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ABSTRACT

Introduction:  Blood-brain barrier (BBB) 
integrity is fundamental to brain homeostasis, 
enabling control of substance exchange and 

safeguarding neurons against harmful toxins, 
pathogens, and immune cells that lead to dys-
regulation and inflammation involved in age-
ing and neurodegenerative diseases (NDD). 
The cyclized peptide NX210c is a thrombos-
pondin type 1 repeat analogue derived from 
subcommissural organ-spondin. It exerts ben-
eficial effects in animal models of NDD owing 
to its effects on neurons and endothelial cells. 
NX210c demonstrated a good safety profile in 
a single ascending dose phase 1a clinical study. 
The present multiple ascending dose phase 1b 
study was performed to evaluate the tolerability 
and pharmacological effects of repeated doses 
of NX210c in healthy elderly (age: > 55 years) 
volunteers.
Methods:  This was a randomized, placebo-
controlled, double-blind study (EudraCT No. 
2022-002868-76), investigating safety/tolerabil-
ity, pharmacokinetics, and pharmacodynam-
ics (including blood and cerebrospinal fluid 
biomarkers). Participants received 5 or 10 mg/
kg NX210c or placebo (10-min infusion) thrice 
weekly for 4 weeks in an ascending dose fash-
ion. Follow-up was conducted 2 weeks after last 
dosing.
Results:  The investigation included 29 partici-
pants. No serious adverse events were recorded 
and all adverse events were mild. Dedicated 
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central nervous system testing did not reveal 
neurotoxicity. Biomarker evaluation showed a 
statistically significant reduction in blood clau-
din-5 and a trend toward reduction of blood 
homocysteine. In silico data modelling revealed 
salient pharmacokinetic-pharmacodynamic rela-
tionships, including reduction of claudin-5, neu-
rofilament light chain, and SPARC-like protein 1 
release, and degradation of homocysteine.
Conclusion:  Multiple doses of NX210c exhib-
ited a good safety profile, showed non-cumu-
lative pharmacokinetics, and exerted pharma-
codynamic effects on biomarkers linked to BBB 
integrity. The effects of NX210c on claudin-5 
and biomarkers influencing BBB integrity—and 
the overarching brain protection it offers—pro-
vide a novel therapeutic strategy targeting an 
underlying driver of neurodegenerative condi-
tions for which disease-modifying treatments 
are limited or not available.

Keywords:  NX210c peptide; Subcommissural 
organ-spondin; Neurodegenerative disease; 
Blood-brain barrier; Claudin-5; Homocysteine; 
Neurofilament light chain; Thrombospondin-1 
analog

Key Summary Points 

Why carry out this study?

Neurodegenerative diseases are responsible 
for irreversible decline in cerebral function; 
disease progression results in ongoing impair-
ment of neurological function, leading to 
disability

Given the increase in neurodegenerative 
disease prevalence globally and the limited 
effective treatments available, there is an 
urgent need to investigate novel therapeutic 
targets and consider innovative approaches 
in this area

This phase 1b study investigated the safety 
and effects of multiple intravenous infusions 
of NX210c in healthy elderly volunteers to 
advance understanding of its potential utility 
in neurodegenerative diseases, such as amyo-
trophic lateral sclerosis

What was learned from the study?

Treatment using multiple doses of NX210c 
showed a good safety profile in healthy 
elderly volunteers and exerted pharmacody-
namic effects on biomarkers linked to blood-
brain barrier integrity, neuroprotection, and 
synaptic function

Treatment with NX210c reduces plasma clau-
din-5 (the most prominent structural tight 
junction protein), supporting its implication 
in the restoration mechanism of the blood-
brain barrier integrity

In silico modelling applies differential analyt-
ics to a given dataset and offers supplemental 
information regarding NX210c, which can 
be used to inform conclusions and decision-
making for phase 2 and further clinical trials

INTRODUCTION

Neurodegenerative diseases (NDD), such as 
amyotrophic lateral sclerosis (ALS), Alzheimer’s 
disease, multiple sclerosis, Parkinson’s disease, 
and Huntington’s disease, involve progressive 
deterioration of neuronal structures, function, 
and ultimately loss of neurons [1, 2]. The sub-
stantial societal implications of this group of dis-
eases have become a prominent healthcare chal-
lenge. Similarly, secondary neurodegeneration 
may accompany diseases, including multiple 
sclerosis, stroke, and neurotraumas. Although 
current pharmacological options for neurode-
generation may delay symptoms and/or impair-
ments in patients, they remain non-curative [1, 
3–5]; thus, innovative therapeutics and methods 
are required to advance treatment in this area.

Blood-brain barrier (BBB) permeability [6], neu-
roinflammation [7], synapse derangement [8], 
and genetic factors contribute to the complexity 
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and propagation of neuronal injury [9, 10]. The 
BBB, composed of microvascular endothelial cells 
and their tight junctions, pericytes, astrocytic 
terminal processes, and adjacent basement mem-
branes, protects and regulates exchange to/from 
the central nervous system (CNS). Disruption of 
brain vessel endothelial tight junctions, especially 
claudin-5, alters BBB permeability, allowing access 
to the CNS and entry of systemic circulation con-
stituents that have a potential to trigger or per-
petuate degeneration through inflammation, 
oxidative stress, and excitotoxicity [11–13]. Thus, 
claudin-5 is increased in the blood stream in case 
of BBB impairment. BBB integrity decreases with 
age [14–17] and its loss has been associated with 
vascular dementia [9], ALS [18], multiple sclerosis 
[19], and Huntington’s disease [20]. Moreover, it 
underlies the progression of many NDD [21–23] 
and may even precede disease development (e.g., 
Alzheimer’s disease, ALS, Huntington’s disease) 
[15, 24, 25]. Restoring BBB integrity could safe-
guard cerebral function to hinder/halt neurode-
generative progression or support recovery from 
disability [23].

NX210c is a chemically synthesized pep-
tide composed of 12 amino acids. It is designed 
from the most conserved sequence of the type 1 
thrombospondin repeats (TSR1) of the subcom-
missural organ-spondin (SCO-spondin) [26], a 
glycoprotein secreted during embryogenesis with 
important involvement in axonal guidance and 
BBB maintenance [27, 28]. In vitro and in vivo 
preclinical proof-of-concept studies have shown 
that NX210c improved the integrity of mouse and 
human BBB with evidence of reduction of the BBB 
permeability linked to increased claudin-5 and 
occludin expression on endothelial cells, result-
ing in increased trans-endothelial electrical resist-
ance and decreased endothelial cell permeability 
[29]. Moreover, NX210c protected neurons from 
neurodegeneration [30] and enhanced synaptic 
transmission between neurons in models of syn-
aptic dysfunction induced by phencyclidine [30] 
or glucose/oxygen deprivation [31].

NX210c exhibited an excellent safety profile in 
a single ascending dose phase 1a study involving 
healthy volunteers [32]. Therefore, in this phase 
1b study, a healthy elderly (age: > 55 years) vol-
unteer population was targeted to evaluate the 

safety/tolerability and pharmacological effects of 
multiple ascending doses of NX210c.

METHODS

Study Design

This was a double-blind, randomized, placebo-
controlled, multiple ascending dose trial in 
healthy elderly volunteers (ClinicalTrials.gov 
Identifier: NCT05827653) conducted at The 
Center for Human Drug Research (CHDR, Lei-
den, The Netherlands) (Fig. 1).

The study duration was up to 124 days (≤ 84 
days for screening, 26 days of treatment, and 14 
days of washout before follow-up evaluation).

This clinical study was conducted in full com-
pliance with the protocol, principles of the Dec-
laration of Helsinki, the International Council 
for Harmonization of Technical Requirements 
for Pharmaceuticals for Human Use Good 
Clinical Practice guidelines, and the laws and 
regulations of France and The Netherlands. The 
study was approved by the Independent Ethics 
Committee (Medisch Ethische ToetsingsCom-
missie) of the Foundation ‘Evaluation of Ethics 
in Biomedical Research’ (Stichting Beoordeling 
Ethiek Biomedisch Onderzoek), Assen, The 
Netherlands.

Participants

All participants provided written informed con-
sent prior to their participation. The main inclu-
sion criteria for participants were: (1) healthy 
adults; (2) age: ≥ 55 years; (3) maximum weight: 
110 kg; (4) body mass index: 18–32 kg/m2; (5) 
a Mini-Mental State Examination score ≥ 25 at 
screening.

Interventions

Two doses of NX210c (i.e., 5 and 10 mg/kg) were 
investigated in this study. NX210c was prepared 
in glucose 5% at a concentration of 10 mg/ml 
for intravenous infusion of 5 mg/kg (cohort 1) 



360	 Neurol Ther (2025) 14:357–377

or 10 mg/kg (cohort 2) within 10 min. The com-
parative drug (placebo) was glucose 5% for intra-
venous infusion within 10 min. Treatment was 
administered thrice weekly for 4 weeks. Follow-
up was conducted 2 weeks after last dosing.

Assessment Parameters

The primary objective of this study was to 
assess the safety and tolerability of multiple 
doses of NX210c. The assessment included 
the severity and incidence of treatment-emer-
gent adverse events (AE), serious AE, suspected 
unexpected serious adverse reactions, infu-
sion-related reactions, clinical laboratory tests, 

electrocardiography parameters (heart rate, PR 
interval, QRS duration, QT interval, and cor-
rected QT interval by Fredericia), vital signs, 
and physical and neurological examination at 
screening, after each administration, and at the 
end of the study (2-week follow-up). A safety 
and review committee analyzed the safety and 
pharmacokinetic (PK) data for dose escalation 
recommendation.

The secondary objectives were as follows. 
First, we sought to determine the PK profile of 
NX210c in plasma after multiple doses. Thus, 
we measured and calculated the maximum 
concentration (Cmax), time at which Cmax was 
observed (Tmax), area under the curve (AUC) 
up to the last measurable concentration (AUC​

Fig. 1   Study design and main assessment. BM biomarker, CSF cerebrospinal fluid, IMP investigational medicinal product, 
MRI magnetic resonance imaging, PK pharmacokinetic
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0–last), AUC to infinite time (AUC​0–inf), half-life 
(t½), total clearance (CL), and volume of dis-
tribution (Vz). Blood was drawn on days 1, 12, 
and 24 at pre-dose and 5, 10, 15, 20, 40, and 
80 min after treatment in dipotassium ethylen-
ediaminetetraacetic acid (K2EDTA) tubes (manu-
facturer reference: 368,861; Becton Dickinson, 
Franklin Lakes, NJ, USA). While on ice, the sam-
ples were transferred to a precooled Low Pro-
tein Binding Tube containing orthophosphoric 
acid (Merck Chemicals Gmbh, Darmstadt, Ger-
many) and Halt™ Protease and Phosphatase 
Inhibitor Cocktail (Thermo Fisher Scientific, 
Waltham, MA, USA). Finally, after centrifuga-
tion for 10 min at 2000×g at + 2–8 °C, the plasma 
samples were stored at − 80  °C in a solution 
containing orthophosphoric acid and glycerol 
(Merck Chemicals Gmbh). The concentration 
of NX210c was determined using liquid chro-
matography-tandem mass spectrometry (QPS, 
Groningen, The Netherlands).

Second, we evaluated the presence of NX210c 
in the cerebrospinal fluid (CSF). CSF was drawn 
on day 1 (baseline) and 20 min after treatment 
on day 26. The samples were treated with the 
same reagents as for blood and analyzed by liq-
uid chromatography-tandem mass spectrometry.

Finally, for further clinical development in 
patients, we investigated appropriate doses 
of NX210c for dose recommendation based 
on safety, pharmacological effects, and the 
pharmacokinetic-pharmacodynamic (PKPD) 
relationship.

Exploratory objectives included a deeper 
investigation of neuro-tolerability, and changes 
in blood and CSF biomarkers. First, NeuroCart® 
(CHDR) (https://​chdr.​nl/​clini​cal-​studi​es-​devel​
opment/​metho​ds-​bioma​rkers/​centr​al-​nervo​
us-​system/​neuro​cart), a battery of neurophysi-
ological tests, was utilized to evaluate potential 
side effects of NX210c on functional domains 
of the CNS, including eye movements, body 
sway evaluation, and performance of electroen-
cephalogram (EEG) (i.e., capturing waveforms 
in select brain regions). EEG analysis was per-
formed using the International 10–20 system, 
with an eyes close/opened paradigm capturing 
gamma, beta, alpha, theta, and delta bands at 
each of the following electrode positions Fz-Cz, 
Pz-O1, and Pz-O2, and power spectral density 

assessed [33]. In addition, magnetic resonance 
imaging (MRI) (Leiden University Medical 
Centre, Leiden, The Netherlands) was used to 
evaluate changes between pre-treatment and 
day 26 imaging integrity, cerebral blood flow, 
and BBB permeability. The method involved 
a bolus injection of 0.5 mmol/ml gadoterate 
meglumine (Clariscan™, GE HealthCare, Chi-
cago, IL, USA) for dynamic contrast-enhanced 
MRI and the measurement of Ki. Arterial spin 
labelling MRI was used to explore the effects of 
NX210c on cerebral blood flow as a pharmaco-
dynamic biomarker of potential efficacy. Sec-
ond, changes in blood and CSF biomarkers were 
evaluated to detect the pharmacological effects 
of NX210c. Blood was drawn in K2EDTA tubes 
on day − 1 (baseline), 12, and 26 prior to dos-
ing and at day 40. CSF was collected via lumbar 
puncture at baseline and day 26 (10 min after 
the end of administration). The concentration 
of biomarkers was determined by enzyme-linked 
immunosorbent assay (i.e., claudin-5, neuro-
filament light chain [NfL], vascular cell adhe-
sion molecule (VCAM) and SPARC-like protein 
1 [SPARCL1]) (KCas Bio Europe, Lyon, France), 
high-performance liquid chromatography (i.e., 
homocysteine or tryptophan) (Hospices Civils 
de Lyon, Lyon, France), or biochemistry for albu-
min and immunoglobulin G (IgG) to calculate 
the CSF/serum quotient of albumin (Qalb) and 
CSF/serum quotient of IgG (QIgG).

Statistical Analysis and Modelling

All safety and statistical analyses were con-
ducted with SAS 9.4 for Windows or newer 
(SAS Institute Inc., Cary, NC, USA). PK vari-
able analyses were conducted with R 3.6.1 for 
Windows or newer (R Foundation for Statistical 
Computing/R Development Core Team, 2019, 
Vienna, Austria).

Data management, tabulation, and visualiza-
tion, as well as exposure–response analyses were 
performed using the R statistical software, ver-
sion 4.2.1. A statistical analysis of the estimated 
least-square means between the treatment 
groups and placebo group was undertaken, also 
focusing on some specific subgroups of age.

https://chdr.nl/clinical-studies-development/methods-biomarkers/central-nervous-system/neurocart
https://chdr.nl/clinical-studies-development/methods-biomarkers/central-nervous-system/neurocart
https://chdr.nl/clinical-studies-development/methods-biomarkers/central-nervous-system/neurocart
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Conventional statistical analysis included the 
following datasets: prespecified (overall popula-
tion) and subgroup (age: 55–70 and > 70 years) 
analysis and a post hoc analysis including the 
follow-up period.

PK modelling involved one- and two-com-
partment models with varied inputs, and elimi-
nation functions were examined in accordance 
with previous population PK models of peptides 
[34]. Target-mediated drug disposition (TMDD) 
offered a comprehensive and mechanistic under-
standing of drug behaviour [35, 36] and a log-
normal distribution assumed for individual PK 
parameters for tested models.

To describe the concentration-time profile 
of NX210c, various PK model structures were 
evaluated, including one- and two-compartment 
models with different input and elimination 
functions, tailored to describe the PK of peptides 
[34]. Additionally, TMDD models were tested to 
capture drug-target dynamics for influences on 
drug PK [35, 36].

PKPD modelling assessed the impact of 
NX210c on a data-driven subset of blood bio-
markers associated with BBB integrity, neu-
roinflammation, synaptic transmission, and 
neurodegeneration. Given previous evidence of 
a delay between the appearance of NX210c in 
plasma and its effects on blood biomarkers, indi-
rect response models using ordinary differential 
equations were used to consider these delayed 
effects [37]. In these models, PD response 
assumes equilibrium between release and deg-
radation in the absence of treatment, with treat-
ment influencing either process through stimu-
lation or reduction.

PK and PD models were developed using a 
population approach, incorporating fixed effects 
to quantify the typical behaviour within the 
population and random effects to account for 
inter-individual variability. Participant baseline 
characteristics, such as age, sex, or body mass 
index, were tested as covariates to evaluate their 
potential in explaining the variability between 
participants [38].

Model parameters were estimated using the 
Stochastic Approximation Expectation Maxi-
mization Algorithm [39] in Monolix software 
(version 4.2.2; Lixoft, Antony, France). The 
Conditional Sampling use for Stepwise Approach 

based on Correlation tests (COSSAC) algorithm 
[40] in Monolix was used to identify possible 
parameter-covariate relationships. Population 
PK parameters were first estimated using NX210c 
plasma concentrations. Subsequently, popula-
tion PD parameters were estimated using an 
intermediate approach [41], in which popula-
tion PK parameters were fixed to their previously 
estimated values, and individual PK parameters 
were sampled from their conditional distribu-
tions. Model development criteria included the 
corrected Bayesian information criteria (cBIC) 
from Monolix, the precision of parameter esti-
mates, and the physiological relevance of the 
model. Graphical diagnostics such as observa-
tions versus predictions, residual scatter plots, 
and Visual Predictive Checks further informed 
the appropriateness of the model.

The PKPD relationship for SPARCL1 was uti-
lized for precision dose modelling at concen-
trations of 2.5, 5, 7.5, and 10 mg/kg NX210c, 
simulating individual participant profiles (1 
virtual participant per dose; weight: 75 kg; age: 
70 years) and also a population of 200 virtual 
participants per dose; the latter was used in all 
dosing schemes, simulating crossover design. 
Normal data distribution was assumed, with 
mean and standard deviation derived from the 
phase 1b dataset.

RESULTS

Participants

A total of 29 participants were enrolled and 
completed the study. Of those, 12, 11, and 6 
participants received 5 mg/kg NX210c, 10 mg/
kg NX210c, and placebo, respectively. The mean 
age of all participants was 68.8 (range 56–91) 
years (Table 1). Treatment compliance was 99% 
across all arms. All participants completed this 
study.

Safety and Tolerability

A total of 73 treatment-emergent AE were 
recorded (Table 2). Of those, 16, 51, and 6 treat-
ment-emergent AEs occurred in 7 participants 
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in the 5 mg/kg treatment group, 10 participants 
in the 10 mg/kg treatment group, and 3 par-
ticipants in the placebo group, respectively. All 

related AEs were mild in severity; among them, 
one participant in the 5 mg/kg group developed 
skin reaction around the injection point (grade 

Table 1   Demographics of study participants (safety population)

BMI body mass index, SD standard deviation
a Aged 55–70 years: N = 7; aged > 70 years: N = 5
b Aged 55–70 years: N = 7; aged > 70 years: N = 4
c Aged 55–70 years: N = 3; aged > 70 years: N = 3
d Aged 55–70 years: N = 17; aged > 70 years: N = 12

Characteristic 5 mg/kg NX210c 10 mg/kg NX210c Placebo All participants
N = 12a N = 11b N = 6c N = 29d

Age (years)

 Mean (SD) 71.0 (5.7) 66.4 (7.2) 69.0 (12.7) 68.8 (8.0)

 Median 70 70 67 70

 Min., max 62, 83 56, 76 57, 91 56, 91

Height (cm)

 Mean (SD) 175.41 (8.34) 168.35 (10.20) 177.43 (8.90) 173.15 (9.68)

 Median 173.9 163.8 177.1 173.1

 Min., max 165.6, 191.7 154.3, 182.7 166.5, 188.9 154.3, 191.7

Weight (kg)

 Mean (SD) 78.354 (9.203) 70.627 (8.760) 78.400 (12.730) 75.433 
(10.210)

 Median 77.13 69.85 76.08 74.40

 Min., max 59.00, 94.40 53.35, 83.65 66.75, 99.60 53.35, 99.60

BMI (kg/m2)

 Mean (SD) 25.54 (3.19) 24.96 (2.86) 24.77 (2.10) 25.16 (2.79)

 Median 26.5 25.7 24.6 25.7

 Min., max 20.1, 29.3 20.2, 29.8 22.1, 27.9 20.1, 29.8

Sex

 Female 3 (25.0%) 8 (72.7%) 0 (0%) 11 (37.9%)

 Male 9 (75.0%) 3 (27.3%) 6 (100%) 18 (62.1%)

Race

 Asian 1 (8.3%) 0 (0%) 0 (0%) 1 (3.4%)

 Black or African 
American

0 (0%) 1 (9.1%) 0 (0%) 1 (3.4%)

 White 11 (91.7%) 10 (90.9%) 6 (100%) 27 (93.1%)
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Table 2   Treatment-emergent adverse events (safety population)

System organ class/preferred term 5 mg/kg NX210c
(N = 12)

10 mg/kg NX210c
(N = 11)

Placebo
(N = 6)

Events
N

Participants
N (%)

Events
N

Participants
N (%)

Events
N

Participants
N (%)

Any events 16 7 (58.3) 51 10 (90.9) 6 3 (50.0)

Gastrointestinal disorders 3 3 (25.0) – – 1 1 (16.7)

 Abdominal pain – – – – 1 1 (16.7)

 Diarrhea 1 1 (8.3) – – – –

 Flatulence 1 1 (8.3) – – – –

 Toothache 1 1 (8.3) – – – –

General disorders and administration site conditions – – 12 5 (45.5) – –

 Administration site irritation – – 9 4 (36.4) – –

 Fatigue – – 1 1 (9.1) – –

 Infusion site pain – – 1 1 (9.1) – –

 Injection site haematoma – – 1 1 (9.1) – –

 Infections and infestations 2 2 (16.7) 2 2 (18.2) 1 1 (16.7)

 COVID-19 1 1 (8.3) – – 1 1 (16.7)

 Nasopharyngitis 1 1 (8.3) 1 1 (9.1) – –

 Otitis media – – 1 1 (9.1) – –

Injury, poisoning and procedural complications 2 1 (8.3) 5 2 (18.2) 2 1 (16.7)

 Infusion-related reaction 2 1 (8.3) – – – –

 Post-lumbar puncture syndrome – – 2 2 (18.2) – –

 Post-procedural discomfort – – 1 1 (9.1) – –

 Post-procedural haematoma – – – – 2 1 (16.7)

 Procedural pain – – 1 1 (9.1) – –

 Wound – – 1 1 (9.1) – –

Musculoskeletal and connective tissue disorders 2 1 (8.3) 1 1 (9.1) – –

 Back pain – – 1 1 (9.1) – –

 Limb discomfort 1 1 (8.3) – – – –

 Myalgia 1 1 (8.3) – – – –

Nervous system disorders 4 2 (16.7) 26 8 (72.7) 2 2 (33.3)

 Headache 3 1 (8.3) 20 5 (45.5) 1 1 (16.7)

 Presyncope – – 2 2 (18.2) – –
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1). Overall, there were no clinically significant 
electrocardiography findings.

Neurocart® Evaluation

Overall, comprehensive evaluation did not 
reveal statistically significant differences 
among the groups. However, subgroup analysis 
showed a 3–5% decrease in adaptive tracking 
performance at the higher dose and/or younger 
age. There were no statistically significant 
changes observed on EEG.

Arterial Spin Labelling and Dynamic 
Contrast‑Enhanced MRI

The overall and subgroup by age analyses 
found that the whole brain K influx constant 
(Ki) and arterial spin labelling rate were not 
statistically different in the treatment groups 
compared with the placebo group. No struc-
tural abnormalities were detected on pre-
dose MRI or changes in MRI data following 
treatment.

PKs

Non-compartmental analysis of NX210c PKs 
revealed that NX210c was rapidly eliminated 
with a 17–18-min half-life and did not accu-
mulate following multiple doses (Fig. 2). Mean 

COVID-19 coronavirus disease-2019

Table 2   continued

System organ class/preferred term 5 mg/kg NX210c
(N = 12)

10 mg/kg NX210c
(N = 11)

Placebo
(N = 6)

Events
N

Participants
N (%)

Events
N

Participants
N (%)

Events
N

Participants
N (%)

 Restless legs syndrome 1 1 (8.3) – – – –

 Sensory disturbance – – 1 1 (9.1) – –

 Somnolence – – 3 3 (27.3) 1 1 (16.7)

 Psychiatric disorders 1 1 (8.3) 1 1 (9.1) – –

 Abnormal dreams – – 1 1 (9.1) – –

 Sleep disorder 1 1 (8.3) – – – –

Respiratory, thoracic, and mediastinal disorders 2 2 (16.7) – – – –

 Oropharyngeal pain 1 1 (8.3) – – – –

 Rhinorrhea 1 1 (8.3) – – – –

Skin and subcutaneous tissue disorders – – 1 1 (9.1) – –

 Pruritus – – 1 1 (9.1) – –

Vascular disorders – – 3 3 (27.3) – –

 Hot flush – – 2 2 (18.2) – –
 Vasoconstriction – – 1 1 (9.1) – –
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Cmax in blood was dose proportional, ranging 
from 2481 ng/ml (5 mg/kg dose) to 6835 ng/ml 
(10 mg/kg). Similarly, exposure (AUC​inf) ranged 
from 378 h*ng/ml (5 mg/kg dose) to 908 h*ng/
ml (10 mg/kg) with good tissue diffusion and 
clearance (Table 3). NX210c was not detectable 
in the CSF on day 26.

In further evaluations using population PK 
modelling, a two-compartment Wagner TMDD 
model [36] structure exhibited the best perfor-
mance in terms of clinical plausibility, param-
eter estimates, goodness of fit, and cBIC. The 
Wagner TMDD two-compartment model had a 
lower cBIC and was selected as the final popula-
tion PK model. A noteworthy observation was 
the obtained dissociation constant (KD) value of 
48.27 nM, which aligns well with the KD range 
(1–100 nM) associated with TMDD models. The 
final population PK structural model (Fig. 3) was 
employed for the PKPD relationship modelling.

Non-linear response curves to concentra-
tions of NX210c were observed for blood bio-
markers (i.e., claudin-5, homocysteine, NfL, and 
SPARCL1). Indirect response models showed 
reduction of release curves (claudin-5, NfL, and 
SPARCL1) and stimulation of homocysteine 
degradation.

Pharmacodynamic Effects and PKPD 
Relationship Modelling

Claudin‑5

A significant decrease in plasma claudin-5 was 
observed in the 5 mg/kg treatment group ver-
sus placebo throughout 26 days (− 1.3264 ng/
ml, p = 0.0479). Subgroup analysis by age 
showed significant differences in both 5 mg/
kg (− 2.2539 ng/ml, p = 0.0094) and 10 mg/kg 
(− 1.8260 ng/ml, p = 0.0306) treatment groups 
of participants aged 55–70 years with post hoc 
analysis in the follow-up period (over 40 days) 
indicating a significant, sustained decrease 
in claudin-5 levels in the 5  mg/kg group 
(− 1.8955 ng/ml, p = 0.0148) versus placebo and 
a trend in the 10 mg/kg group (− 1.3932 ng/ml, 
p = 0.0644) (changes from baseline are shown in 
Fig. 4).

For compartmental modelling, the sigmoi-
dal equation used to describe the reduction of 
claudin-5 release by NX210c concentrations 
showed reduced levels of claudin-5 upon drug 
administration. The 80% inhibitory concentra-
tion (IC80) value for NX210c concentration was 
20.20 nM, suggesting that most individuals in 
both treatment groups might achieve the drug 

Fig. 2   NX210c concentration in the plasma on Day 1, Day 12, and Day 24 (pharmacokinetic population)
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concentration required to experience 80% of the 
maximal effect (Fig. 5).

Homocysteine

In patients aged > 70  years treated with 
10  mg/kg NX210c, there was a consistent 
trend toward lowering of plasma homocyst-
eine levels compared with placebo at day 26 
(− 2.2  µmol/l, p = 0.0579) and throughout 
26 days (− 2.0 µmol/l, p = 0.0525). Similarly, 

Fig. 3   Visual predictive checks for the final population pharmacokinetic model of NX210c

Fig. 4   Change from baseline of claudin-5 concentration in 
the plasma

Fig. 5   Reduction of claudin-5 release by NX210c by dose 
groups. Cmax maximum concentration, IC inhibitory con-
centration, SD standard deviation
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post hoc subgroup analysis by age showed a 
trend toward decreased plasma homocysteine 
levels versus placebo at day 26 (− 2.1 µmol/l, 
p = 0.0551) (changes from baseline are shown 
in Fig. 6).

A sigmoidal equation was used for stimula-
tion of homocysteine degradation by NX210c 
concentrations and revealed reduced levels of 
homocysteine upon treatment. The 80% effec-
tive concentration (EC80) value for NX210c con-
centration was 346.4 nM. These results indicate 
that some individuals in the 5 mg/kg group may 
not reach the drug concentration necessary to 
achieve 80% of the maximal effect. However, all 
participants receiving 10 mg/kg are expected to 
attain this level of efficacy (Fig. 7).

Tryptophan

Statistical analysis at day 26 showed that 
tryptophan levels in plasma were signifi-
cantly increased in both treatment groups 
(5  mg/kg: + 34.6  µmol/l, p = 0.0009; 10  mg/
kg: + 68.9 µmol/l, p < 0.0001) compared with the 
placebo group (mean value: 57.6 µmol/l). This 
increase was also observed throughout 26 days 
in a dose-dependent manner. The subgroup anal-
ysis showed a significant increase in tryptophan 

levels in the CSF after treatment with 10 mg/
kg NX210c versus placebo throughout 26 days 
(+ 1.0 µmol/l, p = 0.0436), particularly in patients 
aged > 70 years (+ 2.0 µmol/l, p = 0.0154). How-
ever, increases were no longer statistically sig-
nificant by day 40 of follow-up (changes from 
baseline are shown in Fig. 8).

Fig. 6   Change from baseline of homocysteine concentra-
tion in the plasma

Fig. 7   Stimulation of degradation: Effect of NX210c on 
homocysteine degradation by dose groups. Cmax maximum 
concentration, EC effective concentration, SD standard 
deviation

Fig. 8   Change from baseline of tryptophan concentration 
in the plasma
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NfL

NfL levels in plasma and in the CSF did not 
demonstrate statistically significant differences 
in the treatment groups compared with the 
placebo group in the overall analysis. However, 
the PKPD relationship derived from compart-
mental modelling exhibited a sigmoidal-based 
reduction pattern on the release rate of blood 
NfL, revealing reduced levels related to NX210c 
blood concentration. The IC80 value for 
NX210c concentration was 21.64 nM, imply-
ing that most individuals in both treatment 
groups may achieve the drug concentration 

required to experience 80% of the maximal 
effect (Fig. 9).

SPARCL1

There were no statistically significant results 
for plasma SPARCL1. However, PKPD model-
ling of NX210c concentration data from partic-
ipants revealed a sigmoidal effect pattern, with 
reduction of SPARCL1 release rate (reduced lev-
els of SPARCL1) corresponding to increasing 
NX210c concentration (Fig. 10).

VCAM

VCAM showed a statistically significant decrease 
in the older subgroup (p = 0.0491), which repre-
sents an approximate 44% reduction on day 26 
and a trend toward sustained effect on day 40 by 
virtue of a 38% decrease.

Dose Modelling

Dose modelling showed that some participants 
in the 2.5 and 5 mg/kg groups may reach the 
desired IC80. However, a significant number of 
participants in these groups do not achieve this 
threshold, potentially falling short of 80% of the 
maximal effect. In contrast, all participants in 
the 7.5 and 10 mg/kg dose groups successfully 
reached the IC80 (Fig. 11).

Fig. 9   Reduction of NfL release by NX210c by dose 
groups. Cmax maximum concentration, IC inhibitory con-
centration, NfL neurofilament light chain, SD standard 
deviation

Fig. 10   Reduction of SPARCL1 release: Effect of 
NX210c on SPARCL1 release rate by dose groups. Cmax 
maximum concentration, IC inhibitory concentration, SD 
standard deviation, SPARCL1 SPARC-like protein 1

Fig. 11   Simulation (N = 200/dose scenario): Effect of 
NX210c on plasma SPARCL1 release rate. Cmax maximum 
concentration, IC inhibitory concentration, SD standard 
deviation, SPARCL1 SPARC-like protein 1
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DISCUSSION

This multiple ascending dose phase 1b trial 
met its primary endpoint by demonstrating 
good safety and tolerability of NX210c, with 
excellent participant compliance, regardless 
of dose. NeuroCart® and the MRI modalities 
tested did not show off-target CNS pharmaco-
logical effects. All AE were mild, and plasma PK 
analysis showed that NX210c has a short half-
life (t½ = 16–20 min) without accumulation in 
blood. Although the half-life of NX210c is short, 
sustained pharmacological effects have also been 
observed in preclinical models [29, 31, 32, 42]. 
However, for chronic NDD, a formulation with 
longer duration is under development. CSF 
sampling near the plasma Tmax (blood) did not 
detect NX210c in the CSF, although this was 
probably due to sampling at the lumbosacral 
site. This may not adequately reflect brain paren-
chymal/interstitial fluid concentrations, particu-
larly in the context of the short plasma half-life 
of this drug. PKPD results showed statistical sig-
nificance or trends in key BBB fluid biomarkers 
following treatment, including sustained effects 
in the wash-out period. BBB alterations have 
been associated with ageing [14–17] in neuro-
logical diseases (including NDD) and their pro-
gression [13, 43]. Hence, in combination with 
its favourable benefit/risk profile, NX210c could 
be a promising drug in the arsenal against NDD.

Plasma claudin-5, which showed statistically 
significant decreases by conventional statistics 
as well as a PKPD relationship demonstrated 
through computational modelling, is key to 
this action (Figs. 4, 5). Furthermore, mainte-
nance of the statistical difference over 40 days 
(55–70 years subgroup) after treatment with 
5 mg/kg NX210c indicates a sustained effect of 
NX210c. Blood claudin-5 is often elevated in 
neurogeneration and is indicative of BBB impair-
ment [43–45]. Therefore, reduction in blood 
claudin-5 levels after treatment with NX210c 
suggests recovery of BBB.

Homocysteine levels in plasma decreased 
from baseline values and showed a PKPD rela-
tionship (Figs. 6, 7). Homocysteine is a sulphur-
containing amino acid and metabolite of the 
essential amino acid methionine. Thus, elevated 

homocysteine levels in plasma compromise BBB 
integrity by triggering vascular inflammation 
that leads to tight junction degradation [46] 
and induce synaptic dysfunction in brain paren-
chyma [47] via the N-methyl-D-aspartate recep-
tor. Elevated blood homocysteine is observed in 
ageing [48], is associated with the risk of cogni-
tive impairment in the elderly [16, 17, 49], and 
is found in patients with ALS [50, 51] and other 
neurological diseases [52–54]. Hence, lowering 
the plasma levels of homocysteine by NX210c 
may attenuate the circulatory environment that 
disrupts BBB integrity and could have substan-
tial clinical applications.

Dose-dependent increases in blood and CSF 
tryptophan, an essential amino acid, were also 
evidenced in the study (Fig. 8). These changes 
could be explained by the degradation of two 
tryptophan residues present in the amino acid 
sequence of NX210c. Tryptophan is metabo-
lized to several bioactive compounds through 
different metabolic pathways, which in turn 
participate in various physiological activities in 
the body and regulate body homeostasis. Tryp-
tophan is converted into functional molecules 
such as serotonin and kynurenine. In situations 
of metabolic dysregulation, it could play a role 
in the nervous and immune systems [55, 56]. In 
our study, the observed increase in tryptophan 
levels did not appear to result in any AE (i.e., 
common and established clinical symptoms or 
laboratory findings). In addition, dietary tryp-
tophan supplementation has been shown to 
significantly ameliorate the motor function in 
a rat model of Parkinson’s disease [57]. Thus, an 
increase in tryptophan is considered an advan-
tageous finding of potential utility in the treat-
ment of neurological disease, particularly in case 
of serotonergic deficiency [58, 59].

NfL is a sensitive and dynamic protein bio-
marker of neuro-axonal injury [60]. Its function 
is to provide structural stability to neurons and 
enable radial growth of axons, with levels pro-
portional to the degree of neuroaxonal injury 
[61]. NfL levels tend to increase with age in the 
blood and CSF [62, 63] and can correlate with 
the disease status in neurological disorders [64, 
65]. Although data did not reveal a significant 
NfL reduction in the present study, PKPD mod-
elling of data demonstrated a dose-dependent 
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lowering effect of NX210c on blood NfL levels 
by reduction of release. Thus, further investiga-
tion of the effect of NX210c on NfL in neuro-
logical conditions is warranted. A phase 2 trial 
involving patients with ALS, in whom NfL levels 
are significantly higher than in healthy volun-
teers, is currently ongoing. The results of this 
study may help to better understand the mech-
anism through which NX210c decreases blood 
NfL levels.

SPARCL1 is a cell matrix-modulating pro-
tein regulating synapse formation in the brain. 
It is highly secreted by astrocytes during CNS 
development and following acute CNS damage 
[66]. This biomarker is associated with neuroin-
flammatory changes observed in ageing and is 
closely associated with various neurological dis-
orders [67], including chronic brain endothelial 
lesions [68]. In addition, increased SPARCL1 lev-
els were shown to accelerate symptom onset in 
NDD [69]. Thus, the plasma SPARCL1 reduction 
trend maintained in the post-treatment period 
combined with the PKPD-modelling relationship 
(Fig. 10) suggests a potential effect of NX210c 
on the secretion of this protein by astrocytes in 
NDD. Furthermore, of the biomarkers exhibiting 
a PKPD relationship with NX210c, the SPARCL1 
PKPD model afforded sensitivity and precision 
to guide dose selection for further clinical devel-
opment based on its more gradual effect slope 
compared with other biomarkers with a PKPD 
relationship and its relevance to mechanisms 
under evaluation. While some participants 
in the 2.5 and 5 mg/kg groups may reach the 
desired IC80, a significant number of partici-
pants in these groups do not achieve this thresh-
old, potentially falling short of 80% of the maxi-
mal effect. In contrast, all participants in the 7.5 
and 10 mg/kg dose groups successfully reached 
the IC80 (Fig. 11). To minimize exposure over-
lap between doses considering claudin-5, homo-
cysteine, and NfL, the maximum effect can be 
achieved from the 5 mg/kg dose. Considering 
the good safety profile of both NX210c doses, it 
was decided to proceed with clinical trial investi-
gation of both doses (i.e., 5 and 10 mg/kg). This 
approach also considers that patients with NDD 
will have concomitant conditions or receive 
medications that could have altered response to 

treatment or modify the established safety and 
PKPD profile.

This study had certain limitations. The inves-
tigation was performed in a single centre. Hence, 
additional multi-centre studies are required to 
confirm the present findings. The encouraging 
results of the study may have nonetheless been 
impacted by several factors. In terms of demo-
graphics, the 10 mg/kg group had slightly lower 
mean age and mean/median weight than the 
other groups. In addition, a higher proportion 
of participants in this group were females, which 
could affect the generalizability of results. Differ-
ences between groups may have also been more 
difficult to detect considering the small sample 
size and relatively few time points of the study. 
However, in a healthy population, parameters 
may be unmeasurable or low; even when meas-
urable, variability in a small placebo control arm 
is a constraint or adaptive mechanisms may ren-
der parameters resolute to change. For example, 
Qalb and QIgG in samples from healthy volun-
teers might limit a significant effect or detection 
thereof. Elevations in these parameters would 
indicate a breakdown of the BBB and increased 
permeability. These parameters did not show a 
significant decrease in the study; however, inter-
estingly, the average change from baseline val-
ues was 5% lower in the NX210c groups than in 
the placebo group. VCAM protein is involved in 
the adhesion of inflammatory cells to vascular 
endothelium [70]. It may also be challenging to 
detect changes in this biomarker in a healthy 
population given that abnormal elevations are 
observed in cardiovascular conditions [71] and 
NDD [72], including ALS [73]. Nevertheless, 
despite the small sample, VCAM showed a statis-
tically significant decrease in the older subgroup 
(p = 0.0491), denoting a trend toward sustained 
effect.

Overall, computational modelling mitigated 
limitations by revealing important dose to tar-
get/effect relationships (e.g., biomarker levels), 
thereby enriching the results obtained from con-
ventional statistics in the current study. Moreo-
ver, it offers insight for consideration in future 
trials of NX210c in NDD.
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CONCLUSION

This phase 1b study demonstrated the safety 
and tolerability of multiple intravenous infu-
sions of NX210c (5 and 10 mg/kg) in healthy 
elderly volunteers. This population was selected 
to determine the effects of NX210c in the age-
ing brain, where the initiation of neurovascular 
modifications could even be subclinical [11]. PK 
evaluation showed that this proposed thrombos-
pondin receptor-1 analog has an approximately 
18-min half-life and no accumulation when 
administered thrice weekly. Furthermore, statis-
tical analysis and in silico modelling of fluid bio-
marker responses to treatment revealed effects 
related to BBB integrity and function. NX210c 
represents a novel therapeutic with a spectrum 
of disease-modifying implications relevant to 
causal mechanisms in NDD, including BBB 
repair and through an effect on mechanisms 
involving neuronal protection and synaptic 
transmission. NX210c may represent a para-
digm shift in the approach to ALS; specifically, 
BBB alterations may even be a pre-symptomatic 
feature [23, 74], based on which BBB biomarker 
endpoints (e.g., Qalb) can be added to the arse-
nal of biomarker endpoints already in use (e.g., 
serum NfL).

Along with the available preclinical body 
of work, the present clinical results support 
the rationale for a phase 2 proof-of-concept 
clinical trial involving patients with ALS 
(NCT06365216). This study would investigate 
the effects and mechanism through which 
NX210c can promote neurovascular-regenera-
tive processes and potentially offer further ben-
efit to patients with a range of NDD.
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