molecular patterns) activating TLR4
and triggering an intense inflammatory response. Specifically, TLR4
activation promotes the expression of proinflammatory mediators
that induce the adhesion, extravasation, and infiltration of immune
cells in the damaged tissue. However, after this acute phase of inflam-
mation, a second phase takes place to repair the tissue. The so-called
“remodeling phase” starts hours to days after the insult and shares
some of the elicitors involved in the acute-harmful phase. Therefore,
the short half-life of ApTOLL provides the opportunity of blocking
the first acute phase without interfering in the remodeling phase of
inflammation.

On the other hand, ApTOLL has demonstrated an exceptional safety
profile in this FIH study. No SAEs have been reported even when
administering very high doses (up to 70 mg of ApTOLL, correspond-
ing to 10-fold the estimated therapeutic dose in humans), and all AEs
reported have been considered not related to the drug. Unfortunately,
the MTD (maximum tolerated dose) was not reached due to ethical
considerations, since the dose was increased along the part A of the
trial up to 10-fold the estimated therapeutic dose (0.1 mg/kg). This
dose was calculated based on the conversion by body surface of the
efficacious dose in animals (0.45 mg/kg in rats and 0.9 mg/kg in
mice) to humans. In this phase I study, doses from 0.01 mg/kg to
1mg/kg were studied, which is sufficient to obtain safety and pharma-
cokinetic data that support a clinical trial in patients. Typically,
aptamers are considered very safe molecules.26,30 To date, no immu-
nological abnormalities have been reported in clinical trials due to ap-
tamers administration. However, some aptamers have shown an in-
crease in plasma coagulation31,32 and hematological alterations,33

although these effects may be partly target related. Additionally, re-
sults in nonclinical studies support the possibility of aptamers to
display pseudoallergic reactions due to complement activation.34

For this reason, coagulation, hematology, and complement activation
were carefully assessed during the ApTOLL-FIH-01 trial, and no ab-
normalities were reported at any dose level.

The excellent safety profile of ApTOLL offers several advantages
compared with the undesirable side effects demonstrated by other
TLR4 antagonists such us eritoran, resatorvid, or NI-0101. Clinical
trials using eritoran showed phlebitis, increased levels of renal failure,
elevated creatinine and transaminases, and an increased rate of atrial
fibrillation in patients when compared with placebo arm.35,36 Treat-
ment with resatorvid increased the prevalence of anemia, methemo-
globinemia, hypokalemia, pyrexia, and urinary tract infections.37

Finally, several studies in HVs and rheumatoid arthritis patients
administered with NI-0101 have reported a safety profile similar to
ApTOLL. However, NI-0101 half-life was estimated to be approxi-
mately 10 days38,39 which is a very long half-life for acute indications,
as commented before.

In conclusion, this FIH phase I study has demonstrated ApTOLL
good safety and tolerability and an appropriate pharmacokinetics
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 129
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Figure 3. ApTOLL concentration versus time in the

part B of ApTOLL-FIH-01 clinical trial

(A and B) Plots of same color correspond to one subject

enrolled in the part B of the study. 21 mg of ApTOLL was

administered intravenously every 8 h during 24 h. The

concentration is shown in lineal scale (A) and semi-

logarithmic scale (B).
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for indications where the reduction of the acute phase of inflamma-
tion should be robust but short in time, allowing the second remod-
eling phase starting hours to days after the insult. These data support
the further development of ApTOLL in a wide range of diseases where
activation of TLR4 plays a central role, such as AIS or AMI. Addition-
ally, the good safety profile demonstrated by ApTOLL enables the
administration of single or multiple doses and opens the door for
the applicability of ApTOLL in other sub-acute or chronic conditions.

MATERIALS AND METHODS
Study design

This was a phase I, FIH dose-ascending, randomized, placebo-
controlled clinical trial to assess tolerability and pharmacokinetics
of ApTOLL in HVs (study code: ApTOLL-FIH-01).

The study was registered on EudraCT (2018-001721-51) and Clinical-
Trials.gov: NCT04742062.

Before starting the trial, all the documentation was submitted to the
Medical Ethics Committee (La Princesa Hospital, Madrid, Spain)
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and the Spanish Agency of Medicines and Med-
ical Devices for approval. The study was con-
ducted in accordance with the principles estab-
lished in the Declaration of Helsinki, the
Guidelines of the International Conference on
Harmonization (ICH) on Good Clinical Practice
(CPMP/ICH/135/95), European Union Directive
95/46/EC, and the current applicable Spanish
legislation regarding clinical trials.

All subjects included in this trial provided their
written informed consent.

The study was divided in two parts. The first
part, part A, was a single ascending dose
(SAD) with seven dose levels (0.7 mg–70 mg)
(see Table 5). The second, part B, was a multi-
ple dose (MD) where one dose selected in part
A (21 mg) was administered to HVs three
times, every 8 h, during 24 h.

The main inclusion criteria were as follows: male
or female subjects (women without possibility of
becoming pregnant because of previous hysterec-
tomy or menopause more than 12 months),
willing and able to give their written consent to participate in the trial;
healthy subjects (18–55 years old, body weight between 65 and 85 kg,
and BMI between 19.0 and 30.0 kg/m2) with clinical history and phys-
ical examination with values within normality (including vital signs
and electrocardiogram); and with no clinically significant abnormal-
ities in hematology, biochemistry, serology (HBsAg, HC antibodies,
HIV antibodies), and urine tests.

The primary objective of the study was to assess the tolerability
and pharmacokinetic characteristics of ApTOLL (both single
and multiple doses) in HVs. To determine tolerability, AEs, phys-
ical parameters, laboratory data, vital signs, and ECG were
collected.

The selected dose levels for single dose escalation (part A) and for the
multiple dose cohort (part B) are described in the Table 5.

HVs received during a 30-min intravenous (i.v.) infusion either Ap-
TOLL at the appropriate concentration in saline solution or placebo
(saline solution). Therefore, the administration of ApTOLL was



Table 3. Overview AEs in ApTOLL-FIH-01 trial

Parameter ApTOLL (N = 33) Placebo (N = 13) Overall (N = 46)a

AEs reported 34 13 47

n-TEAEs reported 2 0 2

TEAEs reported 32 13 45

Subjects with at least one TEAEb 20 (60.61%) 7 (53.85%) 27 (58.70%)

Subjects with at least one drug-related TEAEc,d 0 (0%) 0 (0%) 0 (0%)

TEAEs relationshipc

Relatedd 0 (0%) 0 (0%) 0 (0%)

Not Related 32 (100%) 13 (100%) 45 (100.00%)

TEAEs by severity/intensityc

Mild 22 (68.75%) 7 (53.85%) 29 (64.44%)

Moderate 8 (25.00%) 4 (30.77%) 12 (26.67%)

Severe 2 (6.25%) 2 (15.38%) 4 (8.89%)

SAEs reportedc 0 0 0

N, number of subjects who received a specific treatment; TEAE, treatment-emergent adverse event.
aOverall total drug exposures.
bPercentages are based on the number of subjects in the safety population in each treatment group.
cPercentages are based on the total number of TEAEs reported in each treatment group.
dTEAE was reported as reasonable possibility or definite.
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performed by dilution of the aptamer in water for injection followed
by a dilution in saline buffer for infusion. To guarantee the safety of
the subjects, a period of 2 weeks between every dose level was estab-
lished, and 1 week between sentinels and the rest of the subjects from
each level to ensure safety before administration to the whole dose
level. A safety monitoring committee evaluated safety parameters
before continuing with the study either after sentinel inclusion, or af-
ter completion of a dose level.

The allocation was performed using the statistical program Epidat 4.2
(Xunta de Galicia, Spain) randomly assigning each subject to Ap-
TOLL or placebo. All personnel involved in the execution and evalu-
ation of the study (except unblinded nurse and investigator in charge
of randomization and preparation of the medication) were blinded.

The start date of the trialwas June 18th, 2019, and the last subject follow-
up visit was performed onMarch 20th, 2020. All subjects were followed
up to 15 days after administration of ApTOLL or placebo.

Dose selection

The calculation of the starting dose was performed considering the re-
sults of animal studies, according to guidelines of the European Med-
icines Agency (EMA)40 and the US Food and Drug Administration.41

Two approaches, based on the (no observed adverse effects level)
NOAEL and based on the (minimum anticipated biological effect
level) MABEL from efficacy and toxicity studies, were considered to
guarantee the safety of the HVs:

1. NOAEL

� Rats: no adverse effects observed with the highest dose tested,
50 mg/kg/day intravenously for 14 days.
� NHP: no adverse effects observed with the highest dose tested,
13.9 mg/kg/day intravenously for 14 days.

The HED (human equivalent dose) was calculated from the NOAEL
considering conversion of animal doses to human equivalent doses
based on body surface area.17 An additional safety factor of 10 was
also considered:

� rat: (50 mg/kg * 0.162)/10 = 0.81 mg/kg
� NHP: (13.9 mg/kg * 0.32)/10 = 0.45 mg/kg

Therefore, considering the lower calculated dose (0.45 mg/kg), the
maximum recommended safe dose (MRSD) for a 70-kg bodyweight
person would be 31.5 mg.

2. MABEL

Efficacy in experimental models of cerebral ischemia (mice and rats)
was found at the following doses1:

� permanent MCAO mouse model: 0.91 mg/kg intravenously or
intraperitoneally

� permanent MCAO rat model: 0.45 mg/kg intravenously
� transient MCAO rat model: 0.45 mg/kg intravenously

The HED was calculated from the nonclinical efficacy dose consid-
ering conversion from animal doses to human equivalent dose based
on body surface area. An additional safety factor of 10 was also
considered to correct differences in target binding and pharmacolog-
ical activity between species:

� mouse: (0.91 mg/kg � 0.081)/10 = 0.0073 mg/kg
� rat: (0.45 mg/kg � 0.162)/10 = 0.0073 mg/kg
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Table 4. Summary of Treatment-Emergent Adverse Events by System Organ Class

System Organ Class (SOC)

ApTOLL (AE N = 32) n (%) Placebo (AE N = 13) n (%) n-TEAEs (AE N = 2) n (%)MedDRA Preferred Term (PT)

Subjects with at least one TEAE 20 (60.61%) 7 (53.85%) –

Nervous system disorders

Dizziness 2 (6.25%) 0 (0%) 0 (0%)

Headache 9 (28.13%) 3 (23.08%) 0 (0%)

Somnolence 1 (3.13%) 0 (0%) 0 (0%)

Syncope 1 (3.13%) 0 (0%) 0 (0%)

Investigations

Blood creatine phosphokinase increased 3 (9.38%) 2 (15.38%) 1 (50.00%)

Blood lactate dehydrogenase increased 0 (0%) 1 (7.69%) 0 (0%)

Gamma-glutamyltransferase increased 1 (3.13%) 0 (0%) 0 (0%)

Hepatic enzyme increased 0 (0%) 1 (7.69%) 0 (0%)

Gastrointestinal disorders

Abdominal pain 1 (3.13%) 0 (0%) 0 (0%)

Constipation 1 (3.13%) 0 (0%) 0 (0%)

Diarrhea 2 (6.25%) 1 (7.69%) 0 (0%)

Abdominal pain upper 1 (3.13%) 0 (0%) 0 (0%)

Nausea 1 (3.13%) 0 (0%) 0 (0%)

Infections and infestations

Nasopharyngitis 4 (12.50%) 1 (7.69%) 1 (50.00%)

Pharyngotonsillitis 1 (3.13%) 0 (0%) 0 (0%)

Musculoskeletal and connective
tissue disorders

Back pain 1 (3.13%) 0 (0%) 0 (0%)

Myalgia 1 (3.13%) 0 (0%) 0 (0%)

Neck pain 0 (0%) 1 (7.69%) 0 (0%)

Pain in extremity 1 (3.13%) 0 (0%) 0 (0%)

Injury, poisoning, and procedural
complications

Ligament sprain 0 (0%) 1 (7.69%) 0 (0%)

Limb injury 0 (0%) 1 (7.69%) 0 (0%)

Renal and urinary disorders

Urine abnormality 1 (3.13%) 0 (0%) 0 (0%)

Respiratory, thoracic, and mediastinal disorders

Oropharyngeal pain 0 (0%) 1 (7.69%) 0 (0%)

Note: each TEAE was counted only once for each subject within each SOC and MedDRA PT.
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Therefore, the MRSD for a 70-kg weight person considering nonclin-
ical efficacy dose would be 0.5 mg.

Taken these data into account, the MRSD finally considered was
calculated from MABEL because it was much lower than the
MRSD calculated from NOAEL. However, as ApTOLL was prepared
in vials of 7 mg, the first dose selected was 0.7 mg to facilitate the
dosage.
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The maximum theoretical concentration (MTC) in plasma resulting
from the selected MRSD was calculated by assuming complete
bioavailability, with no plasma-protein binding, no distribution into
blood cells or other tissues, and no elimination, using the extracellular
fluid (ECF = 18,200 mL for a 70-kg average human bodyweight) as
minimum volume of distribution, which resulted in MTC =
700,000 ng/18,200 mL = 38.5 ng/mL. This concentration was lower
than the minimum concentration of ApTOLL showing binding



Table 5. Dose Levels Selected for the FIH Study, Part A and Part B

Study Part Dose Level Dose of ApTOLL
Number of Subjects Enrolled
(Ratio ApTOLL:placebo)

A 1 0.7 mg 2 (1:1)

A 2 2.1 mg 2 (1:1)

A 3 7 mg 2 (1:1)

A 4 14 mg 2 sentinels (1:1) + 6 (5:1)

A 5 21 mg 2 sentinels (1:1) + 6 (5:1)

A 6 42 mg 2 sentinels (1:1) + 6 (5:1)

A 7 70 mg 2 sentinels (1:1) + 6 (5:1)

B 8 21 mg � 3 2 sentinels (1:1) + 6 (5:1)
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affinity to human TLR4 in vitro (20 nM = 363.4 ng/mL),1 which
confirmed that the MRSD was below the MABEL.
Physical examination and vital signs

In every HV, physical examination and health assessment, including
height and body weight, was performed at screening and at pre-dose.

Immediately after ApTOLL administration and during the in-patient
phase, the site of injection was monitored for side effects.

Vital signs (heart rate, blood pressure, and respiratory rate) and 12-
lead ECG were measured before the administration and during the
in-patient phase. Heart rate, blood pressure, and ECG were registered
pre-dose, and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, and 48 h after ApTOLL
administration. Also, vital signs and ECG were recorded at every visit
during the out-patient phase.

Subjects left the Clinical Trials Unit 48 h after ApTOLL administra-
tion and returned at day 4, day 5, day 6, day 8, day 11, and day 15 after
dosing for safety evaluation.
Blood and urine analysis

Blood and urine samples from HVs were obtained at screening and at
different time points during the in-patient and out-patient phases.

Hemogram, biochemistry, and urine were analyzed at screening, day
1 (pre-dose), day 2, day 8, and day 15. Serology (HBV, HCV, and
HIV) was done at the screening visit. A urine drug abuse test (canna-
binoids, cocaine, opiates, and amphetamines) was performed at
screening, day 0 (admission night), and day 15. An ethanol breath
test was carried out at the screening visit and follow-up phase only
if consumption was suspected.

Additionally, for a deeper control of the aptamer0s safety, creatine ki-
nase (CK), C-reactive protein (CRP), coagulation (prothrombin ac-
tivity [PT] and aPTT [activated partial thromboplastin time]) and
complement factors (CH50 [50% hemolytic complement] and C5b-
9 [terminal complement complex]) were determined at screening,
day 1 (pre-dose), day 2, day 8, and day 15.
Pharmacokinetic determinations

For the pharmacokinetic analysis, approximately 9mL of whole blood
was collected in EDTA tubes. Within 30 min of being collected, sam-
ples were centrifuged at 1900 g for 10 min at 2–8�C to obtain the
plasma. Plasma samples were stored at �80 ± 10�C until analysis.

In subjects from levels 1–4, 15 blood samples were taken at the
following times: pre-dose, and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16,
20, 24, and 32 h post-dose. In subjects from levels 5–8, 18 blood
samples were taken at the following times: pre-dose, and 0.5, 1,
1.5, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 32, 36, 48, and 72 h post-dose,
in order to cover the possibility of longer half-lives. Additionally,
for part B a sample was taken at 8.5 and 16.5 h (end of second
and third doses). A different venous access was used for drug admin-
istration and blood sampling.

In subjects from part B of the study (multiple dose study), urine sam-
ples from all urination until discharge were also collected for pharma-
cokinetic analysis. Every urine sample from every volunteer (except
sentinels) was collected, measured (the total volume was registered),
and snaped frozen immediately after aliquotation (1 mL). Samples
were stored at �80 ± 10�C until analysis.

ApTOLL plasma and urine concentrations were measured using
validated (according to good laboratory practices) dual hybridization
assays at Axolabs GmbH (Kulmbach, Germany). Both methods were
validated according to criteria from EMA entitled Bioanalytical
Method Validation.19 AUC(0-t) (area under curve versus time be-
tween 0 and last detected concentration), AUC(0-N) (AUC versus
time between 0 and infinity), Cmax (maximum concentration),
Tmax (time for reaching the maximum concentration), T1/2 (biolog-
ical half-life), Cl (Clearance), and Vd (Distribution Volume) were
calculated in part A, and AUC partial area (AUC during every
dose administration), Cmax (maximum plasma concentration at
each dose administration), Tmax (time for reaching maximum con-
centration at each dose administration), fluctuation, and T1/2 were
calculated in part B.

Statistical methods

Appropriate rounding was performed for the summary statistics: geo-
metric mean, median, arithmetic mean, standard deviation, coeffi-
cient of variation, minimum, and maximum were presented with
two decimals. Percentages were presented with two decimals.

All subjects who received placebo (from all cohorts) were pooled into
one large placebo group, independently from the cohort into which
they were enrolled. The baseline was defined as the value at Study
Day-1 pre-dose assessment. If a Study Day-1 pre-dose value was
missing, the baseline was assumed equal to the value at screening.

If data were missing due to “not done,” then no replacement rules
were applied, and data remained missing for tabulation purposes.
In case of pharmacokinetic data, concentrations that were “below
lower limit of quantification” were considered as 0. Subjects who
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discontinued before dosing were replaced. However, all available data
of these “dropouts” were included in the database.

The statistical analysis was done using Microsoft Excel and WinNon-
lin Professional Edition current version (Pharsight Corporation,
Cary, USA). Output was saved and imported into Microsoft Word.
A non-compartment analysis was used for both single dose (part
A) and multiple dose (part B) studies.

Calculation of non-compartmental pharmacokinetic parameters was
also done using WinNonlin Professional Edition current version
(Pharsight Corporation, Cary, USA). The total AUC0-N was calcu-
lated by adding together two partial AUCs: (1) AUC0-t, between the
previous time and the first with detectable concentrations and the
last with detectable concentrations, calculated using the trapezoidal
rule and (2) AUCt-N, calculated as the C/Ke ratio, where C was the
last detectable concentration and Ke was the slope of the line obtained
by linear regression from the points corresponding to the drug’s elim-
ination phase. To determine the number of points used to calculate
Ke, WinNonlin started the regression from the last three detectable
points, calculating R2 adjusted to the number of points, adding a
fourth point, a fifth point, and so on at each step. The gradient of
the elimination line with the points providing the highest adjusted
R2 value was then estimated by a linear regression of the natural log-
arithm of the concentrations. A non-compartmental model was used
to calculate the volume of distribution (Vd) adjusted to the bioavail-
ability, the elimination constant (Ke), the half-life (T1/2), the drug’s
clearance (Cl), and mean residence time (MRT). Peak concentration
(Cmax) and time to peak concentration (Tmax) were obtained directly
from the plasma concentration information.

Finally, the Spanish Pharmacovigilance System algorithm was used to
evaluate the relationship between the AEs and the treatment (causal-
ity determination).42
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