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Precision microbial intervention improves social
behavior but not autism severity: A pilot double-blind
randomized placebo-controlled trial
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In brief

L. reuteri treatment (ATCC-PTA-6475 +
DSM-17938) improves social functioning
in children with autism, but not other
symptoms. Interestingly, the ATCC-PTA-
6475 strain, but not the parental strain of
DSM-17938, improves social behavior in
mice. The findings warrant larger trials in
which the effect of specific strains is also
tested.
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SUMMARY

Autism spectrum disorder (ASD) is characterized by the presence of restricted/repetitive behaviors and so-
cial communication deficits. Because effective treatments for ASD remain elusive, novel therapeutic strate-
gies are necessary. Preclinical studies show that L. reuteri selectively reversed social deficits in several
models for ASD. Here, in a double-blind, randomized, placebo-controlled trial, we tested the effect of
L. reuteri (a product containing a combination of strains ATCC-PTA-6475 and DSM-17938) in children with
ASD. The treatment does not alter overall autism severity, restricted/repetitive behaviors, the microbiome
composition, or the immune profile. However, L. reuteri combination yields significant improvements in so-
cial functioning that generalized across different measures. Interestingly, ATCC-PTA-6475, but not the
parental strain of DSM-17938, reverses the social deficits in a preclinical mouse model for ASD. Collectively,
our findings show that L. reuteri enhances social behavior in children with ASD, thereby warranting larger tri-
als in which strain-specific effects should also be investigated.

INTRODUCTION the US is projected to reach $461 billion by 2025.” Despite being

a major public health concern, effective treatments for the core

Autism spectrum disorder (ASD) is a heterogeneous neurodeve-
lopmental disorder characterized by impairments in social inter-
action and communication abilities in addition to the presence of
restricted and repetitive patterns of behaviors and interests.’
The worldwide prevalence of ASD has increased dramatically
over the last three decades,”® with the most recent reports in
the United States (US) putting the prevalence at 1 in every 44 in-
dividuals.” The annual cost of caring for individuals with ASD in
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symptoms, including social communication deficits, remain
elusive. Thus, the development of novel treatment strategies is
an urgent priority.®°

Traditional research on the biology of ASD has focused on the
brain, aiming to identify key brain regions and circuits, relevant
molecular mechanisms, and/or new genetic variants associated
with ASD."® Consequently, current clinical studies using phar-
macological therapeutics for ASD target the brain directly (e.g.,
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100 subjects assessed for eligibility

¢? CellPress

Figure 1. The CONSORT flow diagram for
the clinical trial with L. reuteri

The CONSORT flow diagram details the progress,
from screening through study completion, in the

43 subjects did not meet

randomized, double-blind, placebo-controlled
trial testing 6 months of precision bacterial inter-

inclusion criteria vention with L. reuteri versus placebo in children

v

57 subjects considered eligible

with ASD.

dent of B and T cells.?” Importantly, these
preclinical findings are generalizable to

8 subjects decided
not to participate

A
v

models for ASD with different underlying
etiologies (e.g., genetic, idiopathic,

6 subjects withdrew
prior to randomization

43 blindly randomized

and environmental®®?%) and have been
reproduced by several investigators.?®°
In addition, the beneficial effects of
L. reuteri appear to be selective for social
behavior because the bacteria fail to
reverse other behavioral deficits (e.g., re-
petitive behavior, changes in activity
levels, anxiety-related behavior) in ASD
mouse models.?>?* Finally, L. reuteri
has been certified as “generally recog-

21 subjects assigned
to L. reuteri group

22 subjects assigned
to placebo group

nized as safe” (GRAS) for use in humans
by the United States Food and Drug
Administration (FDA) and has already

been safely administered to newborns
within the first 3 months of life in a clinical
trial for unrelated disorders.®® Thus,
we wondered whether L. reuteri would
be a promising therapeutic option for
improving symptoms in children with

21 subjects (100%)
completed the study

22 subjects (100%)
completed the study

ASD, with a particular emphasis on social
behavior.
To test this hypothesis, we performed

1 12,13

risperidone,’’ oxytocin, vasopressin,'* etc.). However, an
expanding body of preclinical research shows that gut microbes
are important modulators of host physiology, '° including the en-
dophenotypes associated with ASD."®2° More specifically, we
serendipitously discovered that the commensal bacterial spe-
cies Limosilactobacillus (L.) reuteri (formerly known as Lactoba-
cillus reuteri’') selectively reversed the social deficits in a
maternal high-fat-diet mouse model for neurodevelopmental
disorders.?

Subsequent studies aimed at dissecting the mechanism(s) by
which the bacteria modulates social behavior revealed that
L. reuteri reverses the social deficits in ASD models via the vagus
nerve and promotes social reward by targeting the oxytocin-
dopaminergic reward circuit,”>?* a critical pathway involved in
social behaviors.?*?° Furthermore, L. reuteri did not significantly
alter the overall microbiome composition in mouse models for
ASD,?® and L. reuteri alone was sufficient to reverse social defi-
cits in mice lacking microbiota (germ-free mice?®), indicating that
the effect of L. reuteri on social behavior is independent of other
microbes in the gut. In addition, we recently found that L. reuteri
reversed social deficits in the absence of a mature adaptive im-
mune system, indicating that its prosocial effect is likely indepen-

a double-blind, randomized, placebo-
controlled, parallel-design pilot trial in children with ASD. Impor-
tantly, we found that L. reuteri, compared with placebo, signifi-
cantly improved social functioning, both in terms of reducing so-
cial deficits, as measured by the social responsiveness scale
(SRS®*'®?), and increasing adaptive social functioning, as
measured by the social adaptive composite score of the Adap-
tive Behavior Assessment System, Second Edition (ABAS-2°°).
L. reuteri did not improve overall autism severity, restricted and
repetitive behaviors, and co-occurring psychiatric and behav-
ioral problems, nor did it significantly modulate the microbiome
or immune response. Thus, this safe microbial manipulation
has the potential for improving social deficits associated with
ASD in children.

RESULTS

Effects of L. reuteri treatment in a human trial:
Participants

One hundred potential participants were assessed for eligibility
(see Figure 1 for patient disposition throughout the study).
Forty-three were excluded as they did not meet the inclusion/
exclusion criteria. Of the 57 eligible participants, 8 declined to
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Table 1. Baseline comparison between control and treatment
groups

Control Treatment
N 22 21
Male/female sex, n 16/6 19/2
Age, mean (SD), years 5.94 (1.29) 6.23 (1.15)
NVIQ, mean (SD) 88.95 (21.32) 95.19 (25.05)
ADOS-2 total CSS, mean (SD) 7.13(0.82) 6.75 (1.62)
SRS total T score, mean (SD) 84.59 (16.90) 88.50 (17.86)
CBCL internalizing score, mean (SD) 62.33 (8.21)  61.20 (9.88)
CBCL externalizing score, mean (SD) 56.62 (8.75)  59.45 (12.51)
ABAS-2 GAC score, mean (SD) 58.23 (15.44) 58.60 (12.45)
PSI/SF total score, mean (SD) 67.50 (22.27) 68.30 (28.10)
GSRS total score, mean (SD) 5.10 (3.39) 6.35 (4.89)

NVIQ, non-verbal intelligence quotient; ADOS-2, Autism Diagnostic
Observation Schedule, Second Edition; CSS, calibrated severity score;
SRS, social responsiveness scale; total T score, gender-normalized total
score; CBCL, Child Behavior Checklist; ABAS-2, Adaptive Behavior
Assessment System, second edition; GAC, general adaptive composite;
PSI/SF, Parenting Stress Index Short Form; GSRS, Gastrointestinal
Symptoms Rating Scale; no statistical difference observed between the
two groups on any of the above variables.

participate, and 6 withdrew before baseline assessments were
completed. Thus, a total of 43 children ultimately participated
in the randomized trial to receive either L. reuteri (see STAR
Methods; 21 participants: 19 males, 2 females; mean age 5.8 +
1.3 years) or placebo (22 participants: 16 males, 6 females;
mean age 5.5 = 1.2 years [Table 1]). No differences were
observed between the groups at baseline (Table 1). All the sub-
jects in both the L. reuteri and placebo groups completed
the study.

Effects of L. reuteri treatment in a human trial:
Behavioral outcomes

We did not observe improvements on measures of the primary
outcome measure of overall symptom severity as assessed by
the Autism Diagnostic Observation Schedule, Second Edition
(ADOS-2), total calibrated severity score (Table 2). Importantly,
secondary efficacy analyses revealed that 6 months of
L. reuteri treatment improved social behaviors as measured by
the SRS total T score (Table 2). Social functioning is a complex
and multifaceted domain, encompassing subdomains with at
least partially distinct etiologies that may respond differently to
different treatments. Therefore, we sought to determine whether
L. reuteri had similar effects across different social subdomains
that we identified in a recent large-scale factor analysis,*’ in line
with goals of the National Institute of Mental Health’s Research
Domain Criteria initiative.** Accordingly, we observed improve-
ment in the social communication subdomain but not in the so-
cial motivation or mental state understanding subdomains (Ta-
ble 2). Importantly, and consistent with the results of the SRS,
we observed a significant improvement in the adaptive social
functioning subdomain (measured by the social adaptive com-
posite score of the ABAS-2) in participants receiving L. reuteri
combination in comparison with the placebo (Table 2). The pos-
itive signal was specific to social functioning, given that we did
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not observe improvements in other secondary outcome mea-
sures assessing restricted repetitive behaviors, general psycho-
pathology, non-social aspects of adaptive functioning, parental
stress, and gastrointestinal (Gl) symptomatology, as assessed
by the Restricted Repetitive Behaviors Scale (revised) (RBS-R)
subscale scores, Child Behavior Checklist (CBCL) internalizing
and externalizing problem scores, ABAS, Parenting Stress Index
Short Form (PSI/SF) total score, and Gastrointestinal Symptoms
Rating Scale (GSRS) total score (Table 2). Thus, L. reuteri treat-
ment combination selectively improves social functioning in chil-
dren with ASD.

Effects of L. reuteri treatment in a human trial: Safety
evaluation

Minimal or no adverse effects (AEs; Table S1) were observed,
with the exception of one subject in the active group who expe-
rienced worsening of baseline Gl agitation and irritability
requiring temporary interruption of treatment, which was fol-
lowed by symptom resolution. Although most reported AEs
were Gl, no differences between the L. reuteri and placebo
groups were detected from chi-squared tests for individual
side effects (X2 = 0.42, p = 0.49, Phi = 0.12) or all Gl AEs com-
bined (X? = 0.73, p = 0.99, Phi =.05).

Effects of L. reuteri treatment in a human trial:
Microbiome profile

Given that L. reuteri can produce anti-microbial peptides, we
examined whether introduction of L. reuteri alters the human
gut microbial ecology, a primary outcome for the study. To
this end, metagenomic analyses were performed in feces
from the participants (see STAR Methods). To assess micro-
biome composition, we analyzed several metrics for alpha
diversity and beta diversity. There was no significant time-by-
treatment effect across several metrics for alpha diversity (i.e.,
observed operational taxonomic units [OTUs], Shannon diversity
index, Chao1l index, and Faith’s phylogenetic diversity;
Figures 2A and S1A-S1C) or beta diversity (i.e., Brays-Curtis, un-
weighted UniFrac, weighted UniFrac, and Jaccard distances;
Figures 2B and S1D-S1F), indicating that L. reuteri did not
induce widespread changes in the microbiome composition. In
addition, when we performed differentially abundant taxa ana-
lyses, we only identified 4 out of 1,424 taxa (0.28%) as differen-
tially abundant as a function of time and treatment. As expected,
L. reuteri was detected in all the individuals in the treatment
group—but none of the placebo group—at the end of the study
(Figure 2C). In contrast, the other 3 differentially abundant spe-
cies showed changes that were inconsistent among individuals
and occurred in both the control and treatment group
(Figures STH-S1J). In conclusion, L. reuteri treatment did not
considerably alter the overall microbiome composition, consis-
tent with the preclinical findings in mouse models for ASD.?*

35,36

Effects of L. reuteri treatment in a human trial:
Immunological profile

L. reuteri has been shown to interact with the host’s immune
system.®>”*® Thus, we sought to determine whether L. reuteri
treatment would affect different components of the immune
system—a secondary outcome for the study. Examination of
comprehensive immunological panels revealed that L. reuteri



Cell Host & Microbe ¢? CellP’ress

Table 2. Summary of behavioral outcomes

Mean (SD)

Baseline End of treatment Group X time

Control Treatment Control Treatment F p n,f
Autism Diagnostic Observation Schedule, Second Edition (ADOS-2)
Total calibrated severity score 7.13 (0.82) 6.75 (1.62) 7.13 (1.39) 6.75 (1.58) 0.001 0.99 0.000
Social responsiveness scale (SRS)
Total T-score® 84.59 (16.90)" 88.50 (17.86)" 85.09 (17.14)" 80.70 (16.75)" 3.78° 0.031° 0.163°
Social communication® 11.75 (3.6)% 12.3 (5.1)° 13.5 (4.1)° 10.3 (3.5) 6.513° 0.005% 0.325°
Social motivation 5.81 (4.29) 4.71 (3.29) 5.69 (3.30) 3.29 (3.34) 1.962 0.160 0.127
Mental state understanding 20.88 (7.43) 20.57 (5.80) 22.19 (6.31) 19.86 (4.94) 1.010 0.378 0.070
Repetitive Behavior Scale-Revised (RBS-R)
Repetitive motor behaviors 7.10 (5.17) 7.68 (5.89) 7.10 (5.60) 6.95 (6.51) 1.26 0.294 0.064
Compulsions 2.90 (2.98) 3.06 (3.67) 2.52 (2.87) 3.00 (4.58) 0.128 0.881 0.007
Ritualistic/sameness 7.14 (6.09) 8.00 (8.16) 6.05 (6.72) 5.63 (8.41) 0.328 0.723 0.017
Restricted behaviors 2.19 (1.81) 3.26 (2.28) 2.00 (2.26) 2.84 (2.63) 0.296 0.746 0.016
Child Behavior Checklist (CBCL)
Internalizing problems 62.33 (8.21) 61.20 (9.88) 60.38 (8.79) 59.00 (8.16) 1.038 0.364 0.052
Externalizing problems 56.62 (8.75) 59.45 (12.51) 56.48 (9.44) 57.40 (12.98) 2.378 0.106 0.111
Adaptive Behavior Assessment System, Second Edition (ABAS-2)
General adaptive composite score 58.23 (15.44) 58.60 (12.45) 58.95 (17.11) 60.80 (17.69) 1.265 0.293 0.061
Conceptual adaptive composite score 61.00 (12.32) 65.35 (14.40) 61.82 (13.51) 67.95 (17.76) 1.032 0.366 0.050
Social adaptive composite score® 65.86 (12.32)" 65.60 (12.73)" 63.86 (13.50)* 69.70 (14.45)° 4.45° 0.018% 0.186°
Practical adaptive composite score 58.64 (16.34) 57.70 (13.77) 60.86 (20.69) 58.30 (18.25) 0.279 0.624 0.024
Parenting Stress Index Short Form (PSI/SF)
Total score 67.50 (22.27) 68.30 (28.10) 63.50 (29.96) 66.25 (32.40) 0.479 0.623 0.025
Gastrointestinal Symptoms Rating Scale (GSRS)
Total score 5.10 (3.39) 6.35 (4.89) 4.14 (3.86) 4.20 (3.00) 0.823 0.447 0.042

n = 21-22 per group. See also Table S1.
@Highlights statistically significant outcomes.

treatment did not change the overall innate or adaptive immune
profile (Tables 3 and S2). More specifically, we did not identify
significant changes in the frequency of several types of innate
immune cells (i.e., dendritic cells [DCs], monocytes, natural
killer [NK] cells, and innate lymphoid cells [ILCs]) or adaptive
immune cells (i.e., T helper cells [Ty1, T2, Ty17, To1/17], T reg-
ulatory cells [T,eg], CD8" T cells, mucosal-associated invariant T
[MAIT] cells, and T cell receptor [TCR],;* cells) (Table 3). Of
note, the frequency of a subtype of ILCs (i.e., ILC1) was
increased in the control group but not in the treatment group.

Moreover, no significant time-by-treatment changes were
identified in most of the soluble immune factors (e.g., cyto-
kines and chemokines, Table S2). Although there were a few
changes, most of them were driven by either changes specific
to or concomitant with the control group and not by specific
changes in the treatment group (Table S2). Of potential inter-
est, the only significant and specific change driven by
L. reuteri treatment was a reduction in the levels of soluble
CD40L. However, whether this is involved in the changes in
social behavior and how these levels compare to typically
developing children remain to be determined. In conclusion,
L. reuteri treatment did not dramatically alter the host’s overall
immune profile.

Effects of different strains of L. reuteri on social
behavior in a mouse model for ASD

The L. reuteri tablet used as the treatment in the human trial is a
product that contains two strains of L. reuteri (see STAR
Methods, L. reuteri ATCC PTA 6475 and DSM 17938). However,
it is unclear whether both strains can improve social behavior or
whether only one strain is mediating the prosocial effect. Our
previous preclinical studies in mice with social deficits showed
that L. reuteri ATCC PTA 6475 is sufficient to improve social
behavior.?*>*

To determine whether the prosocial effect was strain-specific,
we first sought to determine whether the combination of strains
would improve social behavior in mice as it did in children with
ASD. To answer this question, we treated BTBR mice, an idio-
pathic ASD mouse model,>® with a combination of L. reuteri
ATCC PTA 6475 and L. reuteri ATCC 55730 (the parent strain
of DSM 17938, which has been shown to be genetically [apart
from two antibiotic-resistance-containing plasmids cured from
ATCC 55730] and phenotypically equivalent across several met-
rics [e.g., survival through the gut, adherence to mucus, blood
safety profile, and efficacy in improving acute gastroenteritis in
children] to its daughter strain®®*"). Briefly, mice were tested
for social behavior using the 3-chamber sociability and social
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Figure 2. Metagenomics profile of control and treatment groups

(A) Alpha diversity of metagenomic sequencing of control and treatment groups (n = 14-16 per group per time point) as measured by the number of observed
operational taxonomic units (observed OTUs; two-way repeated measures ANOVA—time X treatment: Fy, g = 2.282, p = 0.142).

(B) Beta diversity of metagenomic sequencing of control and treatment groups (n

(PcoA) of Bray-Curtis distance (PERMANOVA: R? = 0.00743, p = 0.9911).

= 14-16 per group per time point) as measured by principal coordinates analysis

(C) Relative abundance of L. reuteri levels in the metagenomic sequencing of control and treatment groups (n = 14-16 per group per time point; DESeq2 time x

treatment: pagj = 1.02 x 1075).
See also Figure S1.

novelty tests (Figures 3A and 3B), as previously described.?*2*
In the sociability test, we compared the amount of time that
the experimental mouse spent interacting with either a stranger
mouse or an empty wired cup; whereas, in the social novelty
test, we measured the amount of time that the experimental
mouse spent interacting with either a familiar mouse or a novel
mouse (Figure 3A). Unlike the social C57BL/6J mice, BTBR
mice displayed impaired sociability and social novelty, as re-
flected by the lack of preference for the stranger mouse in the so-
ciability test (Figure 3C) and for the novel mouse in the social
novelty test (Figure 3D), consistent with previous results.”®
4 weeks of treatment with this L. reuteri combination reversed
the social deficits in BTBR mice (Figures 3C and 3D) but did
not affect locomotor activity or increased repetitive behaviors
(Figure S5).

Given that different L. reuteri strains have distinct effects on
host phenotypes (e.g., immunomodulation, metabolism®°-°¢),
we next sought to determine whether the prosocial effect in
the ASD mouse model was driven by both strains or only one
of the two strains. Treatment with L. reuteri ATCC PTA 6475 im-
proves social behavior in BTBR mice (Figures 3E and 3F), consis-
tent with our previous findings.”® Remarkably, however, treat-
ment with L. reuteri ATCC 55730 fails to improve social
behavior in BTBR mice (Figures 3E and 3F). Given these results,
it would be interesting to determine whether the prosocial effect
of the L. reuteri treatment (ATCC PTA 6475 + DSM 17938) in chil-
dren with ASD is mediated by the L. reuteri ATCC PTA 6475
strain alone.

DISCUSSION

The gut-microbiota-brain axis is emerging as a potential new
therapeutic target for the treatment of central nervous system
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disorders.'”*? Yet, evidence in humans that microbial-based
therapeutics improve core symptoms of neurological disorders
is missing. For instance, in a preliminary open-label trial, a
small-molecule drug that reduces a microbial metabolite has
recently shown some improvement in anxiety and irritability in
children with ASD, but whether this intervention improves
some of the core ASD symptoms (i.e., social interaction,
communication, and repetitive behaviors) is unknown.*®
Notably, several studies have found that children with ASD
possess distinct gut microbiota profiles compared with neuro-
typical children.**~* However, it is unclear whether the changes
in the microbiota cause the symptoms of ASD or are simply
correlated with restricted dietary preferences.””*® Regardless,
recent clinical studies showed that direct modulation of the gut
microbiome, via fecal microbiota transplants (FMTs), improves
some behavioral symptoms in children with ASD.*°™>" Unfortu-
nately, FMTs present several important challenges, including
an increased risk of adverse events,” the need to source donor
stool, a lack of standardized protocols for preparation and
administration, and the need to screen the stool for patho-
gens.*®** Thus, we believe that the use of a probiotic (single or
combination of strains) could be a better and safer therapeutic
option.

In this regard, in this double-blinded, randomized, placebo-
controlled pilot clinical trial, despite the lack of significant
improvements in the overall severity of ASD symptoms,
we provide evidence that precision targeting of the gut-micro-
biota-brain axis with L. reuteri combination improves a
defining behavioral symptom of ASD—the deficits in
social behavior. More specifically, L. reuteri combination treat-
ment had significant positive effects in both reducing severity
of social impairments and improving adaptive social skills
(Table 2).
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Table 3. Summary of blood immune cell frequency profiling

Mean (SD)

Baseline End of treatment Treatment x time

Control Treatment Control Treatment F p n,f
Innate immune response (% within CD45* cells)
Plasmacytoid dendritic cell (pDC) 0.34 (0.24) 0.41 (0.19) 0.55 (0.33) 0.39 (0.20) 2.044 0.1604 0.048
Conventional dendritic cell (cDC) 0.18 (0.18) 0.23 (0.16) 0.38 (0.24) 0.34 (0.19) 1.718 0.1973 0.040
Classical monocytes 7.25 (3.36) 10.18 (5.01) 11.77 (5.56) 14.17 (6.27) 0.084 0.773 0.002
Intermediate monocytes 0.22 (0.13) 0.31(0.17) 0.41 (0.20) 0.63 (0.54) 1.071 0.307 0.025
Non-classical monocytes 1.15 (0.56) 1.59 (0.83) 1.31 (0.88) 1.93 (1.13) 0.389 0.537 0.009
NK CD56°oM 0.62 (0.30) 0.66 (0.27) 0.46 (0.25) 0.43 (0.21) 0.728 0.399 0.016
NK CD56™ 6.08 (4.35) 9.20 (5.14) 5.82 (3.38) 7.10 (3.73) 1.675 0.203 0.039
Total ILC 0.22 (0.12) 0.19 (0.09) 0.57 (0.45) 0.37 (0.28) 2.155 0.150 0.050
ILC1? 0.015 (0.01)" 0.014 (0.01)" 0.035 (0.04)" 0.016 (0.01)" 4.839° 0.034° 0.106%
ILC2 0.043 (0.03) 0.045 (0.02) 0.026 (0.02) 0.029 (0.01) 0.006 0.940 0.0001
ILC3 0.039 (0.04) 0.030 (0.02) 0.069 (0.05) 0.042 (0.02) 2.030 0.162 0.05
Adaptive immune response (% within CD45* cells)
Th1 3.57 (0.90) 3.44 (0.73) 2.95 (0.71) 2.57 (0.90) 0.948 0.336 0.023
Th2 0.23 (0.10) 0.28 (0.17) 0.16 (0.09) 0.26 (0.27) 1.083 0.304 0.026
Th17 0.94 (0.34) 1.07 (0.54) 0.84 (0.28) 0.87 (0.55) 1.548 0.221 0.036
Th1/17 0.77 (0.34) 0.82 (0.47) 0.63 (0.26) 0.56 (0.28) 2.161 0.149 0.050
e 0.30 (0.12) 0.37 (0.22) 0.27 (0.13) 0.25 (0.08) 2.222 0.144 0.051
CD8 19.49 (5.12) 18.8 (3.48) 18.45 (4.81) 17.99 (4.11) 0.098 0.756 0.002
MAIT 1.25 (0.90) 1.22 (0.97) 1.01 (0.71) 0.81 (0.49) 0.945 0.337 0.023
TCRYd 5.33 (3.62) 6.22 (3.99) 4.00 (1.69) 4.85 (2.91) 0.002 0.967 <0.0001
Lymph B 8.45 (2.17) 7.72 (2.12) 9.96 (2.47) 9.82 (3.01) 0.535 0.469 0.013

n = 21-22 per group. See results and STAR Methods sections for full names of abbreviated immune cell types. See also Figure S2 and Table S2.

@Highlights statistically significant outcomes.

The L. reuteri-mediated improvements in individuals with
ASD were selective to the social domain, consistent with the
preclinical findings.??"2* It is important to note that social func-
tioning is complex and multifaceted, encompassing several
subdomains underpinned by at least partially distinct neural
networks. For instance, while the social motivation subdomain
is subserved by mesolimbic-cortical-striatal circuits,”>°® the
mental state understanding subdomain is mediated by circuits
in the dorsal and ventral medial prefrontal cortex, temporo-pa-
rietal junction, and the posterior cingulate cortex/precuneus.®’
Therefore, focusing on specific social subdomains may be a
more effective approach for identifying promising therapeutics
because it is unlikely that one drug will engage multiple neural
systems. Accordingly, L. reuteri treatment led to improvements
in specific aspects of social functioning. Thus, in future studies,
it will be important to focus on specific, well-defined clinical
subdomains rather than overly broad global functioning com-
posite scores.

Although L. reuteri treatment improved components of social
functioning, it did not significantly alter the overall gut micro-
biome composition (Figures 2 and S1) or the host immune
response (Table 3; Figure S2). These findings are consistent
with our previous preclinical results in mouse models for ASD,
which show that L. reuteri works independently of other mi-
crobes®® and independently of the host’s adaptive immune
response.”’

Of likely future clinical relevance, we found that the ATCC PTA
6475 strain reversed social deficits in a mouse model for ASD
(Figure 3), but not ATCC PTA 55730 (the parental strain of
the DSM 17938"%), suggesting that the prosocial effects of
L. reuteri may be strain-specific. Interestingly, a report that
was published during the revision of this manuscript showed
that a formulation containing a single strain of L. reuteri
(L. reuteri ATCC 23272 with dextran microparticles and
maltose®®) yielded a positive effect on social functioning in chil-
dren with ASD."® Taken together, these results indicate that
only specific strains of L. reuteri may improve social functioning.
Therefore, future clinical trials should investigate whether admin-
istration of a single strain of L. reuteri (e.g., ATCC PTA 6475 or
ATCC 23272) yields a similar or greater improvement in social
behavior than a combination of strains (e.g., ATCC PTA 6475 +
ATCC 55730, ATCC PTA 6475 + ATCC 23272, or ATCC
55730 + ATCC 23272).

Limitations of the study

As with other pilot studies, our promising findings need to be
considered in light of certain limitations. First, despite the use
of a randomized controlled trial design, this study is somewhat
limited by the sample size, in part due to the recruitment period
occurring during the height of the COVID-19 pandemic in ltaly.
Thus, given the limited sample size, it will be important to repli-
cate the findings with a larger sample size. However, as
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Figure 3. Strain-specific effects of L. reuteri on social behavior

(A) Schematic of the 3-chamber test for social behavior.

(B) Schematic of experimental design for the treatment with L. reuteri.

(C and D) Social behavior in L. reuteri ATCC PTA 6475- + ATCC 55730-treated mice in the 3-chamber test (n = 10-12 per group; C, sociability: C57BL/6J + vehicle:
t = 8.553, p = 0.002, BTBR + vehicle: t = 1.214, p = 0.6890, BTBR + L. reuteri ATCC PTA 6475 + ATCC 55730: t = 3.758, p = 0.0012, two-way ANOVA with
Bonferroni correction F; g0 = 2.340, p = 0.1051; D, social novelty: C57BL/6J + vehicle: t = 3.202, p = 0.0066, BTBR + vehicle: t = 0.7210, p > 0.9999, BTBR +
L. reuteri ATCC PTA 6475 + ATCC 55730: t = 5.519, p < 0.0001, two-way ANOVA with Bonferroni correction F, gg) = 6.455, p = 0.0029).

(E and F) Social behavior in L. reuteri ATCC PTA 6475- or ATCC 55730-treated mice in the 3-chamber test (n = 11-12 per group; E, sociability: C57BL/6J + vehicle:
t=7.018, p <0.0001, BTBR + vehicle: t =0.5789, p = 0.5789, BTBR + L. reuteri ATCC PTA 6475: t = 3.745, p = 0.0013, BTBR + L. reuteri ATCC 55730: t = 1.278,
p = 0.8188, two-way ANOVA with Bonferroni correction F3 g4) = 6.997, p = 0.00083; F, social novelty: C57BL/6J + vehicle: t = 4.272, p = 0.0002, BTBR + vehicle:
t=0.2392, p > 0.9999, BTBR + L. reuteri ATCC PTA 6475: t = 3.351, p = 0.0048, BTBR + L. reuteri ATCC 55730: t = 0.7258, p > 0.9999, two-way ANOVA with
Bonferroni correction F3 g4 = 4.488, p = 0.0057).

Bar graphs are represented as mean + SEM with individual data points.

See also Figure S3.
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indicated above, during the revision of our manuscript, an inde-
pendent, small randomized-controlled cross-over clinical trial
performed in the US showed a potential positive effect for
L. reuteri on social functioning in children with ASD.*° Taken
together, these data support the notion that the prosocial effect
of L. reuteri in humans is reproducible.

Second, although there was a positive and specific signal for
improvements in social functioning, the current study was not
designed nor sufficiently powered to identify predictors of posi-
tive treatment response. For example, there were very few fe-
male participants in this study. Although there is a well-estab-
lished male bias in ASD diagnoses, future studies should make
efforts to recruit more females. It is also important to acknowl-
edge that, although the difference was not statistically signifi-
cant, the treatment group had higher 1Q scores than the placebo
group at baseline. Given the well-established heterogeneity in
treatment response among individuals with ASD, it will be crucial
for future studies to characterize profiles of responders and non-
responders to L. reuteri treatment in large sample sizes.

Third, ADOS-2 was chosen as a primary outcome measure,
given that it is a clinician-administered observational assess-
ment and thus might be less prone to bias compared with ques-
tionnaire measures. However, given the narrow range of scores
in the ADOS-2 for each item, which limits its ability to detect sub-
tle changes,®° it is not surprising that ADOS-2 was not modified
by treatment with L. reuteri. Indeed, a number of studies have
found that, although ADOS-2 can detect changes in overall
ASD severity over a period of several years,®":°? it is not effective
in capturing changes in shorter periods of time, which restricts its
utility as a treatment outcome measure.®®

Finally, there is currently a lack of instruments designed to
capture different aspects of social functioning that are generaliz-
able across species (e.g., subdomains of social behavior in mice
and humans). Therefore, it will be important to continue to
develop such measures and then to further characterize transla-
tional continuities and discontinuities in treatment effects.

Nonetheless, these positive findings warrant follow-up studies
in larger cohorts, focusing on different aspects of social func-
tioning as a primary outcome and utilizing multi-modal measure-
ments to further assess the efficacy of L. reuteri treatment to
improve social functioning in children with ASD. More impor-
tantly, if the findings of this pilot study are validated by a larger
clinical trial, the clinical impact could be substantial given that
there are currently no FDA-approved treatments to improve so-
cial functioning abilities. In conclusion, we believe that our work
signifcantly contributes to the transformative idea that the core
symptoms of ASD (and likely other brain disorders) can be
treated with specific gut microbes via the gut-microbiome-brain
axis.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead Contact
O Materials Availability

¢? CellPress

O Data and Code Availability
e EXPERIMENTAL MODEL AND STUDY PARTICIPANT
DETAILS
O Clinical Trial - Participant Enrollment
O Preclinical study - Animal Husbandry
O Preclinical Study - Culture and Treatment with L. reuteri
for Animal Experiments
e METHOD DETAILS
O Clinical Trial — Assessment and Treatment Plans
O Clinical Trial — Metagenomic Profiling
O Clinical Trial - Immunological Profiling
O Preclinical Study - Animal Behavior Tests
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Clinical Trial - Behavioral Data Analysis
O Clinical Trial — Metagenomic Profiling
O Clinical Trial - Immune Profile Data Analysis
O Preclinical Study — Behavioral Data Analysis
o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].
chom.2023.11.021.

ACKNOWLEDGMENTS

We would like to thank the participants in this study and their families for their
participation during the COVID-19 pandemic. This research was supported by
funding from the Autism Research Institute to E.V. and NIH (R0O1 MH112356),
Simmons Foundation Autism Research Initiative (award 726259), Wellcome
Leap, and the generous support from the Sammons Enterprise to M.C.-M.
We thank BioGaia for providing both the product (Gastrus) and placebo as
well as supporting the microbiota analysis. Finally, we thank members of the
M.C.-M. lab for comments on the manuscript.

AUTHOR CONTRIBUTIONS

Conceptualization and design of clinical trial, L.M., E.V., LA., RA, AR., M.S.,
F.C., and R.F.; acquisition of clinical trial data, L.M., E.V., L A.,,R.A., AR, M.S,,
and A.S.; analysis of clinical trial behavioral data, L.M., M.U., and A.Y.H.; anal-
ysis of clinical trial metagenomic data, J.L.W., M.P., D.A,, and L.E.; analysis of
clinical trial immunological data, S.W.D., E.V., and A.S.; conceptualization and
design of preclinical mouse experiments, S.W.D. and M.C.-M.; acquisition and
analysis of preclinical mouse data, S.W.D.; writing, reviewing, and editing,
LM, SW.D,, M.U,, J.LW., M.S,, EV., AY.H, M.C.-M,, and R.F.

DECLARATION OF INTERESTS

M.C.-M., S.W.D., and J.L.W. are employees of Altos Labs, Inc. M.C.-M. is a
shareholder of Altos Labs, Inc. and Mikrovia, Inc.

Received: October 3, 2023
Revised: October 23, 2023
Accepted: November 21, 2023
Published: December 18, 2023
REFERENCES

1. American Psychiatric Association (2013). Diagnostic and Statistical

Manual of Mental Disorders (DSM-5®) (American Psychiatric Publishing).

2. Baio, J., Wiggins, L., Christensen, D.L., Maenner, M.J., Daniels, J.,

Warren, Z., Kurzius-Spencer, M., Zahorodny, W., Robinson Rosenberg,
C., White, T., et al. (2018). Prevalence of autism spectrum disorder among
children aged 8 years - autism and developmental disabilities monitoring
network, 11 sites, United States, 2014. MMWR Surveill. Summ. 67, 1-283.

Cell Host & Microbe 32, 106-116, January 10, 2024 113


https://doi.org/10.1016/j.chom.2023.11.021
https://doi.org/10.1016/j.chom.2023.11.021
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref1
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref1
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref1
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref2
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref2
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref2
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref2
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref2

¢? CellPress

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Maenner, M.J., Shaw, K.A., Baio, J., Washington, A., Patrick, M.,

DiRienzo, M., Christensen, D.L., Wiggins, L.D., Pettygrove, S., et al.
(2020). Prevalence of autism spectrum disorder among children aged 8
years - autism and developmental disabilities monitoring network, 11
sites, United States, 2016. MMWR Surveill. Summ. 69, 1-12.

. Maenner, M.J., Shaw, K.A., Bakian, A.V., Bilder, D.A., Durkin, M.S., Esler,

A., Furnier, S.M., Hallas, L., Hall-Lande, J., Hudson, A., et al. (2021).
Prevalence and characteristics of autism spectrum disorder among chil-
dren aged 8 years - autism and developmental disabilities monitoring
network, 11 sites, United States, 2018. MMWR Surveill. Summ. 70, 1-16.

. Kawa, R., Saemundsen, E., Léa Jonsdéttir, S., Hellendoorn, A., Lemcke,

S., Canal-Bedia, R., Garcia-Primo, P., and Moilanen, I. (2017). European
studies on prevalence and risk of autism spectrum disorders according
to immigrant status—a review. Eur. J. Public Health 27, 101-110.

. Masi, A., DeMayo, M.M., Glozier, N., and Guastella, A.J. (2017). An over-

view of autism spectrum disorder, heterogeneity and treatment options.
Neurosci. Bull. 33, 183-193.

. Leigh, J.P., and Du, J. (2015). Brief report: forecasting the economic

burden of autism in 2015 and 2025 in the United States. J. Autism Dev.
Disord. 45, 4135-4139.

. McCracken, J.T., Anagnostou, E., Arango, C., Dawson, G., Farchione, T.,

Mantua, V., McPartland, J., Murphy, D., Pandina, G., Veenstra-
VanderWeele, J., et al. (2021). Drug development for autism spectrum dis-
order (ASD): progress, challenges, and future directions. Eur.
Neuropsychopharmacol. 48, 3-31.

. Siafis, S., Giray, O., Wu, H., Schneider-Thoma, J., Bighelli, I., Krause, M.,

Rodolico, A., Ceraso, A., Deste, G., Huhn, M., et al. (2022).
Pharmacological and dietary-supplement treatments for autism spectrum
disorder: a systematic review and network meta-analysis. Mol. Autism
13, 10.

Sahin, M., and Sur, M. (2015). Genes, circuits, and precision therapies for
autism and related neurodevelopmental disorders. Science 350, aab3897.

McCracken, J.T., McGough, J., Shah, B., Cronin, P., Hong, D., Aman,
M.G., Arnold, L.E., Lindsay, R., Nash, P., Hollway, J., et al. (2002).
Risperidone in children with autism and serious behavioral problems.
N. Engl. J. Med. 347, 314-321.

Parker, K.J., Oztan, O., Libove, R.A., Sumiyoshi, R.D., Jackson, L.P.,
Karhson, D.S., Summers, J.E., Hinman, K.E., Motonaga, K.S., Phillips,
J.M., et al. (2017). Intranasal oxytocin treatment for social deficits and bio-
markers of response in children with autism. Proc. Natl. Acad. Sci. USA
114, 8119-8124.

Sikich, L., Kolevzon, A., King, B.H., McDougle, C.J., Sanders, K.B., Kim,
S.J., Spanos, M., Chandrasekhar, T., Trelles, M.D.P., Rockhill, C.M.,
et al. (2021). Intranasal oxytocin in children and adolescents with autism
spectrum disorder. N. Engl. J. Med. 385, 1462-1473.

Parker, K.J., Oztan, O., Libove, R.A., Mohsin, N., Karhson, D.S.,
Sumiyoshi, R.D., Summers, J.E., Hinman, K.E., Motonaga, K.S., Phillips,
J.M.,, et al. (2019). A randomized placebo-controlled pilot trial shows
that intranasal vasopressin improves social deficits in children with autism.
Sci. Transl. Med. 17, eaau7356.

Fischbach, M.A., and Segre, J.A. (2016). Signaling in host-associated mi-
crobial communities. Cell 764, 1288-1300.

Vuong, H.E., Yano, J.M., Fung, T.C., and Hsiao, E.Y. (2017). The micro-
biome and host behavior. Annu. Rev. Neurosci. 40, 21-49.

Vuong, H.E., and Hsiao, E.Y. (2017). Emerging roles for the gut micro-
biome in autism spectrum disorder. Biol. Psychiatry 87, 411-423.

Diaz Heijtz, R. (2016). Fetal, neonatal, and infant microbiome: perturba-
tions and subsequent effects on brain development and behavior.
Semin. Fetal Neonatal Med. 27, 410-417.

Foster, J.A., Lyte, M., Meyer, E., and Cryan, J.F. (2016). Gut microbiota
and brain function: an evolving field in neuroscience. Int. J.
Neuropsychopharmacol. 19, pyvi14.

Sherwin, E., Bordenstein, S.R., Quinn, J.L., Dinan, T.G., and Cryan, J.F.
(2019). Microbiota and the social brain. Science 366, eaar2016.

114 Cell Host & Microbe 32, 106-116, January 10, 2024

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cell Host & Microbe

Clinical and Translational Report

Zheng, J., Wittouck, S., Salvetti, E., Franz, C.M.A.P., Harris, H.M.B.,
Mattarelli, P., O’'Toole, P.W., Pot, B., Vandamme, P., Walter, J., et al.
(2020). A taxonomic note on the genus Lactobacillus: description of 23
novel genera, emended description of the genus Lactobacillus
Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae.
Int. J. Syst. Evol. Microbiol. 70, 2782-2858.

Buffington, S.A., Di Prisco, G.V., Auchtung, T.A., Ajami, N.J., Petrosino,
J.F., and Costa-Mattioli, M. (2016). Microbial reconstitution reverses
maternal diet-induced social and synaptic deficits in offspring. Cell 765,
1762-1775.

Sgritta, M., Dooling, S.W., Buffington, S.A., Momin, E.N., Francis, M.B.,
Britton, R.A., and Costa-Mattioli, M. (2019). Mechanisms underlying mi-
crobial-mediated changes in social behavior in mouse models of autism
spectrum disorder. Neuron 707, 246-259.e6.

Buffington, S.A., Dooling, S.W., Sgritta, M., Noecker, C., Murillo, O.D.,
Felice, D.F., Turnbaugh, P.J., and Costa-Mattioli, M. (2021). Dissecting
the contribution of host genetics and the microbiome in complex behav-
jors. Cell 184, 1740-1756.e16.

Donaldson, Z.R., and Young, L.J. (2008). Oxytocin, vasopressin, and the
neurogenetics of sociality. Science 322, 900-904.

Hung, L.W., Neuner, S., Polepalli, J.S., Beier, K.T., Wright, M., Walsh, J.J.,
Lewis, E.M., Luo, L., Deisseroth, K., Délen, G., et al. (2017). Gating of social
reward by oxytocin in the ventral tegmental area. Science 357, 1406-1411.

Dooling, S.W., Sgritta, M., Wang, I.C., Rocha, D.A.L., F., and Costa-
Mattioli, M. (2022). The effect of Limosilactobacillus reuteri on social
behavior is independent of the adaptive immune system. mSystems 7,
e0035822.

Tabouy, L., Getselter, D., Ziv, O., Karpuj, M., Tabouy, T., Lukic, I.,
Maayouf, R., Werbner, N., Ben-Amram, H., Nuriel-Ohayon, M., et al.
(2018). Dysbiosis of microbiome and probiotic treatment in a genetic
model of autism spectrum disorders. Brain Behav. Immun. 73, 310-319.

Nettleton, J.E., Klancic, T., Schick, A., Choo, A.C., Cheng, N., Shearer, J.,
Borgland, S.L., Rho, J.M., and Reimer, R.A. (2021). Prebiotic, probiotic,
and synbiotic consumption alter behavioral variables and intestinal perme-
ability and microbiota in BTBR mice. Microorganisms 9, 1833.

Indrio, F., Di Mauro, A., Riezzo, G., Civardi, E., Intini, C., Corvaglia, L.,
Ballardini, E., Bisceglia, M., Cinquetti, M., Brazzoduro, E., et al. (2014).
Prophylactic use of a probiotic in the prevention of colic, regurgitation,
and functional constipation: a randomized clinical trial. JAMA Pediatr.
168, 228-233.

Uljarevi¢, M., Frazier, T.W., Phillips, J.M., Jo, B., Littlefield, S., and Hardan,
A.Y. (2020). Mapping the research domain criteria social processes con-
structs to the social responsiveness scale. J. Am. Acad. Child Adolesc.
Psychiatry 59, 1252-1263.e3.

Constantino, J., and Gruber, C. (2005). Social Responsive Scale (SRS)
Manual (Western Psychological Services).

Oakland, T., and Harrison, P.L. (2011). Adaptive Behavior Assessment
System-lI: Clinical Use and Interpretation (Academic Press).

Cuthbert, B.N. (2014). The RDoC framework: facilitating transition from
ICD/DSM to dimensional approaches that integrate neuroscience and
psychopathology. World Psychiatry 13, 28-35.

Cleusix, V., Lacroix, C., Vollenweider, S., Duboux, M., and Le Blay, G.
(2007). Inhibitory activity spectrum of reuterin produced by Lactobacillus
reuteri against intestinal bacteria. BMC Microbiol. 7, 101.

Spinler, J.K., Taweechotipatr, M., Rognerud, C.L., Ou, C.N., Tumwasorn,
S., and Versalovic, J. (2008). Human-derived probiotic Lactobacillus reu-
teri demonstrate antimicrobial activities targeting diverse enteric bacterial
pathogens. Anaerobe 14, 166-171.

Poutahidis, T., Kearney, S.M., Levkovich, T., Qi, P., Varian, B.J., Lakritz,
J.R., lbrahim, Y.M., Chatzigiagkos, A., Aim, E.J., and Erdman, S.E.
(2013). Microbial symbionts accelerate wound healing via the neuropep-
tide hormone oxytocin. PLoS One 8, e78898.

Spinler, J.K., Sontakke, A., Hollister, E.B., Venable, S.F., Oh, P.L.,
Balderas, M.A., Saulnier, D.M.A., Mistretta, T.A., Devaraj, S., Walter, J.,


http://refhub.elsevier.com/S1931-3128(23)00471-7/sref3
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref3
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref3
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref3
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref3
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref4
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref4
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref4
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref4
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref4
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref5
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref5
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref5
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref5
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref6
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref6
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref6
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref7
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref7
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref7
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref8
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref8
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref8
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref8
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref8
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref9
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref10
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref10
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref11
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref11
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref11
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref11
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref12
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref12
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref12
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref12
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref12
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref13
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref13
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref13
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref13
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref14
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref14
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref14
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref14
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref14
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref15
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref15
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref16
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref16
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref17
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref17
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref18
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref18
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref18
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref19
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref19
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref19
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref20
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref20
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref21
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref22
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref22
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref22
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref22
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref23
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref23
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref23
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref23
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref24
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref24
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref24
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref24
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref25
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref25
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref26
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref26
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref26
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref27
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref27
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref27
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref27
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref28
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref28
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref28
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref28
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref29
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref29
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref29
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref29
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref30
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref30
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref30
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref30
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref30
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref31
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref31
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref31
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref31
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref31
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref32
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref32
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref33
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref33
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref34
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref34
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref34
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref35
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref35
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref35
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref36
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref36
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref36
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref36
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref37
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref37
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref37
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref37
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref38
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref38

Cell Host & Microbe

Clinical and Translational Report

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

et al. (2014). From prediction to function using evolutionary genomics: hu-
man-specific ecotypes of Lactobacillus reuteri have diverse probiotic
functions. Genome Biol. Evol. 6, 1772-1789.

Meyza, K.Z., and Blanchard, D.C. (2017). The BTBR mouse model of idio-
pathic autism - current view on mechanisms. Neurosci. Biobehav. Rev.
76, 99-110.

Rosander, A., Connolly, E., and Roos, S. (2008). Removal of antibiotic
resistance gene-carrying plasmids from Lactobacillus reuteri ATCC
55730 and characterization of the resulting daughter strain, L. reuteri
DSM 17938. Appl. Environ. Microbiol. 74, 6032-6040.

Szajewska, H., Urbanska, M., Chmielewska, A., Weizman, Z., and Shamir,
R. (2014). Meta-analysis: Lactobacillus reuteri strain DSM 17938 (and the
original strain ATCC 55730) for treating acute gastroenteritis in children.
Benef. Microbes 5, 285-293.

Cryan, J.F., O’Riordan, K.J., Sandhu, K., Peterson, V., and Dinan, T.G.
(2020). The gut microbiome in neurological disorders. Lancet Neurol. 79,
179-194.

Stewart Campbell, A., Needham, B.D., Meyer, C.R., Tan, J., Conrad, M.,
Preston, G.M., Bolognani, F., Rao, S.G., Heussler, H., Griffith, R., et al.
(2022). Safety and target engagement of an oral small-molecule seques-
trant in adolescents with autism spectrum disorder: an open-label phase
1b/2a trial. Nat. Med. 28, 528-534.

Iglesias-Vazquez, L., Van Ginkel Riba, G., Arija, V., and Canals, J. (2020).
Composition of gut microbiota in children with autism spectrum disorder:
a systematic review and meta-analysis. Nutrients 712.

De Angelis, M., Piccolo, M., Vannini, L., Siragusa, S., De Giacomo, A.,
Serrazzanetti, D.l., Cristofori, F., Guerzoni, M.E., Gobbetti, M., and
Francavilla, R. (2013). Fecal microbiota and metabolome of children with
autism and pervasive developmental disorder not otherwise specified.
PLoS One 8, €76993.

Ding, H.T., Taur, Y., and Walkup, J.T. (2017). Gut microbiota and autism:
key concepts and findings. J. Autism Dev. Disord. 47, 480-489.

Yap, C.X., Henders, A.K., Alvares, G.A., Wood, D.L.A., Krause, L., Tyson,
G.W., Restuadi, R., Wallace, L., McLaren, T., Hansell, N.K,, et al. (2021).
Autism-related dietary preferences mediate autism-gut microbiome asso-
ciations. Cell 184, 5916-5931.e17.

Sharon, G., Cruz, N.J., Kang, D.W., Gandal, M.J., Wang, B., Kim, Y.M.,
Zink, E.M., Casey, C.P., Taylor, B.C., Lane, C.J., et al. (2019). Human
gut microbiota from autism spectrum disorder promote behavioral symp-
toms in mice. Cell 177, 1600-1618.e17.

Kang, D.W., Adams, J.B., Gregory, A.C., Borody, T., Chittick, L., Fasano,
A., Khoruts, A., Geis, E., Maldonado, J., McDonough-Means, S., et al.
(2017). Microbiota transfer therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome
5,10.

Kang, D.W., Adams, J.B., Coleman, D.M., Pollard, E.L., Maldonado, J.,
McDonough-Means, S., Caporaso, J.G., and Krajmalnik-Brown, R.
(2019). Long-term benefit of microbiota transfer therapy on autism symp-
toms and gut microbiota. Sci. Rep. 9, 5821.

Li, N., Chen, H., Cheng, Y., Xu, F., Ruan, G., Ying, S., Tang, W., Chen, L.,
Chen, M., Lv, L., et al. (2021). Fecal microbiota transplantation relieves
gastrointestinal and autism symptoms by improving the gut microbiota
in an open-label study. Front. Cell. Infect. Microbiol. 17, 759435.

Marcella, C., Cui, B., Kelly, C.R., laniro, G., Cammarota, G., and Zhang, F.
(2021). Systematic review: the global incidence of faecal microbiota trans-
plantation-related adverse events from 2000 to 2020. Aliment. Pharmacol.
Ther. 53, 33-42.

Davidovics, Z.H., Michail, S., Nicholson, M.R., Kociolek, L.K., Pai, N.,
Hansen, R., Schwerd, T., Maspons, A., Shamir, R., Szajewska, H., et al.
(2019). Fecal microbiota transplantation for recurrent Clostridium difficile
infection and other conditions in children: a joint position paper from the
North American Society for Pediatric Gastroenterology, Hepatology, and
Nutrition and the European Society for Pediatric Gastroenterology,
Hepatology, and Nutrition. J. Pediatr. Gastroenterol. Nutr. 68, 130-143.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

¢? CellPress

Merrick, B., Allen, L., Masirah, M., Zain, N., Forbes, B., Shawcross, D.L.,
and Goldenberg, S.D. (2020). Regulation, risk and safety of faecal micro-
biota transplant. Infect. Prev Pract 2, 100069.

Clements, C.C., Zoltowski, A.R., Yankowitz, L.D., Yerys, B.E., Schultz,
R.T., and Herrington, J.D. (2018). Evaluation of the social motivation hy-
pothesis of autism: a systematic review and meta-analysis. JAMA
Psychiatry 75, 797-808.

Groppe, S.E., Gossen, A., Rademacher, L., Hahn, A., Westphal, L.,
Grlnder, G., and Spreckelmeyer, K.N. (2013). Oxytocin influences pro-
cessing of socially relevant cues in the ventral tegmental area of the human
brain. Biol. Psychiatry 74, 172-179.

Schurz, M., Radua, J., Aichhorn, M., Richlan, F., and Perner, J. (2014).
Fractionating theory of mind: a meta-analysis of functional brain imaging
studies. Neurosci. Biobehav. Rev. 42, 9-34.

Navarro, J.B., Mashburn-Warren, L., Bakaletz, L.O., Bailey, M.T., and
Goodman, S.D. (2017). Enhanced probiotic potential of Lactobacillus reu-
teri when delivered as a biofilm on dextranomer microspheres that contain
beneficial cargo. Front. Microbiol. 8, 489.

Schmitt, L.M., Smith, E.G., Pedapati, E.V., Horn, P.S., Will, M., Lamy, M.,
Barber, L., Trebley, J., Meyer, K., Heiman, M., et al. (2023). Results of a
phase Ib study of SB-121, an investigational probiotic formulation, a ran-
domized controlled trial in participants with autism spectrum disorder. Sci.
Rep. 13, 5192.

Pijl, M.K.J., Rommelse, N.N.J., Hendriks, M., De Korte, M.W.P., Buitelaar,
J.K., and Oosterling, I.J. (2018). Does the brief observation of social
communication change help moving forward in measuring change in early
autism intervention studies? Autism 22, 216-226.

Estes, A., Munson, J., Rogers, S.J., Greenson, J., Winter, J., and Dawson,
G. (2015). Long-term outcomes of early intervention in 6-year-old children
with autism spectrum disorder. J. Am. Acad. Child Adolesc. Psychiatry 54,
580-587.

Gotham, K., Pickles, A., and Lord, C. (2012). Trajectories of autism
severity in children using standardized ADOS scores. Pediatrics 730,
e1278-e1284.

Dawson, G., Rogers, S., Munson, J., Smith, M., Winter, J., Greenson, J.,
Donaldson, A., and Varley, J. (2010). Randomized, controlled trial of an
intervention for toddlers with autism: the early start Denver model.
Pediatrics 125, e17-e23.

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for lllumina sequence data. Bioinformatics 30, 2114-2120.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment
with Bowtie 2. Nat. Methods 9, 357-359.

Wood, D.E., Lu, J., and Langmead, B. (2019). Improved metagenomic
analysis with Kraken 2. Genome Biol. 20, 257.

Lu, J., Breitwieser, F.P., Thielen, P., and Salzberg, S.L. (2017). Bracken:
estimating species abundance in metagenomics data. PeerJ Comput.
Sci. 3, e104.

McMurdie, P.J., and Holmes, S. (2013). phyloseq: an R package for repro-
ducible interactive analysis and graphics of microbiome census data.
PLoS One 8, e61217.

Youngblut, N.D., and Ley, R.E. (2021). Struo2: efficient metagenome
profiling database construction for ever-expanding microbial genome da-
tasets. Peerd 9, e12198.

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P.,
Minchin, P.R., O’Hara, R.B., Solymos, P., Stevens, M.H.H., Szoecs, E.,
et al. (2022). vegan: community ecology package. R package version
2.6-4. http://CRAN.Rproject.org/package=vegan.

Love, M.1., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeg2. Genome Biol.
15, 550.

Lord, C., Rutter, M., DiLavore, P., Risi, S., Gotham, K., and Bishop, S.
(2012). Autism Diagnostic Observation Schedule, (ADOS-2) Modules 1-4
(Western Psychological Services).

Cell Host & Microbe 32, 106-116, January 10, 2024 115



http://refhub.elsevier.com/S1931-3128(23)00471-7/sref38
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref38
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref38
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref39
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref39
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref39
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref40
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref40
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref40
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref40
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref41
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref41
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref41
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref41
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref41
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref42
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref42
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref42
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref43
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref43
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref43
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref43
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref43
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref44
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref44
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref44
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref45
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref45
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref45
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref45
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref45
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref46
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref46
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref47
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref47
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref47
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref47
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref48
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref48
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref48
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref48
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref49
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref49
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref49
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref49
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref49
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref50
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref50
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref50
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref50
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref51
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref51
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref51
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref51
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref52
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref52
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref52
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref52
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref53
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref54
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref54
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref54
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref55
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref55
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref55
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref55
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref56
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref56
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref56
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref56
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref56
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref57
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref57
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref57
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref58
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref58
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref58
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref58
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref59
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref59
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref59
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref59
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref59
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref60
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref60
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref60
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref60
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref61
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref61
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref61
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref61
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref62
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref62
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref62
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref63
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref63
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref63
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref63
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref80
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref80
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref81
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref81
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref82
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref82
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref83
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref83
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref83
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref85
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref85
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref85
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref84
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref84
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref84
http://CRAN.Rproject.org/package=vegan
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref88
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref88
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref88
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref64
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref64
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref64

¢? CellPress

73.

74.

75.

76.

77.

78.

79.

80.

81.

Roid, G.H., and Miller, L.J. (1997). Leiter International Performance Scale-
Revised (Leiter-R) (Stoelting), p. 10.

Fulceri, F., Narzisi, A., Apicella, F., Balboni, G., Baldini, S., Brocchini, J.,
Domenici, I., Cerullo, S., Igliozzi, R., Cosenza, A., et al. (2016).
Application of the repetitive behavior scale-revised-ltalian version-in pre-
schoolers with autism spectrum disorder. Res. Dev. Disabil. 48, 43-52.
Lam, K.S., and Aman, M.G. (2007). The repetitive behavior scale-revised:
independent validation in individuals with autism spectrum disorders.
J. Autism Dev. Disord. 37, 855-866.

Achenbach, T.M., and Rescorla, L.A. (2000). Manual for the ASEBA
Preschool Forms and Profiles (University of Vermont, Research Center
for Children, Youth and Families).

Gotham, K., Pickles, A., and Lord, C. (2009). Standardizing ADOS scores
for a measure of severity in autism spectrum disorders. J. Autism Dev.
Disord. 39, 693-705.

Frazier, T.W., Ratliff, K.R., Gruber, C., Zhang, Y., Law, P.A., and
Constantino, J.N. (2014). Confirmatory factor analytic structure and mea-
surement invariance of quantitative autistic traits measured by the Social
Responsiveness Scale-2. Autism 18, 31-44.

Uljarevi¢, M., Frazier, T.W., Jo, B., Bilingham, W.D., Cooper, M.N.,
Youngstrom, E.A., Scahill, L., and Hardan, A.Y. (2022). Big data approach
to characterize restricted and repetitive behaviors in autism. J. Am. Acad.
Child Adolesc. Psychiatry 67, 446-457.

Bishop, S.L., Hus, V., Duncan, A., Huerta, M., Gotham, K., Pickles, A.,
Kreiger, A., Buja, A., Lund, S., and Lord, C. (2013). Subcategories of
restricted and repetitive behaviors in children with autism spectrum disor-
ders. J. Autism Dev. Disord. 43, 1287-1297.

Scahill, L., Aman, M.G., Lecavalier, L., Halladay, A.K., Bishop, S.L.,
Bodfish, J.W., Grondhuis, S., Jones, N., Horrigan, J.P., Cook, E.H., et al.

116 Cell Host & Microbe 32, 106-116, January 10, 2024

82.

83.

85.

86.

87.

88.

Cell Host & Microbe

Clinical and Translational Report

(2015). Measuring repetitive behaviors as a treatment endpoint in youth
with autism spectrum disorder. Autism 79, 38-52.

Abidin, R., Flens, J.R., and Austin, W.G. (2006). The parenting stress index.
In Forensic Uses of Clinical Assessment Instruments (Lawrence Erlbaum
Associates Publishers), pp. 297-328.

Revicki, D.A., Wood, M., Wiklund, ., and Crawley, J. (1998). Reliability and
validity of the gastrointestinal symptom rating scale in patients with
gastroesophageal reflux disease. Qual. Life Res. 7, 75-83.

. Dimenas, E., Glise, H., Hallerback, B., Hernqvist, H., Svedlund, J., and

Wiklund, 1. (1995). Well-being and gastrointestinal symptoms among pa-
tients referred to endoscopy owing to suspected duodenal ulcer. Scand.
J. Gastroenterol. 30, 1046-1052.

Hugerth, L.W., Pereira, M., Zha, Y., Seifert, M., Kaldhusdal, V., Boulund,
F., Krog, M.C., Bashir, Z., Hamsten, M., Fransson, E., et al. (2020).
Assessment of in vitro and in silico protocols for sequence-based charac-
terization of the human vaginal microbiome. mSphere 5, e00448-20.

Ruocco, G., Rossi, S., Motta, C., Macchiarulo, G., Barbieri, F., De Bardi,
M., Borsellino, G., Finardi, A., Grasso, M.G., Ruggieri, S., et al. (2015). T
helper 9 cells induced by plasmacytoid dendritic cells regulate inter-
leukin-17 in multiple sclerosis. Clin. Sci. (Lond) 729, 291-303.

Silverman, J.L., Yang, M., Lord, C., and Crawley, J.N. (2010). Behavioural
phenotyping assays for mouse models of autism. Nat. Rev. Neurosci. 77,
490-502.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-
Ghalith, G.A., Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., et al.
(2019). Reproducible, interactive, scalable and extensible microbiome
data science using QIIME 2. Nat. Biotechnol. 37, 852-857.


http://refhub.elsevier.com/S1931-3128(23)00471-7/sref65
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref65
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref66
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref66
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref66
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref66
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref67
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref67
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref67
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref68
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref68
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref68
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref69
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref69
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref69
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref70
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref70
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref70
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref70
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref71
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref71
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref71
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref71
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref71
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref72
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref72
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref72
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref72
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref73
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref73
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref73
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref73
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref74
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref74
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref74
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref75
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref75
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref75
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref76
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref77
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref77
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref77
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref77
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref78
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref78
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref78
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref78
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref79
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref79
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref79
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref87
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref87
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref87
http://refhub.elsevier.com/S1931-3128(23)00471-7/sref87

Cell Host & Microbe

¢? CellPress

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial strains

L. reuteri and placebo tablets BioGaia Gastrus and placebo
L. reuteri ATCC PTA 6475 Laboratory of Dr. Rob Britton N/A

L. reuteri ATCC PTA 55730 Laboratory of Dr. Jens Walter N/A

Critical commercial assays

MGI FS DNA library prep kit MGl 1000017572

Human Cytokine/Chemokine/Growth Factor Panel A Millipore HCYTA-60K-PXBK38
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Thermo Fisher Scientific 134957

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory #000667

BTBR mice The Jackson Laboratory #002282

Deposited Data

Metagenomic sequencing data European Nucleotide Archive PRJEB60702

Software and algorithms

AnyMaze
FlowJo v10.8

XPONENT 4.2 for MAGPIX

Prism v9.0

SPSS Statistics v24.0

mPlus v8.0

Rv4.2.2

R Studio

Trimmomatic v0.39

Bowtie v2.5.0

Kraken2 v2.1.2

Braken v2.8

Phyloseq v1.42.0

Struo2
Vegan v2.6-4

DESeq2 v1.38.3

Stoelting Co.
BD Biosciences

Luminex

GraphPad

IBM

StatModel

The R Foundation
R Studio

Bogler et al.®

Langmead and Salzberg®®

Wood et al.®®
Lu et al.®”
McMurdie and Holmes®®

Youngblut and Ley®®
Oksanen et al.”®

Love etal.”’

https://www.any-maze.com/
https://www.flowjo.com/solutions/
flowjo
https://us.diasorin.com/en/licensed-
technologies/reagents-accessories/
software
https://www.graphpad.com/updates/
prism-900-release-notes
https://www.ibm.com/support/pages/
downloading-ibm-spss-statistics-24
http://www.statmodel.com/
verhistory.shtml
https://cran.r-project.org/bin/windows/
base/old/4.2.2/
https://posit.co/download/
rstudio-desktop/
http://www.usadellab.org/cms/
?page=trimmomatic
https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml
https://github.com/DerrickWood/
kraken2
https://github.com/jenniferlu717/
Bracken/releases/tag/v2.8
https://bioconductor.org/packages/
release/bioc/html/phyloseq.html

https://github.com/leylabmpi/Struo2
https://cran.r-project.org/web/
packages/vegan/index.htmi
https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

Antibodies

Mouse monoclonal anti human CD45 (clone ALB12)
Conjugate FITC

Beckman Coulter

#: IM0647;
RRID: AB_3073537

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Recombinant monoclonal anti human CRTh2

(clone REA598) Conjugate PE

Mouse monoclonal anti human CD161 (clone HP-3G10)
Conjugate PE-Dazzle 594

Mouse monoclonal anti human CD56 (clone QA17A16)
Conjugate PE-Cy7

Mouse monoclonal anti human CXCRS3 (clone GO25HT)
Conjugate APC-Alexa Fluor 647

Mouse monoclonal anti human CD8 (clone B9.11)
Conjugate APC-Alexa 700

Mouse monoclonal anti human TCR-v3d (clone 11F2)
Conjugate APC-Vio770

Mouse monoclonal anti human CCR6 (clone GO34E3)
Conjugate BV421

Mouse monoclonal anti human CD3 (clone SP34-2)
Conjugate BV605

Mouse monoclonal anti human CD4 (clone M-T477)
Conjugate BV650

Mouse monoclonal anti human CD25 (clone M-A251)
Conjugate PE-CF594

Mouse monoclonal anti human CD4 (clone OKT4)
Conjugate BB700

Mouse monoclonal anti human CD11c (clone BU15)
Conjugate PE-Cy7

Mouse monoclonal anti human CD127 (clone R34.34)
Conjugate APC-Alexa Fluor 700

Recombinant monoclonal anti human CD14

(clone REA599) Conjugate APC-Vio770

Mouse monoclonal anti human CD3 (clone OKT3)
Conjugate eFluor 450

Mouse monoclonal anti human CD19 (clone SJ25-C1)
Conjugate Pacific Blue

Mouse monoclonal anti human CD56 (clone NCAM16.2)
Conjugate BV421

Mouse monoclonal anti human CD123 (clone 7G3)
Conjugate BV605

Mouse monoclonal anti human CD16 (clone 3G8)
Conjugate BV786

Mouse monoclonal anti human CD117 (clone 2B8)
Conjugate FITC

Mouse monoclonal anti human CD127 (clone MB15-18C9)
Conjugate PE-Vio770

Mouse monoclonal anti human NKp44 (clone 2.29)
Conjugate APC

Mouse monoclonal anti human CD45 (clone 5B1)
Conjugate APC-Vio770

Mouse monoclonal anti human CD14 (clone RMO52)
Conjugate APC-Alexa Fluor 700

Mouse monoclonal anti human CD16 (clone 3G8)
Conjugate Pacific Blue

Mouse monoclonal anti human CD19 (clone HIB19)
Conjugate BV650

Miltenyi Biotec

BioLegend

BioLegend

BioLegend

Beckman Coulter

Miltenyi Biotec

BioLegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Beckman Coulter

Beckman Coulter

Miltenyi Biotec

Thermo Fisher Scientific

Thermo Fisher Scientific

BD Biosciences

BD Biosciences

BD Biosciences

Thermo Fisher Scientific

Miltenyi Biotec

Miltenyi Biotec

Miltenyi Biotec

Beckman Coulter

Beckman Coulter

BioLegend

#: 130-113-602;
RRID:AB_2733801
#: 339939;
RRID:AB_2565867
#: 985912;
RRID:AB_2922663
#: 353711;
RRID:AB_10962946
#: A66332;
RRID:AB_2750854
#: 130-113-501;
RRID:AB_2751120
#: 353407;
RRID:AB_10916530
#: 562994;
RRID:AB_2737938
#: 742735;
RRID:AB_2741009
#: 562403;
RRID:AB_11151919
#: 566829;
RRID:AB_2869889
#: B96763;

RRID: AB_3073556
#: A71116;
RRID:AB_2889979
#: 130-110-522;
RRID:AB_2655063
#: 48-0037-42;
RRID:AB_1272055
#: MHCD1928;
RRID:AB_10373689
#: 562751;
RRID:AB_2732054
#: 564197;
RRID:AB_2732049
#: 563689;
RRID:AB_2744299
#:11-1171-82;
RRID:AB_465186
#:130-113-412;
RRID:AB_2726160
#: 130-120-484;
RRID:AB_2811336
#:130-113-115;
RRID:AB_2725943
#: A99020;
RRID:AB_3073559
#: B36292;

RRID: AB_3073560
#:302238;
RRID:AB_11126981

Other

Human Clinical Trial

ClinicalTrials.gov

NCT04293783
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RESOURCE AVAILABILITY

Lead Contact
Further information and reasonable requests for resources and reagents should be directed to and will be fulfilled by the Lead Con-
tact, Mauro Costa-Mattioli (mcostamattioli@altoslabs.com).

Materials Availability
This study did not generate new unique reagents. Information on reagents used in this study is available in the key resources table.

Data and Code Availability

Raw metagenomic sequencing reads are available from the European Nucleotide Archive using accession number PRJEB60702
(ENA: PRJEB60702). Other deidentified data from the human clinical trial and preclinical mouse studies will be made available
upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical Trial - Participant Enroliment

This trial was a single-center randomized double-blind, parallel-group, placebo-controlled study to test the effect of L. reuteri sup-
plementation on the behavioral profiles of children with autism spectrum disorder (ASD). The study was approved by Policlinico Tor
Vergata Foundation Hospital (PTV) Institutional Review Board (#244/19) and prospectively registered on ClinicalTrials.gov
(NCT04293783). Parents or legal guardians of the study participants were provided written consent before study enrollment and
the initiation of experimental procedures. Recruitment began in April 2020 and ended in May 2020.

Participants were screened for eligibility and recruited from the Child-Adolescence Psychiatry Unit of the University of Rome Tor
Vergata (Italy), PTV Foundation Hospital among children followed by the clinical unit. Male and female children between the ages of 2
and 8 years with a diagnosis of ASD based on the criteria in the Diagnostic and Statistical Manual of Mental Disorders, 5™ edition and
confirmed by the administration of the gold standard measure Autism Diagnostic Observation Schedule, Second Edition
(ADOS-2)"? — performed by a licensed multidisciplinary team of child psychiatrists or clinical psychologists — were included in this
study. Children with neurological and genetic syndromes, coeliac disease, other organic gastrointestinal disorders, or on a special
diet were excluded from this study. Any modification in daily diet and pharmacological treatment had to be reported on a weekly di-
ary. Participants were allowed to continue the concomitant treatment such as behavioral and speech therapy, as long as no modi-
fication in terms frequency and type of intervention occurred during the 6-month trial period. Detailed information concerning
concomitant rehabilitative treatment were collected at the baseline and final evaluations. A total of 43 children (35 males, 8 females)
between the ages of 2-8 years were ultimately enrolled in the study. Given that this recruitment occurred during the height of the
COVID-19 pandemic, we did not meet the estimated enroliment of approximately 80 individuals.

Preclinical study - Animal Husbandry

Wild-type C57BL/6J (stock #000664) and BTBR (stock #002282) mice were obtained from Jackson Laboratories (Bar Harbor, Maine).
Mice were housed under standard husbandry condition with 2-4 mice per cage in filter-top caging with corn cob bedding and ad
libitum access to food and water. Only male mice were used given that more males experience ASD, and that the majority of the hu-
man participants in our study were males. Animals were randomly assigned to treatment groups. Treatment began when the mice
were approximately 4 weeks of age and behavioral experiments began when the mice were approximately 8 weeks of age. Animal
care and experimental procedures were approved by Baylor College of Medicine’s Institutional Animal Care and Use Committee in
accordance with all guidelines set forth by the U.S. National Institutes of Health.

Preclinical Study - Culture and Treatment with L. reuteri for Animal Experiments
L. reuteri ATCC PTA 6475 and ATCC PTA 55730 were cultured anaerobically in MRS broth at 37°C in a 90% N2, 5% C02, 5% H2
environment as previously described.? 55730 was chosen in this study as it is nearly genetically identical to its daughter strain, DSM
17938, except for two antibiotic-resistance plasmids which were removed from ATCC PTA 55730 and otherwise possess similar
phenotypic and probiotic properties.*® Importantly, no difference has been found between 17938 and 55730 in clinical trials.*%*’
Briefly, cultures were centrifuged, washed, resuspended in PBS, and frozen at -80°C until use. For the combination experiments,
each strain was grown, washed, and resuspended separately and then combined in equal proportions prior to freezing. PBS (vehicle)
or L. reuteri was added to the drinking water daily to minimize dosage variability. The experimental group received live bacteria (~1 x
108 organisms/mouse/day), while the control group received equal volume of PBS. Mice drank the treated water ad libitum during the
treatment period.
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METHOD DETAILS

Clinical Trial - Assessment and Treatment Plans

After enrollment, a baseline assessment including standardized measures of cognitive skills, autism symptoms and behavioral profile
was performed (Table 1). Cognitive abilities were assessed using the non-verbal Intellectual Quotient (IQ) through the Leiter-R
scale.”® The ADOS-2"° was also used to assess overall autism severity. Social abilities were assessed using (i) the SRS total
T-score,* the Social Communication, Social Motivation and Mental State Understanding subdomains as derived from SRS items®’
and (ii) the social adaptive composite score of the ABAS-2.°° Adaptive abilities were assessed using the specific subscales of the
ABAS-2. Finally, restricted and repetitive behaviors were measured using the RBS-R”*"® and psychiatric and behavioral problems
were assessed using the CBCL.”®

After baseline assessments, children were randomly assigned to either the treatment (BioGaia Gastrus, > 2x10® CFU L. reuteri
DSM 17938 and ATCC PTA 6475/tablet) or placebo group. Block randomization by age and gender was performed using www.
randomization.com, by the probiotic company BioGaia. Packaging, appearance, odor, and taste were the same for both products.
Participants were instructed to take two tablets by mouth per day for 6 months. A weekly food diary, reporting concomitant medi-
cations necessary for acute condition (e.g., antibiotics, anti-inflammatories) and detailing modification in the experimental treatment
(e.g., suspension) was completed by parents. A follow-up assessment was performed at 6-months (end-of-study) with all the instru-
ments (Table 2).

The Autism Diagnostic Observation Schedule, Second Edition (ADOS-27?): The ADOS-2 is a semi-structured diagnostic instrument
appropriate for children 12 months of age to adulthood, that allows the assessment of individuals through behavioral observations
during specific play, social, and language tasks. The ADOS-2 provides empirically-derived thresholds for the diagnoses of ASD that
show good sensitivity and specificity. In this study, we used the total calibrated severity score (CSS), a metric developed to stan-
dardize ADOS-2 severity scores across age and language levels and enable comparison across different ADOS-2 modules.””
A higher score indicates more severe symptoms.

The Social Responsiveness Scale (SRS*): The SRS is a 65-item, norm-referenced, parent report questionnaire originally designed
for use with children aged 4 through 18, and more recently extended to younger and older age brackets. Each item is rated on a four-
point Likert scale (from 1 = “not true” to 4 = “almost always true”) with higher scores indicating higher trait severity/atypicality. Raw
scores can be transformed into T-Scores based on age and gender. The total T-Scores are considered in addition to the scores of
specific subscales. SRS social items were originally organized into the following subscales: social awareness, social cognition, social
communication, social motivation and autistic mannerism,®* however, subsequent factor analyses were not able to support these
conceptually based factors.®""® The largest factor analysis of the SRS to date (N= 27,953 children and adolescents) showed that
three-factor solution encompassing social motivation, social communication and mental state understanding factors provided the
best fit to the data (comparative fit index = 0.952, Tucker Lewis Index = 0.937, root mean square error of approximation = 0.054).
Thus, in this study, we used this three-factor solution.

The Repetitive Behavior Scale-Revised (RBS-R’*"°): The RBS-R is a rating scale for measuring the presence and severity of a va-
riety of forms of restricted, repetitive behavior that are characteristic of individuals with autism. RBS-R was originally designed to
capture the following 6 distinct subscales: stereotypies, self-injurious behaviors, compulsions, rituals, insistence on sameness,
and restricted, however, subsequent studies have supported five-factor solution with stereotypies, self-injurious behaviors, compul-
sions, ritualistic/sameness, and restricted behaviors subscales.”®”%° Given that self-injurious behaviors are not classically consid-
ered as repetitive behaviors, we did not include this subscale but instead utilized the other empirically-derived subscales (i.e., ste-
reotypies, compulsions, ritualistic/sameness, and restricted behaviors). We did not consider total RBS-R scores given the complexity
and heterogeneity of this domain and recommendations that clinical trials should focus on discrete RBS-R subdomains rather than
overall index of severity.®' A higher score indicate more severe behavioral symptoms.

The Child Behavior Checklist (CBCL®): The CBCL is a norm-referenced, parent report questionnaire measure designed to assess
behavioral, emotional, and social problems in children and adolescents. In addition to the total score, the CBCL also provides inter-
nalizing and externalizing scores that can be combined across the two age-specific versions (2.5-5 years and 6-18 years of age).
Thus, in this study we focused on internalizing and externalizing behaviors. A higher score indicates more severe problems.

The Adaptive Behaviors Assessment System, Second Edition (ABAS-2%%): ABAS-2 evaluates the adaptive skills needed to interact,
care for oneself, respond to others, and meet environmental demands at home, school, work, and in the community. The ABAS-2
assessed different domains including General Adaptive Composite (GAC) and three adaptive domains (conceptual, social, and prac-
tical). A higher score indicates better adaptive functioning or less severe symptoms.

The Parenting Stress Index Short Form (PSI/SF®): The PSI/SF is a 36-item parent report instrument designed to evaluate stress
within the parent-child relationship. In this study, we focused on the overall parental stress indexed by the total PSI/SF score. A higher
score indicates a higher level of parental stress.

Gastrointestinal Symptoms Rating Scale (GSRS®®): The GSRS is a 15 items questionnaire that evaluates different gastrointestinal
symptoms including abdominal pain, reflux syndrome, diarrhea syndrome, indigestion syndrome (borborygmus, abdominal disten-
sion, eructation and increased flatus) and constipation syndrome (constipation, hard stools and feeling of incomplete evacuation®).
In this study, we focused on the total GSRS score as an index of overall severity of gastrointestinal symptoms. A higher score indi-
cates higher gastrointestinal discomfort.
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Clinical Trial - Metagenomic Profiling

The sequencing library was prepared using the MGl FS DNA library prep kit as outlined by the manufacturer, with the exception that
50 ng of input DNA was used. Additionally, since a smaller amount of input DNA was used, a single bead clean-up step was em-
ployed. Samples were sequenced using a DNBSEQ-G400 sequencer (MGl, Shenzhen, China) as described previously.®®

Clinical Trial - Immunological Profiling

Peripheral blood mononuclear cells (PBMC) were isolated as previously described®® by Ficoll gradient centrifugation (GE Healthcare)
from 5 mL of whole blood from study participants, and stained with fluorochrome-conjugated antibodies for specific markers of each
immune subpopulation. In particular: panel 1: CD45, CRTH2, CD161, CD19, CD56, CXCR3, CD8, TCR-v3, CCR6, Live Dead, CD3,
CD4 for T helper (Th)1, 2, 17, 1/17 lymphocytes, cytotoxic lymphocytes (CD8 T cells), v3T cells, mucosal invariant T (MAIT) cells, nat-
ural killer (NK) cells, B lymphocytes; panel 2: CD45, CD25, CD16, CD11c, CD127, CD14, CD3, CD19, CD56, Live Dead, CD123, CD4
for monocytes, plasmacytoid and conventional dendritic cells (pDC and cDC, respectively), T regulatory cells; panel 3: CD117,
CD127, CRTH2, CD161, CD117, NKP44, Live Dead, CD3, CD14, CD16, CD19 for innate lymphoid cells (ILC) 1,2,3. After staining,
cells were acquired on a Cytoflex (Beckman Coulter) flow cytometer. Data were analyzed with FlowJo v 10.8. The gating strategies
are shown in Figures S2-54.

Plasma cytokine and chemokine profiles were analyzed using Millipore multiplex magnetic bead-based antibody detection kits,
following the manufacturer’s instructions. Specifically, Human Cytokine/Chemokine/Growth Factor Panel A (Millipore Cat. No.
HCYTA-60K-PXBK38) was used for detection of the following analytes: interleukin (IL)-1a, IL-18, IL-1Ra, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-12p40, IL-13, IL-15, IL-17A, granulocyte-macrophage colony-stimulating factor (GM-
CSF), interferon-gamma (IFN)-vy, IFN-22, interferon gamma-induced protein 10 (IP-10), monocyte chemoattractant protein (MCP)
1, MCP3, macrophage inflammatory protein (MIP)-1a, MIP-1p, macrophage-derived chemokine (MDC), tumor necrosis factor-alpha
(TNF)-a, fraktalkine, soluble CD40-Ligand (sCD40L), and transforming growth factor (TGF)-a. Plasma aliquots (50 uL) were used for
analysis, with a minimum of 50 beads per analyte acquired. Each sample was analyzed in duplicate. Median fluorescence intensities
were measured using a Luminex 200 analyzer. Standard curves and values were calculated using xPONENT 4.2 software for
MAGPIX®. Data were analyzed and reported as concentration readings (pg/mL). IL-2, IL-3, IL-5, IL-7, IL-15, IL-17A, and IL-12p70
were undetected in all samples. Subjects were removed from the analysis if both timepoints not present (e.g., not sufficient sample
remaining).

Preclinical Study - Animal Behavior Tests

Social behavior, locomotor activity, and repetitive behaviors were measured using the 3-Chamber Test was performed as previously
described.?*?*#7 Briefly, behavior tests were conducted on mice aged 8-12 weeks. All experiments were conducted during the light
cycle. Mice were habituated to the experimenter for 3 days prior to the start of the behavioral experiment. The experimenter was blind
to the treatment group.

On the day of the test, mice were placed in an empty 60 x 40 x 23 cm Plexiglas arena divided into three equally-sized intercon-
nected chambers for a 10-minute habituation period. During habituation, the subject’s position was continuously tracked using
the automated tracking software, AnyMaze (Stoelting Co., Wood Dale, USA) to measure locomotor activity. In addition, spontaneous
self-grooming was measured during habituation by a trained observer using the AnyMaze software.

Sociability was evaluated during a second 10-minute period in which the subject could interact either with an empty wire cup
(Empty) or a wire cup containing a stranger mouse (Mouse 1). Stranger mice were age- and sex-matched to the subject mouse.
The interaction time was scored by measuring the time the subject mouse spent sniffing or climbing upon either the empty cup or
the cup containing the stranger mouse. The position of the empty cup/stranger mouse in the left or right chamber during the socia-
bility period was counterbalanced between trials, to avoid bias. Preference for social novelty was evaluated, in a third 10-minute
period, by introducing a second stranger mouse (Mouse 2) into the previously empty wire cup. The time spent interacting with either
Mouse 1 or Mouse 2 was measured as mentioned above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical Trial - Behavioral Data Analysis

To examine the primary the effects of the L. reuteri on primary and secondary outcomes in humans we used general linear modelling
approach. Reported results were based on the linear mixed effect random intercept model with an unstructured variance—covariance
structure, which enabled reliable estimation of the variance parameters. Type 1 error rate of 0.05 was used for analyses of the effi-
cacy. All analyses were supplemented with the partial eta squared effect size, with values of 0.01 indicating small, 0.06
medium and 0.14 large effect sizes. Analyses were conducted using Mplus 8.0 (Los Angeles, CA) and IBM SPSS Statistics Version
24.0 (Armonk, NY).

Clinical Trial - Metagenomic Profiling

Adapter trimming and initial quality control were performed using Trimmomatic v0.39°* and human reads were removed in silico after
mapping to the GRCh38 reference using Bowtie2 v2.5.0.°° Filtered reads were then taxonomically profiled using Kraken2 v2.1.2 (with
confidence parameter set to 0.5)°° setting the confidence parameter to 0.5 and Bracken v2.8° with the Struo2 generated GTDB-r207
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Kraken2 and Bracken databases.®® Subjects were removed from the analysis if both timepoints not present (e.g., DNA extraction or
sequencing failed) which resulted in a final dataset for microbiome analysis that contained 30 subjects (control n = 14, treatment n =
16). Results were imported into R v4.2.2 and filtering, diversity analyses, and plotting were performed using Phyloseq v1.42.0.°% The
final table was filtered to include taxa that had > 10 reads in 25% or more samples and the coefficient of variation was < 3.0. For alpha-
diversity analyses, samples were rarefied to 3860940 total counts and a two-way repeated measures ANOVA was performed after
normality testing. For beta-diversity analyses, a two-way PERMANOVA was performed using vegan v2.6-4.”° Taxa barplots were
generated using QIIME 2 2022.8.%° For differential abundance analyses, a likelihood ratio test comparing the full model (Time +
Treatment + Time*Treatment) with the reduced model (Time + Treatment) was performed using DESeq2 v1.38.3.”" An adjusted
p-value (P,q) < 0.05 was considered significant for all analyses. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, n.s. = not significant.

Clinical Trial - Immune Profile Data Analysis

Statistical analyses for the immunological profiles were performed using GraphPad’s Prism 9 (La Jolla, CA). A two-way repeated
measures ANOVA with a type 1 error rate of 0.05 was used for analyses of the efficacy. All analyses were supplemented with the
partial eta squared effect size, with values of 0.01 indicating small, 0.06 medium and 0.14 large effect sizes.

Preclinical Study - Behavioral Data Analysis

Statistical analyses for the preclinical mouse studies were performed using GraphPad’s Prism 9 (La Jolla, CA). One- or two-way
ANOVA with either Tukey’s or Bonferroni test to correct for multiple comparisons as indicated in the figure legends were performed.
Bar graphs on figures represent mean +/- S.E.M. with individual data points shown as well. P, t, g, and F values were presented in the
figure legends. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, P < 0.001, ***P < 0.0001, n.s. = not
significant.

ADDITIONAL RESOURCES

The clinical trial was preregistered on ClinicalTrials.gov with study ID: NCT04293783 (https://clinicaltrials.gov/study/NCT04293783).
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