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BACKGROUND. FXLEARN, the first-ever large multisite trial of effects of disease-targeted pharmacotherapy on learning, 
was designed to explore a paradigm for measuring effects of mechanism-targeted treatment in fragile X syndrome (FXS). In 
FXLEARN, the effects of metabotropic glutamate receptor type 5 (mGluR5) negative allosteric modulator (NAM) AFQ056 on 
language learning were evaluated in 3- to 6-year-old children with FXS, expected to have more learning plasticity than adults, 
for whom prior trials of mGluR5 NAMs have failed.

METHODS. After a 4-month single-blind placebo lead-in, participants were randomized 1:1 to AFQ056 or placebo, with 2 
months of dose optimization to the maximum tolerated dose, then 6 months of treatment during which a language-learning 
intervention was implemented for both groups. The primary outcome was a centrally scored videotaped communication 
measure, the Weighted Communication Scale (WCS). Secondary outcomes were objective performance-based and parent-
reported cognitive and language measures.

RESULTS. FXLEARN enrolled 110 participants, randomized 99, and had 91 who completed the placebo-controlled period. 
Although both groups made language progress and there were no safety issues, the change in WCS score during the placebo-
controlled period was not significantly different between the AFQ056 and placebo-treated groups, nor were there any 
significant between-group differences in change in any secondary measures.

CONCLUSION. Despite the large body of evidence supporting use of mGluR5 NAMs in animal models of FXS, this study suggests 
that this mechanism of action does not translate into benefit for the human FXS population and that better strategies are needed 
to determine which mechanisms will translate from preclinical models to humans in genetic neurodevelopmental disorders.

TRIAL REGISTRATION. ClincalTrials.gov NCT02920892.
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including enhanced hippocampal and cerebellar mGluR-activat-
ed LTD, impaired LTP in hippocampus, cortex, and amygdala, and 
abnormal epileptiform discharges (14, 16). The morphological and 
synaptic plasticity abnormalities found in the Fmr1 KO mouse and 
the Drosophila model of FXS are associated with numerous cogni-
tive, behavioral, and electrophysiological phenotypes (4, 14, 16).

The preclinical literature supporting the use of mGluR5 NAMs 
in FXS is the largest body of research on a treatment target in FXS 
or any neurodevelopmental disorder (NDD), including more than 
50 papers from more than 20 laboratories reporting pharmaco-
logical reversal of over 30 molecular/cellular, synaptic, electro-
physiological, behavioral, cognitive, and physical phenotypes in 
FXS mouse and Drosophila models using 1 of 4 mGluR5 NAMs 
(fenobam, CTEP, AFQ056, and MPEP) or genetic mGluR5 reduc-
tion (reviewed in refs. 4, 11, 14, 16; see Supplemental Table 1 for 
details on phenotype categories reversed and specific references; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI171723DS1). In multiple studies, correction 
of plasticity/morphology in FXS animal models by mGluR5 NAMs 
was coupled with normalization in learning paradigms, with evi-
dence of more dramatic and complete reversal in younger (pread-
olescent) animals when compared with adults (17, 18), and with 
longer treatment duration (18, 19). Behavioral phenotypes (e.g., 
anxiety, perseverative behavior) were reversed in many studies, 
but these were often not as robust and reproducible as synap-
tic phenotypes and were dependent on experimental paradigm 
variables (e.g., mouse strain, environment, laboratory). Although 
results in mouse models indicated that learning and cognition 
would be the optimal primary targets for mGluR5 NAMs in FXS, 
and learning is the core problem in FXS, the regulatory environ-
ment and lack of good cognitive measures for FXS precluded a 
focus on learning in the initial human trials.

Preclinical work led to study of mGluR5 NAMs in humans 
with FXS, initially through a phase 1b pharmacokinetic (PK)/
pharmacodynamic PD single-dose study of fenobam showing 
normalization of prepulse inhibition deficits (20). Following this, 
several phase 2a safety studies were run with mGluR5 NAMs from 
Novartis (AFQ056, mavoglurant) and Roche (RO4917523, basim-
glurant). Based on phase 2a signals (21), 3 multinational phase 2b 
studies (AFQ056, age 18+, n = 162; AFQ056, ages 12–17, n = 140; 
RO4917523,age 14+, n = 183) (22, 23) were conducted with pri-
mary outcomes of the Aberrant Behavior Checklist–Community 
Edition (FXS scoring algorithm, ABCFX, ref. 24, Novartis) and the 
Anxiety, Depression and Mood Scale (ADAMS, ref. 23, Roche). 
All 3 large-scale studies found large placebo effects, and none 
showed efficacy for drug over placebo. A substudy (n = 57) con-
ducted within the Novartis phase 2b trials appeared to confirm 
target engagement, showing improvement in the AFQ056-treated 
group relative to placebo in performance-based measures, includ-
ing eye-gaze behaviors during an eye-tracking paradigm (25) and 
correct answers and reduction of omissions in the Go-No Go task 
of the Kiddie Test of Attentional Performance (KiTAP) (26).

Introduction
Fragile X syndrome (FXS) is the most common known single-gene 
cause of intellectual disability (ID) and autism spectrum disorder 
(ASD), with an estimated prevalence of about 1:4,000 to 5,000 
(1). FXS is an X-linked disorder caused by large expansions in frag-
ile X messenger ribonucleoprotein-1 (FMR1, >200 CGG repeats), 
termed the “full mutation,” which results in methylation and tran-
scriptional silencing of FMR1 with consequent loss or substantial 
reduction in expression of the corresponding protein (FMRP) (2). 
FMRP is an mRNA-binding protein that regulates dendritic trans-
lation of many proteins critical for synaptic function and plasticity 
(3). Reduction or loss of FMRP results in dysregulated synaptic 
protein synthesis and impaired synaptic plasticity, learning, and 
cognition from birth (4).

Males with FXS typically have ID ranging from mild to severe 
(4). The average IQ in adult males is 40 to 50. In females, production 
of FMRP from the normal X chromosome in a percentage of cells 
results in a milder and variable phenotype marked by ID (25%), 
learning problems without ID, or normal cognition (5). In FXS, IQ 
and standard scores measuring adaptive behavior decline with age 
during childhood and adolescence due to failure to keep pace with 
typical development (6). Challenging behaviors (e.g., social avoid-
ance, self-injury, hyperactivity, aggression) are common and affect 
family quality of life (7). About 50% of males and 20% of females 
with FXS meet ASD criteria (8). Although psychopharmacologic 
management of behavioral symptoms is often employed in FXS (9), 
these medications are rarely fully effective (10). There is no treat-
ment for the underlying cognitive impairment in FXS, resulting in 
high family and societal costs for long-term care (7). Thus, targeted 
treatment of the underlying neurobiology for improving cognitive 
and developmental deficits associated with FXS represents an area 
of high unmet need (11, 12).

An extensive body of preclinical research has supported 
metabotropic glutamate receptor type 5 (mGluR5) negative 
allosteric modulators (NAMs) as potential disease-modifying 
agents (3, 4, 11) that target a neural mechanism of excess mGluR5 
signaling in the absence of FMRP (13). The Fmr1 KO mouse and 
cellular models have been used to confirm that FMRP regulates 
dendritic protein translation in response to synaptic activation by 
group 1 metabotropic glutamate receptors (mGluR1 and mGluR5) 
(3). In the normal state, activation of these receptors results in 
signaling through ERK- and mTOR-dependent signaling path-
ways, ultimately resulting in loss of FMRP repressor function at 
the ribosome and a subsequent pulse of new protein synthesis (14, 
15). Precise control of translation and local levels of multiple key 
synaptic proteins regulated by FMRP is critical for maintenance of 
normal synaptic plasticity, including long-term potentiation (LTP) 
and long-term depression (LTD) (14, 16), dendritic spine mor-
phology, and resulting cognition and behavior. In the absence of 
FMRP, there are abnormal levels of synaptic proteins usually con-
trolled by FMRP, resulting in immature elongated dendritic spines 
(14, 16), abnormal spine density, abnormal synaptic plasticity, 
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dren with FXS, ages 3 to 11, allowing use of AFQ056 in children 
as young as 3 years. Additionally, a PET study showed AFQ056 
binds to the target mGluR5 receptor and allowed estimation 
of receptor occupancy based on dose (28). Further, open-label 
extension (OLE) studies for participants from phase 2b placebo- 
controlled studies had evaluated long-term safety of AFQ056 in 
FXS for up to 3 years of treatment (29). Language learning was 
chosen as the focus for the study because it is highly relevant to 
children with FXS in the 3- to 6-year age range and a successful 
remotely delivered language learning intervention was available 
(27). Accordingly, the primary outcome measure, a centrally 
scored videotaped observational communication measure, the 
Weighted Communication Scale (WCS), assessed language learn-
ing to maximize the likelihood of observing of the specific change 
that would potentially be enhanced by the language intervention.

Results
Study enrollment. The FXLEARN trial enrolled 110 participants at 
13 sites (Figure 2) between September 2017 and March 2020. Of 
these, 99 were randomized (6 ineligible, 4 screen failed, 1 with-
drew) between January 2018 and July 2020. The last participant 
visit was in September 2021. Fifty participants were randomized 
to AFQ056 and 49 to placebo. Of these, 5 participants on AFQ056 
discontinued (1 was due to behavioral side effects, 3 chose to dis-
continue in the absence of side effects [2 family burden, 1 needed 
prohibited medication], and 1 was lost to follow-up). Three par-
ticipants on placebo discontinued (2 were due to behavioral side 
effects and 1 chose to discontinue in the absence of side effects). 
This left 45 participants on AFQ056 and 46 on placebo who com-
pleted the placebo-controlled period (Figure 2). Of these 91 partic-
ipants, 89 enrolled in the OLE and 76 completed the OLE (7 with-
drew and 6 stopped the OLE early due to drug expiration).

These trials did not answer the critical question regarding 
the efficacy of mGluR5 NAMs in FXS. Questions about research 
methods remained, including (a) whether observable behavior 
was an adequate clinical end point or whether the core deficits of 
development/cognition needed to be measured; (b) whether trials 
in adolescents and adults were optimal compared with interven-
tion early in the course of the disease when plasticity is greater; (c) 
whether 3 months treatment duration is long enough to see clinical-
ly meaningful changes commensurate with disease modification; 
(d) whether a learning intervention needed to be coupled with drug 
administration to see effects on plasticity and learning, especially 
in a short time frame; (e) whether the large placebo effects seen on 
behavioral measures in the Roche and Novartis trials masked treat-
ment or potential subgroup effects; and (f) whether the fixed dosing 
schedule in these trials prevented participants from showing opti-
mal responses given variable interperson sensitivity to the drugs.

The present study, the FXLEARN trial (ClinicalTrials.gov 
NCT02920892; Figure 1), was designed to address the method-
ological concerns of prior studies and provide an answer to the 
question of efficacy of mGluR5 NAMs in FXS. This required an 
innovative trial design to study the effects on synaptic plasticity 
in the youngest children possible and was accomplished using a 
placebo-controlled, double-blind study of the potential impact of 
AFQ056 on language learning, a surrogate for neural plasticity, 
over an extended 8-month period. Drug/placebo administration 
was conducted in the context of a standardized parent-imple-
mented language intervention (PILI) (27) provided to all enrolled 
subjects to accelerate learning. Additionally, the protocol utilized 
objective, performance-based outcome measures and biomarkers 
to limit placebo effects in evaluating treatment responses.

For FXLEARN, the mGluR5 NAM AFQ056 (Novartis) was 
chosen because a PK study had already been conducted in chil-

Figure 1. FXLEARN protocol design. v1, visit 1.
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AFQ056 group did not. A sensitivity analysis performed with the 
per-protocol population eliminated 12 and 14 participants in the 
AFQ056 and placebo groups, respectively, due to major protocol 
deviations or lack of PK samples to confirm presence or absence 
of drug. There was no significant difference between change in 
WCS total score across the 8-month placebo-controlled period in 
the per-protocol population (n = 38 AFQ, 35 placebo), and again, 
the placebo group but not the AFQ056 group showed a signifi-
cant increase in WCS score (0.14, 90% CI 0.05 to 0.24; P = 0.01). 
Analyses based on 4 additional models, observed baseline only, 
last observation carried forward (LOCF), multiple imputation, 
and pattern mixture, all yielded results similar to those of the pri-
mary ITT and per-protocol analyses.

Further investigation of the unexpected result of lack of 
improvement in WCS total score in 8 months in the AFQ056-treat-
ed group revealed that when groups were split based on baseline 
WCS score into low versus high communication skills (<50 and 
≥50, respectively), there was a statistically significant interaction 
(P = 0.02), suggesting that the effect of treatment differed by base-
line functional status. Indeed, there was no difference in change 
in WCS between high communication skill placebo and AFQ056 
groups, but a significant difference in WCS change in the lower 
communication skills group, such that the placebo group improved 
significantly more than the AFQ056 group (–0.35, 90% CI –0.56 
to 0.13; P = 0.008) (Figure 3 and Table 4). Because it was thought 
that this effect might be mediated by behavioral side effects in the 
AFQ056 group leading to worse performance on the WCS, ABCFX 
irritability and ABCFX hyperactivity scores were also compared 
between AFQ056 and placebo groups. Although not statistically 
significant, there was a trend toward improvement in the placebo 
group for these scores, but not in the AFQ056 group during the 
8-month placebo-controlled period (Table 4).

Characteristics of the study groups. Baseline demographics of the 
randomized child study participants and their parents delivering 
the language intervention, as well as clinical characteristics of the 
participants including baseline performance on study measures 
and use of nonstudy medications and standard-of-care therapies, 
did not differ between the 2 groups (Table 1 and Table 2). There 
were no significant differences between groups in the change in 
WCS scores, or on the Clinical Global Impression–Improvement 
(CGI-I) score for overall function during the placebo lead-in period.

Study conduct and dosing comparisons between the study groups. 
There was a nonsignificant trend toward better participation in 
PILI during the study for the parents of children in the AFQ056 
group (Table 3). There were no significant differences in oth-
er parent fidelity measures for PILI between the placebo and 
AFQ056 groups (Table 3), suggesting a similar “dose” of the lan-
guage intervention between groups. The distribution of the max-
imum tolerated dose (MTD) for drugs between groups was simi-
lar, with numerically but not significantly more placebo-treated 
participants reaching the maximum 100 mg twice a day (BID) 
dose (79%) than AFQ056-treated participants (69%) (Table 3). 
The distribution of protocol deviations, early terminations, and 
completion rate for all measures after randomization (88% across 
both groups) was not significantly different between groups. 
The placebo and AFQ056 groups were overall very similar in all 
parameters of study performance.

Primary outcome. The primary outcome, change in WCS total 
score (log10 scale) across the 8-month placebo-controlled period 
in the intent-to-treat (ITT) (n = 50 AFQ056, 49 placebo) analy-
sis, was not significantly different between the AFQ056 and pla-
cebo groups (Figure 3 and Table 4). The placebo group showed 
a significant increase (improvement) in WCS score (0.14, 90% 
CI 0.05 to 0.22; P = 0.01) during the 8 months, whereas the 

Figure 2. CONSORT diagram. FXLEARN consented 110 participants and randomized 99 to AFQ056 (n = 50) or placebo (n = 49). There were 8 early termi-
nations during the randomized period and 15 during the open-label period. The red box shows the groups at the end of the randomized period, on which 
primary outcomes were based.
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Table 1. Baseline demographics

Variable AFQ056 (n = 50) Placebo (n = 49) Total (n = 99) P valueA

Sex, n (%)
Male 46 (92%) 42 (86%) 88 (89%) 0.36
Female 4 (8%) 7 (14%) 11 (11%) –

Race, n (%)A

White 41 (82%) 43 (88%) 84 (85%) 0.56
Asian 2 (4%) 1 (2%) 3 (3%) –
Black/African American 1 (2%) 3 (6%) 4 (4%) –
Native Hawaiian/Pacific Islander 1 (2%) 0 (0%) 1 (1%) –
Multiracial 4 (8%) 2 (4%) 6 (6%) –
Unknown/not reported 1 (2%) 0 (0%) 1 (1%) –

Ethnicity, n (%)B

Hispanic/Latino 8 (16%) 6 (12%) 14 (14%) 0.59
Not Hispanic/Latino 42 (84%) 43 (88%) 85 (86%) –

Age (yr), mean (SD) 5.3 (1.3) 5.1 (1.4) 5.2 (1.4) 0.49
Sex of primary caregiver, n (%)

Male 8 (16%) 9 (18%) 17 (17%) 0.75
Female 42 (84%) 40 (82%) 82 (83%)

Race of primary caregiver, n (%)B

White 46 (92%) 46 (94%) 92 (93%) 1.00
Asian 2 (4%) 1 (2%) 3 (3%)
Black/African American 0 (0%) 1 (2%) 1 (1%)
Native Hawaiian/Pacific Islander 1 (2%) 0 (0%) 1 (1%)
Multiracial 0 (0%) 1 (2%) 1 (1%)
Unknown/not reported 1 (2%) 0 (0%) 1 (1%)

Ethnicity of primary caregiver, n (%)B

Hispanic/Latino 6 (12%) 3 (6%) 9 (9%) 0.49
Not Hispanic/Latino 44 (88%) 46 (94%) 90 (91%)

Years of education of primary caregiver, n (%)
High school/assoc./tech. 17 (34%) 11 (22%) 28 (28%) 0.20
Bachelor’s or higher 33 (66%) 38 (78%) 71 (72%)

Age of primary caregiver (yr), mean (SD) 37.7 (6.1) 36.9 (5.6) 37.3 (5.8) 0.51
Caregiver relationship to participant: n (%)

Biological mother 42 (84%) 38 (78%) 80 (81%) 0.80
Biological father 6 (12%) 8 (16%) 14 (14%)

Baseline nonpharmacological interventions, n (%)
Any intervention 48 (96%) 47 (96%) 95 (96%) 1.00
Speech and language therapy 45 (90%) 44 (90%) 89 (90%) 1.00
Occupational therapy 43 (86%) 45 (92%) 88 (89%) 0.52
Physical therapy and exercise 26 (52%) 24 (49%) 50 (51%) 0.84
ABA/modified ABA/behavior therapy 16 (32%) 9 (18%) 25 (25%) 0.17
Special education 24 (48%) 23 (47%) 47 (48%) 1.00
OtherC 14 (28%) 11 (22%) 25 (25%) 0.64

Type of medication
Any medication 27 (54%) 24 (49%) 51 (52%) 0.69
α-Agonist 8 (16%) 6 (12%) 14 (14%) 0.77
Antidepressant 1 (2%) 0 (0%) 1 (1%) 1.00
Antipsychotic 0 (0%) 3 (6%) 3 (3%) 0.12
CBD 1 (2%) 0 (0%) 1 (1%) 1.00
Melatonin 14 (28%) 9 (18%) 23 (23%) 0.34
SSRI 12 (24%) 12 (25%) 24 (24%) 1.00
Stimulants 8 (16%) 6(12%) 14 (14%) 0.77

AContinuous variables were compared using Student’s t test, assuming equal variances; ordinal variables were compared using the Cochran-Armitage’s test; 
and nominal variables were compared using the Fisher’s exact test or the χ2 test, where appropriate. No significant differences were observed between the 
2 groups. BParticipants self-classified. Comparisons are shown for White versus non-White. COther nonpharmacological interventions included social work, 
feeding therapy, music therapy, cranial sacral therapy, massage therapy, vision therapy, developmental therapy, social skills training, and tutoring. Assoc./
Tech., associate degree/technical degree; ABA, applied behavior analysis; CBD, cannabidiol; SSRI, selective serotonin reuptake inhibitor.
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Secondary outcomes. Analyses of the secondary outcomes (Table 
4) showed no significant difference in change during the 8-month 
placebo-controlled period in the Mullen Scales of Early Learning 
(MSEL) developmental quotient (DQ), MSEL Expressive Language 
raw score, Vineland Adaptive Behavior Scale–Version 3 (Vine-

land-3) adaptive behavior composite, 
Vineland-3 communication raw score, 
Preschool Language Scale–Version 
5 (PLS-5) Expressive Communica-
tion raw score, or number of words 
on the MacArthur-Bates Commu-
nication Developmental Inventory 
(CDI) between AFQ056 and placebo 
groups. There was also no significant 
difference in the fraction of respond-
ers on the CGI-I for Overall Function 
score between groups. Both groups 
showed significant increases over the 
8 months in the MSEL Expressive 
Language raw score (P < 0.01) and 
the PLS-5 Expressive Communication 
raw score (P < 0.01) and nonsignifi-
cant increases in the number of words 
on the MacArthur-Bates CDI. The 
AFQ056 group showed the expect-
ed significant decrease in DQ on the 
MSEL over the 8 months (P < 0.01), 
but the placebo group did not. When 
the cohorts were fractionated by func-
tional level on the WCS, as above, the 
lower functioning group on AFQ056 
did not show an increase in the MSEL 
Expressive Language raw score, while 
the lower functioning group on place-
bo and the higher functioning group 
on AFQ056 and on placebo all did 
show an increase in Expressive Lan-
guage raw score. This supported the 
result from the WCS in which the low 
functioning group on AFQ056 did not 
show language progress.

Safety outcomes. During the pla-
cebo-controlled period, there was 
only 1 serious adverse event (SAE), in 
a placebo participant hospitalized for 
atypical pneumonia, deemed unan-
ticipated, but not related to study 
treatment by the medical safety mon-
itor. Ninety percent of participants 
in each AFQ056 and placebo group 
had an adverse event (AE) (Table 
5). Most of these were typical child-
hood gastrointestinal, respiratory, 
or ear infections as well as insom-
nia or exacerbations of behavioral 
problems expected in FXS. No AEs 
showed a significantly different fre-

quency between the AFQ056 and placebo groups.
Safety in OLE. In the OLE, all participants were treated with 

AFQ056 and the language-learning intervention for 8 months 
(Figure 1). The MTD reached across the entire group showed a 
similar distribution to that seen in the AFQ056 group during the 

Table 2. Baseline clinical characteristics

Variable AFQ056 (n = 50) Placebo (n = 49) Total (n = 99) P valueA

WCS
Mean (SD) 304 (270.2) 283 (264.2) 293 (266.0) 0.70
Median 257 211 228
Min–max 5–853 1–976 1–976
Missing 4 1 5

MSEL DQ score
Mean (SD) 44 (16.3) 45 (14.4) 45 (15.3) 0.62
Min–max 13–75 13–71 13–75
Missing 0 2 2

MSEL Expressive Language subscore
Mean (SD) 23 (10.7) 23 (10.0) 23 (10.3) 0.75
Min–max 5–41 5–38 5–41
Missing 0 2 2

Vineland-3 Composite score
Mean (SD) 64 (12.2) 66 (10.3) 65 (11.3) 0.41
Min–max 36–102 45–83 36–102
Missing 2 2 4

Vineland-3 Communication score
Mean (SD) 57 (19.1) 61 (15.4) 59 (17.4) 0.22
Min–max 20–87 26–81 20–87
Missing 2 2 4

PLS-5 Expressive Communication score
Mean (SD) 30 (10.7) 29 (9.9) 29 (10.3) 0.67
Min–max 8–55 13–52 8–55
Missing 1 2 3

MacArthur-Bates CDI – number of spoken words
Mean (SD) 306 (253.3) 263 (231.4) 284 (242.3) 0.39
Median 295.0 251.0 262.0
Min-max 0–680 0–668 0–680
Missing 2 1 3

WCS score change during placebo lead-in
Mean (SD) 40 (140) 52 (183) 46 (162) 0.73
Min–max –313–330 –513–645 –513–645
Missing 7 7 14

CGI-I, overall function during placebo lead-in
Much/very much improved 0 (0%) 4 (8%) 4 (4%) 0.98
Minimally improved 11 (22%) 4 (8%) 15 (15%)
No change 35 (70%) 37 (76%) 72 (73%)
Minimally worse 4 (8%) 3 (6%) 7 (7%)
Much/very much worse 0 (0%) 1 (2%) 1 (1%)

ADOS-2
Nonspectrum 13 (27%) 14 (29%) 27 (28%) 0.82
ASD 35 (73%) 34 (71%) 69 (72%) –
Missing 2 1 3

AContinuous variables were compared using Student’s t test, assuming equal variances; ordinal variables 
were compared using the Cochran-Armitage test; and nominal variables were compared using Fisher’s exact 
test or the χ2 test, where appropriate. No significant differences were observed between the 2 groups.  
Min.–max., minimum to maximum.
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placebo-controlled period, with 66% reaching the full 100 mg 
BID dose. There was 1 SAE, an episode of croup, felt to be unre-
lated to AFQ056. Rates and types of AEs in the OLE were similar 
to those in the placebo-controlled period (Supplemental Table 
2), although in the OLE there were more AEs related to irritabili-
ty and insomnia in the group that had been on placebo during the 
placebo-controlled period. Thus, these AEs may ameliorate over 
time on the drug or it is possible that dose reduction had resolved 
them before starting the OLE for those on AFQ056 in the placebo- 
controlled period. Additional analyses indicated that insomnia 
tended to resolve in the OLE, but irritability, if seen, tended to 
persist, making this symptom difficult to sort out from disease 
course in FXS.

Discussion
The results of the FXLEARN trial demonstrate that treatment with 
AFQ056, an mGluR5 NAM, does not produce benefits for language 
learning and development in young children with FXS. FXLEARN 
was designed to address methodological concerns after the initial 
phase 2b trials of mGluR5 NAMs conducted by Roche and Novar-
tis in adolescents and adults with FXS. Thus, the study focused on 
young children with greater neural plasticity, used objective mea-
sures less prone to placebo effect, optimized dosing, provided a 
longer treatment duration to give time for learning to occur, and 
added a standardized learning intervention to try to accelerate 
learning and amplify a potential drug effect. Learning was a focus 
of this study because the most robust and reproducible phenotype 
corrections by mGluR5 NAMs in FXS animal models were abnor-
malities/deficits in synaptic function and plasticity.

FXLEARN had several methodological 
strengths to increase confidence in the results. 
There was a high percentage of participant 
retention, no placebo effects on the WCS in 
the placebo lead-in, well-matched placebo and 
active groups for demographics and clinical 
characteristics, and rigorous data completeness, 
particularly for a study concluding during the 
COVID-19 pandemic. Despite the methodolog-
ical rigor and design innovations, no differenc-
es were seen in change over time between the 
AFQ056 and placebo groups for the primary 
end point, the WCS score, or any of the key 
secondary end points. Nonetheless, significant 
improvement was observed on the WCS in the 
placebo group, but not the AFQ056 group, and 
significant improvement in language was also 
observed, as measured by the MSEL and PLS-5  
expressive communication raw scores, in both 
groups. Overall, children with FXS made lan-
guage progress during the 8-month placebo- 
controlled period of the study; however, the 
AFQ056 group did not make more progress and, 
if anything, made less than the placebo group.

This unexpected result is not likely due to pla-
cebo effects, such as those commonly seen in FXS 
trials on behavioral-rating measures completed 
by caregivers (30), given the fact that the tests 

measuring language progress in the placebo group were perfor-
mance-based observational measures scored by blinded coders and 
thus would not likely display a placebo effect. The reduced progress 
in the AFQ056 group appears to be driven by the children with FXS 
in the lowest communication skills quartile at baseline, with the 
placebo group showing improvement in language progress on the 
WCS in contrast with the AFQ056 group, whereas this differential 
outcome was not seen in the children with higher communication 
skills. The reason for this is unclear; however, it was unrelated to 
better use of the language intervention in the placebo group, as 
parental fidelity was similar and participation in PILI was (nonsig-
nificantly) better in parents of the AFQ056 group. The differential 
placebo-AFQ056 effect in the group with lower language function 
may have been driven by a few outliers in the placebo group (Figure 
3) who showed progress, whereas most of the children in the low-
er functioning placebo group did not. It is possible that there were 
behavioral issues limiting either the ability of the children in the 
AFQ056 group to benefit from PILI or to perform optimally during 
the interactions used to compute the WCS. This hypothesis is sup-
ported by the fact that ABCFX Hyperactivity and ABCFX Irritability 
subscale scores improved numerically (albeit not significantly) in 
the placebo group but not in the AFQ056 group. There was, how-
ever, no increased rate of behavioral AEs in the AFQ056 group. It is 
possible that behavioral abnormalities not considered as AEs differ-
entiated the groups and contributed to inhibition of efficacy of PILI 
in the AFQ056 group. Fidelity of PILI and behavioral impacts will 
be further addressed in future analyses.

There were no significant safety concerns associated with 
AFQ056 and no significant group differences in reported AEs 

Table 3. Dosing characteristics of AFQ056 and language intervention

Measure of intervention AFQ056 
n = 50

Placebo 
n = 49

Total 
n = 99

P valueA

MTD, n (%) 
 25 mg 
 50 mg 
 75 mg 
 100 mg 
 Missing/no MTD

3(6%) 
5(10%) 
7(14%) 

34(69%) 
1

1(2%) 
4(8%) 
5(10%) 

38(79%) 
1

4(4%) 
9(9%) 

12(12%) 
72(74%) 

2

0.27

Parent participation in language intervention 
 Mean(SD) 
 Median 
 Min–max 
 Missing

47.4(10.26) 
51 

3–57 
4

45.2(11.42) 
48 

7–54 
2

46.3(10.86) 
49 

3–57 
6

0.09

Frequency of language intervention strategy use 
 Mean(SD) 
 Median 
 Min–max 
 Missing

3.8(0.90) 
3.97 

1.78–5.00 
4

4.0(0.83) 
4.06 

1.13–5.00 
2

3.9(0.87) 
4.06 

1.13–5.00 
6

0.37

Language intervention strategy rating 
 Mean(SD) 
 Median 
 Min–max 
 Missing

5.9(0.73) 
6.15 

4.27–6.98 
4

6.0(0.62) 
6.01 

4.53–6.93 
2

6.0(0.68) 
6.11 

4.27–6.98 
6

0.81

AA χ2 test used to compare number of participants in each treatment group reaching 100 BID 
max dose, and nonparametric Wilcoxon’s rank sum test used to test significance of language 
intervention fidelity outcomes.
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translatability of animal-model findings in FXS. In 15 of the stud-
ies showing phenotype reversal with mGluR5 NAMs in FXS mouse 
models, including the studies using AFQ056, investigators were 
blinded to treatment groups and/or assessment of outcomes (Sup-
plemental Table 1) and used littermates as controls chosen without 
obvious bias; 2 studies even used a true randomization scheme. 
Given the generally good quality of this preclinical work and the 
large volume of publications supporting the benefit of mGluR5 
NAMs in mouse, fly, and rat models of FXS, the trial results report-
ed here suggest that mGluR5-mediated responses in humans may 
have diverged evolutionarily from animal models and are not as 
important in mediating the neural effects of absence or marked 
reduction in FMRP or that the mGluR5 signaling system is differ-
entially active in key brain regions in humans relative to rodents 
and thus less relevant to FXS. Differential functioning of mGluR5 
signaling in different areas of the brain has been observed in the 
FXS mouse and rat models, leading to the suggestion that mGluR5 
signaling is actually underactive in some areas of rat brain (32, 33). 
PET studies in adult males with FXS have shown reduced cerebral 
mGluR5 expression (34). If these areas of mGluR5 underactivity 
were more extensive in human FXS brain, then learning might 
actually be impaired by an mGluR5 NAM, and this could provide 
an explanation for the observation of less language learning in the 
AFQ056 group during the placebo-controlled phase of FXLEARN. 
Patterns of Fmr1 expression during development have been shown 

even for irritability, insomnia, or behavioral activation during the  
placebo-controlled period. The only differential signal in AEs 
between drug and placebo groups was the emergence of irritability 
and insomnia AEs in the participants who switched from placebo to 
drug in the OLE. Review of the time course of these AEs suggested 
that insomnia tended to resolve with more time on the drug, poten-
tially due to dose reduction or tolerance. Tolerance has been seen 
in the FXS mouse model, based on adaptations in neural signaling 
downstream of mGluR5 activation (31). Irritability did not resolve 
with increased time on drug, illustrating the difficulty in sorting 
out relationships to investigational drugs for behaviors often prob-
lematic in FXS. This could relate to differences in mGluR5-acti-
vated signaling in different parts of the brain, resulting in differ-
ential symptom responses (31–33). Drug reductions (Table 2) due 
to behavior while titrating to MTD in the placebo group emphasize 
the challenges in interpreting behavioral AEs in FXS.

FXLEARN was rigorous and well powered and not subject to 
any identifiable between-group biases. Therefore, we believe that 
the present study clearly answers the questions raised by problem-
atic placebo effects and concerns about the ages of participants 
and limitations of (behavioral) outcome measures in the initial 
adolescent and adult mGluR5 NAM trials. The FXLEARN result, 
in combination with prior negative trials, indicates that reduction 
of mGluR5 activity does not improve cognitive or behavioral defi-
cits in humans with FXS. Consequently, it raises concerns about 

Figure 3. WCS score change over time. Shown for ITT (upper left), per protocol (PP) (upper right), ITT low functioning (<50 WCS, lower right) and high 
functioning (≥50 WCS) (lower left) groups. BL, baseline.
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tracking, resting EEG, and event-realted 
potentials (ERPs) and the impact of PK 
(drug levels) on trial outcomes, currently 
ongoing, may be quite informative (41). 
As is the case for many drugs acting on 
the central nervous system, there may 
be subpopulations of individuals with 
FXS that are drug responders, as pre-
dicted by FMR1 mutation type, FMRP 
levels, electrophysiological parameters, 
or other biomarker responses, given that 
these parameters can predict clinical 
phenotype (42). There are precedents 
for subgroup responses in other trials 
(43) based on mutation type, and fur-
ther analyses to evaluate these types of 
responses will be forthcoming.

FXLEARN will contribute substan-
tially to the understanding of rates of 
development in FXS, as assessed by the 
measures used in the trial, as well as to 
the understanding of how these mea-
sures perform in children with FXS in 
the 3- to 7-year age range. These data 
will be valuable for informing future 
long-term intervention studies, such as 
gene therapy, and for powering future 
longer term trials. The remote WCS 
developed during the COVID pandemic 
will potentially provide a remote mea-
sure for future trials in young children 
with FXS or other NDDs to reduce travel 

burden. FXLEARN makes available many resources for the field, 
including manuals for ERP and eye-tracking standardization 
across sites, case report forms designed for history capture and 
AE monitoring in FXS, an anchored CGI-Severity/Improvement 
(CGI-S/I) score for young children with FXS, and procedures for 
remote PILI delivery.

Limitations of FXLEARN included some missing data, part-
ly due to concluding the study during the COVID-19 pandemic. 
However, adjustments made for this in the analyses did not affect 
the study findings, so it is unlikely the findings were affected by 
missing data. The intensity of the study and collection of multi-
ple measures in the clinic visits may have resulted in subopti-
mal participant performance, even though efforts were made to 
implement processes to avoid this, such as breaks and testing on 
multiple days. Some visit windows had to be widened due to the 
pandemic, which could have potentially affected data, although as 
well as can be evaluated, this does not seem to be the case.

In conclusion, this type of trial combining targeted medication 
treatment and language intervention addressed shortcomings of 
prior trials, but did not demonstrate evidence for a benefit of the 
mGluR5 NAM, AFQ056, on language learning in young children 
with FXS. These results are consistent with prior trials in adoles-
cents and adults showing a lack of benefit for this mechanism of 
treatment in FXS (24, 26, 27). The complex and labor-intensive 
design of the present trial proved feasible to carry out with high 

to differ between rodent and primate models, including differing 
regulation of cortical nitric oxide synthase expression (35).

Certain neural-signaling pathways in FXS animal models may 
be better conserved and translate better to humans, while some 
have evolved to be less important and less translatable. In fact, 
recent studies have shown differential response of human iPS cell–
derived neurons to mGluR5 NAMs compared with mouse neurons 
(36) and a lack of benefit of mGluR5 NAMs in human FXS iPS 
cell–derived cerebral organoid (37). Such human neural models 
may be helpful in predicting translatability of new disease-direct-
ed agents in FXS. Even with such studies, it is likely to be very diffi-
cult to predict which pathways and treatment targets will translate 
well to individuals affected by the disorder, so early phase target 
engagement studies with objective measures in FXS participants 
are particularly important before moving to large trials that may 
use participant, time, and monetary resources to no positive end 
(11, 38, 39). Also, it will be imperative to measure animal model 
phenotypes that can be directly translated into humans, such as 
electrophysiological measures (EEG) and other biomarkers appli-
cable to both mouse and human studies in FXS (40).

This paper reports the primary and key secondary outcomes 
of FXLEARN. Separate analyses of the effects of PILI, includ-
ing effects of the amount and fidelity of the PILI intervention on 
improvement in language, will be the subject of future analyses. 
Analyses of the impact of AFQ056 on blood biomarkers, eye 

Table 4. Primary and secondary end points over 8 months

Outcome Estimated difference in change over 8 mo 
(90% CI) AFQ056 vs. placebo

P value for difference  
in % changeA

Primary outcome (log10 scale)
WCS ITT –0.10 (–0.22, 0.02) 0.16
WCS per protocol –0.08 (–0.20, 0.04) 0.29
WCS observed baseline data only –0.11 (–0.23, 0.01) 0.12
WCS LOCF –0.10 (–0.22, 0.01) 0.15
WCS multiple imputation –0.16 (–0.32, –0.002) 0.096
WCS Pattern-Mixture model –0.08 (–0.22, 0.05) 0.32
WCS by functioning status interaction 
 WCS high-functioning subgroup
 WCS low-functioning subgroup

 
0.02 (–0.13, 0.16)

–0.3 (–0.56, –0.13)

0.02 
0.85

0.008
Key secondary outcomes

MSEL DQ –1.66 (–3.34, 0.03) 0.11
MSEL Expressive Language –0.67 (–1.79, 0.45) 0.32
Vineland-3 Composite score –0.29 (–1.98, 1.40) 0.78
Vineland-3 Communication subscore 0.10 (–2.05, 2.24) 0.94
PLS-5 Expressive Communication subscore –0.85 (–1.81, 0.11) 0.14
MacArthur-Bates CDIB  
Change in number of words produced

RR (90% CI) 
0.95 (0.88, 1.02)

0.24

CGI-I Overall FunctionC 
Odds of responding at month 8

OR (90% CI) 
0.95 (0.40, 2.27)

0.92

Exploratory outcomes
ABCFX hyperactivity 1.61 (0.10, 3.11) 0.079
ABCFX irritability 2.29 (–0.02, 4.61) 0.10

AOutcomes were assessed using linear mixed models with adjustment for age randomization strata. BCDI 
was analyzed using a negative binomial mixed model. CCGI-I was modeled using GEE logistic regression to 
model log odds of a positive response with adjustment for age-randomization strata.
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after the end of the placebo-controlled peri-
od, participants entered an 8-month (open 
label, 2-month dose optimization, 6-month 
stable dosing) extension period in which 
all participants were treated with active 
drug. After the OLE, there was a 1-month 
follow-up period. FXLEARN was conduct-
ed at 12 sites within the Network for Excel-
lence in Neuroscience Clinical Trials (Neu-
roNEXT) network and at Rush University 
Medical Center, the principal investigator’s 
site (not a NeuroNEXT site).

Participants. Eligible participants 
were children aged 32 months to 6 years 
inclusive with FXS and an FMR1 full muta-
tion, who had a DQ of less than 75 calcu-
lated from the MSEL at screening, spoke 
English as the primary language at home, 
displayed some evidence of intentional 
communication, were on stable behavior-
al and other therapies for 30 days prior to 
starting the trial, and were on stable doses 
of chronic medications for 60 days prior to 
trial initiation. Participants were excluded 
if they were taking γ-aminobutyric acid 
(GABA) or glutamatergic medications, had 
a seizure within 6 months prior to screen-
ing, were using strong or moderate inhibi-
tors or inducers of CYP1A1/2, CYP2C9/19, 
or CYP3A4, or had a concomitant medical 
illness or abnormal laboratory tests that 
would contraindicate study participation 
based on the investigator’s judgement.

Study conduct. Participants meeting 
entry criteria were started on 2.5 cc BID of 
placebo suspension after the screening vis-
it and began the 4-month placebo lead-in 
period. The placebo lead-in served to con-
trol for placebo effects, but also to create a 

placebo/treatment-as-usual period prior to initiation of PILI to com-
pare with the period of PILI use in the group later randomized to pla-
cebo as a way of assessing the effects of PILI without drug. Although 
participants as young as 32 months were enrolled in the study, because 
of time spent in the placebo lead-in, all subjects were 3 years of age or 
older before exposure to active drug.

At the end of the placebo lead-in, participants had baseline assess-
ments and then were randomized 1:1 to AFQ056 or placebo. Random-
ization was stratified by age (3–4 years and 5–6 years). After random-
ization, there was a 2-month dose-titration period to find the MTD for 
each participant. This flexible dose design mimicked practice and con-
sidered interchild variability in drug levels and responsiveness. Dose 
titration to MTD (allowed doses were 12.5 to 100 mg [1.25–10 cc] BID) 
started at 25 mg (2.5 cc) BID and used a forced-titration (mandatory 
titration unless there were side effects) protocol with weekly titration 
and options for holding doses or dose reduction if side effects, such as 
insomnia, hyperactivity, or other CNS activation, occurred. The start-
ing dose could be decreased to 12.5 mg BID if side effects occurred, 

methodological standards, despite the challenging population 
and interference by a pandemic. This was, to our knowledge, the 
first-ever large multisite trial studying the effects of a targeted 
drug treatment on learning in FXS and provides a model for imple-
menting future studies to determine whether employing a learning 
intervention can amplify benefits of a drug targeting the underly-
ing mechanism in FXS and other NDDs.

Methods
Study design. FXLEARN used a double-blind, placebo-controlled, par-
allel-group, flexible-dose, forced-titration design with an embedded 
language-learning intervention (PILI) (Figure 1). A 4-month placebo 
lead-in period was followed by an 8-month placebo-controlled period 
(2-month dose optimization, 6-month stable dosing), in which partic-
ipants were randomized 1:1 to AFQ056 or placebo. Participants start-
ed PILI (27) at the end of 2 months in the placebo-controlled period, 
after their doses were stabilized at the MTD, and continued with PILI 
throughout the remainder of the study. If caregivers chose to continue 

Table 5. Treatment-emergent AEs in the randomized placebo-controlled period

AFQ056 (n = 50) Placebo (n = 49) P valueA

Non–central nervous system AEs reported in >10% in any treatment group
Gastrointestinal 
 Diarrhea 
 Vomiting

12 (24%) 
7 (14%) 
4 (8%)

10 (20%) 
3 (6%) 
9 (18%)

0.67 
0.21 
0.14

Infections 
 Gastroenteritis 
 Otitis media 
 Upper respiratory tract infection

33 (66%) 
3 (6%) 
8 (16%) 

22 (44%)

27 (55%) 
7 (14%) 
9 (18%) 
17 (35%)

0.26 
0.18 
0.76 
0.34

Central nervous system/psychiatric AEsB

Attention problems 
 Attention deficit hyperactivity disorder symptoms 
 Distractibility 
 Disturbance in attention

5 (10%) 
3 (6%) 

0 
2 (4%)

6 (12%) 
3 (6%) 
1 (2%) 
2 (4%)

0.72 
0.97 
0.49 
0.98

OCD/perseveration 
 Obsessive-compulsive symptoms 
 Perseveration

4 (8%) 
1 (2%) 
3 (6%)

5 (10%) 
0 

5 (10%)

0.69 
1.00 
0.43

Hyperactivity/impulsivity 
 Attention deficit hyperactivity disorder symptoms 
 Impulse control disorder symptoms 
 Impulsive behavior 
 Psychomotor hyperactivity 
 Restlessness

9 (18%) 
3 (6%) 

0 
0 

5 (10%) 
1 (2%)

13 (27%) 
3 (6%) 
1 (2%) 
1 (2%) 

10 (20%) 
0

0.31 
0.97 
0.49 
0.49 
0.16 
1.00

IAAS 
 Aggression 
 Agitation 
 Head Banging 
 Intentional self-injury 
 Irritability

20 (40%) 
6 (12%) 
4 (8%) 

0 
2 (4%) 

13 (26%)

15 (31%) 
3 (6%) 
8 (16%) 
2 (4%) 

0 
7 (14%)

0.33 
0.32 
0.21 
0.24 
0.49 
0.15

Sleep problems 
 Enuresis 
 Insomnia 
 Sleep disorder symptoms 
 Somnolence

24 (48%) 
0 

17 (34%) 
6 (12%) 
2 (4%)

15 (31%) 
1 (2%) 

12 (25%) 
2 (4%) 

0

0.08 
0.49 
0.30 
0.17 
0.49

Any treatment-emergent AE 45 (90.0%) 44 (89.8%) 0.97
AComparisons using a logistic regression model and a Poisson regression model, each adjusting for age 
strata at randomization. BCentral nervous system/psychiatric AE groupings deemed relevant. IAAS, 
irritability/agitation/aggression/self-injury.
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PILI was delivered to the parent in the home through a MacBook lap-
top computer and a Bluetooth “bug in the ear” headset (provided to 
the parent/caregiver by the study) equipped with the standardized dis-
tance video-teleconferencing software Skype for Business for Macs, 
Microsoft, version 16.29.42. Coaching, homework, and feedback ses-
sions occurred weekly for the first 4 months, with each month being 
led off with a parent-education session introducing a new strategy and 
then monthly for the remainder of the study through the placebo-con-
trolled portion and the subsequent OLE. The parent/caregiver was 
required to complete all 4 parent-education sessions; 41 of 48 (85%) 
combined coaching, homework, and feedback sessions during the first 
4 months of PILI, and 25 of 33 (76%) combined coaching, homework, 
and feedback sessions during the subsequent 11 months.

PILI didactic sessions involved slide presentations with video 
examples. The coaching sessions involved real-time instruction and 
feedback to the parent through the Bluetooth-connected devices while 
the parent interacted with the child in a play-based format. The parent 
independently recorded and submitted homework practice sessions, 
which involved the parent implementing the language facilitation 
strategies being targeted that week in an interaction with the child. 
Parents uploaded the videorecorded homework to their clinical teams 
via an online file-sharing system. The SLP then provided feedback via 
videoconferencing, focusing on implementation of targeted strategies 
and management of child-challenging behaviors.

Throughout the intervention, parents were encouraged to use 
the strategies with their children in naturally occurring opportunities 
throughout the day. As a way of providing an estimate of parent mas-
tery and use of the targeted strategies, parents reported how often they 
used the targeted strategies between contacts with the SLP, and they 
were graded by their SLP on their ability to deliver, and comfort with, 
the strategies during coaching, homework, and feedback sessions. 
Variability in parental rate of mastery and frequency of use of the tar-
geted strategies was expected. By examining clinician-rated parental 
fidelity of implementation and parent-reported frequency of use, the 
effective dose of PILI received by the children enrolled could be exam-
ined in relation to child outcomes, allowing study of the language 
intervention separately from, and in combination with, AFQ056.

PILI was designed to maximize the extent to which parents engage 
in the types of verbally responsive interactions that have been well 
documented as facilitating language learning and use in children with 
typical and atypical development (44, 45).These interactions are char-
acterized by frequent parent talk about the child’s focus of attention, 
contingent parental responses to child actions and communication, 
parental language slightly in advance of child language levels, affec-
tively positive parental talk, and parent support for, and prompting 
of, child communication. Engaging in such behaviors is often diffi-
cult for parents of children with FXS because of the children’s devel-
opmental delays and cooccurring challenging behaviors (46). Thus, 
PILI attempts to teach parents specific strategies for engaging the child 
and creating a sustained, verbally responsive interaction. The specific 
strategies taught to parents were following the child’s focus of atten-
tion when communicating, responding contingently to child acts of 
communication, setting up conditions that prompt child communica-
tion, and encouraging the use of more advanced forms of language and 
communication. Several variations of this PILI have been shown to be 
effective in improving expressive language and communication in indi-
viduals with FXS who have varying ages and ability levels (27, 47–49).

but participants who could not tolerate 12.5 mg BID were withdrawn 
from the study. After the 2-month titration to MTD, participants had 
baseline assessments repeated prior to initiating PILI, after which they 
remained on a stable AFQ056/placebo dose for the next 6 months. At 
the end of the placebo-controlled period, all assessments were per-
formed again, and participants had the option to enter the OLE. None 
of the doses of standard-of-care medications for behavior or nondrug 
therapy interventions in place at the screening visit were changed until 
the end of the placebo-controlled period.

Participants entering the OLE had their dose adjusted to 25 mg 
(2.5 cc) of AFQ056 twice a day (to start drug if in placebo group and 
a dose decrease for most participants in the AFQ056-treated group). 
Experience from a prior PK study suggested that this dose reduction 
would not likely produce withdrawal symptoms. Participants then 
underwent dose titration to MTD as in the placebo-controlled period, 
over up to 2 months, followed by 6 months of stable treatment. Partici-
pants continued PILI during the OLE phase. Participants again had all 
baseline assessments repeated at the end of the OLE and then tapered 
off AFQ056 if they were on a dose higher than 25 mg BID. If on 25 mg 
BID or less, they just discontinued AFQ056. Participants returned for 
follow-up assessments a month after the end of the OLE.

AFQ056 study drug and placebo. Study drug consisting of AFQ056 
or matching placebo with identical flavoring was shipped as powder in 
bottles (500 mg AFQ056 per bottle) from Novartis to the University 
of Rochester NeuroNEXT Central Pharmacy where bottles were pack-
aged into kits with 10 bottles each and shipped to research pharmacies 
at the sites. Bottles were labeled at the site research pharmacies. Pla-
cebo powder (during placebo lead-in), AFQ056 (500 mg) or placebo 
powder (during double-blind period), and AFQ056 (500 mg) powder 
(during OLE) in bottles were dispensed to parents/caregivers. The 
powder was dissolved in 50 cc of bottled water measured with a syringe 
to give a 10 mg/mL suspension. The powder-dissolving process for the 
first bottle to be used was demonstrated with the parent/caregiver in 
clinic, and subsequent bottles of AFQ056/placebo powder were dis-
solved by the parent or caregiver at home every 10 days or earlier, if 
needed, based on dose (stability of the suspension was estimated at 10 
days). Documentation of the reconstitution at study visits and at home 
was maintained. Drug accountability was performed at all study visits.

In the placebo-controlled period, randomization occurred 
through an interactive web-response system that resulted in kit num-
bers containing placebo or AFQ056 being assigned to the participant. 
Participants and study staff were blinded to treatment assignments. 
Only the research pharmacy at each site was unblinded to treatment 
assignments to provide the correct kit numbers. Kits containing the 
projected number of bottles needed before the next visit were pro-
vided to the family. The study remained blinded until all participants 
completed all study procedures, and the clinical database was locked.

PILI. PILI was administered in the family home via video tele-
conferencing to the designated parent/caregiver for each participant 
by a speech-language pathologist (SLP) trained to fidelity on the 
intervention with videotapes and practice activities. After several 
distance-technology training sessions conducted in the weeks before 
PILI was to start, a didactic education session was administered at the 
start of every 4-week interval to the parent to provide a rationale and 
examples of the language-facilitating strategy to be practiced over the 
coming 4 weeks. This education session was followed by weekly clini-
cian coaching, homework, and feedback sessions (described below). 
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Approximately 10% of WCS samples (n = 80) were then randomly 
selected and coded by a second rater to determine interrater agree-
ment. These 80 samples came from 11 of the participating FXLEARN 
sites, with the 2 sites not represented being low-enrolling sites. ICC 
estimates and their 95% CIs were calculated based on a 2-way ran-
dom-effects model with absolute agreement averaged across mea-
sures. ICC estimates across all reported values were within the “excel-
lent” reliability range for the structured portion of the session (ICC = 
0.96, 95% CI = 0.94 to 0.98), unstructured/free play portion of the 
session, (ICC = 0.98, 95% CI = 0.97 to 0.99), and the WCS total score 
(ICC = 0.98, 95% CI = 0.96 to 0.99).

Secondary and exploratory measures included the WCS Struc-
tured and Unstructured scores, the MSEL DQ and Expressive Lan-
guage raw score, the Vineland-3 Adaptive Behavior Composite and 
Communication raw score, the PLS-5 Expressive Communication 
raw score, the MacArthur-Bates CDI number of words on the Words 
and Sentences subtest, and the fraction of responders on the CGI-I 
for Overall Function score. Exploratory outcomes included all other 
subtest raw scores from the MSEL, Vineland-3, and PLS-5, the 6 sub-
scale scores from the ABCFX, the VAS for Language/Communication 
and for Behavior, and the CGI-I for Language and CGI-S for Language 
and Overall Function scores. These are all standard measures, which 
are further described in Supplemental Methods. Exploratory biomark-
er measures (also described in Supplemental Methods) were outputs 
from an auditory ERP paradigm, computerized eye-tracking and pup-
illometry and blood markers of FMR1 genotype, FMR1 mRNA, FMRP, 
and FMRP-regulated proteins.

PK assessment of AFQ056 was done at the 2-, 8-, 10-, and 
16-month visits. Plasma was sent to Veeda Clinical Research Ltd. 
(Ahmedabad, India), where AFQ056 concentration was determined 
by ultraperformance liquid chromatography–electrospray tandem 
mass spectrometry by comparison with known standards.

COVID-19 pandemic adaptations. Some protocol modifications 
were made due to the COVID-19 pandemic, including allowance 
of remote administration of the WCS, adjustment of some toys for 
the WCS to account for universal masking, and a substitute for the 
ADOS-2, as this test scoring is not valid with participant and examin-
er masking. Mandatory in-person visits were limited to those requir-
ing in-person assessments for safety or efficacy outcomes including 
baseline, month 8 at the end of the placebo-controlled period, and 
month 16 at the end of the OLE. In-person visits at month 2 and 
month 10 were conducted if possible. Procedures were put in place to 
conduct all other visits remotely through telemedicine calls with the 
site investigator, and collection of parent ratings and WCS adminis-
tration were also conducted remotely.

Adaptation of the WCS for remote administration included mail-
ing the required testing items to families and then coaching caregivers 
through administration via Bluetooth-enabled earpieces. Caregivers 
were instructed to minimize their verbal contributions to interactions 
during the WCS and to use only the phrases prompted by the remote 
clinician. Coding of the recorded evaluations was performed in the 
same manner as in-clinic WCS.

Statistics. For the primary, key secondary, and safety outcomes, 
all analyses were performed according to the ITT principle. Sensitivi-
ty analyses of the primary objective were also conducted using a per- 
protocol population, which included participants who had no major 
protocol deviations and at least 1 compliant postbaseline PK sample, 

Safety assessments. Information on AEs, vital signs, height, weight, 
physical and neurological exams, behavioral/psychiatric assessment, 
suicidality assessment, and concomitant medications was collected at 
every visit (Supplemental Table 3 shows full schedule of activities indi-
cating when all assessments were collected). Safety was assessed by 
comparing the incidence, frequency, and severity of treatment-relat-
ed AEs and SAEs between the treatment groups. Funduscopic exams, 
EKG, blood tests for hematology/chemistry, and urine dipsticks were 
monitored during the study.

Autism status. The Autism Diagnostic Observation Schedule–Sec-
ond Edition (ADOS-2) (50) was administered prior to randomization 
to classify children with respect to ASD diagnosis.

Efficacy assessments. Efficacy assessments, including the WCS 
(primary outcome); MSEL, Vineland-3, PLS-5, MacArthur-Bates CDI, 
CGI-I (secondary outcomes); ABCFX, Visual Analog Scales (VASs), 
CGI-S, and biomarker assessments (exploratory outcomes), were 
administered to all participants at multiple times throughout the study 
(Supplemental Table 3).

The WCS (51–53) total score was the primary outcome measure 
for FXLEARN and was derived from a 22-minute semistructured 
examiner/child-play session. The play session was administered at 
screening, baseline, 2-, 4-, 8-, 10-, 12-, and 16 months, and follow-up 
visits by an SLP or psychologist trained to fidelity on administration 
of the measure. The same rater administered the measure to each 
child throughout the trial whenever possible. The sessions involved 
12 minutes of structured play prompts designed to elicit a range of 
communicative behaviors (e.g., requesting, sharing of affect) and 10 
minutes of free play with a standard set of toys. The play session uti-
lized 3 sets of developmentally appropriate toys, and the toy sets were 
counterbalanced across participants and visits. The WCS was coded 
from videotapes of the sessions according to standard coding methods 
by coders trained to fidelity. The WCS reflects both the frequency of 
child-initiated intentional communication and the developmental lev-
el of the means by which the intention is communicated. In particular, 
coding of child-intentional communication was based on the occur-
rence of 3 classes of behavior: (a) gestures or nonword vocalizations 
during which the child coordinated attention between the message 
recipient and an object or salient event; (b) conventional gestures (e.g., 
distal points, head nods, pantomime) with attention to an adult; and 
(c) symbols (i.e., spoken words or signs) that were used in a nonimi-
tative manner. The score was obtained by multiplying each intention-
al communication act by the following weights: nonverbal = 1; single 
symbol = 2; and multiple symbols = 3. Previous research has indicated 
that the weighted variable is more sensitive to change over time than 
the unweighted variable and that growth in the weighted variable (but 
not the unweighted variable) is linear, related to later levels of social 
impairment in younger siblings of children with ASD, and detects 
change in response to treatment (51–53).

If the participant used an augmentative device as the primary 
form of communication prescribed by a speech therapist, he/she was 
permitted to use it during WCS administration. The scoring of the 
WCS was adapted to allow the inclusion of communication acts gener-
ated by the child using an augmentative communication device.

The play sessions were coded centrally by a small set of raters. 
Each sample was scored by a single rater randomly assigned from a 
pool of 5 raters, all of whom were trained to fidelity (e.g., intraclass 
correlation coefficient [ICC] ≥ 0.80 across all variables of interest). 
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sures in the combination AFQ056/language intervention group 
relative to the placebo/language intervention group. The secondary 
outcomes MSEL, Vineland-3, and PLS-5, as well as the explorato-
ry outcome ABCFX, produced numeric scores that were assessed 
in a manner similar to that described for the primary end point. 
The number of words spoken from the MacArthur-Bates CDI was 
expected to have an excess amount of 0 values due to the possibility 
of nonverbal FXS participants. Therefore, it was prespecified that 
a zero-inflated Poisson mixed model (ZIPMM) would be used to 
account for this as well as the repeated measures (54, 55). However, 
due to the relatively small number of 0 counts observed in the data, 
the ZIPMM led to unstable estimates for the 0 part of the model, 
indicating that a less complex negative binomial mixed model may 
be more appropriate. Given that estimates for the comparison of the 
average number of words produced was similar between the 2 mod-
els, results were reported from the negative binomial mixed model, 
which was adjusted for time and age strata at randomization. For the 
CGI-I Overall Function secondary outcome score, participants with 
a rating of very much improved or much improved were classified 
as responders and the percentage of positive responders was com-
pared between treatment groups across time. A generalized esti-
mating equations (GEEs) longitudinal logistic regression model was 
used to model the log odds of a positive response while adjusting for 
age strata at randomization.

An additional subgroup analysis was done for the WICS, MSEL, 
and ABCFX using the base model as described above, but including a 
3-way interaction among time, treatment, and baseline-functioning 
status (high functioning was defined as ≥50 on the baseline WCS; low 
functioning was defined as <50 on the baseline WCS). All primary, key 
secondary, and exploratory results are reported as point estimates and 
95% CIs without adjustment for multiple comparisons.

To determine long-term safety of AFQ056 in this cohort of young 
children with FXS, the percentages of participants in each group with 
an AE and the overall rate of AEs were compared using a logistic 
regression model and a Poisson regression model, respectively, each 
adjusting for age strata at randomization. These models were repeat-
ed to compare AEs within each MedDRA system organ class (SOC) 
between treatment groups. Any significant differences found within 
an SOC were further tested by comparing groups across the included 
MedDRA preferred terms.

Data analysis was primarily performed using SAS statistical software, 
version 9.4 (SAS Institute Inc.). The ZIPMM models were analyzed using 
R statistical software (56) functions in the package GLMMadaptive (57).

Study approval. One or more legal guardians signed informed con-
sent for study participation of each subject. The study was approved 
by the central IRB at Massachusetts General Hospital working with 
NeuroNEXT. Records of central IRB approval were submitted to local 
IRBs at participating sites.

Data availability. Data and associated materials used in the 
preparation of this article reside in the NIH-supported NIMH Data 
Repository (NDA, https://nda.nih.gov/study.html?id=2217), which 
can be accessed with an NDA data access request. Data from par-
ticipants who did not consent to share data with NDA for future 
research are not available. Values for all data points in graphs are 
reported in the Supporting Data Values file. A Manual of Proce-
dures, including training for clinicians, was created for this study 
and is available upon request.

confirming participants were receiving drug as expected (detectable 
levels for AFQ056 participants and no detectable levels for placebo 
participants). For all randomized participants, baseline demographics 
and clinical characteristics were summarized by treatment group and 
assessed for differences using the appropriate statistical tests (t test/
Wilcoxon’s rank-sum test for continuous measures, and χ2/Fisher’s 
exact test for categorical variables).

Three variables were computed to determine whether there was 
a difference between the treatment groups on language-intervention 
success. To capture the level of parent participation, a single score 
for Parent Participation in Language Intervention was computed that 
summed together the total number of completed coaching, home-
work, and feedback sessions. The Frequency of Language Interven-
tion Strategy Use, an indirect measure of parent engagement outside 
of training, was assessed at each session and rated on a scale of 1 to 5 
(1 = not at all, 2 = 1 to 2 times, 3 = 3 to 5 times, 4 = 6 to 8 times, 5 = more 
than 8 times). For each participant, the score was averaged over all 
complete sessions from the start of language intervention to the end 
of the placebo-controlled period (54 sessions). The Language Inter-
vention Strategy Rating, a measurement of clinician ratings of how 
well the parents had learned the strategy, represented a mean rating of 
both coaching and homework scores from the start of language inter-
vention to the end of the placebo-controlled period. Each item (quality 
of strategies learned, enthusiasm, confidence, and comfort level for 
both coaching and homework sessions) on the form was scored on a 1 
(lowest) to 7 (highest) scale. Within each session, a mean score of all 
completed items was computed, and a mean of all completed sessions 
gave a single score on a 1 to 7 scale.

The primary objective in FXLEARN was to determine whether or 
not greater improvement in language occurred in young children with 
FXS treated with AFQ056 in combination with PILI relative to those 
treated with the PILI and placebo. A longitudinal model was used 
to estimate the differences in the change of WCS over time for each 
group. Based on plots of the residuals, heteroscedasticity was present, 
as illustrated by a fan shape and caused by the skewed distribution of 
WCS scores. A log base 10 transformation was implemented, and the 
log of the total WCS was modeled as the outcome. To reduce poten-
tial missing scores at baseline, where only 1 of the 2 component scores 
(structured or unstructured) was missing, the observed component 
score was directly used to impute the missing component score. How-
ever, if both scores were missing, the baseline total score was consid-
ered missing. The model included covariates for randomization strata 
(3 to 4 years or 5 to 6 years), time in months, treatment group, and an 
interaction between months and treatment group, with the assump-
tion that data were missing at random. Akaike’s Information Criterion 
(AIC) was used to determine the inclusion of random slopes in addi-
tion to random intercepts. The primary comparison using the final 
model was the estimated difference in change over 8 months between 
AFQ056 and placebo.

To bolster confidence in the results of the primary analysis, sev-
eral methods to address the impact of missing data were performed, 
including an analysis using only observed baseline data, LOCF, 
and 2 different multiple imputation methods (multiple imputation 
with treatment-based imputation and a pattern-mixture model with  
placebo-based imputation).

The key secondary objective was to show greater improvement 
in specific standardized language, cognitive, and adaptive mea-
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PIs, see Supplemental Acknowledgments), NeuroNEXT coordi-
nating center grants U01NS077179 (to M Cudkowicz, Clinical 
Coordinating Center at Massachusetts General Hospital), and 
U01NS077352 (to CSC, Data Coordinating Center at Department 
of Biostatistics, University of Iowa). NIH grant P50HD103526 (to 
LA) provided coding and technology support for FXLEARN, and 
Novartis IIT grant AFQ056X2201T (to EBK) provided AFQ056 
for FXLEARN. See Supplemental Acknowledgments for Neu-
roNEXT FXLEARN Investigators group details. The authors 
thank the coordinators at the study sites, study SLPs, and central 
WCS raters for their work on FXLEARN (for list of all coordina-
tors, SLPs, and central WCS raters, see Supplemental Acknowl-
edgments). The authors thank the National Fragile X Foundation 
and the FRAXA Research Foundation for help with study recruit-
ment. Most of all, we thank all the participants and families for 
their efforts in the FXLEARN trial.
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