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Abstract

Introduction: Extensive experimental observations suggest that the regulation of ion fluxes and, notably, chloride
are impacted in autism spectrum disorders (ASD) and other neurodevelopmental disorders. The specific NKCC1
cotransporter inhibitor Bumetanide has been shown to attenuate electrophysiological and behavioral features of
ASD in experimental models. Both pilot and phase 2 double-blind randomized independent trials have validated
these effects with thousands of children treated successfully. Both brain imaging and eye tracking observations
also validate these observations. However, final large phase 3 trials failed, with no significant differences between
placebo and treated children.

Methods: Here, | discuss the possible reasons for these failures and discuss the exclusive reliance on complex
patent cooperation Treaty (PCT) regulations. Indeed, available data suggest that bumetanide responders could be
identified by relying notably on EEG measures, suggesting that biological sub-populations of patients might benefit
from the treatment.

Results: These observations raise important debates on whether treating only a % of children with ASD is
acceptable.

Discussion: It is likely that in many disorders, the heterogeneity of the pathological event precludes a single general
treatment for all, suggesting that trials centered on selective populations of responders might be essential for large
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clinical trials to succeed.

Keywords: Autism spectrum disorders, brain imaging, eye tracking

INTRODUCTION

The purpose of this study is to discuss the possible reasons underlying the systematic failures of large phase
3 clinical trials to succeed in spite of successful phase 2 and a large number of pilot trials. The current study
discusses these issues relating to ASD and the NKCC1 chloride cotransporter inhibitor Bumetanide.

THE GABA DEVELOPMENTAL SHIFT

In 1989, we reported that immature hippocampal neurons have high (CI), levels, GABA excitatory actions,
and a network-driven pattern that we called Giant Depolarizing Potentials (GDPs)"". The commonality
between these features is their time course, disappearing around the 2nd week post-natal, at least in the
hippocampus. These three features had been observed with different properties in various systems”*. This
developmental reduction of (Cl), level has been observed in a long list of animal species and brain
structures extending from insects to birds, frogs, and mammals'". This list is, in fact, growing
continuously, rendering it difficult to quote all papers - it is safe to say that exceptions to this sequence are
rare. Excitatory actions of GABA underlie the roles of GABA as a trophic factor, mediated by a
depolarization that is sufficient to remove the voltage-dependent Mg++ block of NMDA channels and
activate voltage-gated calcium currents leading to an increase of intracellular Ca™ levels***. This sequence
has received considerable support from studies showing that NKCC1 /KCC2-two cotransporters that
controloo- are developmentally regulated, underlying the early depolarizing actions of GABA". In fact,
early in utero, the blockade of NKCC1 exerts deleterious actions, confirming the importance of the trophic
actions of GABA via the calcium influx it induces™?. Therefore, this developmental shift corresponds to
the different roles exerted during development and subsequently by the same transmitter. This is not
unprecedented; other ionic currents seem to shift developmentally, exerting different actions during
development and adults”?? (i.e., Ach subunit compositions or NMDA voltage-dependent blockade
regulation).

THE GABA SHIFT IN DISEASE

Curiously, a long list of disorders is associated with a sort of return to an immature state. In a review
published 15 years ago, I called this phenomenon -the neuro-archeology concept, suggesting that early (in
utero notably) insults deviate developmental sequences, leading to aberrant networks endowed with
immature features™. In infantile epilepsies caused, for instance, by genetic mutations that impact
migration, removing the dysplasia by surgical interventions can alleviate the disorder or at least drastically
reduce seizure occurrence. The neuro-archeology concept posits that misplaced neurons are the direct cause
of the disorder and the one treatable, whereas the inaugurating insult is not as it occurs well before the
diagnosis has been determined and is thus not accessible to treatments. Therefore, using drugs that
selectively block these immature ensembles might open therapeutic avenues by imposing a selective

pharmaceutical blockade of the perturbing networks"”.

Indeed, the NKCC1/KCC2 ratio and activity are hampered severely in many brain disorders, leading to
high (CI), levels and excitatory actions of GABA. Pathological conditions often lead to overactivity of
NKCC1 via a long chain of now well-identified steps and an internalization of KCC2 and, hence, a strong
reduction of the capacity of neurons to reduce their (Cl'), levels. This has been shown in ASD, Brain trauma,
cerebral infarcts, heart failure and ischemic episodes, spinal cord lesions, chronic pain, various types of
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epilepsies, Parkinson’s and Alzheimer’s disease, and even various types of cancers and tumors including
Glioblastoma, pancreatic, lung, liver and other types of cancer”**. In many animal models, restoring low
(CI), levels in NKCC1 Kos or with the specific NKCC1 inhibitor Bumetanide attenuates the pathological
features of the disorder™. Collectively, these observations suggest that drugs capable of reducing high(Cl),
levels might effectively attenuate many disorders. We, therefore, embarked on clinical trials by prioritizing
ASD as the initial focus, as epilepsies are hampered by the recurrent seizures that enhance (Cl), level and
NKCC1 activity and reduce KCC2 efficacy.

CLINICAL TRIALS: SUCCESS AND FAILURE

The typical process required to reach an agreement for the use of a treatment involves a sequential series of
steps, usually three or four. This includes conducting pilot trials initially, followed by phase 2 trials, which
continue until the treatment is considered pivotal by regulatory authorities, and then at least a large
confirmatory phase 3 trial, involving hundreds of patients across multiple centers/countries. The preclinical
experimental data on animal models were available and indispensable toxicity tests were not needed.
Indeed, the NKCC1 inhibitor Bumetanide has been used for 4 decades by hundreds of thousands of patients
suffering from hypertension or brain edema without severe sequels and no long-lasting neurological or
general biological deficiencies**”. Classically, Bumetanide induces a diuresis associated with occasional
dehydration and headaches. In contrast to criticisms repeatedly raised in the literature, Bumetanide did not
affect hearing-except in cases involving high dosages administrated with heavy levels of antibiotics in two-
day-old children with severe encephalopathy; however, this observation does not apply to children or
adolescents with ASDP**). The ubiquity distribution of NKCC1 in the body and poor brain penetrability
have also been evoked to challenge its usefulness'”’. However, the precise levels of NKCC1 in the brain
during disorders in humans remain unknown, and the wide distribution of NKCC1 might be an advantage
when considering the overall clinical manifestations of ASD and others'*"..

Results from our initial pilot trials showed a clear-cut attenuation of the severity of social interactions and
agitation>*. We then conducted two randomized double-blind studies, one in a single center (Brest) and
the other in many centers (Limoges, Paris, Rouen, Marseille, Lyon, Nice) including 87 children /adolescents
-2-18 years old. This large sample was needed as the EMA authorities required a treatment for the entire
pediatric population. Again, the results were in keeping with our preliminary observations and validated by
similar trials in other countries*. Notably, several independent trials using exactly the same approach in
terms of dosages and examinations revealed similar attenuations'**" [Table 1]. A recent Egyptian trial also
observed attenuation of ASD (80 children, 3-12 years old) with a significant amelioration of CARS in the
treated group versus placebo™. A Dutch group also reported partial attenuation of some symptoms™. They
found that bumetanide attenuates the autistic features of ASD but not the recurrent seizures”'. Other
studies showed adecrease in amygdala activation through constrained visual interactions”>*”. These studies
collectively showed that after treatment, participants with autism exhibit faster and more accurate
recognition of emotions in a behavioral task, and that there was an increase in social brain activation in
response to faces in an unconstrained stimulus presentation of dynamic faces™*..

These results suggested that it is worth pursuing this to a Phase 3 development aimed at obtaining market
authorization. To align with the requirements of the European Medicine Agency (EMA), this included the
entire pediatric population in two separate trials (2-7 and 7-18 years old)". Participants received a
bumetanide syrup with a taste agreeable to children /adolescents. In this trial, approximately 210 patients
were recruited in each trial and underwent a double-blind randomized treatment. They received the lowest
effective doses of Bumetanide, specifically 0.5 mg twice daily, adjusted according to body weight.
Improvement from childhood autism rating scale (CARS) baseline score was used as the first criterion and
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Table 1. List of clinical trials using Bumetanide to treat ASD

Age

Country n (year) Rating scale Dose Duration End points Side effects Ref.
China 19 3-6 CARS, ADOS, CGl, 0.5mg 3months  Improvement in CARS  Mild (polyuria, Dai et al.”*
SRS twice/day score hypokalemia)
Sweden 6 3-14  CARS 0.5mg 4-12 Improvement in CARS  Mild (polyuria) Fernell et al."*”
twice/day weeks score
Netherland 92 7-15 CARS, ADOS, SRS 0.5 mg 3 months Improvement in CARS Mild (hypokalemia)  Sprengers et al®®
twice/day and SRS score
China 83 3-6 CARS, ADOS, CGI 0.5 mg 3 months  Reduction in CARS score, Mild (polyuria) Li et al.t**!
twice/day CGl-I
Netherland 15 8-21 ABC-1 (TSC) 0.5mg 3 months Improvement in ABC-I Mild (hypokalemia) ~ Van Andel et al "
twice/day score EEG
Tunisia 29 Average ADI-R, CARS,CGI 0.1mg/day 12 months Improvementin CARS Mild (hypokalemia)  Hajri M, Ben Amor
7.9 score A, Abbes Z, et al.
Bumetanide in the
management of
autism. Tunisian
experience in Razi
Hospital. Tunis Med
2019;97(8-9):971-7.
[PMID:32173844]
France 9 Average Eye tracking 1mg/day 10 months fMRI None Hadjikhani et al
21.4
France 88 2-18 CARS, SRS, CGI 0.5-2 mg 3 months Improvement in CARS, Mild (hypokalemia)  Lemonnier et al ¥
twice/day CGl, SRS score
China 60 Average ABC, CARS, CGlI 0.5mg 3 months Improvement in ABC, None Du et al."*¥
4.5 twice/day CARS, CGl score
France 7 Average ADOS, fMRI 1mg/day 10 months Improvement Mild (polyuria) Hadjikhani et alB?
19.3 emotion performance for
recognition emotion recognition
France 60 3-11 CARS, SRS, ADOS 1mg/day 3 months Improvement in CARS,  Mild (hypokalemia) Lemonnier et al 1%
ADOS score
France 5 3-1 CARS, ABC, CGlI 1mg/day 3 months Improvement in CARS, None Lemonnier et al."**!
RDEG, RRB CaGl

ASD: autism spectrum disorders; CARS: childhood autism rating scale; SRS: social responsive scale; CGl: scaleclinical global impression.

other measures of ASD severity as the second criterion, including social responsive scale (SRS) and the
clinical global impression (CGI) Scale. The results were negative®. There was no significant difference
between treatment and placebo, mainly because of high placebo improvements alleviating the difference
with treatment. This situation is not unprecedented; clinical trials on Fragile X were successful initially but
failed subsequently in large trials"”. In fact, most trials on these neurodevelopmental disorders succeeded in
early phase 2 but failed subsequently [Figure 1]. What are the possible explanations for this failure?

DISCUSSION AND CONCLUSIONS

What underlies the failures? Searching for explanations

The simplest explanation, of course, is that the treatment does not deserve to be used as it failed to meet a
statistical difference. However, there are other explanations that might underlie the failures of large phases
after initial success.

Firstly, there is an extreme heterogeneity of ASD. This spectrum of disorders is indeed very heterogeneous,
with some children having primarily a given sequel and others very different ones.
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Figure 1. Allegorical scheme of the failure of large clinical trials notably in the last phase.

Secondly, it is possible that the evaluation by so many different centers (40 in > 15 different countries) is a
problem -although our analysis did not reveal a predominance of successes or failures in a given center.

Thirdly, it is possible that, as for other phase 3 trials, inclusion criteria were less restrictive than for phase 2.
In phase 3, the included patients had to have a CARS total score of 34 points and a weight = 11 kg. Serious,
unstable illnesses including gastroenterological, respiratory, cardiovascular (QT interval lengthening),
endocrinology, immunologic or hematologic disease, and renal or hepatic dysfunction and neurological
disorders such as seizures and microcephaly were not allowed. Admittedly, this is always the case
considering the large recruitment needed.

Perhaps most importantly, considering the heterogeneity of ASD, it is possible that a single treatment for
such a variety of clinical manifestations is unlikely to be efficient. We therefore reasoned that if indeed
there are subpopulations including responders, it might be possible to identify them using Machine
Learning or other similar tools. The group of Bruining had successful results in adolescents with ASD
treated with the same syrup but identified upon their EEG"". The analysis of the EEG helps predict which
patient will respond to bumetanide treatment and which will not. The authors showed that patients treated
with bumetanide had an increase in the absolute power of alpha frequency and of a measure they developed
of excitatory/inhibitory ratio®. This important observation is also in line with the observations from similar
events that led to the general conclusion that large trials are doomed to fail unless they are concentrated on
specific populations of patients identified early on as being efficient. This is one of the reasons that trials on
ASD features are centered on genetic forms of ASD or associated with ASD features like Fragile X or
Tuberous Sclerosis. However, whether these genetic forms of ASD are sufficiently homogeneous to lead to
successful large trials is presently unknown; there are indications that they are not as homogeneous as
thought with regard to the semiology of neurological and psychiatric sequels.

Bearing this in mind, we have recently conducted a reanalysis of the data of phase 3 using ML approaches.
Here, without any a priori, we searched for subpopulations that respond to the treatment with a significant
improvement in CARS but without relying on specific a priori parameters. Our preliminary results are
promising, with an identification of a significant % of patients responding positively to the treatment (in
preparation).
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However, this raises other important issues. Why did the trial show improvement in the population
receiving the placebo? This situation is not unprecedented, especially among children. It is not easy to take
this into account and reduce the placebo factor”™. Furthermore, from a broader viewpoint, is it acceptable
to develop treatment valid for some but not for other children with ASD? On one hand, it seems difficult to
eliminate the possibility of treating selected populations, and on the other hand, excluding others also raises
complex ethical issues. I posit that unless inclusion criteria are modified to reduce the number of patients
recruited, we might fail to have significant results leading to market approval. It is likely that machine
learning (ML) and other approaches might facilitate the identification of subpopulations, thus reducing
ASD heterogeneity and enhancing the likelihood of success and eventual market approval. The bumetanide
responders belong to a subpopulation with some unique features, perhaps corresponding to unique in utero
insults. Indeed, we have succeeded in identifying at birth a subpopulation of babies who will have a
diagnosis of ASD later, relying on an analysis of maternity data with machine learning. Analysis of the
parameters impacting the decision-making process of the ML program to identify babies who may later
receive a diagnosis of ASD suggests some common early insults. It might help better understand the
etiology of ASD and its underlying heterogeneity; the developmental stage during which the initial insults
occur is at the core of the symptoms observed later. From a therapeutic perspective, it might improve the
results of large trials and, most importantly, help treat at least a subpopulation of children. It is perhaps time
to review the methodologies employed in large-scale trials to bolster the likelihood of achieving successful
outcomes.
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