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FRAGILE X SYNDROME

Clinical trials for neurodevelopmental
disorders: At a therapeutic frontier

Shafali S. Jeste'! and Daniel H. Geschwind®*

A well-powered clinical trial that failed to replicate promising results in animal models of frag-
ile X syndrome yields important lessons for clinical trial design (Berry-Kravis et al., this issue).

Clinical trial design and interpretation are in-
herently challenging. Nonetheless, the search
for targeted, effective treatments for neurodevel-
opmental disorders—fragile X syndrome, Rett
syndrome, Down syndrome, and others—has
been plagued by their heterogeneity and com-
plexity. We often are quick to conclude that
“negative” findings in a trial prove that a treat-
ment is ineffective under all conditions or that
the presumed underlying pathophysiological
mechanisms are not valid. However, as rein-
forced by the well-designed, properly powered
study in this issue by Berry-Kravis et al. (1),
negative findings can provide an opportunity
opportunity to reflect on clinical trial design
and implementation, as well as the underlying
mechanistic motivations, and provide lessons
for treatment studies of neurodevelopmental
disorders in general. Berry-Kravis et al.
highlight key themes to consider in clinical
trials: choice of treatment group, target engage-
ment, selection of outcome measures, and the
impact of the placebo effect.

The authors report results from two multi-
site, phase 2b clinical trials of the metabotropic
glutamate receptor (mGluR) antagonist mavo-
glurant for adolescents and adults with fragile X
syndrome. Fragile X syndrome is among the
most common inherited causes of intellectual dis-
ability and autism spectrum disorder, and chil-
dren with fragile X syndrome also exhibit many
of the common associated comorbidities—
behavioral dysregulation, mood disorders, and
attention deficit hyperactivity disorder (ADHD)
(2). The discovery that mutations in the fragile X
mental retardation (FMRI) gene cause disease,
and nearly two decades of mechanistic work in
animal model systems, identified potential tar-
gets for pharmacological treatments (3). The
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choice of mavoglurant is based on the mGluR
theory of fragile X syndrome (4), which implicates
overactive mGluR signaling as a cause of exagger-
ated hippocampal long-term depression (LTD),
slowed synaptic maturation, and ultimately cog-
nitive impairment. Treatment with mGluR an-
tagonists improves physiological and behavioral
end points in preclinical studies of mouse and
fly models (3, 5). In one clinical study, mavoglur-
ant treatment did not show overall efficacy, but
post hoc analysis indicated that the methylation
status at the FMRI locus [perhaps indicative of
different levels of residual FMRP (fragile X mental
retardation protein) expression] might mark a
subgroup of patients who did respond to this
mGluR antagonist (6).

In the two parallel multicenter trials reported
in this issue, the investigators tested a clear hy-
pothesis based on these previous results in co-
horts of adolescents and adults treated with
three different doses of mavoglurant and strati-
fied by FMRI methylation status. Noteworthy
was the collaboration among investigators in 16
countries, an impressive effort that resulted in a
sample size powered to test the selected primary
outcome measures. Based on the prior study (6),
outcome measures were derived from caregiver
questionnaires of overall patient functioning, as
well as from cognitive testing in the few indi-
viduals who could complete the protocol. None
of the groups exhibited significant improvement
in these outcomes over placebo, which led the
authors to conclude that “under the conditions
of our study, we could not confirm the mGluR
theory of fragile X syndrome, nor the predictive
value of the methylation state of FMR1 promoter
for mavoglurant efficacy.” What seemed like a
reasonable a priori hypothesis based firmly on
previous studies, including a clinical trial in pa-
tients, was not supported by the outcome data
in this trial. The key question is, Why? Is this
result a failure of the assumed mechanism of
action, of inappropriate extrapolation from
animal to human of target engagement, or of
other clinical factors—outcome measures or
simply the inherent liability of post hoc analy-
ses of the previous human trial?
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WHOM SHOULD WE BE TREATING?
The investigators used methylation status to
establish two subgroups of patients, based
on the hypothesis from the earlier post hoc
analysis: The mGluR antagonist would have
greater efficacy in patients with the fully
methylated FMRI gene. The heterogeneity
of neurodevelopmental disorders necessi-
tates some level of informed stratification to
identify subgroups that may respond better
to a drug. More than two subgroups may be
needed, but the patient characteristics that
can guide further stratification have yet to be
determined.

The age of the participants also requires fur-
ther consideration. As with all neurodevelop-
mental disorders, the behavioral and cognitive
characteristics of fragile X syndrome, such as so-
cial communication impairment, intellectual
disability, and maladaptive behaviors, unfold
early in infancy and continue to evolve over a
lifetime. Pharmacological trials of adults may re-
flect, therefore, the fact that the fully developed
nervous system has already suffered the neuro-
biological consequences of, in this case, FMRI
gene loss (enhanced LTD and synaptic dysfunc-
tion). Optimism that adulthood is not too late to
treat fragile X syndrome is reasonable, however,
because preclinical studies in adult mouse models
with fragile X syndrome showed symptom rever-
sal. This may still be a valid conclusion. The out-
come measures in mouse models may not
directly translate to the parental report measures
selected for these human clinical trials, although
in this particular case, these measures were ap-
propriately chosen to formally test the hypotheses
generated from the previous clinical trial (6).

HOW DO WE DEFINE OUTCOMES?
The authors aptly state, “The results of the stu-
dies presented here highlight the difficulty of
translating information on molecular mecha-
nisms identified in animal models to humans.”
Three prior studies of mGlIuR inhibition in
adult mouse models of fragile X syndrome de-
monstrated “reversal of both neurobiological
and behavioral phenotype.” Studies in flies also
showed parallel morphological, physiological,
and behavioral phenotypes, providing addition-
al confidence that these observations were evo-
lutionarily conserved (7). In mice, treatment
normalized dendritic spine length in the hip-
pocampus (8), improved prepulse inhibition
(an index of sensory sensitivity) (8), and in-
creased social interest as quantified by increased
time spent with a “stranger” mouse (9).

At face value, the outcome measures used
in these trials do not clearly parallel the most
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consistent behavioral changes seen in the
mouse models after treatment. A caregiver re-
port, while clinically convenient and a valid
measure of overall adaptive functioning, may
not properly reflect properly reflect changes in
dendritic spine length or startle response seen in
mice, let alone changes in LTD or spatial
learning. It has been argued that the underlying
biochemical and physiological mechanisms
serve as the target of treatment, so that parallel
behavioral changes in humans and animal
models are not required. Without a clear mea-
sure of target engagement or other biomarkers
of treatment response, however, one must nec-
essarily rely on behavioral outcomes in
humans. Such outcomes likely reflect the com-
bined effects of treatment on many synapses
that comprise the circuits underlying behavior.
The original mGluR hypothesis is based
primarily on data from the hippocampus and
visual cortex; many of the human behaviors
affected in fragile X syndrome, such as social
cognition and anxiety, involve additional
brain regions and circuits. Thus, one must
consider cellular and regional variability.
Indeed, the downstream effects of FMRP
reduction differ among cell types and dif-
ferent brain regions in preclinical models.
The amygdala, for example, is critical for
processing emotional and social infor-
mation and contributes to the anxiety and
social impairment often seen in fragile X
syndrome. But without a parallel behavioral
or circuit readout in preclinical studies, one
is forced to assume that synaptic function
changes seen after inhibiting mGluR ap-
ply to all circuits, including the amygdala.
Although the same mutation in humans
and animals will not necessarily exhibit
the same behavioral outcomes, it would
be valuable to develop behavioral mea-
sures in animal models that map onto
specific neural circuits and that could
translate directly to patients. Such direct
translation would facilitate the choice of
behavioral targets in clinical trials.
Another effort toward greater pre-
cision in outcome measures lies in the
growing interest in the identification of
hypothesis-driven biomarkers as outcome
measures in clinical trials for neurodeve-
lopmental disorders. Particularly useful will
be markers sensitive to change in short time
periods that would correlate with or predict
clinical behavioral change. On the basis of
evidence from mouse models, one might
design a study that directly assays LTD
through electrophysiological measures of

prepulse inhibition, face processing, and rela-
tional memory and then relates these quantita-
tive measures to downstream clinical
measures of adaptive function, cognition, or
social communication skills. Future objective
measures of outcomes for clinical trials will re-
quire innovative methods such as event-related
electrophysiological and eye-tracking corre-
lates of attention and cognition. We are hopeful
that the recently initiated NIH multisite initia-
tive called the Autism Biomarkers Consortium
for Clinical Trials (www.asdbiomarkers.org)

will identify a useful set of such tools.

POWER OF PLACEBO

Quite striking in this study was the change in
caregiver measures evidenced in the placebo
group, perhaps reflecting the eagerness of care-
givers of individuals with developmental disabil-
ities for treatments that will improve symptoms
and reduce the burden of disease. This enhanced
placebo effect could have undermined the quan-
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tification of change in the treatment group. A
recent meta-analysis of placebo response in
medication trials for autism spectrum disorder
showed that in 25 data sets (1315 participants),
there was a “moderate effect size” for overall pla-
cebo response [Hedges’ g = 0.45, 95% confidence
interval (0.34-0.56); P < 0.001] (10). Might we
expect a greater placebo effect in caregiver re-
ports of patients with neurodevelopmental dis-
orders than in other populations? If so, this
effect would be attenuated with more objective
measures, reinforcing the need for more quan-
tifiable outcomes that are more proximal to the
mechanism of action of the drug being studied
and that relate to disease-impaired circuit
function in addition to synaptic physiology.

CONCLUSIONS

Translational neuroscience has rightly placed
significant confidence and resources in devel-
oping treatments based on understanding the
causal genetic mechanisms underlying disease.

Fig. 1. Dissecting a failure to translate. Promising findings in mice suggesting that glutamate re-
ceptor antagonists could effectively treat fragile X syndrome failed to replicate in a well-designed
clinical trial. Nevertheless, important lessons about designing clinical trials based on preclinical animal
studies have emerged from this experience.
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Such an approach has shown notable success in
cancer treatment and considerable promise in
autism spectrum disorders. The more parallel
the findings in model systems and humans,
and the more that preclinical work is conducted
with the rigor of clinical trials, the easier this
road to translating genetic findings into treat-
ment will be. We stand at a therapeutic frontier,
with much more to learn. As Berry-Kravis and
colleagues show, the results of negative trials,
while disappointing, can be crucial in refining
our hypotheses and encouraging dialogue that
will accelerate the process of bringing effective
treatments to our patients.
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