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Bumetanide, a drug being studied in autism spectrum disorder (ASD) may act to restore gamma-aminobutyric acid (GABA) function,
which may be modulated by the immune system. However, the interaction between bumetanide and the immune system remains
unclear. Seventy-nine children with ASD were analysed from a longitudinal sample for a 3-month treatment of bumetanide. The
covariation between symptom improvements and cytokine changes was calculated and validated by sparse canonical correlation
analysis. Response patterns to bumetanide were revealed by clustering analysis. Five classifiers were used to test whether including
the baseline information of cytokines could improve the prediction of the response patterns using an independent test sample. An
immuno-behavioural covariation was identified between symptom improvements in the Childhood Autism Rating Scale (CARS) and
the cytokine changes among interferon (IFN)-γ, monokine induced by gamma interferon and IFN-α2. Using this covariation, three
groups with distinct response patterns to bumetanide were detected, including the best (21.5%, n= 17; Hedge’s g of improvement
in CARS= 2.16), the least (22.8%, n= 18; g= 1.02) and the medium (55.7%, n= 44; g= 1.42) responding groups. Including the
cytokine levels significantly improved the prediction of the best responding group before treatment (the best area under the curve,
AUC= 0.832) compared with the model without the cytokine levels (95% confidence interval of the improvement in AUC was
[0.287, 0.319]). Cytokine measurements can help in identifying possible responders to bumetanide in ASD children, suggesting that
immune responses may interact with the mechanism of action of bumetanide to enhance the GABA function in ASD.
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INTRODUCTION
Autism spectrum disorder (ASD) affects about 1% children around
the world [1] and can cause lifelong disability and elevate
premature mortality [2]. Currently, no medication that can cure
ASD or all of its core symptoms is available [1]. The recent success of
repurposing drugs for novel treatments in psychiatry has been
highlighted [3], with one of the examples given being the use of
bumetanide to improve the core symptoms in ASD [4–8]. The most
frequent adverse events were hypokalemia, increased urine
elimination, loss of appetite, dehydration and asthenia. The
heterogeneity in the treatment effect of bumetanide among ASD
patients was significant, ranging from 37.3% to 47.62% in the
randomised clinical trials (RCTs) in China [5, 8] and 51.80% [6] or
from 26.3% to 45.2% [7] in the RCTs in France. Besides, there were
also studies reported nonsignificant treatment effect of bumetanide

for patients with ASD [9]. Understanding this heterogeneity is
essential for its clinical applicability and requires further investiga-
tion of its underlying mechanism of action to achieve precision
medicine for ASD children.
The use of bumetanide as a potential drug to improve

symptoms in ASD is based on a hypothesised pathoetiology of
ASD, namely the delayed developmental switch of the gamma-
aminobutyric acid (GABA) functioning from excitatory to inhibitory
[10–12]. In the valproate and fragile X rodent models of autism,
this GABA-switch can be facilitated by the reduction of
intracellular chloride concentration, which is mediated by a
sequential expression of the main chloride transporters, such as
the potassium (K)-Cl co-transporters 2 (KCC2) and the importer Na-
K-Cl cotransporter 1 (NKCC1) [12]. Therefore, bumetanide as an
NKCC1 inhibitor has been tested for its ability to restore GABA
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function in ASD [5–7, 13, 14]. However, these transporters can also
be influenced by other molecules, such as cytokines, which are a
number of small cell-signalling proteins closely interacting with
each other to modulate the immune reactions. The cytokines have
been implicated not only in brain development [15], but also in
GABAergic transmission [16–18]. It has been reported that the
interferon (IFN)-γ can decrease the levels of NKCC1 and the α-
subunit of Na+-K+-ATPase, contributing to the restore of inhibitory
GABA function [16]. In mice subjected to maternal deprivation, the
interleukin (IL)-1 has also been found to reduce the expression of
KCC2, delaying the developmental switch of the GABA function
and thereby possibly contributing to the pathophysiology of
developmental disorders such as ASD [17, 18]. Therefore, a
question naturally arises that whether the treatment effect of
bumetanide for ASD can be affected by the immune responses in
the patients.
Indeed, compared with healthy controls, changes of the

cytokine levels have already been reported in patients with ASD
[19–22]. Recent meta-analyses showed that the levels of anti-
inflammatory cytokines IL-10 and IL-1 receptor antagonist (Ra)
were decreased [20], while proinflammatory cytokines IL-1β, IL-6
and anti-inflammatory cytokines IL-4, IL-13 were elevated in blood
of patients with ASD [21]. The levels of IFN-γ, IL-6, tumour necrosis
factor (TNF)-α, granulocyte-macrophage colony-stimulating factor
(GM-CSF) and IL-8 were observed to be elevated [22] in
postmortem brain tissues of ASD patients, and increased level of
IFN-γ, monocyte chemotactic protein (MCP)-1, IL-8, leukaemia
inhibitory factor (LIF) and interferon-gamma inducible protein (IP)-
10 were found in another study [23]. These widely spread changes
suggest that the cytokine signalling in ASD may be better
characterised by multivariate patterns of cytokines. In literatures,
many associations had been reported between the levels of
cytokines (e.g., MCP-1, IL-1β, IL-4, IL-6, etc.) and both core
symptoms and adaptive functions in children with ASD [24–26].
Therefore, it has been suggested that cytokines may be used as
biomarkers to identify different subsets within ASD. In each of
these subsets the patients with ASD may share a commonly
immune-related pathoetiology and therefore may have similar
profiles of response to treatment [27]. Based on these previous
findings, we analysed data acquired through the Shanghai Xinhua
ASD registry, China, that began in 2016 to test the hypothesis that
the immune activity of patients might help to identify the best
responders to bumetanide in ASD.

MATERIALS AND METHODS
Participants
The ASD participants were recruited from the Shanghai Xinhua ASD registry
at Shanghai Jiaotong University Medical School Affiliated Xinhua Hospital in
Shanghai, China, including the participants from two previous registered
clinical studies, i.e., CHICtr-OPC-16008336 and NCT03156153. The patients
were diagnosed with ASD according to the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-5). Diagnoses were confirmed with
the Autism Diagnostic Observation Schedule (ADOS), and a Children Autism
Rating Scale (CARS) total score of no less than 30. Exclusion criteria include
liver and kidney dysfunction; a history of allergy to sulfa drugs; abnormal
electrocardiography; genetic or chromosomal abnormalities; suffering from
nervous system diseases (e.g., epilepsy, etc.). Comprehensive behavioural
assessments and collections of clinical samples were performed for all
patients. Between May 1st, 2018, to April 30th, 2019, a total of 90 ASD
children, aged 3–10 years old, under a 3-month stable treatment of
bumetanide without behavioural interventions and any concomitant
psychoactive medications had both blood draws and behavioural assess-
ments. Among these patients, 11 of them were further excluded due to the
lack of the follow-up data at month 3. A group of 37 children, under
3-month stable treatment of placebo without behavioural interventions and
any concomitant psychoactive medications had both blood draws and
behavioural assessments. Therefore, the current analysis used a subsample
of 116 young children with ASD, whose blood samples were available both
before and after the treatment. The blood samples were sent in three

batches (Discovery Set: n= 37 on December 4, 2019; Validation Set: n= 42
on May 22, 2019; and Control Set: n= 37 on January 5, 2022) to measure the
serum levels of 48 cytokines for the immune response (Table S1), and the
clinical symptoms were assessed using CARS, ADOS and the Social
Responsiveness Scale (SRS).
Following the protocols of previous studies [8], bumetanide treatment

consisted of two 0.5mg tablets per day for three months, given at 8:00 a.m.
and 4:00 p.m. The tablet size is 8mm diameter x 2mm thickness, which is
quite small. Each time, the patient took half of a tablet, which was not
difficult for most of the patients. However, the careers were recommended
to grind the half-tablet into powder and give the powder in water, if
necessary. Possible side effects were closely monitored during the
treatment. Blood parameters (serum potassium and uric acid) were
monitored via laboratory tests (Table S2) and symptoms (thirst, diuresis,
nausea, vomiting, diarrhoea, constipation, rash, palpitation, headache,
dizziness, shortness of breath, and any other self-reported symptoms) were
telephone interviewed (Table S3), and both of them were reported to the
research team by telephone at 1 week and 1 month after the initiation of
treatment and at the end of the treatment period. The cytokine levels of the
children with gastrointestinal problems were compared with those without
such problems (Table S4). Behavioural assessments of CARS and ADOS and
measurements of cytokine levels were performed at the baseline before the
treatment and after the 3-month treatment. The behavioural assessment of
SRS was used at the baseline only. The study was conducted in accordance
with the provisions of the Declaration of Helsinki and Good Clinical Practice
guidelines and was approved by the Ethics Committee of Xinhua Hospital
affiliated to Shanghai Jiao Tong University School of Medicine. Written
informed consent was obtained from the parent or legal guardian of each
participant before sample collection.

Measures
Clinical assessments. The CARS was used to diagnose and evaluate the
severity of clinical symptoms of ASD patients. The CARS consisted of 15
items rated on a 7-point scale from one to four; higher scores are
associated with a higher level of impairment. Total scores can range from a
low of 15 to a high of 60; scores below 30 indicate that the individual is in
the non-autistic range, scores between 30 and 36.5 indicate mild to
moderate autism, and scores from 37 to 60 indicate severe autism. We
further categorised these items into three subscales [28]: Social impair-
ment, Negative emotionality and Distorted sensory response. ADOS was
used as a supplement to gauge disease severity, and it contained total
score items and four modules for assessment of Social interaction,
Communication, Play, and Imaginative use of materials for individuals
suspected of having ASD [29]. SRS identified a wide spectrum of deficits in
reciprocal social behaviour, ranging from absent to severe, based on
observations of a child’s behaviour in naturalistic social settings, focused
on the behaviour of a child or adolescent between the ages of 4 and 18
years. It was a 65-item questionnaire that is completed by teacher, a
parent, and/or another adult caregiver. Scoring is on a four-point Likert
Scale. Five subscales are also provided: Social Awareness (AWA), Social
cognition (COG), Social Communication (COM), Social Motivation (MOT),
and Autistic Mannerism (MANN) [30].

Cytokine levels. For each subject peripheral blood was collected, cen-
trifuged at 2300 rpm for 10min, and the plasma harvested. Plasma was
aliquoted and stored at −70 °C until cytokine analysis. A plane of 48
cytokines, chemokines, and growth factors were measured using the Bio-
Plex multiple immunoassays (Bio‐Plex®; BIO‐RAD Laboratories, Inc.). Prior to
setting up our assays, the Bio-Plex 200 System plane Reader instrument was
calibrated according to manufacturer instructions. To prepared experimental
samples, frozen plasma aliquots were passively thawed to room tempera-
ture and diluted four-fold in assay buffer (15 μL sample+ 45 μL sample
diluent HB). After preparation of capture bead mixture, and standards, the
immunoassay was carried out on a 96-well plane. The experimental steps
were in accordance with the instructions. Data acquisition was set to a 50-
bead count minimum per analyte per well. Unknown sample cytokine
concentrations were processed and presented with Bio-plex Manager
software using a standard curve derived from the known reference cytokine
concentrations supplied by the manufacturer. A five-parameter model was
used to calculate final concentrations and values were expressed in pg/ml.
The sensitivity of this assay allowed the detection of cytokine concentrations
within the following ranges: IFN-α2 3.6-3992.4 pg/ml; IFN-γ 0.9-14556.8 pg/
ml; IL-1β 0.3-5375.0 pg/ml; IL-4 0.2-3455.0 pg/ml; IL-6 0.4-5961.8 pg/ml; IL-8
0.2-15570.4 pg/ml; MIG 5.7-30955.2 pg-ml; TNF-α 3.3-52256.0 pg/ml, etc.

Q. Li et al.

2

Translational Psychiatry          (2022) 12:228 



Concentrations obtained below the sensitivity limit of detection (LOD) of the
method were excluded from all subsequent analyses.

Statistical analysis
Data preprocessing. After excluding the cytokines whose values were less
than the limit of detection, 35 cytokines were included in our analysis. Data
from three batches, containing both the baseline and the change (the
difference value from the baseline and the follow-up data) of the cytokine
levels, were min-max normalised and log transformed separately. To adjust
for the batch effect, we applied an empirical Bayes approach to the
baseline of cytokine levels using the ‘ComBat’ parametric algorithm
provided in the R-package ‘sva’ [31]. Principle component analysis (PCA)
was used to visualise the non-biological variation due to the batch effect
and was repeated to confirm its adjustment (Fig. S1). Before and after
treatment, we compared the demographic parameters (i.e., sex proportion,
age, body mass index [BMI]) and symptom severity (i.e., ADOS and CARS)
between these three data sets using two-sided Mann–Whitney U-test, or
Pearson’s chi-squared test where applicable.

Multivariate association analysis to characterise the immuno-behavioural
covariation. First, the pairwise correlation between the CARS_total score and
each of the 35 cytokine levels were assessed by the Spearman-rank correlation.
The correlation between the change in the CARS_total score and the change
in each of the 35 cytokine levels after the treatment was also tested. The false-
discovery rate (FDR) was used to correct for the multiple comparisons.
Second, to uncover the multivariate association between the behavioural

assessments and the cytokine levels, we employed the sparse canonical
correlation analysis (sCCA) provided in a R-package ‘sRDA’ (version 1.0.0) [32].
Canonical correlation analysis (CCA) is a classical method for determining the
relationship between two sets of variables. Given two data sets X1 and X2 of
dimensions n× p1 and n× p2, respectively, from n observations, CCA seeks the
pairs of linear combinations (i.e., the canonical variables), one from the
variables in X1 and the other from the variables in X2, that are maximally
correlated with each other. However, some variables may make negligible but
non-zero contributions to the canonical variables. sCCA was developed to
address this issue. sCCA applies an L1 penalty to the canonical weights, which
forces some of them to take a value of exactly zero. Mathematically,

max
w1 ;w2

wT
1X

T
1X2w2 subject to w1k k2¼ 1; w2k k2

¼ 1; w1k k1� c1; w2k k1� c2;w1 2 Rp1 ;w2 2 Rp2 :

Here, c1 and c2 are assumed to fall within the bounds 1 � c1 � ffiffiffiffiffi

p1
p

and
1 � c2 � ffiffiffiffiffi

p2
p

, where p1 and p2 are the numbers of features in X1 and X2,
respectively. We refer to w1 and w2 as the canonical weights, and X1w1 and
X2w2 as the canonical scores. Therefore, this algorithm could identify a
linear combination of three CARS subscales (i.e., the behavioural-
component) that was significantly associated with another linear
combination of a few cytokine levels (i.e., the cytokine-component).
Meanwhile, the sparsity of this algorithm ensured only the key cytokines
driving the behavioural association were selected in the immune
component.
In the Discovery Set, we explored the sCCA between CARS subscales and

cytokine levels using the baseline data or using the changes between
baseline and follow-up. The significance of an identified canonical
correlation was assessed by 5000 permutations [32]. Only the significant
canonical components were retained. The Validation Set was used to
confirm these significant canonical components among patients with
bumetanide treatment. The Control Set was used to test whether the
association between the cytokine-component and the behavioural-
component was significant in the placebo group. Sensitivity analysis was
conducted using the data from the Validation Set by re-evaluating the
canonical correlation after controlling for the potential confounders,
including age, sex, BMI and the canonical variables at the baseline. Using
the cytokine-component score (x-axis) and the behavioural-component
score (y-axis) established by sCCA, each patient could be mapped onto a
two-dimensional, called the immuno-behavioural covariation plane,
characterising the immuno-behavioural covariation in the response
patterns to the bumetanide treatment among young children with ASD.

Clustering analysis to identify the immuno-behavioural groups. We applied
K-means, an unsupervised clustering algorithm, to identify the clusters of
patients according to the immuno-behavioural covariation. The patients in
each cluster (i.e., an immuno-behavioural group within ASD) had the
similar canonical scores, suggesting they shared the similar patterns of

response to bumetanide in both immune system and clinical behaviour.
The cluster structures were first identified using the Discovery Set and then
validated using the Validation Set. The optimal number of clusters was
selected based on the elbow (maximum change) of the scree plot using
the Hubert statistic implemented in the R-package ‘NBclust’ [33].
To demonstrate the distinct patterns of response to bumetanide in

the immuno-behavioural groups, we applied the one-sample t-test to
the after-treatment changes of both the CARS subscales and the
cytokines selected by the sCCA algorithm as described above. We also
compared these changes among the above identified immuno-
behavioural groups using the Kruskal–Wallis rank sum test with the
FDR correction for multiple comparisons.

Prediction of the treatment response to bumetanide using the baseline
information. To predict the response to bumetanide of a patient with
ASD, we trained the classifiers for the immuno-behavioural groups
identified above using the baseline information before the treatment.
The baseline information included the 35 cytokine levels, 3 types of
clinical assessment (CARS, SRS, ADOS) and 2 demographic parameters
(sex and age). The classifiers included the Oblique Random Forest (ORF),
Partial Least Squares (PLS), sparse Linear Discriminant Analysis (sLDA),
Neural Networks (NN) and Support Vector Machine (SVM) as imple-
mented in the R-package ‘caret’ with both feature selection and
oversampling [34]. The models were first trained using the Discovery
Set, and their performances were compared using the Validation Set.
The 95% confidence interval of the difference between the areas under
the curves of a pair of models was constructed by 100 bootstraps.
First, we tested whether including the cytokine levels at the baseline

could improve the prediction of the immuno-behaviourally defined
responders. The averaged performances of these five classifiers (i.e., the
averaged area under the curve, AUC) were reported and compared.
Second, we tested whether the behaviourally defined responders

were more difficult to be predicted at the baseline compared with the
immuno-behaviourally defined ones. In the previous clinical trials of
bumetanide for ASD [5–7], the proportion of patients who responded
positively to the treatment was between 30% and 40%. Therefore, we
divided the patients with ASD into two groups according to the
ΔCARS_total (= the baseline CARS_total – the follow-up CARS_total)
with a cutoff of 2.5 (n= 22, 27.85% of the patients had ΔCARS_total
>2.5) or 2 (n= 32, 40.51% of the patients had ΔCARS_total >2) points.

RESULTS
Participants
Three data sets of children with ASD (n= 116) were used in the
current study. Discovery Set (n= 37) had a mean age of
47 months (±17.35 months), 18.92% of whom were girls;
Validation Set (n= 42) had a mean age of 54 months
(±20.19 months), 23.81% of whom were girls; Control Set (n=
37) had a mean age of 50 months (±10.72 months), 13.16% of
whom were girls. No significant difference in clinical character-
istics or cytokine levels was identified between these three data
sets (Table 1 and Table S5).

Changes after the administration of bumetanide
Seventy-nine patients were treated with bumetanide for 3 months,
and the CARS total score decreased after the treatment (effect size
Cohen’s d= 1.26, t78= 11.21, p < 0.001). The treatment effect
showed no difference between the Discovery Set and the
Validation Set (ΔCARS_total: mean(±SD): 1.54 (±1.40) vs. 1.90
(±1.34)). Consistent to the previous studies of the low-dose
bumetanide for ASD, the side effects were rarely reported (Tables
S2 and S3). No significant difference in the cytokine levels
between the children with and without the gastrointestinal
problems at the baseline (Table S4). A number of cytokine levels
were changed significantly after the treatment of bumetanide, but
none of them was changed significantly after the treatment of
placebo (Table S6). No significant pairwise association could be
identified in the Discovery Set, the Validation Set and the Control
Set among four groups of variables, including the baseline CARS
total score, the baseline cytokine levels, the change of CARS total
score, and the changes of cytokine levels (Fig. S2).
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Covariation between symptom improvement and cytokine
changes
Using the Discovery Set, we found a canonical correlation (r=
0.459; p < 0.001 by permutation; Fig. 1A) between 2 canonical
components (i.e., cytokine-component and behavioural-compo-
nent) by sCCA. The cytokine-component was a combination of the
changes of the three cytokine levels, including the MIG, IFN-α2, IFN-
γ. The behavioural-component was a combination of the changes
of three subscales of the CARS scores, including the social
impairment score, negative emotionality score, distorted sensory
response score. Applying these canonical weights to an indepen-
dent data set (i.e., the Validation Set), we confirmed the correlation
between the cytokine-component and the behavioural-component
(r= 0.316; p= 0.012 by permutation; Fig. 1B). In contrast, applying
these canonical weights to the Control Set, we found that the
association between cytokine-component and behavioural-

component was not significant (r= 0.038, p= 0.821), which might
indicate that the association between cytokine-component and
behavioural-component was related to the drug effect.
Sensitivity analysis Using the Validation Set, we found that the

correlation between the canonical components identified above
remained significant (Table S7). At the baseline, we also found that
the cytokines canonical scores were associated with other clinical
assessments, including the SRS_total (r=−0.269; t63=−2.21,
p= 0.031), ADOS_S (r= 0.296; t76= 2.70, p= 0.009), ADOS_P (r=
−0.244; t76=−2.19, p= 0.032), and ADOS_I (r=−0.251; t76=
−2.26, p= 0.027).

Three distinct response patterns revealed by the immuno-
behavioural covariation
Using both the CARS- and the cytokine- component scores, we
found that the patients fell into three clusters (Fig. 2A, B and

Table 1. The demographic and clinical (mean(SD)) characteristics of three data sets.

Discovery
Set (n= 37)

Validation
Set (n= 42)

Control Set
(n= 37)

Dis. vs. Val. Dis. vs. Con. Val. vs. Con.

Statistic
(df)a

P-value Statistic
(df)a

P-value Statistic
(df)a

P-value

Age, months,
mean (sd)

47.08 (17.35) 53.57 (20.19) 49.64 (10.72) 905 0.212 795 0.332 823 0.813

Female sex, n (%) 7 (18.92) 10 (23.81) 5 (13.16) 0.06 (1) 0.800 0.13 (1) 0.715 0.87 (1) 0.351

BMI, mean (sd) 17.80 (5.02) 16.48 (3.54) 16.41 (1.54) 672 0.338 653 0.886 591 0.099

Baseline

CARS

CARS_total 37.28 (3.50) 37.98 (4.13) 38.76 (5.12) 817 0.701 757 0.570 756 0.685

CARS_S 24.73 (2.59) 25.31 (2.86) 26.16 (3.70) 836 0.568 836 0.161 703 0.362

CARS_N 7.18 (0.82) 7.12 (1.02) 7.26 (1.31) 730 0.639 684 0.842 779 0.853

CARS_D 7.36 (0.86) 7.65 (1.05) 7.46 (1.05) 903 0.213 688 0.876 896 0.342

ADOSb

ADOS_S 6.95 (3.70) 6.29 (2.53) 6.26 (1.59) 762 0.885 721 0.854 773 0.806

ADOS_C 9.46 (2.82) 10.14 (2.86) 10.68 (2.29) 875 0.336 879 0.061 728 0.498

ADOS_P 2.30 (1.51) 2.33 (1.59) 2.55 (1.22) 781 0.976 760 0.541 725 0.471

ADOS_I 2.11 (2.84) 2.14 (1.98) 2.08 (1.46) 869 0.358 801 0.292 787 0.917

SRSc

SRS_AWA 9.83 (4.92) 10.17 (4.57) 10.67 (3.38) 503 0.793 209 0.979 393 0.821

SRS_COG 15.57 (6.82) 16.62 (6.57) 17.50 (4.12) 522 0.596 237 0.436 357 0.740

SRS_COM 26.52 (12.55) 29.69 (12.55) 31.06 (7.69) 558 0.309 253 0.231 365 0.834

SRS_MOT 12.43 (5.49) 13.88 (6.52) 15.39 (4.50) 545 0.402 269 0.108 330 0.438

SRS_MANN 10.13 (6.72) 14.17 (7.91) 15.72 (3.95) 615 0.071 321 0.279 308 0.257

SRS_total 74.48 (32.25) 84.40 (34.37) 90.33 (18.40) 566 0.257 266 0.127 346 0.611

Baseline—follow-
up

ΔCARS
ΔCARS_total 1.54 (1.40) 1.90 (1.34) 0.89 (1.43) 885 0.288 543 0.088 1090 0.005

ΔCARS_S 0.92 (1.10) 1.24 (0.95) 0.54 (1.08) 920 0.156 573 0.165 1083 0.005

ΔCARS_N 0.41 (0.58) 0.30 (0.56) 0.14 (0.72) 700 0.425 556 0.104 892 0.348

ΔCARS_D 0.30 (0.49) 0.49 (0.51) 0.21 (0.59) 927 0.122 624 0.380 1024 0.024

BMI body mass index, CARS Childhood Autism Rating Scale, ADOS the Autism Diagnostic Observation Schedule, SRS the Social Responsiveness Scale, CARS_total
CARS total score, CARS_S CARS score on social impairment domain, CARS_N CARS score on negative emotionality domain, CARS_D CARS score on distorted
sensory response domain, ADOS_S ADOS score on social interaction, ADOS_C ADOS score on communication, ADOS_P ADOS score on play, ADOS_I ADOS score
on imaginative use of materials, SRS_AWA SRS score on social awareness, SRS_COG SRS score on social cognition, SRS_COM SRS score on social communication,
SRS_MOT SRS score on social motivation, SRS_MANN SRS score on autistic mannerism, SRS_total SRS total score.
aMann–Whitney U-test for non-normal features, while chi-square test for sex.
bSample size for ADOS data in Discovery Set, Validation Set and Control Set are 36, 41 and 36.
cSample size for SRS data in Discovery Set, Validation Set and Control Set are 22, 41 and 17.
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Fig. S3). No significant difference in the distribution of patients
among these three clusters between the Discovery Set and the
Validation Set. Besides, no significant difference in the baseline
of CARS scores and cytokine levels among these 3 clusters.
Comparing among these three groups of patients in both data
sets (Fig. 2C, D and Table 2; Fig. S4), we found that the best
responding group (n= 17) had the greatest reduction in the
CARS total score (ΔCARS_total: 3.32(±1.47), Hedge’s g= 2.16, p
< 0.001), which was most prominent in the social impairment
score (ΔCARS_S: 2.15(±1.13), g= 1.81, p < 0.001) and increased
cytokine levels (ΔMIG: g= 0.72, p= 0.012; ΔIFN-α2: g= 0.84, p
= 0.006). The least responding group (n= 18) had the least
reduction in the CARS total score (ΔCARS_total: 1.03(±0.96), g=
1.02, p < 0.001), which was most significant in the negative
emotionality score (ΔCARS_N: 0.69(±0.55), g= 1.21, p < 0.001),
and decreased in the least responding group (ΔMIG: g=−1.07,
p < 0.001; ΔIFN-γ: g=−1.32, p < 0.001). The medium respond-
ing group had a significant decrease in both the CARS_total
score and all subscales with a small effect size each, while the
IFN-γ level decreased and the IFN-α2 level increased in this
group (Table 2).

Baseline cytokine levels helped in identifying the treatment-
responders
Training five different types of classifiers with Discovery Set and
testing the performance using Validation Set, we found that
including the cytokine levels at the baseline significantly
improved the prediction accuracy for both the best responding
group (AUC with/without the baseline cytokine levels= 0.768/
0.646; improvement in AUC ¼ 0:122, 95% confidence interval
(CI): (0.103,0.130); Fig. 3A, B) and the least responding group (
AUC with/without the baseline cytokine levels= 0.698/0.618;
improvement in AUC ¼ 0:080, 95%CI: (0.064,0.097); Fig. 3C, D).
Each of the five models showed a better performance after
including the cytokine levels into the model (Table S8).
Furthermore, we found that the behaviourally defined respon-
ders according to the ΔCARS_total with a cutoff of 2.5 were
more difficult to be predicted at the baseline (AUC ¼ 0:569)
compared with the immuno-behaviourally defined responders (
AUC ¼ 0:768; Table S9; Fig. S5A). Similar results were found

when using the threshold of 2 to behaviourally define the
responders (Fig. S5B).

DISCUSSION
In this study, we observed a significant improvement of clinical
symptoms with bumetanide treatment in children with ASD,
and such improvement was associated with a pattern of
changes in three cytokine levels, namely the IFN-γ, MIG and
IFN-α2 (r= 0.459 in the Discovery Set and r= 0.316 in the
Validation Set). These cytokine levels at the baseline could
improve the prediction of the bumetanide responders com-
pared with using the behavioural assessments alone, and the
best predictor achieved an AUC of 0.83 in the independent test
data set (Table S8). The implications of these findings may be
twofold: (1) a significant part of the clinical heterogeneity in the
treatment effect of bumetanide for ASD is associated with the
differences in the immune system of patients, and (2) the
component score of cytokines had a potential to construct a
blood signature for predicting and monitoring the bumetanide
treatment in young children with ASD.
Our finding of an immuno-behavioural covariation highlights

the role of the immune system in the clinical effect of
bumetanide in young children with ASD. IFN-γ, as a T helper
cell 1 (Th1) cytokine with proinflammatory effects, was selected
by the sCCA algorithm to be one of the three cytokines to form
the canonical score that was associated with the improvement
in CARS. Compared to controls, higher level of IFN-γ has been
reported in the brain tissue [22], cerebrospinal fluid (CSF) [23],
plasma [35] and peripheral blood mononuclear cell (PBMC) [36]
in ASD patients, and lower level has been observed in neonatal
dried blood samples (n-DBSS) of ASD children [37]. Accumulat-
ing evidences support that IFN-γ can inhibit chloride secretion
[38] and down-regulate both the NKCC1 expression [16, 38] and
the Na+-K+-ATPase expression [16], which had been implicated
in the GABAergic dysfunction in ASD [10, 39]. Indirectly, an
animal study also showed that stimulation with high concentra-
tion of IFN-γ could increase the expression of IL-1β [40], which is
an inflammatory cytokine that can affect the expression of
chloride transporters and delay the developmental switch of

Fig. 1 Sparse canonical correlation analysis. We carried out sparse canonical correlation analysis in A Discovery Set and B Validation Set. The
canonical scores between CARS and cytokines, which were min-max normalised and log transformed, were significant related in both
data sets.
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GABA signalling [17]. Therefore, the immune system may
interact with the mechanism of action of bumetanide to restore
the GABA function in ASD.
The cytokine-symptom association was identified in the changes

after the treatment of bumetanide but not before the treatment,
suggesting that bumetanide might interact with the cytokines and
the changes of which contributed to the treatment effect of
bumetanide. Animal studies showed a rapid brain efflux of
bumetanide, but a number of clinical trials have shown a significant
treatment effect for neuropsychiatric disorders, including ASD,
epilepsy and depression [41, 42]. These findings may suggest the
possible systemic effects of bumetanide as a neuromodulator for
these neuropsychiatric disorders. Considering its molecular structure,
bumetanide has been recently identified by an in vitro screen of
small molecules that can act as an anti-proinflammatory drug via
interleukin inhibition [43]. This anti-proinflammatory activity of
bumetanide might alter the blood levels of cytokines outside the
brain-blood-barrier (BBB). In fact, it has already been reported that
bumetanide reduced the Lipopolysaccharide-induced production of
proinflammatory cytokines following a direct pulmonary

administration in RAW264.7 cells and in lung-injured mice [44].
These inflammatory signalling messengers may pass the BBB [45]
and influence the neuronal chloride homoeostasis via, for example,
altering the KCC2 expression [18]. The plausibility of reducing
inflammation to enhance the KCC2 expression has recently been
discussed in a 2020 review [17]. Indeed, we found that the best
responding group (Hedge’s g= 2.16 for the reduction of CARS total
score) had the greatest increase in the cytokine-component score. In
the contrary, the least responding group (g= 1.02) had the greatest
decrease in the cytokine-component score. Taken together, these
findings suggest that bumetanide may be a drug to inhibit NKCC1
and enhance KCC2 through its interplay with the cytokines inside
and/or outside of the brain.
It was disappointing that the phase 3 clinical studies

assessing bumetanide in the treatment of ASD were terminated
after the middle analysis, which showed no sign of effective-
ness, led by two pharmaceutical companies Servier and
Neurochlore [https://servier.com/en/communique/servier-and-
neurochlore-announce-the-main-results-of-the-two-phase-3-clinical-
studies-assessing-bumetanide-in-the-treatment-of-autism-spectrum-

Fig. 2 Differences in three immuno-behavioural groups. K-means cluster plot on the immuno-behavioural plane. K-means cluster analysis
was carried out in Discovery Set (A) and the patients from the Validation Set were mapped to this immuno-behavioural plane (B). C Radar
chart for the ratios of changes to baseline of CARS and cytokine levels in 3 immuno-behavioural groups. D Boxplot for the significant changes
of CARS and cytokine levels in 3 immuno-behavioural groups.

Q. Li et al.

6

Translational Psychiatry          (2022) 12:228 

https://servier.com/en/communique/servier-and-neurochlore-announce-the-main-results-of-the-two-phase-3-clinical-studies-assessing-bumetanide-in-the-treatment-of-autism-spectrum-disorders-in-children-and-adolescents/
https://servier.com/en/communique/servier-and-neurochlore-announce-the-main-results-of-the-two-phase-3-clinical-studies-assessing-bumetanide-in-the-treatment-of-autism-spectrum-disorders-in-children-and-adolescents/
https://servier.com/en/communique/servier-and-neurochlore-announce-the-main-results-of-the-two-phase-3-clinical-studies-assessing-bumetanide-in-the-treatment-of-autism-spectrum-disorders-in-children-and-adolescents/


disorders-in-children-and-adolescents/]. To date, the detailed results
of these Phase 3 trials have not been published, we could not learn
more details about the operation and the outcomes. Considering
the nature of heterogeneity in the aetiology and pathology of ASD,
the development of biological first-line treatment may only be
effective in certain subtypes [46]. Therefore, an important direction
of bumetanide treatment is to identify potential biomarkers for a
high responsiveness to this drug, and thereby to identify those
patients who are more likely to benefit from this treatment. Indeed,
our findings of an association between cytokine levels and the
symptom improvement after the bumetanide treatment demon-
strated the potential of cytokine levels as blood biomarkers for
precision medicine in ASD. Our findings may suggest that the
identified canonical score of cytokines had a potential to construct a
blood signature for predicting and monitoring the bumetanide
treatment in young children with ASD. Accurately identifying
patients who are likely to respond positively to bumetanide can
facilitate the precision medicine for ASD. Our prediction model
based on the cytokine levels before the treatment may provide a
potentially new tool for the precision medicine of ASD. Given the
inherit heterogeneity of ASD, it is of great clinical value to accurately
identify the subgroup of ASD patients that are likely to respond
positively to its medical treatments [47]. Multiple factors, including
both genetic and environmental factors, could contribute to the
heterogeneity of ASD and its response to treatment [12, 19, 48]. For
example, prenatal insults including maternal infection and sub-
sequent immunological activation during gestation may increase
the risk of autism in the child [19]. Increased exposure to air
pollution during gestation was also associated with abnormalities in
mitochondrial metabolism during childhood, which may also
increase the risk for ASD [47]. However, our findings suggested
that using the cytokine levels improved the prediction of response
to the bumetanide treatment for ASD in three folds: (1) The
immuno-behavioural covariation enabled the identification of more
homogenous subgroup of ASD in terms of response to bumetanide.
Using five models and an independent test data set, we
demonstrated consistent evidence that the responding group
identified by the immuno-behavioural covariation could be
significantly better predicted by the baseline information compared
with the responder group defined by the CARS alone. (2) Combining
the cytokine levels with clinical assessments of CARS, ADOS and SRS
before treatment, we achieved a higher accuracy of 84.3% in
identifying the ASD children that were likely to respond positively to
the bumetanide treatment. (3) The blood cytokine levels are more
easily accessible in clinical practice.
There are several limitations of our study. Although we had

two separate data sets to validate our findings, the sample sizes
were limited. Previously a sex difference in the cytokine-
symptom association had been reported, but we could not test
such sex difference owing to the small numbers of girls with
ASD in our sample [49]. Hence, future multi-centre, prospective
studies with lager sample sizes are necessary to confirm the
current findings. Second, the hypothesised molecular mechan-
ism underlying the bumetanide treatment effect for ASD
requires causal confirmation in animal studies.
In summary, we identified an association between the changes

of the cytokine levels and the improvements in symptoms after
the bumetanide treatment in young children with ASD, and found
that the treatment effect of bumetanide can be better char-
acterised by an immuno-behavioural covariation. This finding may
provide new clinically important evidence supporting the
hypothesis that immune responses may interact with the
mechanism of bumetanide to restore the GABAergic function in
ASD. This finding may also have relevance for determining
enriched samples of ASD children to participate in novel drug
treatment studies of drugs with a similar mode of action to
bumetanide, but with potentially greater efficacy and fewer side
effects.Ta

bl
e
2.

C
h
an

g
es

in
C
A
R
S
an

d
cy
to
ki
n
e
le
ve
ls
af
te
r
th
e
tr
ea
tm

en
t
in

th
re
e
im

m
u
n
o
-b
eh

av
io
u
ra
l
g
ro
u
p
s.

B
es
t
re
sp

on
d
in
g
g
ro
up

(n
=
17

)
Le

as
t
re
sp

on
d
in
g
g
ro
up

(n
=
18

)
M
ed

iu
m

re
sp

on
d
in
g
g
ro
up

(n
=
44

)
χ
2 2

pd

m
ea

n
(S
D
)

ta
H
ed

g
e’
s
g

pd
m
ea

n
(S
D
)

tb
H
ed

g
e’
s
g

pd
m
ea

n
(S
D
)

tc
H
ed

g
e’
s
g

pd

C
A
R
S_

to
ta
l

3.
32

(1
.4
7)

9.
34

2.
16

<
0.
00

1
1.
03

(0
.9
6)

4.
53

1.
02

<
0.
00

1
1.
41

(0
.9
7)

9.
61

1.
42

<
0.
00

1
25

.6
9

<
0.
00

1

C
A
R
S_

S
2.
15

(1
.1
3)

7.
84

1.
81

<
0.
00

1
0.
64

(0
.8
7)

3.
11

0.
70

0.
01

0
0.
86

(0
.7
6)

7.
56

1.
14

<
0.
00

1
20

.3
5

<
0.
00

1

C
A
R
S_

N
0.
35

(0
.5
8)

2.
51

0.
58

0.
02

6
0.
69

(0
.5
5)

5.
40

1.
21

<
0.
00

1
0.
20

(0
.5
2)

2.
61

0.
39

0.
01

6
10

.6
3

0.
00

5

C
A
R
S_

D
0.
91

(0
.5
1)

7.
41

1.
71

<
0.
00

1
−
0.
06

(0
.4
2)

−
0.
57

−
0.
13

0.
57

9
0.
39

(0
.3
4)

7.
57

1.
14

<
0.
00

1
30

.3
3

<
0.
00

1

IF
N
-γ

−
0.
37

(1
4.
72

)
−
0.
10

−
0.
02

0.
92

7
−
14

.5
0
(1
0.
46

)
−
5.
88

−
1.
32

<
0.
00

1
−
3.
83

(9
.5
4)

−
2.
66

−
0.
39

0.
01

6
13

.8
1

0.
00

2

IF
N
-α
2

11
.1
5
(1
2.
60

)
3.
65

0.
84

0.
00

6
−
1.
63

(7
.8
7)

−
0.
88

−
0.
20

0.
50

2
4.
68

(1
0.
00

)
3.
10

0.
46

0.
00

8
12

.4
6

0.
00

2

M
IG

58
6.
62

(7
77

.1
1)

3.
11

0.
72

0.
01

2
−
69

8.
83

(6
23

.1
0)

−
4.
76

−
1.
07

<
0.
00

1
−
6.
53

(4
70

.7
7)

−
0.
09

−
0.
01

0.
92

7
31

.6
8

<
0.
00

1

CA
RS
_t
ot
al

C
A
R
S
to
ta
ls
co

re
,C

A
RS
_S

C
A
R
S
sc
o
re

o
n
so
ci
al
im

p
ai
rm

en
t
d
o
m
ai
n
,C

A
RS
_N

C
A
R
S
sc
o
re

o
n
n
eg

at
iv
e
em

o
ti
o
n
al
it
y
d
o
m
ai
n
,C

A
RS
_D

C
A
R
S
sc
o
re

o
n
d
is
to
rt
ed

se
n
so
ry

re
sp
o
n
se

d
o
m
ai
n
,I
FN

-γ
In
te
rf
er
o
n

g
am

m
a,

IF
N
-α
2
in
te
rf
er
o
n
al
p
h
a
2,

M
IG

m
o
n
o
ki
n
e
in
d
u
ce
d
b
y
g
am

m
a
in
te
rf
er
o
n
.

a T
h
e
d
eg

re
e
o
f
fr
ee

d
o
m

fo
r
th
e
O
n
e-
sa
m
p
le

t-
te
st

st
at
is
ti
c
is
16

.
b
Th

e
d
eg

re
e
o
f
fr
ee

d
o
m

fo
r
th
e
O
n
e-
sa
m
p
le

t-
te
st

st
at
is
ti
c
is
17

.
c T
h
e
d
eg

re
e
o
f
fr
ee

d
o
m

fo
r
th
e
O
n
e-
sa
m
p
le

t-
te
st

st
at
is
ti
c
is
43

.
d
FD

R
co

rr
ec
ti
o
n
fo
r
m
u
lt
ip
le

co
m
p
ar
is
o
n
s.

Q. Li et al.

7

Translational Psychiatry          (2022) 12:228 

https://servier.com/en/communique/servier-and-neurochlore-announce-the-main-results-of-the-two-phase-3-clinical-studies-assessing-bumetanide-in-the-treatment-of-autism-spectrum-disorders-in-children-and-adolescents/


DATA AVAILABILITY
The data of this study are available under reasonable and ethically approved request
to the corresponding authors.

CODE AVAILABILITY
The R code of this study is available at https://github.com/qluo2018/ImmunoASD4BTN.

REFERENCES
1. Lord C, Elsabbagh M, Baird G, Veenstra-Vanderweele J. Autism spectrum disorder.

Lancet. 2018;392(10146):508–20.
2. Hirvikoski T, Mittendorfer-Rutz E, Boman M, Larsson H, Lichtenstein P, Bölte S.

Premature mortality in autism spectrum disorder. Br J Psychiatry. 2016;208
(3):232–8.

3. Phillips AG. Placing old wine into new bottles: Successful repurposing of
bumetanide for treatment of autism spectrum disorder. Sci Bull. 2021;66
(15):1491–2.

4. James BJ, Gales MA, Gales BJ. Bumetanide for autism spectrum disorder in children:
a review of randomized controlled trials. Ann Pharmacother. 2019;53(5):537–44.

5. Zhang L, Huang C-C, Dai Y, Luo Q, Ji Y, Wang K, et al. Symptom improvement
in children with autism spectrum disorder following bumetanide adminis-
tration is associated with decreased GABA/glutamate ratios. Transl Psychiatry.
2020;10(1):9.

6. Lemonnier E, Degrez C, Phelep M, Tyzio R, Josse F, Grandgeorge M, et al. A
randomised controlled trial of bumetanide in the treatment of autism in children.
Transl Psychiatry. 2012;2:e202.

7. Lemonnier E, Villeneuve N, Sonie S, Serret S, Rosier A, Roue M, et al. Effects of
bumetanide on neurobehavioral function in children and adolescents with aut-
ism spectrum disorders. Transl Psychiatry. 2017;7(3):e1056.

8. Dai Y, Zhang L, Yu J, Zhou X, He H, Ji Y, et al. Improved symptoms following
bumetanide treatment in children aged 3 to 6 years with autism spectrum disorder:
a randomized, double-blind, placebo-controlled trial. Sci Bull. 2021;66(15):1591–8.

9. Sprengers JJ, van Andel DM, Zuithoff NPA, Keijzer-Veen MG, Schulp AJA,
Scheepers FE, et al. Bumetanide for core symptoms of autism spectrum disorder
(BAMBI): a single center, double-blinded, participant-randomized, placebo-con-
trolled, phase-2 superiority trial. J Am Acad Child Adolesc Psychiatry. 2021;60
(7):865–76.

10. Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, Nutt DJ. GABA system
dysfunction in autism and related disorders: from synapse to symptoms. Neurosci
Biobehav Rev. 2012;36(9):2044–55.

11. Chao H-T, Chen H, Samaco RC, Xue M, Chahrour M, Yoo J, et al. Dysfunction in
GABA signalling mediates autism-like stereotypies and Rett syndrome pheno-
types. Nature. 2010;468(7321):263–9.

12. Tyzio R, Nardou R, Ferrari DC, Tsintsadze T, Shahrokhi A, Eftekhari S, et al.
Oxytocin-mediated GABA inhibition during delivery attenuates autism patho-
genesis in rodent offspring. Science. 2014;343(6171):675–9.

13. Lemonnier E, Ben-Ari Y. The diuretic bumetanide decreases autistic behaviour in
five infants treated during 3 months with no side effects. Acta Paediatr. 2010;99
(12):1885–8.

14. Du L, Shan L, Wang B, Li H, Xu Z, Staal WG, et al. A pilot study on the combination
of applied behavior analysis and bumetanide treatment for children with autism.
J Child Adolesc Psychopharmacol. 2015;25(7):585–8.

15. Jones KA, Thomsen C. The role of the innate immune system in psychiatric
disorders. Mol Cell Neurosci. 2013;53:52–62.

Fig. 3 ROC curve for prediction for the immuno-behaviourally defined responding group. The classifiers included the Oblique Random
Forest (ORF) model, Partial Least Squares (PLS) model, Support Vector Machine (SVM) model, sparse Linear Discriminant Analysis (sLDA) model
and Neural Networks (NN) model. Based on the immuno-behavioural covariation plane, the models were trained to predict the response to
bumetanide for the children with ASD. As described in the main text, the models were trained using the Discovery Set, and tested using the
Validation Set. The performances of the classification accuracy in the testing data set were reported in this figure. A Models with the cytokine
levels at the baseline for predicting patients with ASD in the best responding group. B Models without the cytokine levels at the baseline for
predicting patients with ASD in the best responding group. C Models with the cytokine levels at the baseline for predicting patients with ASD
in the least responding group. D Models without the cytokine levels at the baseline for predicting patients with ASD in the least
responding group.

Q. Li et al.

8

Translational Psychiatry          (2022) 12:228 

https://github.com/qluo2018/ImmunoASD4BTN


16. Bertelsen LS, Eckmann L, Barrett KE. Prolonged interferon-gamma exposure
decreases ion transport, NKCC1, and Na+-K+-ATPase expression in human intestinal
xenografts in vivo. Am J Physiol Gastrointest Liver Physiol. 2004;286(1):G157–G165.

17. Pozzi D, Rasile M, Corradini I, Matteoli M. Environmental regulation of the chloride
transporter KCC2: switching inflammation off to switch the GABA on? Transl
Psychiatry. 2020;10(1):349.

18. Corradini I, Focchi E, Rasile M, Morini R, Desiato G, Tomasoni R, et al. Maternal
immune activation delays excitatory-to-inhibitory gamma-aminobutyric acid
switch in offspring. Biol Psychiatry. 2018;83(8):680–91.

19. Meltzer A, Van de Water J. The role of the immune system in autism spectrum
disorder. Neuropsychopharmacology. 2017;42(1):284–98.

20. Saghazadeh A, Ataeinia B, Keynejad K, Abdolalizadeh A, Hirbod-Mobarakeh A,
Rezaei N. Anti-inflammatory cytokines in autism spectrum disorders: A systematic
review and meta-analysis. Cytokine. 2019;123:154740.

21. Kordulewska NK, Kostyra E, Piskorz-Ogórek K, Moszyńska M, Cieślińska A,
Fiedorowicz E, et al. Serum cytokine levels in children with spectrum autism
disorder: Differences in pro- and anti-inflammatory balance. J Neuroimmunol.
2019;337:577066.

22. Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li X-M, et al. Elevated immune
response in the brain of autistic patients. J Neuroimmunol. 2009;207(1-2):111–6.

23. Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA. Neuroglial
activation and neuroinflammation in the brain of patients with autism. Ann
Neurol. 2005;57(1):67–81.

24. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, Van de Water J.
Associations of impaired behaviors with elevated plasma chemokines in autism
spectrum disorders. J Neuroimmunol. 2011;232(1-2):196–9.

25. Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto I, Hansen RL, Croen LA, et al.
Decreased transforming growth factor beta1 in autism: a potential link between
immune dysregulation and impairment in clinical behavioral outcomes. J Neu-
roimmunol. 2008;204(1-2):149–53.

26. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I, Van de Water J.
Elevated plasma cytokines in autism spectrum disorders provide evidence of
immune dysfunction and are associated with impaired behavioral outcome. Brain
Behav Immun. 2011;25(1):40–45.

27. Masi A, Glozier N, Dale R, Guastella AJ. The immune system, cytokines, and
biomarkers in autism spectrum disorder. Neurosci Bull. 2017;33(2):194–204.

28. DiLalla DL, Rogers SJ. Domains of the childhood autism rating scale: Relevance for
diagnosis and treatment. J Autism Developmental Disord. 1994;24(2):115–28.

29. Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, DiLavore PC, et al. The autism
diagnostic observation schedule-generic: a standard measure of social and
communication deficits associated with the spectrum of autism. J Autism
Developmental Disord. 2000;30(3):205–23.

30. Constantino JN, Gruber CP. Social responsiveness scale: SRS-2. Torrance, CA:
Western Psychological Services; 2012.

31. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression
data using empirical Bayes methods. Biostatistics. 2007;8(1):118–27.

32. Csala A, Voorbraak FPJM, Zwinderman AH, Hof MH. Sparse redundancy ana-
lysis of high-dimensional genetic and genomic data. Bioinformatics. 2017;33
(20):3228–34.

33. Charrad M, Ghazzali N, Boiteau V, Niknafs A. NbClust: an R package for deter-
mining the relevant number of clusters in a data set. J Stat Softw. 2014;61:1–36.

34. Kuhn M. Building predictive models in R using the caret package. J Stat Softw.
2008;1(Issue 5):2008.

35. Saghazadeh A, Ataeinia B, Keynejad K, Abdolalizadeh A, Hirbod-Mobarakeh A,
Rezaei N. A meta-analysis of pro-inflammatory cytokines in autism spectrum
disorders: effects of age, gender, and latitude. J Psychiatr Res. 2019;115:90–102.

36. Molloy CA, Morrow AL, Meinzen-Derr J, Schleifer K, Dienger K, Manning-Courtney
P, et al. Elevated cytokine levels in children with autism spectrum disorder. J
Neuroimmunol. 2006;172(1-2):198–205.

37. Abdallah MW, Larsen N, Mortensen EL, Atladóttir HÓ, Nørgaard-Pedersen B, Bone-
feld-Jørgensen EC, et al. Neonatal levels of cytokines and risk of autism spectrum
disorders: an exploratory register-based historic birth cohort study utilizing the
Danish Newborn Screening Biobank. J Neuroimmunol. 2012;252(1-2):75–82.

38. Resta-Lenert S, Barrett KE. Probiotics and commensals reverse TNF-alpha- and
IFN-gamma-induced dysfunction in human intestinal epithelial cells. Gastro-
enterology. 2006;130(3):731–46.

39. Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K, et al. The K+/Cl-
co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation.
Nature. 1999;397(6716):251–5.

40. Schmidt J, Barthel K, Wrede A, Salajegheh M, Bähr M, Dalakas MC. Interrelation of
inflammation and APP in sIBM: IL-1 beta induces accumulation of beta-amyloid in
skeletal muscle. Brain. 2008;131(Pt 5):1228–40.

41. Kharod SC, Kang SK, Kadam SD. Off-label use of bumetanide for brain disorders:
an overview. Front Neurosci. 2019;13:310.

42. Hu D, Yu Z-L, Zhang Y, Han Y, Zhang W, Lu L, et al. Bumetanide treatment during
early development rescues maternal separation-induced susceptibility to stress.
Sci Rep. 2017;7(1):11878.

43. Wang Z, Wang Y, Vilekar P, Yang S-P, Gupta M, Oh MI, et al. Small molecule
therapeutics for COVID-19: repurposing of inhaled furosemide. PeerJ. 2020;8:
e9533–e9533.

44. Hung C-M, Peng C-K, Wu C-P, Huang K-L. Bumetanide attenuates acute lung
injury by suppressing macrophage activation. Biochemical Pharmacol.
2018;156:60–67.

45. Banks WA, Kastin AJ, Broadwell RD. Passage of cytokines across the blood-brain
barrier. Neuroimmunomodulation. 1995;2(4):241–8.

46. Lord C, Charman T, Havdahl A, Carbone P, Anagnostou E, Boyd B et al. The Lancet
Commission on the future of care and clinical research in autism. (1474-547X
(Electronic)). 2021. https://doi.org/10.1016/S0140-6736(21)01541-5.

47. Loth E, Murphy DG, Spooren W. Defining precision medicine approaches to
autism spectrum disorders: concepts and challenges. Front Psychiatry.
2016;7:188–188.

48. Frye RE, Cakir J, Rose S, Delhey L, Bennuri SC, Tippett M, et al. Prenatal air
pollution influences neurodevelopment and behavior in autism spectrum dis-
order by modulating mitochondrial physiology. Mol Psychiatry. 2021;26
(5):1561–77.

49. Masi A, Breen EJ, Alvares GA, Glozier N, Hickie IB, Hunt A, et al. Cytokine levels and
associations with symptom severity in male and female children with autism
spectrum disorder. Mol Autism. 2017;8:63–63.

ACKNOWLEDGEMENTS
This study was supported by grants from the National Natural Science Foundation
of China (82125032, 81930095, 81761128035, 81873909, 82001771 and
81761128011), the National Key Research and Development Program of China
(Grant No. 2019YFA0709502), the Science and Technology Commission of Shanghai
Municipality (19410713500, 2018SHZDZX01 and 20ZR1404900), the Shanghai
Municipal Commission of Health and Family Planning (GWV-10.1-XK07,
2020CXJQ01, 2018YJRC03, 20214Y0125 and 2018BR33), the Guangdong Key Project
(2018B030335001), the Shanghai Clinical Key Subject Construction Project
(shslczdzk02902), the Shanghai Municipal Science and Technology Major Project
(2021SHZDZX0103), the Shanghai Municipal Science and Technology Majoy Project
(2017SHZDZX01), and innovative research team of high-level local universities in
Shanghai (SHSMU-ZDCX20211100).

AUTHOR CONTRIBUTIONS
Q-YL, L-LZ and H-DS contributed equally to this work; FL and QL conceptualised the
study; Q-YL, L-LZ, H-DS, J-HY and QL performed data analysis; H-DS, L-LZ, J-HY, YD,
HH, W-GL and FL collected the data; Q-YL and QL wrote the first draft of the
manuscript with contributions from all the other authors; CL, BJS, YY and FL made
critical revisions of the manuscript; All authors commented on and approved the final
manuscript.

COMPETING INTERESTS
BJS consults for Cambridge Cognition and Peak, UK. Xinhua Hospital affiliated to
Shanghai Jiao Tong University School of Medicine have filed and licensed a patent
application (PCT/CN2022/087139) for the work described in this manuscript with FL
listed as inventor. All other authors declare no conflict of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-01987-x.

Correspondence and requests for materials should be addressed to Qiang Luo or Fei
Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Q. Li et al.

9

Translational Psychiatry          (2022) 12:228 

https://doi.org/10.1016/S0140-6736(21)01541-5
https://doi.org/10.1038/s41398-022-01987-x
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Q. Li et al.

10

Translational Psychiatry          (2022) 12:228 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The immuno-behavioural covariation associated with the treatment response to bumetanide in young children with autism spectrum disorder
	Introduction
	Materials and methods
	Participants
	Measures
	Clinical assessments
	Cytokine levels

	Statistical analysis
	Data preprocessing
	Multivariate association analysis to characterise the immuno-behavioural covariation
	Clustering analysis to identify the immuno-behavioural groups
	Prediction of the treatment response to bumetanide using the baseline information


	Results
	Participants
	Changes after the administration of bumetanide
	Covariation between symptom improvement and cytokine changes
	Three distinct response patterns revealed by the immuno-behavioural covariation
	Baseline cytokine levels helped in identifying the treatment-responders

	Discussion
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




