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A B S T R A C T   

Ibudilast (MN-166) is an inhibitor of macrophage migration inhibitory factor (MIF) and phosphodiesterases 
3,4,10 and 11 (Gibson et al., 2006; Cho et al., 2010). Ibudilast attenuates CNS microglial activation and secretion 
of pro-inflammatory cytokines (Fujimoto et al., 1999; Cho et al., 2010). In vitro evidence suggests that ibudilast is 
neuroprotective by suppressing neuronal cell death induced by microglial activation. People with ALS have 
increased microglial activation measured by [11C]PBR28-PET in the motor cortices. The primary objective is to 
determine the impact of ibudilast on reducing glial activation and neuroaxonal loss in ALS, measured by PBR28- 
PET and serum Neurofilament light (NfL). The secondary objectives included determining safety and tolerability 
of ibudilast high dosage (up to 100 mg/day) over 36 weeks. 

In this open label trial, 35 eligible ALS participants underwent ibudilast treatment up to 100 mg/day for 36 
weeks. Of these, 30 participants were enrolled in the main study cohort and were included in biomarker, safety 
and tolerability analyses. Five additional participants were enrolled in the expanded access arm, who did not 
meet imaging eligibility criteria and were included in the safety and tolerability analyses. The primary endpoints 
were median change from baseline in (a) PBR28-PET uptake in primary motor cortices, measured by standard 
uptake value ratio (SUVR) over 12–24 weeks and (b) serum NfL over 36–40 weeks. The secondary safety and 
tolerability endpoints were collected through Week 40. 

The baseline median (range) of PBR28-PET SUVR was 1.033 (0.847, 1.170) and NfL was 60.3 (33.1, 219.3) 
pg/ml. Participants who completed both pre and post-treatment scans had PBR28-PET SUVR median(range) 
change from baseline of 0.002 (− 0.184, 0.156) , P = 0.5 (n = 22). The median(range) NfL change from baseline 
was 0.4 pg/ml (− 1.8, 17.5), P = 0.2 (n = 10 participants). 30(86%) participants experienced at least one, 
possibly study drug related adverse event. 13(37%) participants could not tolerate 100 mg/day and underwent 
dose reduction to 60–80 mg/day and 11(31%) participants discontinued study drug early due to drug related 
adverse events. 

The study concludes that following treatment with ibudilast up to 100 mg/day in ALS participants, there were 
no significant reductions in (a) motor cortical glial activation measured by PBR28-PET SUVR over 12–24 weeks 
or (b) CNS neuroaxonal loss, measured by serum NfL over 36–40 weeks. Dose reductions and discontinuations 
due to treatment emergent adverse events were common at this dosage in ALS participants. Future 
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pharmacokinetic and dose-finding studies of ibudilast would help better understand tolerability and target 
engagement in ALS.   

1. Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder 
with no treatments that halt progression. There is a large and growing 
pipeline of disease modifying investigational products in late preclinical 
or early clinical stages of development for ALS. These experimental 
therapies need to be tested efficiently to decide the best to bring forward 
for phase 3 testing. There is an urgent need to improve efficiency of early 
phase clinical trials to accelerate therapeutic discovery. Robust, reliable 
and sensitive disease biomarkers can provide proof of mechanism in 
relevant patient populations and can also facilitate dose-selection in 
relatively small and short clinical trials (Parmar et al., 2020). 

Neuroinflammation and glial activation have been implicated in ALS 
progression (Brettschneider et al., 2012; Bakkar et al., 2015). Microglial 
activation has been observed consistently and in association with 
degenerating upper and lower motor neurons, where neuronal and 
corticospinal atrophy ensue subsequently (Brettschneider et al., 2012). 
Several biomarkers have emerged to investigate neuroinflammation and 
neuronal loss in people with ALS. 

[11C]PBR28 radioligand binds to 18 kDa translocator protein 
(TSPO), which is highly expressed in the mitochondria of activated 
microglia and reactive astrocytes (Downer et al., 2020). Regional [11C] 
PBR28-positron emission tomography (PBR28-PET) uptake is greater in 
the motor cortices in ALS participants relative to healthy controls and it 
correlates with clinical measures, including upper motor neuron burden 
and the fine motor subscale of revised ALS functional rating scale 
(ALSFRS-R) (Alshikho et al., 2016, 2018). Furthermore, a sample size of 
30 is adequate to show a statistically significant treatment effect of 0.02 
change in PBR28-PET uptake SUVR in the motor cortices (Alshikho 
et al., 2018). 

Neurofilament-light (NfL) is a marker of CNS neuroaxonal loss. 
Neurofilaments are highly expressed in axons. NfL levels are increased in 
serum and cerebrospinal fluid in several neurodegenerative disorders, 
including ALS. (Lu et al., 2015; Bridel et al., 2019). NfL levels in serum 
and cerebrospinal fluid samples from ALS participants are highly 
correlated to one another and remain stable over time (Lu et al., 2015; 
Kuhle et al., 2016; Novakova et al., 2017; Canto et al., 2019; Huang 
et al., 2020). Reduction in serum-NfL levels were observed in conjunc
tion with slowing of disease progression in SOD1 ALS patients after 
treatment with antisense oligonucleotides (Miller et al., 2020). 

Ibudilast (MN-166) is an orally administered small molecule with 
well-established safety and tolerability profiles in other CNS disorders at 
60–100 mg/day dosages. Ibudilast inhibits multiple phosphodiesterases 
(PDE 3, 4, 10, 11) and macrophage migratory inhibitory factor (MIF), 
which suppress neuroinflammation and microglial activation in vitro 
(Gibson et al., 2006; Cho et al., 2010; Cox et al., 2013; Ha et al, 2019). 
Ibudilast also reduces the production of tumor necrosis factor-alpha 
(TNF-α) in a dose-dependent manner in in vitro studies (Suzumura 
et al., 1999) and suppresses neuronal cell death induced by microglial 
activation in vitro (Mizuno et al., 2004). Ibudilast is shown to lower 
proinflammatory cytokines secreted by activated glia in plate-based 
chemotaxis assays and in experimental autoimmune encephalitis 
models (Fujimoto et al., 1999; Cho et al., 2010). Ibudilast (up to 100 mg/ 
day) has been shown to slow the rate of cortical atrophy in primary 
progressive multiple sclerosis (Fox et al., 2018). However, it is unknown 
if ibudilast crosses an intact blood–brain-barrier. 

We hypothesized that ibudilast can slow ALS progression by 
reducing neuroinflammation/glial activation. This Phase 1b trial em
ploys PBR28-PET and serum NfL to determine whether ibudilast 100 
mg/day can reduce these markers in people with ALS. We selected the 
highest dosage (100 mg/day) with known favorable safety profile from 

prior clinical trials in other disorders for this trial (DeYoung et al., 2016; 
Ray et al., 2017). 

2. Materials and methods 

2.1. Trial design and outcomes 

This is an investigator-initiated, open-label, phase 1b trial of oral 
ibudilast in ALS. This trial was conducted at Massachusetts General 
Hospital(MGH), Boston and South Shore Neurological Associates, New 
York. The trial was approved by the institutional review boards at both 
sites and conducted in accordance with the Good Clinical Practice 
guidelines of the International Conference on Harmonization. All par
ticipants provided written informed consent prior to onset of any study 
procedures. The study was registered on clinicaltrials.gov 
NCT02714036. 

The primary objective of this trial was to measure biological impact 
of oral ibudilast up to 100 mg/day measured by changes of brain PBR28- 
PET and serum NfL levels. This trial included two arms: (a) the main 
cohort, included participants who met all the eligibility criteria and (b) 
expanded access arm, included five participants who did not meet the 
imaging specific eligibility criteria and hence did not complete imaging 
outcomes, but were otherwise eligible for the trial. All eligible partici
pants in both arms, received 100 mg/day of ibudilast per protocol. 
Participants were allowed dose reduction to 60 or 80 mg/day in two or 
three divided doses in the first 12 weeks of treatment if experiencing 
drug related adverse events (AEs). The treatment period included an 
initial 2-week dose-escalation, 36-week stabilization phase, and a 4- 
week follow up telephone visit after 36-week completion. During 
every in-person visit, standard ALS clinical outcomes including revised 
ALS functional rating scale (ALSFRS-R) (Cedarbaum et al., 1999), slow 
vital capacity (SVC %predicted) (Knudson et al., 1983) and quantitative 
limb muscle strength using handheld dynamometry (HHD) (Shefner 
et al., 2016). Safety labs were collected pre-treatment and at Week 4, 8, 
12, 24 and 36 visits and adverse events were recorded at each visit. 

2.2. Power calculations 

A sample size of ten participants would be required to show a true 
pre- and post- treatment, minimal detectable group difference of 0.096 
point reduction in PBR28-PET SUVR in the motor cortices with 90% 
probability, at a one-sided 0.1 significance level. This is based on prior 
data showing a mean difference in PBR28-PET SUVR of 0.116, with 
standard deviation of 0.08 (Zurcher et al., 2015; Alshikho et al., 2018). 

2.3. Participants and eligibility criteria 

All enrolled participants met trial eligibility criteria including ALS 
diagnosis based on the revised El Escorial criteria for definite, probable, 
probable with laboratory supported or possible ALS (Brooks et al., 
2000), and ability to swallow study medication in the opinion of the 
investigator at study entry and throughout the study. All main cohort 
participants had SVC ≥ 50% predicted and were either not taking or on 
stable dose of riluzole, and not on any other investigational agents, 
immunosuppressive or immunomodulatory treatments for ≥ 30 days of 
baseline. When edaravone became US FDA approved for ALS during the 
trial, participants were allowed to start edaravone without trial re
strictions. The exclusion criteria included serum aminotransferases > 3 
times the upper limit of normal or serum creatinine > 1.5 times the 
upper limit of normal, known study drug allergies, concomitant medi
cations that interacted with ibudilast such as cimetidine, cyclosporine, 
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dronedarone, lopinavir, probenecid, quinidine (with the exception of 
Nuedexta, which was allowed with frequent clinical EKG monitoring), 
ranolazine, rifampin, ritonavir, tipranavir, retigabine, and mexiletine. 
Other exclusion criteria included history of human immunodeficiency 
virus, clinically significant chronic hepatitis or other active infections, 
inflammatory or autoimmune conditions, presence of unstable psychi
atric illnesses or dementia that impaired ability to provide informed 
consent and women who were pregnant, lactating or not on birth 
control. 

The imaging specific inclusion criteria for the main cohort were: (a) 
presence of clinical upper motor neuron burden (UMNB) score as 
measured by the MGH-UMNB scale of ≥ 25 (range 0–45) at screening 
(Zurcher et al., 2015; Alshikho et al., 2016) (b) absence of low binding 
rs6971 polymorphism for PBR28-PET (Owen et al., 2012). Five to 30% 
of people are low-binders for this PET ligand and do not provide a useful 
imaging signal, based on a “low binding” polymorphism in rs6971 
(Owen et al., 2012; Mizrahi et al., 2012), (c) ability to lie flat for scan 
duration, (d) absence of any contraindications for PET and MRI as per 
institutional clinical guidelines and (e) no concomitant use of nicotine 
containing products, benzodiazepines or anti-inflammatory medications 
one week prior to PET scan. 

2.4. Data monitoring and oversight 

The site PIs reviewed all data for clinical adverse events (AEs) and 
safety laboratory tests throughout the study. All treatment emergent AEs 
(TEAEs) and serious adverse events (SAEs) were followed for resolution 
or up until the final study contact. Participants were re-educated as 
necessary to ensure treatment compliance. The imaging and serological 
data were quality checked by independent imaging evaluators who were 
blinded to clinical data (BH, CE and PW). 

2.5. Primary, secondary and exploratory endpoints 

The primary endpoints of this study were imaging and biofluid 
biomarker changes from baseline including (a) brain PBR28-PET uptake 
as a marker of glial activation over 12–24 weeks, and (b) serum NfL 
levels as a marker of neurodegeneration over 36 weeks. 

Baseline PBR28-PET uptake in the primary motor cortices region of 
interest was compared to post-treatment (week 12–24) uptake levels and 
was carried out on all participants in the main cohort, who received at 
least one dose of study drug and completed both pre- and post- treatment 
scans. The post-treatment PBR28-PET scan visit was chosen to have a 
large visit window between 12 and 24 weeks post treatment to allow for 
more participants, especially faster progressors, to complete the scan 
safely. Similarly, levels of serum NfL was compared to post-treatment 
(weeks 36–40) levels in the main cohort participants who received at 
least one dose of study drug. Participants with incomplete pairs of pre- 
or post- treatment (Weeks 36–40) serum samples were excluded from 
analyses. 

Safety and tolerability were secondary endpoints. Safety outcomes 
included all serious adverse events (SAEs), and treatment emergent 
adverse events (TEAEs) that were assessed as possibly, probably or 
definitely related to study drug and occurred in >5% of participants or 
led to early drug discontinuation. Tolerability of ibudilast was reported 
as percentage of participants who completed all 36 weeks of study 
treatment on study drug and remained free from any possibly, probably 
or definitely drug related AEs leading to permanent study drug discon
tinuation to week 36. All safety and tolerability analyses were done on 
the safety sample which included all participants in both expanded ac
cess and main cohorts, who received at least one dose of study drug. All 
observed AEs were reported and grouped by system organ class and 
preferred term. 

Exploratory endpoints included analyses of rates of decline of 
ALSFRS-R, SVC and HHD from baseline to 36 weeks. Secondary end
points were analyzed using all available data from enrolled participants 

who received at least the first ibudilast dose. Exploratory endpoint an
alyses were known to lack statistical power to detect change based on 
trial sample size and were analyzed to provide information about 
directionality and trends. 

2.6. Imaging acquisition and analyses 

PBR28-PET scans were completed at AA Martinos Center at MGH, for 
participants enrolled at both sites. [11C]PBR28 radiotracer was synthe
sized in-house at MGH in accordance with the US federal USP823 
standards as previously reported (Fujita et al., 2008). PET scans were 
obtained in a simultaneous MR/PET scanner (Siemens 3T Magnetom 
Tim Trio scanner, Germany with BrainPET insert). An eight-channel MR 
head receiver coil was used and a high-resolution multi-echo 
magnetization-prepared rapid acquisition gradient echo (MEMPRAGE) 
sequence was acquired. All MR sequences and PET data acquired over a 
90-minute scan session were analyzed using automated processing 
pipelines as previously reported (Zurcher et al., 2015; Alshikho et al., 
2016, 2018) and are described in Supplement 1. The mean(SD) 
administered dose of the [11C]PBR28 was 13.62(1.79) mCi. The occip
ital lobe was selected apriori as the pseudoreference region, since it is 
biologically unaffected in ALS and scan data acquired within the same 
field of view and hence subjected to similar technical quality conditions 
as the region of interest (Albrecht et al., 2018). The region of interest 
comprised of the bilateral primary motor cortical gray and white matter 
parcellates. 

The PBR28-PET uptake at 60–90 min post radiotracer injection was 
reported as standard uptake value (SUV) averaged across the whole 
brain spanning the region of interest in 2 mm3 voxels. At the individual 
level, the median SUV in the region of interest was then normalized by 
the median SUV in the occipital lobe to obtain the primary imaging 
outcome PBR28-PET SUVRocc for each participant (Albrecht et al., 
2018). 

Median PBR28-PET SUVRocc = Median SUVPrimary Motor Cortices/Me
dian SUVoccipital lobe 

PET scan image quality was assessed by an independent imaging 
expert rater (BH), who remained blinded to the clinical data except 
TSPO genotyping. All poor-quality scans, defined by incomplete scans 
(<20 min of PET data collected or incomplete anatomical field of view 
affecting reliable PET attenuation correction) and excessive motion 
degradation, were excluded from the study. 

2.7. Biofluid biomarker analyses 

Serum NfL was analyzed using the Quanterix Simoa SR-X platform. 
Samples were analyzed in duplicate and the CoV for each pair calculated 
as (standard deviation of duplicate values) divided by (mean of dupli
cate values) and expressed as a percentage. Mean(SD) CoV for NfL was 
5.0 ± 4.6% (range 0.01–19%). Frozen serum aliquots were stored onsite 
at − 80 ◦C and batch analyzed at end of study. Several serum aliquots 
from 11 participants were thawed and then refrozen during storage due 
to a freezer malfunction. These samples were included in NfL analysis 
because it is known to be robust to freeze–thaw cycles (Keshavan et al., 
2018). 

An attempt was made to analyze serum MIF and serum TNF-α 
changes, as peripheral markers for neuroinflammation. However, the 
results of serum MIF or TNF-α analyses were not interpretable due to 
preanalytical issues as follows and hence not presented in this paper. 
There was (a) false 3x elevation of serum MIF in visibly hemolyzed 
samples, presumably due to release of MIF from erythrocytes and 
without relation to treatment (data not shown) and (b) serum TNF-α 
levels were near lower limits of quantification (ELISA; electro
chemoluminescence) and highly variable (coefficient of variance (CoV) 
25–40%). 
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2.8. Statistical analyses 

All primary and secondary analyses were performed as pre-specified 
in statistical analyses plan. Wilcoxon signed rank tests were used to 
assess if changes from baseline to post-treatment were significantly 
different from zero and the pre-treatment and change values are 
expressed as median(range). Exploratory analyses describing the 36- 
week trajectory of clinical outcomes (ALSFRS-R, SVC, and HHD-mega 
Z-scores) and serum biomarkers were performed using mixed effects 
models with a fixed effect for continuous time (visits at Weeks 0, 4, 12, 
24, 36/40) and a random slope, and intercept for each participant with 
an unstructured covariance on the intent to treat sample. Analyses were 
performed for all participants in the main cohort who had any data 
available for the given measure. Analyses were performed using R (Core 
team 2019). Alpha of 0.05 was split between PET and serum biomarker 
outcomes. Non-primary analyses were not corrected for multiple testing. 

2.9. Data availability 

The data that support the findings of this study are available from the 
corresponding author, upon reasonable request. 

3. Results 

3.1. Participants 

Forty-six participants were screened and 35 enrolled between May 
2016 and June 2018 (Fig. 1; Consort Diagram). Of enrolled participants, 
30 were in the main cohort and five in the expanded access arm. All 35 
participants received at least one dose of the study drug and were 
included in the safety and tolerability analyses. The intent-to-treat 
sample used for clinical marker analyses included all 30 main cohort 
participants. The imaging sample (modified intent-to-treat) included 22 
of the regular participants. Nineteen (54%) out of the 35 enrolled 

participants completed the study. 
The baseline characteristics are shown in Table 1. Compared to the 

main cohort of the study, the expanded access arm, included a higher 
proportion of males (80% versus 53.3% in main cohort), lower mean 
ALSFRS-R (31.6 vs. 37.2 points in main cohort) and a slightly faster 
estimated rate of progression (0.70 versus 0.58 points/month drop in 
ALSFRS-R in the main cohort) (Labra et al., 2016). Among the main 
cohort participants included in the imaging and biofluid biomarker 
analyses, 23% (n = 7 out of 30) started edaravone before entering the 
study. 

Fig. 1. Consort diagram Some participants had more than one reason for screen failure.  

Table 1 
Baseline characteristics.  

Baseline Characteristics Main cohort 
(n = 30) 

Expanded access 
arm (n = 5)  

% (n)/Mean 
(SD) 

% (n)/Mean (SD) 

Age at Screening (years) 57.1 (10.3) 53.8 (13.9) 
Family History of ALS 10.0% (3) 0.0% (0) 
Male 53.3% (16) 80.0% (4) 
Caucasian 93.3% (28) 100.0% (5) 
Symptom onset to Diagnosis (in months) 13.2 (12.6) 8.9 (6.4) 
Symptom onset to Screening (in months) 24.4 (15.7) 22.8 (9.0) 
Limb Onset 66.7% (20) 60.0% (3) 
Baseline SVC (% predicted) 77.0 (23.2) 81.0 (17.6) 
ALSFRS-R at Baseline 37.2 (4.7) 31.6 (11.6) 
Estimated ALSFRS-R Slope Pre-Baseline (48- 

Baseline ALSFRS-R/disease duration) 
(points/month) 

0.58 (0.37) 0.70 (0.33) 

UMNB Total at Screening 29.4 (3.5) 27.0 (10.5) 
Exposure to 30-day stable dose of Riluzole 83% (25) 100% (5) 
Exposure to edaravone 37% (11) 20% (1)  
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3.2. Pharmacodynamic marker outcomes 

3.2.1. [11C]PBR28-PET uptake in the motor cortices 
All 30 main cohort participants completed the pre-treatment base

line scan and 23 participants (77%) completed the post–treatment scan. 
One scan pair was excluded in the final analyses due to failing scan 
quality check by an independent imaging analysts (BH), due to excessive 
motion artifacts. This participant was noted to have advanced bulbar 
ALS and sialorrhea interfering with scan quality. There was no signifi
cant change from baseline in SUVRocc (Wilcoxon Signed Rank; NS) 
(Fig. 2). The percent change in SUVRocc in motor cortices remained 
within the previously reported average test–retest variability (Alshikho 
et al., 2018) of 7% in all but three participants. SUVRocc decreased by 
11% in one participant and 18% in another and increased by 14% in one 
participant (Fig. 2C). The pre-treatment SUVR images for all 22 partic
ipants included in the final analyses are shown in Fig. S4. 

3.2.2. Serum biomarkers (NfL) 
Out of the 18 main cohort trial completers, ten participants had 

complete sets of pre-treatment and post-treatment (weeks 36–40) serum 
samples. There were no significant changes from baseline in serum NfL 
(Wilcoxon Signed Rank; NS) (Fig. 3A, 3B). 

3.3. Safety and tolerability 

The adverse events (AEs) assessed as at least possibly related to study 
drug or leading to permanent study drug discontinuation reported by ≥
5% of study participants, and serious adverse events are listed in Table 2. 
Ten serious adverse events occurred in six participants between treat
ment initiation and within four weeks after drug discontinuation. None 
of the serious adverse events were assessed as related to study drug and 
were thought to be due to ALS disease progression. These serious 

adverse events included pulmonary embolism (3), deep vein thrombosis 
in leg (1), respiratory failure (1), brief unresponsive episode of unclear 
etiology (1), dysphagia (1), dehydration (1), IV catheter related infec
tion (used for concomitant edaravone infusion) (1) and severe abdom
inal pain (1). Two serious adverse events occurred while on study drug 
and resulted in death (1 pulmonary embolism and 1 respiratory failure); 
both were assessed as unrelated to study drug and were deemed by site 
investigator as related to ALS disease progression. 

All participants experienced at least one treatment emergent AE 
(TEAE). The most common AEs at least possibly related to study drug 
were nausea (40%), fatigue (26%), diarrhea (20%), other GI symptoms 
(bloating, abdominal discomfort/pain, 20%), insomnia (20%) and hot 
flashes (17%). Thirty-three percent (101/304) of AEs were assessed by 
the investigator as at least possibly related to study drug. AEs that led to 
early study drug discontinuation included nausea (17%), diarrhea (9%), 
other GI symptoms (9%) and weight loss (6%). 

A total of sixteen participants (45%) did not complete the trial. A 
total of 13 of the 35 participants (37%) underwent permanent dose 
reduction to 60 mg/day (n = 11) and 80 mg/day (n = 2), due to at least 
one TEAE that was possibly, probably or definitely drug related AEs. 
Subsequently, 11 participants (31%) discontinued drug early and were 
deemed intolerant. Three participants (9%) discontinued drug early due 
to disease progression and travel burden and two withdrew consent 
(6%). The cumulative intolerance rates at week 12, 24 and 36 were 11%, 
20% and 31%, respectively (Supplementary Fig. 3). The mean on-drug 
duration after permanent dose reduction to 60 mg/day was 17(SD 13) 
weeks and 80 mg/day was 33 (SD 5) weeks. 

3.4. Exploratory clinical outcome and biomarker analyses 

The estimated change mean(SD) in ALSFRS-R was − 0.88 (0.17) pts 
per month, SVC was − 1.38 (0.35) %-points per month. HHD arm muscle 

Fig. 2. [11C]PBR28-PET uptake in bilateral motor cortices for Ibudilast pre-treatment and post-treatment groups (n ¼ 22 participants). [A] Group median 
[11C]PBR28 SUVRocc for pre-treatment (top) and 12–24 weeks from baseline (bottom) groups. The median pre-treatment SUVRocc in the motor cortices was 1.033 
(range 0.847, 1.170). All images are projected onto standard MNI space at coordinates (x = − 8, y = − 20, z = +64). The color bar represents the group median [11C] 
PBR28 SUVRocc values in the motor cortices. [B] The box plots show that there were no significant changes from baseline observed in median [11C]PBR28 SUVRocc in 
the motor cortices at 12–24 weeks of ibudilast treatment [n = 22, median 0.002 (range − 0.184, 0.156), Wilcoxon-Signed-Rank-Test V = 149, p = 0.5] [C] The 
spaghetti plot represents individual changes from baseline in median [11C]PBR28 SUVRocc in the motor cortices following 12–24 weeks of ibudilast treatment. 
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MegaZ-score was − 0.28(0.24) per month and HHD leg muscle MegaZ- 
score was +0.01 (0.17) per month (Supplementary Fig. 1). The esti
mated mean (SE) change in NfL was +1.04 pg/ml (0.90) (Supplemen
tary Fig. 2). 

4. Discussion 

This multi-site, Phase 1b, open label ALS clinical trial of high dosage 
(up to 100 mg/day) of MN-166 (Ibudilast) showed no detectable 
changes on (i) imaging biomarker of neuroinflammation (PBR28-PET 
uptake in motor cortices) over 12–24 weeks or (ii) serum biomarker of 
CNS neuroaxonal loss (NfL levels) over 36–40 weeks of study treatment 
respectively. Overall ibudilast was observed to be safe and showed no 
drug related SAEs. However, the tolerability was limited due to GI side 
effects, fatigue and insomnia. 

Preclinical evidence suggests that ibudilast reduces microglial acti
vation and offer neuroprotection by promoting release of neurotropic 
factors. (Cho et al., 2010; Cox et al., 2013; Suzumura et al., 1999; 
Mizuno et al., 2004). In ALS, among other neurodegenerative diseases, 
abnormal protein aggregation is implicated in its pathophysiology, to 
which neuroinflammation is a response. In a recently published, in vitro 
study, ibudilast-treated HEK293 and NSC-34 cells were observed to 
contain fewer TDP-43 and SOD1 aggregates, which are pathological 
hallmarks of ALS. This suggests that ibudilast may have a neuro
protective effect in ALS by protecting against TPD-43-induced toxicity in 
motor neuron-like NSC-34 cells (Chen et al., 2020). A randomized 
controlled trial of ibudilast 60 mg/day in relapsing remitting multiple 
sclerosis slowed the progression of cortical atrophy but no effect on MRI 
gadolinium enhancing lesions, suggesting that ibudilast may be neuro
protective but without substantial impact on neuroinflammation (Bar
khof et al., 2010). Ibudilast slowed brain atrophy in patients with 
primary progressive multiple sclerosis in the SPRINT-MS trial. However, 
the effects of ibudilast on neurofilament levels and other biofluid bio
markers remain unknown (Fox et al., 2018). Brooks et al conducted an 
early phase adaptive design clinical trial of ibudilast 60 mg/day in ALS, 
peer-reviewed results of which have not been published to date (Brooks 
et al, MND symposium abstract 2018). 

PBR28-PET is increasingly being used as an outcome measure in ALS 
trials to evaluate experimental treatments with anti-inflammatory 
properties [(RNS60 (Paganoni et al., 2019), BLZ945 (NCT04066244), 
AMX0035 (NCT03127514)]. There is an ongoing debate of whether a 
pseudoreference ratio metric (SUVR) versus the “gold standard” volume 

Fig. 3. [Fig. 3A]: Baseline serum NfL was 60.6 (range 33.1, 219.3) pg/ml. The box plots show median serum NfL levels at (a) baseline (b) 24 weeks of ibudilast 
treatment [n = 10 participants, median(range) change 1.7 pg/ml (− 2.7, 27.3), Wilcoxon-Signed-Rank-Test V = 41, p = 0.19] and (c) 36–40 weeks of ibudilast 
treatment [n = 10 participants, median (range) change 0.4 pg/ml (− 1.8, 17.5), Wilcoxon-Signed-Rank-Test V = 40, p = 0.23] and. [Fig. 3B] The spaghetti plot 
represents individual changes from baseline in median serum NfL following 36–40 weeks of ibudilast treatment. 

Table 2 
Only AEs occurring 5% overall are included in this table.  

Adverse Events (AEs) Adverse Events % (N) participants  
Regular (n 
= 30) 

Flexible (n 
= 5) 

Total (n 
= 35) 

[A] ALL ADVERSE EVENTS 100% (30) 100%(5) 100%(35) 
[B] SERIOUS ADVERSE EVENTS 

(SAE)    
Serious Adverse Events- Total 20%(6) 0%(0) 17%(6) 
SAEs at least “Possibly Related” to 

study drug 
0% (0) 0% (0) 0%(0) 

[C] AEs leading to permanent study 
drug discontinuation 

37%(11) 20%(1) 34%(12) 

GI disorders- other 13% (4) 0% (0) 11%(4) 
Nausea 10%(3) 0%(0) 9%(3) 
Diarrhea 3% (1) 0% (0) 6% (2) 
Dysphagia 10% (3) 0% (0) 9% (3) 
Dehydration 7% (2) 0% (0) 6% (2) 
[E]AEs AT LEAST “POSSIBLY 

RELATED” TO STUDY DRUG 
83%(25) 100%(5) 86%(30) 

Nausea 37% (11) 60% (3) 40%(14) 
Fatigue 23% (7) 40% (2) 26%(9) 
Diarrhea 17% (5) 40%(2) 20%(7) 
Other GI 20% (6) 20%(1) 20%(7) 
Insomnia 17% (5) 40% (2) 20%(7) 
Hot flashes 20% (6) 0% (0) 17%(6) 
Headache 13% (4) 20% (1) 14%(5) 
Abdominal/Stomach/GI pain 13% (4) 20% (1) 14%(5) 
Dizziness 13% (4) 0% (0) 11%(4) 
Other skin and subcutaneous tissue 

disorders 
10%(3) 20%(1) 11%(4) 

Vomiting 7%(2) 20%(1) 9%(3) 
Flatulence 10%(3) 0%(0) 9%(3) 
Abdominal distension 7%(2) 0%(0) 6%(2) 
Weight loss 3% (1) 20%(1) 6% (2) 
Anorexia 3% (1) 20% (1) 6% (2)  
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of distribution (VT) would be best implemented in treatment trials. The 
SUVR measure has high specificity and high test–retest reliability but 
may reduce sensitivity and responsiveness to change, especially for 
experimental treatments with global brain reduction of glial activation 
(Albrecht et al., 2018). On the other hand, VT measure using radial 
arterial sampling for kinetic modeling has high sensitivity and respon
siveness of the biomarker to uptake change in interventional drug trials 
or to upper motor neuron disease progression (Jucaite et al., 2015). 
Jucaite et al study showed that PBR28-PET VT reduced significantly and 
as early as six weeks following an experimental myeloperoxidase in
hibitor treatment in Parkinson’s disease population, indicating the 
promise of PBR28-PET uptake as a proof of mechanism biomarker in 
future trials. However, one must balance the potential improved 
analytical rigor with the burden of using arterial lines and multiple 
blood sampling in ALS patients. 

Both neurofilament light and heavy subunits are reported in several 
papers over the past decade, to have excellent test–retest reliability and 
accuracy for diagnostic usefulness in ALS. Recent observations from 
dimethylfumarate (Phase IV) and Toferson (Phase I) trials in MS and ALS 
respectively reveal that blood and CSF neurofilaments have excellent 
sensitivity to change with neuroprotective treatments (Sejbaek et al., 
2019; Miller et al., 2020). These studies also showed that both CSF and 
blood NfL levels were highly correlated. Serum NfL levels have been 
shown to be stable in up to four freeze–thaw cycles (Keshavan et al., 
2018). There is currently some variability in the choice of light or heavy 
neurofilament subunit use as a pharmacodynamic marker in ALS trials 
(Poesen and Van Damme, 2019). Although promising, it is still early 
days for using neurofilaments in interventional drug trials in ALS. They 
are increasingly being used as primary and secondary outcomes in early 
phase clinical trials in ALS (Ravulizumab NCT04248465, TUDCA trial 
NCT03800524). 

We observed a high early drug discontinuation rate due to TEAEs 
(31%). Early drug discontinuations due to TEAEs in other ALS trials of 
similar trial durations (~40 weeks) have been variable and dependent 
on tolerability to study drug rather than duration of study treatment. For 
example, the early drug discontinuation rate was 0% in the 40-week 
CoQ10 trial (Kaufmman et al., 2009), 25% in the 9-month Talampanel 
trial (Pascuzzi et al., 2010). The 42-week creatine -tamoxifen selection 
design ALS trial showed that participants in the creatine arm who had 
higher TEAEs also had higher early drug discontinuation rates (50% 
versus 24% Tamoxifen arm) (Babu et al., 2020). 

The goal of this study was to answer the key question about the 
biological activity of an experimental treatment in an adequately pow
ered study, while conserving sample size and eliminating need for pla
cebo to improve access to study drug to ALS participants. Both PBR28- 
PET SUVR and NfL markers are known from prior studies to remain 
elevated at stable levels in ALS participants over disease course without 
experimental intervention (Huang et al., 2020; Lu et al., 2015; Canto 
et al., 2019). PBR28-PET uptake and NfL are observed to decrease 
significantly in 6 weeks and 12 weeks respectively following other 
experimental treatments in clinical drug trials indicating their respon
siveness to change with intervention (Miller, 2020; Jucaite, 2015). The 
authors acknowledge that the small sample size, lack of placebo com
parison arm and attrition issues due to AEs are limitations for this trial 
for interpreting clinical efficacy. Review of peer-reviewed literature and 
the large 8000 + ALS database PRO-ACT show that the trial sample is 
representative of ALS trial populations in the USA (Zach et al., 2015; 
Proudfoot et al., 2016) including mean estimated ALSFRS-R slope at 
baseline (this trial: 0.58 ± 0.37 points/month versus PRO-ACT: 0.59 ±
0.49, Proudfoot et al., 2016). 

There is paucity of in vivo evidence of CNS penetration properties of 
ibudilast in human ALS and therapeutic potential of ibudilast in ALS. To 
date, there are no published postmortem or in vivo human studies 
describing CSF concentrations or brain and spinal cord tissue concen
trations of oral administered ibudilast at 50–100 mg/day dosages. Evi
dence about the brain permeability of ibudilast comes from a small rat 

study, which showed that 6 hours after dosing with oral ibudilast at 50 
mg/kg once daily for 7 days, the brain and spinal cord tissue sampling of 
three euthanized rats showed higher brain tissue than plasma concen
trations of ibudilast (Sanftner et al., 2009). This preclinical study also 
showed substantial inter-species variation in oral bioavailability of 
ibudilast related to variation in first-pass metabolism enzymes expres
sion and gut-wall transporters of study drug across different animal 
species. Based on these findings, some future directions include con
ducting rigorous pharmacokinetic and dose-finding studies of ibudilast 
to better understand tolerability, pharmacodynamic markers of biolog
ical efficacy. This study was not designed to answer whether ibudilast is 
clinically effective in ALS. These questions are being addressed in 
COMBAT-ALS, a Phase 2b/3 randomized, placebo-controlled, double- 
blind, parallel, multi-center study being conducted by Medicinova in the 
US and Canada (NCT04057898). Participants living with ALS are treated 
with MN-166 (30–50 mg BID) for 12 months followed by an open-label 
extension for six months. Along with efficacy, safety, and tolerability, 
the pharmacokinetic properties of ibudilast will be evaluated. 

There is undoubtedly an urgent need for more disease modifying 
therapies that prolong survival and functional ability in ALS. Until 
today, edaravone and riluzole are the only US Food and Drug Admin
istration approved medications for ALS, which have modest benefit of 
slowing disease progression. There is a great need to design efficient 
early phase, proof-of-mechanism trials to demonstrate the biological 
efficacy of experimental treatments using reliable molecular endpoints. 

Lessons learned from this trial prompt us to suggest for a future 
biomarker-driven, early phase, ALS clinical trial, to include arterial 
sampling to measure the more sensitive PBR28-PET uptake VT metric in 
addition to SUVR metric, and to include a control group to provide a 
more conclusive biological efficacy results interpretation. Rather than 
using historical control data, the presence of a placebo group would 
provide important information about the biomarker endpoint variance 
and distribution for the study drug versus placebo under the trial specific 
eligibility conditions, neuroimaging analyses pipelines and biomarker 
assays. The optimal treatment duration in such a trial would be 
dependent on the pharmacokinetics of the experimental drug being 
tested. Based on the Jucaite et al study, it is reasonable to consider that a 
12-week duration trial may be sufficient to measure PBR28-PET signal 
changes for drugs with rapid time-to-peak effect and good brain 
permeability properties (Jucaite et al, 2015). An adaptive trial design 
which is adequately powered to include additional Pk/PD and dose 
finding objectives, in addition to safety and target engagement would 
answer all these questions systematically. The design of such an early 
phase, biomarker-driven clinical trial could follow a platform approach, 
where multiple novel drugs with anti-neuroinflammatory properties 
could be tested simultaneously using a shared trial infrastructure 
comprising of pooled placebo groups, central IRB and shared trial op
erations and regulatory oversight teams. The platform approach has 
been successful in accelerating treatment discoveries in oncological 
trials (Platform Trials Coalition, 2019; Park et al., 2020) and is currently 
being launched for late phase drug development in the Healey ALS 
platform trial (NCT04297683). Innovative and high impact study de
signs and thoughtful use of reliable biomarkers, either singly or in 
combination, will play an important role in shaping the future of ALS 
clinical drug trials. 
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zation. Pia Kivisäkk: Formal analysis, Validation. Chieh-En J. Tseng: 
Formal analysis, Writing - original draft, Visualization. Danica L. 
Sanders: Investigation. Ashley Robichaud: Investigation. Haruhiko 
Banno: Investigation. Armineuza Evora: Project administration. 
Akshata Ashokkumar: Project administration. Lindsay Pothier: Proj
ect administration. Sabrina Paganoni: Investigation. Sheena Chew: 
Investigation. Joanna Dojillo: Project administration, Resources. 
Kazuko Matsuda: Resources. Mark Gudesblatt: Investigation. James 
D. Berry: Resources. Merit E. Cudkowicz: Conceptualization, Funding 
acquisition. Jacob M Hooker: Supervision, Visualization. Nazem 
Atassi: Conceptualization, Methodology, Investigation, Resources, Su
pervision, Funding acquisition. 

Declaration of Competing Interest 

Nazem Atassi is an employee of Sanofi. 
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