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ABSTRACT

Introduction: This randomized, double-blind,
placebo-controlled study in healthy volunteers
assessed the safety, tolerability, and pharma-
cokinetics of single ascending doses of intra-
venously administered NX210—a linear peptide
derived from subcommissural organ-spondin—
and explored the effects on blood/urine
biomarkers and cerebral activity.

Methods: Participants in five cohorts (n =8
each) were randomized to receive a single
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intravenous dose of NX210 (n = 6 each) (0.4,
1.25, 2.5, 5, and 10 mg/kg) or placebo (n =2
each); in total, 10 and 29 participants received
placebo and NX210, respectively. Blood samples
were collected for pharmacokinetics within
180 min post dosing. Plasma and urine were
collected from participants (cohorts: 2.5, 5, and
10 mg/kg) for biomarker analysis and elec-
troencephalography (EEG) recordings within
48 h post dosing. Safety/tolerability and phar-
macokinetic data were assessed before ascend-
ing to the next dose.

Results: The study included 39 participants. All
dosages were safe and well tolerated. All treat-
ment-emergent adverse events (n = 17) were of
mild severity and resolved spontaneously (ex-
cept one with unknown outcome). Twelve
treatment-emergent adverse events (70.6%)
were deemed drug related; seven of those
(58.3%) concerned nervous system disorders
(dizziness, headache, and somnolence). The
pharmacokinetic analysis indicated a short half-
life in plasma (6-20 min), high apparent vol-
ume of distribution (1870-4120 L), and rapid
clearance (7440-16,400 L/h). In plasma, tryp-
tophan and homocysteine showed dose-related
increase and decrease, respectively. No drug
dose effect was found for the glutamate or glu-
tamine plasma biomarkers. Nevertheless,
decreased blood glutamate and increased glu-
tamine were observed in participants treated
with NX210 versus placebo. EEG showed a
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statistically significant decrease in beta and
gamma bands and a dose-dependent increasing
trend in alpha bands. Pharmacodynamics
effects were sustained for several hours (plasma)
or 48 h (urine and EEG).

Conclusion: NX210 is safe and well tolerated
and may exert beneficial effects on the central
nervous system, particularly in terms of cogni-
tive processing.

Keywords: NX210 peptide; Subcommissural
organ-spondin; Alzheimer’s disease;
Intravenous administration; Cognitive
processing

Why carry out this study?

Progression of dementia negatively affects
cognitive processing; it is expected that
the number of patients with dementia
worldwide will reach 152 million by the
middle of the century, partly owing to the
extended life span of individuals.

Available drugs targeting cognitive
processing only temporarily delay the
occurrence of symptoms. There is an
urgent need to accelerate the
development of new therapeutics against
these neurological diseases by
simultaneously targeting several
underlying pathophysiological
mechanisms.

This is a first-in-human exploratory study
assessing the safety, tolerability, and
pharmacokinetics of a new compound
(subcommissural organ-spondin-derived
peptide NX210) that targets central
nervous system diseases/disorders, in
particular those associated with cognitive
dysfunction.

What was learned from the study?

In this single ascending dose study,
intravenous administration of NX210 in
adult healthy volunteers showed a good
safety and tolerability profile, regardless of
the dose.

NX210 metabolite (NX210c) was rapidly
eliminated in the systemic circulation
(half-life 6-20 min), and the
pharmacodynamic variations were
sustained (several hours in plasma, up to
48 h in urine and
electroencephalography).

NX210c may decrease the levels of
homocysteine in the plasma, which is a
known independent risk factor for
neurovascular diseases. Its impact on
electroencephalography bands is
compatible with that of cognitive
enhancers.

The present analysis provides preliminary
evidence concerning the effect of NX210/
NX210c, a new peptide with multiple

properties, on the central nervous system
and on cognitive processing in particular.

INTRODUCTION

The prevalence of neurocognitive disorders,
including neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease
(PaD), is increasing, partly as a result of the
extended life span of individuals. It is expected
that the number of patients with dementia
worldwide will reach 152 million by the middle of
the century, particularly in low- and middle-in-
come countries [1]. In addition to these neu-
rodegenerative diseases, the ongoing coronavirus
disease-2019 (COVID-19) pandemicis expected to
trigger cognitive decline and dementia [2],
thereby markedly increasing the number of
patients with dementia in the long term [3].
Cognitive disorders refer to a category of mental
health conditions that primarily affect the learn-
ing, memory, perception, and problem-solving
abilities of patients. AD is the most common cause
of dementia, accounting for up to 80% of all
dementia diagnoses. The annual direct/indirect
healthcare costs related to AD are estimated at
nearly US $500 billion [4]. Vascular dementia is
the second most common form of dementia after
AD. Vascular cognitive disorders are a
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heterogeneous group of neurocognitive disorders
characterized by cognitive decline, which is pri-
marily attributed to cerebrovascular diseases
[5, 6]. PaD isanother prevalent neurodegenerative
disease and the second most ubiquitous age-re-
lated disorder, affecting more than 1% of the
population aged 65 years and older. Cognitive
impairment is up to six times more common in
patients with PaD versus healthy individuals and
is a very important non-motor manifestation of
PaD [7].

Available drugs targeting cognitive impair-
ment in neurocognitive diseases only temporarily
delay the occurrence of symptoms and ultimately
fail to alter the disease course. Considerable efforts
have been made for the discovery of new treat-
ments, and several new compounds have been
developed over the past decades. However, most
candidate compounds failed to show efficacy in
clinical studies. Aducanumab—a new amyloid
beta-directed antibody—received conditional
accelerated approval by the US Food and Drug
Administration (FDA) in June 2021. However, it
was not approved by the European Medicines
Agency in December 2021. This discrepancy in
the approval process emphasizes the risks associ-
ated with AD and the urgent need for novel
treatment(s) involving new mechanisms of
action. Hence, a new therapeutic approach and
current utmost challenge is to identify drugs that
can exert their effects against these neurological
diseases by targeting several underlying patho-
physiological mechanisms. The goal of this
approach would be to treat symptoms, as well as
modify the disease course.

NX210 is a chemically synthesized dodecapep-
tide derived from the subcommissural organ
(SCO)-spondin—a large multi-domain glycopro-
tein composed of 4500 amino acids—specific to
the central nervous system (CNS) extracellular
matrix. NX210 is secreted by specialized ependy-
mocytes located in the SCO, a highly conserved
structure located in the roof of the third brain
ventricle of all vertebrates [8] that plays a role in
neurogenesis and axonal guidance during
embryogenesis. Owing to oxidation and the con-
sequent formation of an intrachain disulfide
bridge between the two cysteines, the peptide can
take a cyclic conformation and is termed cyclic
NX210 (NX210c). Preclinical in vitro and in vivo

data have shown that NX210 exhibits important
properties, which may be suitable for the treatment
of neurological disorders in humans (i.e., neuro-
protection, neuroregeneration, induction of
remodeling and cellular plasticity mechanisms,
and anti-neuroinflammatory action) [8, 9]. This
includes data showing that NX210/NX210c pre-
vents glutamate-related cell death (excitotoxicity)
in various primary neuronal cell types of human or
rodent origin [10]. Preclinically, NX210/NX210c
reduces common hallmarks of AD pathology and
restores learning and memory at both early and
late stages of the disease. As recently reported, in a
mouse model of AD induced by the intracere-
broventricular injection of AP,s_35 oligomers,
NX210/NX210c fully restored spatial working and
contextual long-term memories. This therapeutic
effect was sustained for up to 4 months [9]. Owing
to its pleiotropic properties, NX210 targets cogni-
tive disorders (e.g., neurodegenerative diseases) [9]
as well as CNS injuries (e.g., traumatic brain or
spinal cord injuries) [8]. In addition, a CNS
biodistribution study following a single intra-
venous administration of [PH]NX210c to male
non-pigmented rats suggested that NX210c passes
through the blood—cerebrospinal fluid (CSF) bar-
rier. This observation was based on the presence of
radioactivity in the CSF, cisterna magna, and the
choroid plexus at 15 and 30 min after dosing (un-
published data).

Collectively, these results highlight the
potential effectiveness of NX210/NX210cin CNS
diseases and emphasizes the need for clinical
investigations on its use as a therapeutic agent
against neurodegenerative diseases, including
cognitive disorders. Although the precise mech-
anism underlying the action of NX210 remains
to be determined, the aforementioned preclini-
cal results supported the investigation of this
new compound in humans.

The objective of this first-in-human study was
to investigate parameters concerning the
safety/tolerability (e.g., adverse events [AE), lab-
oratory findings, 12-lead electrocardiography),
pharmacokinetics (PK) (e.g., half-life, apparent
total clearance, volume of distribution), and
pharmacodynamics (PD) (biomarkers in blood
and urine and changes in electroencephalogra-
phy [EEG]) profiles induced by NX210.

I\ Adis



1356

Neurol Ther (2022) 11:1353-1374

METHODS

Study Design

This was a single-center, randomized, placebo-
controlled, double-blind, single ascending dose
study performed from 10June 2020 to
1 November 2020. Before the study was initi-
ated, the clinical trial protocol, participant
information, and informed consent forms were
approved by the Independent Ethics Commit-
tee of the trial center (Medisch Ethische Toets-
ingscommissie Assen) on 12 May 2020 (CCMO
code NL73571.056.20; Study code 190166-
CS0332). The principles of informed consent
were implemented according to the latest ver-
sion of the Declaration of Helsinki, the Inter-
national Conference on Harmonization
Guideline for Good Clinical Practice, and regu-
latory requirements (Wet medisch-wetenschap-
pelijk onderzoek met mensen, Nederland). The
EudraCT registration identifier for the trial was
2020-000859-12.

The study was monitored by a safety review
committee (SRC). The intent of the SRC was to
ensure that treatment did not pose undue risk
to participants. Safety, tolerability, and PK data
from at least six evaluable participants per
cohort were assessed by the SRC within each
cohort before ascending to the next dose level.
SRC meetings occurred after the last participant
of each cohort had at least completed day 2
assessments.

According to the results of the animal mod-
els for cognitive impairment, it was estimated
that the effective dose of NX210 varies between
2 and 10 mg/kg. The calculation of the starting
dose in humans was based on the current FDA
guidelines [11]. Toxicological studies in rats and
dogs determined the no-observed-adverse-effect
level, and the human equivalent dose selected
was the lowest dose (considered equal to 8 mg/
kg) after a single dose. As a precaution, a safety
factor of 20 was applied. The maximum rec-
ommended starting dose was considered equal
to 0.4 mg/kg, which was the first dose selected
for dose escalation. The range of effective doses
in animals corresponded to the mid-end of the

dose escalation performed during this first-in-
human clinical study.

There was no statistical hypothesis for this
study. The sample size calculation was based on
empirical considerations.

Participants

The study involved 39 healthy male and female
volunteers aged 18-65 years, with body weight
ranging from 50.0 to 90.0 kg and body mass
index ranging from 18.0 to 30.0 kg/m?. Partici-
pants were enrolled into five cohorts and ran-
domized at a 3:1 ratio to receive NX210 or
placebo in five single ascending doses (eight
participants per cohort, with the exception of
cohort 2 which included seven participants). All
participants provided written informed consent
prior to their participation in this investigation.

Interventions

Eligibility was assessed during a screening per-
iod of up to 4 weeks. Participants were admitted
to the clinic on day — 1 and discharged from the
clinic on day 2, at least 24 h after dosing. On
day 1, participants received a single intravenous
bolus injection/infusion of NX210 (0.4, 1.25,
2.5, 5, or 10 mg/kg) or placebo. The duration of
administration was less than 12 min. Partici-
pants were asked to remain in the supine or
semi-recumbent position during the intra-
venous administration. An equal volume of
reconstituted NX210 or corresponding vehicle
was administered to all participants of the same
cohort. In each cohort, the duration of infusion
depended on the drug concentration.

For participants in the 2.5, 5, and 10 mg/kg
cohorts undergoing PD assessments, an ambula-
tory visit took place on day 3. Upon completion
of the treatment period, participants returned to
the clinic on day7 (+ 1day) for follow-up
assessments. The total duration of the study for
each participant was approximately 10 days.

Assessment Parameters

The primary endpoint of this first-in-human
study was the safety and tolerability of

A\ Adis



Neurol Ther (2022) 11:1353-1374

1357

intravenous administration of single doses of
NX210 in healthy volunteers. The following
were defined as parameters relevant to safety
and tolerability: physical examination; AE and
serious AE (SAE); clinical laboratory assessments
(e.g., hematology, biochemistry, and urinaly-
sis); 12-lead electrocardiography; telemetric
recording; vital signs; and local tolerability at
the site of administration.

The medical history, AE, and SAE were coded
using Version 23.1 of MedDRA and listed. The
treatment-emergent AE (TEAE) were tabulated
according to the System Organ Class. Local
tolerability (dryness, redness, swelling, pain,
and itching) was assessed by the investigator,
and any local reaction was rated according to
the Common Terminology Criteria for Adverse
Events v3.0. Clinically significant local reac-
tions (i.e., grade > 2) had to be reported by the
investigator as an AE.

The secondary endpoint was the PK profile
induced by NX210 via its metabolite NX210c in
plasma up to 180 min after dosing at all dosa-
ges. Blood PK samples (4 mL) for the analysis of
NX210 via its metabolite NX210c were col-
lected prior to dosing, immediately after bolus
injection or termination of the infusion and at
5, 10, 15, 20, 25, 30, 70, 120, and 180 min after
bolus injection or termination of infusion.
Blood was collected in K2ZEDTA collection tubes,
processed to plasma, and stored at — 80 °C until
analysis. Concentrations of NX210c in plasma
were quantified using a validated good labora-
tory practice high-performance liquid chro-
matography-tandem mass spectrometry
(HPLC-MS/MYS) assay. The quantitation range
was 1.50-500 ng/mL. For plasma NX210c sam-
ples, the accuracy (bias) for the quality control
samples was between — 1.9% and 1.5%, and the
precision (% coefficient of variation) for the
quality control samples was between 2.5% and
7.2%, respectively.

Exploratory endpoints were assessed in the
three cohorts treated with the highest doses and
included (1) the PD profile of NX210 by ana-
lyzing plasma biomarkers (serotonin, trypto-
phan, glutamate, glutamine, homocysteine,
fibrinogen), urine biomarkers (gamma-
aminobutyric acid [GABA], glutamate, adrena-
line, noradrenaline, dopamine, serotonin,

vanillylmandelic acid, 5-hydroxyindolacetic
acid, homovanillic acid), and neurophysiologi-
cal effects through EEG; and (2) the dose-related
effects of NX210.

For these biomarkers, blood was collected
before treatment and at 70 min and 10, 24, and
48 h after drug administration. The collection
of blood samples was performed under fasting
conditions. Participants were not allowed to eat
or drink (except water) for a period of 4 h prior
to blood sampling. The samples were cen-
trifuged for 10 min at 2000xg. Collected sam-
ples were stored at — 70 °C until analysis of
biomarkers. HPLC-MS/MS and HPLC were used
to determine the levels of amino acids (e.g.,
tryptophan, homocysteine, glutamate, and
glutamine) and serotonin, respectively. Sero-
tonin, glutamate, glutamine, tryptophan, and
homocysteine were selected as exploratory
blood biomarkers to investigate the pharmaco-
logical effects of NX210.

Urine was collected at the same time points
as blood for biomarkers (i.e., second morning
urine before treatment and at 10, 24, and 48 h
after drug administration). The samples were
mixed with a stabilizer and stored at — 20 °C
until HPLC analysis of biomarkers (neurotrans-
mitters and catabolites). The recorded concen-
trations of urinary biomarkers were normalized
to that of creatinine. For the investigation of the
pharmacological effects of NX210, serotonin,
glutamate, 5-hydroxyindolacetic, GABA, nore-
pinephrine, epinephrine, dopamine, vanillyl-
mandelic acid, and homovanillic acid were
selected as exploratory urinary biomarkers.

For the EEG assessments, five measurements
were scheduled per participant. These included
one pre-dose and four post-dose measurements
(i.e., shortly after administration [40 min], and
at 10, 24, and 48 h after dosing). EEG measure-
ments were recorded under two conditions,
namely eyes open and eyes closed. In total, 21
active recording electrodes were applied to the
scalp in accordance with the International
10-20 System of Electrode Placement. Partici-
pants were in the supine or semi-recumbent
position in a quiet environment throughout the
procedure, which included two resting state
sessions, one with eyes open and one with eyes
closed, each lasting approximately 10 min. The
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screening EEG session lasted approximately
25 min.

All analyses and preprocessing at the partic-
ipant level were performed using the MNE
software version 0.21.2 (https://doi.org/10.
5281/zenodo.4298746)—aPythonEEG analysis
suite developed in 2012 by leading researchers
in the field of EEG [12]. The MNE software
(https://mne.tools/stable/index.html) [13] was
used for signal processing and feature extrac-
tion. Subsequent analysis was performed on
artifact-free signal segments. Signal quality was
ensured wusing the following three-level
approach: (1) visual inspection of recordings for
the identification of “bad” channels; (2) detec-
tion of eye blinks and other major artifacts
through independent component analysis [14];
and (3) automatic rejection of epochs contain-
ing artifacts using the auto-reject algorithm
[15]. The overall rate of epoch rejection was
10%. The main quantitative endpoint of the
EEG analysis was spectral analysis using multi-
tappers [16], yielding power spectral densities
and power bands. For comparisons between
individuals, the power spectra and bands were
expressed relatively to the total power. The
power spectra and bands were averaged for
groups of interest. Moreovet, a visual inspection
was performed.

Statistical Analysis

The population sets were defined as follows. The
all-treated set included all randomized partici-
pants who received at least the dose of the study
drug. The safety set included participants from
the all-treated set who had undergone at least
one safety assessment post baseline. The safety
set was utilized in the analysis of tolerability
and safety variables and corresponded to the all-
treated set. The PK set comprised all participants
included in the all-treated set who had available
samples for PK analysis and did not violate the
protocol. The PD data set comprised all partici-
pants included in the all-treated set who had
available PD samples and did not violate the
protocol.

Data on safety/tolerability were analyzed
using descriptive statistics. For the blood/urine

biomarkers, the mean (£ 95% confidence
interval) or individual concentrations over
time, and the mean (£ 95% confidence inter-
val) or individual changes from baseline were
determined.

PK data were analyzed according to a dedi-
cated PK statistical analysis plan. The plasma PK
parameters of NX210c were calculated using
non-compartmental approaches. The PK
parameters were computed using Phoenix
WinNonlin™, version 6.3 (Certara USA Inc.,
Princeton, NJ, USA). Actual elapsed sampling
times relative to dosing time were used for the
estimation of PK parameters.

Owing to the small number (1 = 6) of treated
participants included in each cohort and the
large variability, possible outlier values may
affect the mean values considerably. Therefore,
geometric means (GM) were also calculated and
evaluated for the PK parameters.

A population PK-PD analysis data set was
prepared on the basis of clinical data extracted
from the cleaned trial databases of the study.
The relationship between doses of NX210 and
PD effects on blood and urine biomarkers was
assessed. Only corresponding relevant results
are reported.

EEG assessments were performed only in
participants included in the 2.5, 5, and 10 mg/
kg cohorts. The EEG power was analyzed for the
following frequency bands: alpha, beta, gamma,
delta, and theta.

For the main statistical analysis, all partici-
pants receiving placebo were combined into
one group, irrespective of the cohort that they
were assigned to (n = 6). The effect of NX210
dose on the EEG power spectrum was evaluated
as a function of time. Detected effects were
classified into the alpha, beta, gamma, delta,
and theta frequency bands to aid interpretation.
A power spectrum was obtained using a Fourier
transform. Initially, these power spectra were
analyzed through a between-participant
approach. Additionally, between-participant
and/or between-dose analysis was performed to
correct for possible placebo effects. MATLAB
(MathWorks, Portola Valley, CA, USA) was
employed to perform one-way analysis of vari-
ance (ANOVA), using treatment as a grouping
variable. Additionally, a mixed effects model
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was performed using all participants. For all
statistical analyses, an alpha of 0.05 (uncor-
rected) was used as a threshold to denote sta-
tistical significance.

Post hoc analyses (time- and dose-depen-
dent) were also conducted because of the small
sample size and high interindividual variability.
It was decided to group the four relevant EEG
channels with availability of reliable measure-
ments for all participants, along the anteropos-
terior axis (F3, Cz, T4, O2), by averaging them
into a single virtual channel. In the time-de-
pendent analysis, data from the 2.5, 5, and
10 mg/kg cohorts were combined. For each
time point, relative changes versus the baseline
(before treatment) were calculated (i.e., n = 14
for baseline, n = 13 for 40 min, n = 12 for 24 h,
and n=16 for 48h).In the dose-dependent
analysis, 40 min, 24h, and 48 h data were
combined (i.e., n = 14 for placebo, n =16 for
2.5mg/kg, n =14 for Smg/kg, and n =11 for
10 mg/kg). All results are presented as the mean
percentage changes + standard error (SE). For
the post hoc analysis, the data were processed
using the statsmodels software (https://www.
statsmodels.org/stable/index.html#) [17]. For
each situation (time or dose effects), one-way
ANOVA was performed; p = 0.05 denoted sta-
tistical significance.

RESULTS

Participants

One participant (cohort 2; dose 1.25 mg/kg) did
not visit the center. Hence, 39 participants (35
male and four female) were enrolled in this
study. Of those, the vast majority were White
(n = 35; 89.7%); the remaining four participants
were Asian (n = 3; 7.7%) and Black or African
American (n =1; 2.6%). The mean age of the
participants was 41.9 years, and the mean body
mass index was 24.1 kg/m?. Of note, one par-
ticipant from cohort 5 (10 mg/kg) violated the
protocol (i.e., receiving treatment with tamsu-
losin for bladder urothelial carcinoma prior to
screening) and was not included in the PK and
PD analyses (the participant did not declare the
carcinoma at the eligibility assessment; this

information was provided after enrolment by
his general practitioner). The characteristics of
the participants are shown in Table 1. The dos-
ing regimens for the five cohorts are provided
below:

e Cohort 1: 0.4 mg/kg NX210 (n = 6) or pla-
cebo (n = 2) by bolus injection

e Cohort 2: 1.25mg/kg NX210 (n=15) or
placebo (n = 2) by 2-min bolus injection

e Cohort 3: 2.5 mg/kg NX210 (n = 6) or pla-
cebo (n = 2) by 4-min infusion

e Cohort 4: 5 mg/kg NX210 (n = 6) or placebo
(n = 2) by 7-min infusion

e Cohort 5: 10 mg/kg NX210 (n=6) or pla-
cebo (n = 2) by 12-min infusion

Thus, a total of 10 and 29 participants
received placebo and NX210, respectively.

Safety and Tolerability

A total of 17 TEAE were recorded in 13 partici-
pants (33%). These included 12 events (70.6%)
in nine participants (23%), which were deemed
related to the study drug. Six among those 12
events concerned the 1.25 mg/kg dose. Of the
related TEAE, seven events (58.3%) concerned
nervous system disorders (e.g., dizziness, head-
ache, somnolence), among which four con-
cerned the 1.25 mg/kg dose. TEAE related to the
study drug and reported by more than 5% of the
participants included dizziness (three events),
headache (one event), and somnolence (two
events). Other related TEAE concerned the gas-
trointestinal system (one event), cardiac disor-
ders (one event), eye disorders (one event),
renal disorders (one event), and general disor-
ders (one event).

All TEAE were of mild severity and resolved
spontaneously, except for one (worsening of
leukocyturia) with unknown outcome. The
treatment-related AE are summarized in Tables 2,
3, and 4.

The onset of four (23.5%) and two (11.7%)
TEAE occurred 0-30 and 60-120 min after
administration, respectively. Most TEAE (11
events; 64.7%) developed more than 120 min
following administration. Overall, there were
no dose- or time-dependent changes observed
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in any of the vital signs, physical examinations,
clinical chemistry, telemetric recordings, or
electrocardiography parameters.

Regarding tolerability, four participants
(10%) reported nine tolerability issues of mild
intensity (e.g., redness, swelling, pain at the
administration site). Only one participant in
the 10mg/kg cohort reported moderate
(grade 2) pain (blood collection catheter site-
related reaction) 24 h post treatment.

According to these results, NX210 (adminis-
tered once through the intravenous route)
showed a good safety and tolerability profile,
irrespective of the dose.

Table 1 Participant characteristics

Pharmacokinetics

The analysis showed that the GM of the maxi-
mum concentration (GM, Cp.x) is increased
with the dose (299, 405, and 485 ng/mL for 2.5,
5, and 10 mg/kg dose cohort, respectively). The
same observation was noted for GM area under
the curves (AUC) last (1080, 1710, and
3960 min-ng/mL for the 2.5, 5, and 10 mg/kg
doses, respectively). NX210c was rapidly elimi-
nated, with the average plasma half-life values
for the three highest doses (i.e., 2.5, 5, and
10 mg/kg) ranging from 6.19 to 20.0 min. At
60 min after administration, NX210c was no
longer detected in the plasma (Fig. 1). The vol-
ume of distribution and total clearance ranged

NX210 NX210 NX210 NX210 NX210 Placebo
0.4 mg/kg  1.25 mg/kg 2.5 mg/kg 5 mg/kg 10 mg/kg (n = 10)
(n = 6) (n=5) (n=6) (n =6) (n=6)
Age, years
Mean (SD) 355 (10.07) 380 (21.15) 543 (18.04) 482 (18.61) 458 (1899) 343 (16.87)
Median (min, max)  35.0 (24, 50) 25.0 (21, 64) 60.0 (18,65) 555 (23, 64)  53.5 (20,65) 265 (21, 65)
Sex, 7 (%)
Male 6 (100%)  5(100%) S (83.3%) 5 (83.3%) 5 (83.3%) 9 (90%)
Female 0 (0%) 0 (0%) 1 (167%) 1 (167%) 1 (16.7%) 1 (10%)
Ethnicity, 7 (%)
Not Hispanic or 6 (100%)  5(100%) 6 (100%) 6 (100%) 6 (100%) 10 (100%)
Latino
Race, 7 (%)
Asian 1(167%) 0 (0%) 1 (16.7%) 1 (167%) 0 (0%) 0 (0%)
Black or African 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (10%)
American
White 5(833%)  5(100%) 5 (83.3%) 5 (83.3%) 6 (100%) 9 (90%)
BMI, kg/m”
Mean (SD) 23.53 23.10 26.10 (2.657) 24.35 (2.064) 22.93 (1.874) 24.23 (2.721)
(1.574) (1.930)
Median (min, max) 2330 (22, 2370 (20.1, 2670 (21.8,  23.90 (219,  23.00 (203,  23.95 (212,
25.9) 25) 27.7) 25.9) 29.1)

BMT body mass index, SD standard deviation

A\ Adis



Neurol Ther (2022) 11:1353-1374 1361
Table 2 Related adverse events (AE) by system disorders and treatment
Systems 0.4mg/ 125mg/ 25mg/ 5Smg/kg 10mg/ Total NX210 Placebo Total AE
kg kg kg AE (n, kg AE (n, %) AE (n, %) (n, %)
AE (», AE (n, AE (n, %) AE (n,
%) %) %) %)
Nervous system 0 4 (33.3%) 0 2 (16.6%) 1 (8.3%) 7 (58.3%) 0 7 (58.3%)
Gastrointestinal 0 1(83%) O 0 0 1 (8.3%) 0 1 (8.3%)
(discolored feces)
Cardiac 1(83%) 0 0 0 0 1 (8.3%) 0 1 (8.3%)
(atrioventricular
block IT degree)
Vision (blurred vision) 0 1(83%) 0 0 0 1 (8.3%) 0 1 (8.3%)
Renal (leukocyturia) 0 0 1(83%) 0 0 1 (8.3%) 0 1 (8.3%)
General (feeling hot) 0 0 0 0 0 0 1(83%) 1(83%)
Total 1(83%) 6 (50.0%) 1 (83%) 2 (166%) 1 (83%) 11 1(83%) 12
(100%)
Table 3 Summary of AE according to treatment allocation and dosage
Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Total Total Total
0.4mg/  125mg/ 25mg/ Smg/kg 10mg/kg NX210 placebo
kg kg kg n==6 n==6 n=29 n=10
n==6 n=>5 n==6
n % n % n % n % n % n % n % n %
AE 1 59% 6 353% 1 59% 3 17.6% 3 17.6% 14 824% 3 17.6% 17 100%
Participants 1 167% 3  60% 1 167% 3 50% 2 334% 10 345% 3  30% 13 33.4%

AE adverse events

from 1870 to 4120 L and from 7440 to 16,400 L/
h, respectively, indicating rapid clearance and
high tissue distribution. The time to maximum
(Timax) of the 2.5 mg/kg dose (4 min) was equiv-
alent to the duration of infusion, while that of
the 5 and 10 mg/kg doses (4 and 10 min, respec-
tively) was shorter (7 and 12 min, respectively)
(Table 5). Dose proportionality could not be
determined because of the high variability in the
PK results and the small sample size.

Pharmacodynamics (Exploratory)
Analysis

All plasma and urine biomarkers concentrations
were above the lower limit of quantification.

Plasma Biomarkers

Dose-related effects were observed for homo-
cysteine and tryptophan (Fig. 2). In comparison
with placebo, the mean percentage changes
from baseline indicated an increase and a
decrease in the levels of tryptophan (up to
55.1% [SE = 7.42]) and homocysteine (up to
19.6% [SE = 1.88]), respectively, 70 min after
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Total AE

Total NX210 Total placebo

Cohort 2 Cohort 3 Cohort 4 Cohort 5

Cohort 1

Table 4 Intensity and relationship of AE

Intensity

%

%

%

%

%

%

%

%

100%

17
0

17.6%

82.4% 3

14

7.6

1

5.9% 6 35.3% 1 5.9% 3 17.6% 3

1

Mild

0%

Serious

0%

0

Deaths

Total NX210 Total placebo Total AE

Cohort 2 Cohort 3 Cohort 4 Cohort 5

Cohort 1

Relationship to NX210

70.6%
29.4%

12
5

5.9%
11.7%

1

64.8%
17.6%

11
3

6 353% 1 5.9% 2 117% 1 5.9%
5.9% 11.7%

5.9%

1

Related (possible)

2

2

1

Unrelated

AE adverse events

the administration of NX210 at the concentra-
tion of 10 mg/kg. Also, an exploratory popula-
tion PK-PD model [18] detected dose-related
variations for both homocysteine and trypto-
phan plasma biomarkers (data not shown).

At 10 h, changes from baseline showed vari-
ations without a dose effect for plasma glu-
tamine and glutamate in the treatment groups
versus the placebo group (increase and decrease,
respectively; data not shown).

Urinary Biomarkers
For the dose of 10 mg/kg, the mean percentage
changes from baseline over time showed an
increasing trend in the urinary excretion of
serotonin at 70 min and 48 h (mean = 55.2%
[SE=33.0] and 19.0% [18.9], respectively
(Fig. 3); glutamate at 10 h (mean = 57.5% [SE =
37.3]); and GABA at 10 and 48 h (mean =
74.7% [SE=45.1] and 30.0% [SE =19.9],
respectively (data not shown). This was partic-
ularly notable in participants in cohorts 4 and 5
versus those who received placebo. Moreover,
the PD urinary variations were sustained, lasting
for up to 48 h after the administration of
NX210, particularly for serotonin and GABA.
However, on the basis of the analysis of urine
biomarkers, there was no evidence of a marked
drug dose-related effect (data not shown).

EEG Results

The results showed that the power was within
specific frequency bands (beta [12-30 Hz] and
gamma [30-80 Hz]) compared with placebo, as a
result of the treatment. More precisely, a sta-
tistically significant effect was found for the
beta bands during the eyes open evaluation
24h after the administration of NX210
(p = 0.042). A statistically significant effect for
the gamma bands was observed during the eyes
closed examination 40 min (p = 0.049) and 48 h
(p = 0.016) after the administration of NX210.
In all these cases, a statistically significant
reduction in power was observed (Fig. 4).

For the post hoc analyses, the EEG activity
(with all doses combined) after a single intra-
venous administration of NX210 over time
showed a trend for increasing variation in the
alpha power bands (p = 0.84), with a maximum
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Fig. 1 Mean plasma concentration of NX210c¢ following the single intravenous administration of NX210 at five different

doses (logarithmic scale)

observed at 40 min (17.5% [SE = 16.9]); this
variation was sustained at 24 h and 48 h (14.3%
[SE = 19.5] and 13.2% [SE = 13.1], respectively)
(Fig. 5).

As shown in Fig. 5, the variations in alpha
bands (with all time points combined) appeared
to be dose-related; however, they were not sta-
tistically significant (p = 0.75). The mean per-
centage changes for the placebo, and 2.5, 5, and
10 mg/kg groups were 4.8% (SE = 10.6), 9.5%
(SE = 11.6), 10.7% (SE = 17.9), and 28.2% (SE =

19.7), respectively.

DISCUSSION

In the present study, the single intravenous
administration of NX210 showed a very good
safety and tolerability profile, irrespective of the
dose.

These findings are consistent with the gen-
eral concept that peptides are well-tolerated
drugs with good safety profiles compared with
small molecules, antibodies, and biologics [19].
Short peptides are characterized by numerous
advantages, such as a good safety profile, low
toxicity, and low immunogenicity [20]. More-
over, the good safety profile of a single injection

or short infusion of NX210 has been demon-
strated in animal toxicological, PK, and pre-
clinical safety studies. In vitro studies revealed
that NX210 is not cardiotoxic, mutagenic, or
cytotoxic (unpublished data).

The observed greater number of AE reported
in the 1.25 mg dose group is not related to the
Cmax that was very low compared with that
noted in the 5 mg dose group (43.5 vs. 461 ng/
ml, respectively). This indicates that the
occurrence of the related AE was not linked to
the Cnax- Moreover, the severity of related AE
was not greater with the increase in dose.
Considering that this was a single ascending
dose first-in-human study, these results are
exploratory. Further research will be conducted
to understand this observation, in particular
following repeated injections of NX210.

The PK analysis showed that the C,,x and
AUC (GM) increased with the dose. The NX210c
was rapidly eliminated and no longer
detectable in the plasma 60 min after adminis-
tration, denoting a short-term exposure. The
short half-life of NX210c found in the current
study (6-20 min) was similar to those previously
observed in three animal species used for single-
dose PK evaluation (i.e., 12min in primates,
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Table S Pharmacokinetics parameters of NX210

Parameter Cohort 3 Cohort 4 Cohort 5

2.5 mg/kg 5 mg/kg 10 mg/kg

n==6 n==6 n=>5

4-min infusion 7-min infusion 12-min infusion

AM GM SD AM GM SD AM GM SD
Cinao ng/mL 567 299 543 461 405 198 567 495 329
T paxs min® 4,00 4,00-4.00 4.00 2.00-6.00 10.00 6.00-12.00
AUC),, min-ng/mL 1830 1080 1620 1950 1710 1120 4690 3960 2720

AUC,,s min-ng/mL 2140 1910 1050 1870 1610 1220 5930 5390 2740

t1/2, min 13.3 12.1 6.37 6.19 4.03 4.68 20.0 20.0 2.15
MRT, min 293 2.89 0.607 261 2.55 0.682 5.44 5.41 0.728
V,L 1870 1860 286 2600 1330 2940 4120 3670 2500

AM arithmetic mean, 4UC area under the curve, AUC;,, AUC from time zero to infinity, 4UCj,,; AUC at last measurable
concentration, C,,,, maximum concentration, GM geometric mean, MRT mean residence time, SD standard deviation, #;,,
half-life, 7,,. time to maximum, J, volume of distribution

*“Median (min, max) reported for T,

12 min in rats, and 24 min in dogs). Regardless
of the dose, sex, and animal species, NX210c
was not detected between 1 and 3 h after dosing
(unpublished data). In general, peptides have a
relatively short half-life [20] and rapid clearance
due to their susceptibility to rapid digestion by
proteolytic enzymes (proteases/peptidases) in
the systemic circulation. In this study, high
volume of distribution and high total clearance
were observed, indicating rapid clearance and
high tissue diffusion.

The high tissue affinity and diffusion may be
explained by the high binding affinity of pep-
tides for a wide range of targets. Moreover, the
Cmax in the three highest dose groups was
recorded at the same time or even before the
end of the infusion, which may be explained by
rapid binding and high tissue affinity. Overall,
the PK profile of NX210c suggests the presence
of more than one distribution compartment.

The blood and urine biomarkers examined in
this first-in-human study in healthy volunteers
are common neurotransmitters or amino acids
(i.e., GABA, glutamate, and serotonin in urine;
serotonin, tryptophan, glutamate, glutamine,
and homocysteine in blood). Neurotransmitters
play a central role in brain function; hence,

neurotransmitter receptors are critical targets in
the development of therapeutics for the treat-
ment of psychiatric and neurological disorders
[21]. Glutamate is not specific for neurodegen-
erative diseases. Nevertheless, it is the most
prominent neurotransmitter in the brain, where
it is both the main excitatory (in its glutamate
form) and the main inhibitory component (as
precursor of GABA). Glutamate is crucial in
neural communication, as it is involved in the
synaptic current mediated by ion channels.
Moreover, for many years, it has been hypoth-
esized that glutamatergic dysfunction and neu-
ronal overstimulation (i.e., excitotoxicity) are
involved in the mechanisms underlying neu-
ronal loss in neurodegenerative diseases. It has
been demonstrated that NX210 prevents gluta-
mate-related cell death (i.e., excitotoxicity) in
many different primary neuronal cell types of
human or rodent origin, such as dopaminergic,
GABAergic, hippocampal, cortical, and motor
neurons [10].

The levels of neurotransmitters in the brain
can be determined through CSF analysis. How-
ever, since this was a first-in-human study in
healthy volunteers rather than a study in the
target population (e.g.,, with cognitive
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impairment), the invasive methodology of
continuous CSF sampling could not be justified.
Data have shown positive correlations between
the levels of biomarkers in the blood and CSF,
particularly for glutamate and homocysteine
[22-24]. Of note, this correlation was weaker for
urine biomarkers.

The PD wurine analysis revealed large
interindividual variability for all investigated
biomarkers. Although dose-related variation
was not observed, increased urinary excretion of
the neurotransmitters serotonin, GABA, and
glutamate was observed following the intra-
venous administration of NX210 (particularly at
the highest doses: 5 and 10 mg/kg). These
findings suggest that NX210, potentially via its
metabolite NX210c, may exert an effect on
cognitive functions.

In the plasma, the levels of tryptophan and
homocysteine showed variations with a dose-
related drug effect (i.e., increase and decrease,
respectively).

Tryptophan is an essential amino acid pre-
cursor for a number of metabolites, most nota-
bly kynurenine and serotonin. Both are
involved in behavioral and cognitive symptoms
of neurological diseases [25]. Kynurenine is the
precursor of kynurenic acid, an antagonist of
glutamate ionotropic receptors. Serotonin is a
neurotransmitter linked to the modulation of a

wide array of functions, including sleep, control
of appetite and temperature, mood, and cogni-
tion [25]. In the 1970s, Yuwiler et al. [26]
showed that the production of brain serotonin
is dependent on the amount of circulating
tryptophan. Widner et al. [27] found that
decreased tryptophan levels and increased
kynurenine levels in the serum correlated with
the degree of cognitive decline in patients with
AD. More recently, Ramos-Chavez et al. [28]
demonstrated for the first time that tryptophan
metabolites are correlated with cognitive per-
formance during normal aging in women. They
found a negative correlation between age and
tryptophan levels, as well as a positive influence
of age on the kynurenine/tryptophan ratio. A
strong relationship between activation of the
kynurenine pathway and cognitive impairment
was also observed in AD, which is an age-related
neurodegenerative disease. The investigators
concluded that the levels of tryptophan may be
a useful indicator of cognitive impairment in
women aged over 50 years [28]. However, it is
important to note that the dose-related effect
observed for tryptophan in our study may be
partly attributed to the degradation of NX210
(that contains two tryptophans in its sequence).

In contrast, the results obtained for homo-
cysteine may reflect one of the pharmacological
effects of the NX210 on related cognition
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function. Homocysteine is a sulfur-containing
amino acid derived from methionine metabo-
lism. Elevated plasma levels of homocysteine
play a causal role in several neurological con-
ditions [23, 24, 29, 30]. In the last 2 decades, the
role of homocysteine as a risk factor for CNS
diseases has attracted considerable attention.
Recently, two meta-analyses reported that
increased plasma levels of homocysteine were
correlated with increased risk for all types of
dementia, including AD [31, 32]. In 2021, using
data from almost 7500 patients, Zuin et al.
linked higher levels of homocysteine to an
increase in the risk of developing AD [31]. The
investigators concluded that homocysteine may
play an important role in AD-related neurode-
generation. They also stated that, in elderly
individuals, higher blood levels of homocys-
teine are associated with a greater risk of
developing AD. Also, Wang et al. [32] reported a
pooled overall risk ratio of 1.22 (95% confi-
dence interval 1.08-1.36) for all types of
dementia. It was estimated that an increase in
the plasma levels of homocysteine by 5 pmol/L
was associated with a 9% and 12% increase in
the risk of developing dementia and AD,
respectively [32]. The neurotoxic mechanisms
of homocysteine have also been associated with
post-viral infection conditions. Neurological
disturbances (including cognitive impairment
and anosmia) are common manifestations in
patients with COVID-19 [33]. On the basis of
the established role of homocysteine in
inflammatory processes, Ponti et al. concluded
that genetic data related to the status of the
methylenetetrahydrofolate reductase gene cou-
pled with the plasma levels of homocysteine
could represent important information for the
assessment and stratification of patients with
acute COVID-19 infection [33]. Hence, accord-
ing to the authors, a preventive therapeutic
approach by decreasing the plasma levels of
homocysteine may reduce the severity and
mortality associated with COVID-19.

The pathogenesis of homocysteine-induced
vascular and CNS damage may be multifacto-
rial, including direct damage to the endothe-
lium, stimulation of smooth muscle cell
proliferation, enhanced peroxidation of low-
density lipoprotein, increase in platelet

aggregation, and effects on the coagulation
system [34].

In clinical trials, a 25-30% decrease in the
plasma concentration of homocysteine has
been associated with improved cognitive out-
comes [35]. Therefore, the rapid reduction in
the levels of homocysteine (19.6%) observed in
the present phase 1 study with healthy volun-
teers following a single intravenous adminis-
tration of NX210 at 10 mg/kg is a promising
finding. We hypothesized that the peptide
could bind with homocysteine and, hence,
improve its elimination. This hypothesis was
supported by in silico modeling and docking
simulations, especially due to the two cysteines
contained in the NX210c sequence (unpub-
lished data). However further exploration is
warranted to elucidate and/or confirm the
mechanism involved in the systemic reduction
of homocysteine by NX210/NX210c in a larger
sample with repeated injections.

Overall, after a single intravenous adminis-
tration, NX210 exerted a marked dose-related
effect. This effect resulted in blood PD varia-
tions (plasma tryptophan and homocysteine)
lasting for at least 10 h, with the maximum
effect observed at 70 min. NX210c is not
quantifiable after 60 min in blood. Therefore,
the observed PD effects are sustained longer
than the quantifiable exposure of the NX210c
in blood.

Besides tryptophan and homocysteine, the
PD analysis showed increasing and decreasing
variations for the plasma levels of glutamine
and glutamate, respectively, at 10 h in partici-
pants treated with NX210/NX210c (data not
shown). Recently, studies demonstrated the
neuroprotective action of NX210c against glu-
tamate-induced excitotoxicity in primary rat
cortical and hippocampal neurons, as well as
human cortical neurons [9, 10]. Interestingly,
glutamate (a major excitatory neurotransmitter)
is highly abundant throughout the brain; it
plays a crucial role in neuronal plasticity and
the maintenance of cognitive processing. In
humans, the levels of glutamate measured in
the blood are positively correlated with those
detected in the CSF [22]. The glutamate-glu-
tamine cycle is critical for maintaining synaptic
function and impaired in various disorders of
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the CNS [36]. In this study, a clear drug dose-
related effect was not found for the plasma
glutamate or glutamine biomarkers. Also, there
was large interindividual variability due to the
limited number of participants. Nevertheless,
these findings suggest that NX210/NX210c may
play a role in the glutamate—glutamine cycle.

Van Straaten et al. showed EEG changes in
the course of AD, including the slowing of EEG
oscillations, decreased functional connectivity
in higher-frequency bands, and decline in
functional network organization. They con-
cluded that EEG is a feasible and potentially
useful addition to cognitive endpoint measures
in clinical trials of AD [37]. More recently,
Stoiljkovic et al. reported that neurophysiolog-
ical signals could be applied to drug discovery
efforts for the development of therapies with
disease-modifying potential [38].

The effects of cognition-enhancing agents
on beta and gamma band activity remain con-
troversial. In a recent article on the use of
gamma oscillations for drug development,
Honda et al. indicated that baseline gamma
power is increased in animal models of neu-
ropsychiatric disorder created by blunting N-
methyl-p-aspartate signaling transduction in
parvalbumin-positive interneurons [39]. Thus,
reduction of baseline power may be a com-
mendable goal for therapeutic interventions. A
trial investigating noninvasive brain stimula-
tion of the frontal cortex reported a decrease in
resting power in the beta and gamma bands
[40]. This supports the notion of reduced beta
and gamma power after a cognitive-enhancing
intervention in healthy participants.

In patients with AD, typical features of EEG
include increased delta or theta rhythm and
decreased alpha or beta rhythm activities [41].
In the current analysis, although non-statisti-
cally significant, the results showed a dose-de-
pendent increase in alpha bands. Recently,
Meghdadi et al. explored the utility of resting-
state EEG measures as potential biomarkers for
the detection and assessment of cognitive
decline in mild cognitive impairment and AD.
They concluded that changes in slower fre-
quencies in AD are specific to pathologic cog-
nitive decline in patients with AD [42]. Hence,
an increase in alpha frequency induced by

NX210/NX210c may exert a beneficial effect in
this setting. Previous results showed that the
amplitude of alpha 1 and 2 sources in occipital,
temporal, and limbic areas was significantly
lower in individuals carrying the epsilon4 allele
than in those without this allele in both mild
cognitive impairment and AD [43]. In a recent
review, Babiloni et al. highlighted that treat-
ment with acetylcholinesterase inhibitors (e.g.,
donepezil) results in an increase in dominant
alpha rhythms, as well as improvement in the
cognitive status of patients with AD [44]. The
present study yielded some preliminary evi-
dence evocative of a similar effect of NX210/
NX210c on the CNS. This effect is probably
exerted by direct or indirect enhancement of
the thalamo-cortical and/or cortico-cortical
interactions that drive the alpha EEG activity, as
previously described [45, 46]. This finding could
broaden the field of possible clinical applica-
tions of NX210/NX210c to other neurological
diseases characterized by a decreased alpha
power band, such as PaD and/or Lewy body
dementia [47-50]. Moreover, it supports a
pharmacological effect of the therapeutic pep-
tide, regardless of a putative interaction with
plasma homocysteine.

The limitations of the present investigation
should be acknowledged. Firstly, this was an
exploratory study with a small sample size and
high interindividual variability. Therefore, as a
result of the low number of participants per
treatment group, the observed alterations in
blood and urine biomarkers should be inter-
preted with caution. Secondly, the majority of
data in this study were descriptively analyzed
(except for those of EEG). Finally, exploratory
biomarkers were limited to general neurotrans-
mitters, not specific to a particular neurode-
generative disease.

CONCLUSION

In this first-in-human single ascending dose
phase 1 clinical trial, a single intravenous
administration of NX210 in adult healthy vol-
unteers showed a good safety and tolerability
profile, regardless of the dose.
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Considering the PD results, the present
analysis provides preliminary evidence con-
cerning the effect of NX210 and its metabolite
NX210c on the CNS, in particular on cognitive
processing. While NX210c was rapidly elimi-
nated in the systemic circulation, the PD vari-
ations measured were sustained (several hours
in plasma, up to 48 h in urine and EEG).

Further preclinical assessments to fully elu-
cidate the mechanism of action of NX210c, as
well as additional clinical investigations with
larger sample sizes and repeated administra-
tions, are warranted to assess the effectiveness
of direct administration of NX210c. However,
by combining multiple properties in a single
drug, NX210c may represent a new pharmaco-
logical treatment option for neurocognitive

diseases (e.g., AD or post-viral infection
conditions).
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