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Many studies have reported abnormal gut microbiota in individuals with Autism Spectrum Disorders
(ASD), suggesting a link between gut microbiome and autism-like behaviors. Modifying the gut
microbiome is a potential route to improve gastrointestinal (Gl) and behavioral symptoms in children
with ASD, and fecal microbiota transplant could transform the dysbiotic gut microbiome toward a
healthy one by delivering a large number of commensal microbes from a healthy donor. We previously
performed an open-label trial of Microbiota Transfer Therapy (MTT) that combined antibiotics, a
bowel cleanse, a stomach-acid suppressant, and fecal microbiota transplant, and observed significant
improvements in Gl symptoms, autism-related symptoms, and gut microbiota. Here, we report on

a follow-up with the same 18 participants two years after treatment was completed. Notably, most
improvements in Gl symptoms were maintained, and autism-related symptoms improved even more
after the end of treatment. Important changes in gut microbiota at the end of treatment remained at
follow-up, including significant increases in bacterial diversity and relative abundances of Bifidobacteria
and Prevotella. Our observations demonstrate the long-term safety and efficacy of MTT as a potential
therapy to treat children with ASD who have Gl problems, and warrant a double-blind, placebo-
controlled trial in the future.

The human gut and brain interact in complex ways, and abnormal conditions in the gut may predispose indi-
viduals to neurodevelopmental disorders"* Individuals with Autism Spectrum Disorders (ASD)?, Parkinson’s
disease?, and Alzheimer’s disease®, for example, have been known to experience chronic gastrointestinal (GI)
symptoms as a common co-occurring medical condition, suggesting the presence of a gut-brain axis. Hallmayer
et al.® investigated 192 twin pairs and found that both genetic and environmental factors contribute to the etiol-
ogy of ASD. The gut microbiome represents an important environmental factor that may exert an influence on
symptoms, and a growing number of research groups have observed that children with ASD have distinctive gut
microbiomes compared to neurotypical children’"'!. Moreover, multiple mouse studies have reported that gut
microbes and their metabolites can impact behavior through the gut-brain axis, including for ASD2-14,

Effective treatments for ASD include behavioral therapy, speech and social therapy, and dietary/nutritional/
medical treatments, but no medical treatment has been approved to treat core symptoms of ASD'3, such as social
communication difficulties and repetitive behaviors. Considering the link between the gut and brain, modulating
the gut microbiome by antibiotics, probiotics, prebiotics, and/or fecal microbiota transplant (FMT) could be a
viable therapeutic option. In FMT, a large diversity and number of commensal microbes from a healthy donor are
used to transform a dysbiotic gut microbiome into a healthy microbiome. In fact, FMT is the most effective ther-
apy to treat recurrent Clostridium difficile infection'® and has shown varying levels of success for treating other
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Figure 1. Changes in GI- and ASD-related symptoms of 18 children with ASD at two-year follow-up after
treatment stopped. Asterisks (at the top of the box plot) indicate whether individuals (at each time point) have
significantly changed since pre-treatment (Week 0 of original Phase 1 trial). Based on two-tailed Wilcoxon
signed-rank test, ns indicates not significant, single asterisk indicates p < 0.05, double asterisks indicate p < 0.01,
triple asterisks indicate p < 0.001. See also Supplementary Figs S1-S3.

GI disorders'’, which has drawn attention to the method for use beyond GlI-associated disorders'®. Previously, we
performed a pioneering open-label modified-FMT trial with an intensive combination called Microbial Transfer
Therapy (MTT) consisting of two-week vancomycin treatment followed by a bowel cleanse and then high dose
FMT for 1-2 days and 7-8 weeks of daily maintenance doses along with a stomach-acid suppressant, adminis-
tered to children with ASD and chronic gastrointestinal problems!. After this 10-week MTT treatment and an
eight-week follow-up observation period (18 weeks in total), we observed an 80% reduction in GI symptoms and
a slow but steady improvement in core ASD symptoms. At the same time, we learned that gut microbial diversity,
including potentially beneficial microbes, significantly increased after MTT?. Two years after this original clinical
trial was completed, we re-evaluated the participants to determine whether observed improvements in behavior
and GI symptoms persisted, and to ascertain the long-term impact of MTT on the gut microbiome of the study
participants.

Results and Discussion

Improvements in Gl and ASD symptoms remained two years after the MTT stopped. Two years
after the MTT was completed, we invited the 18 original subjects in our treatment group to participate in a fol-
low-up study, and all provided informed consent. We performed the same GI and behavior tests that we employed
previously'. 12 of 18 participants made some changes to their medication, diet, or nutritional supplements, but
these changes were well documented and were mostly minor (Supplementary Table S1). We note that due to
the open-label nature of this initial trial, all of the assessments are subject to placebo effect, however the long-
term improvements we observed here are promising. Two years after treatment, most participants reported GI
symptoms remaining improved compared to baseline (Fig. 1a and Supplementary Fig. S1). The improvement
was on average 58% reduction in Gastrointestinal Symptom Rating Scale (GSRS) and 26% reduction in % days of
abnormal stools (Daily Stool Record or DSR) relative to baseline, and this result is similar to what we observed at
the end of treatment. The improvement in GI symptoms was observed for all sub-categories of GSRS (abdominal
pain, indigestion, diarrhea, and constipation, Supplementary Fig. S2a) as well as for all sub-categories of DSR (no
stool, hard stool, and soft/liquid stool, Supplementary Fig. S2b), although the degree of improvement on indiges-
tion symptom (a sub-category of GSRS) was reduced after 2 years compared with weeks 10 and 18. This achieve-
ment is notable, because all 18 participants reported that they had had chronic GI problems (chronic constipation
and/or diarrhea) since infancy, without any period of normal GI health (Supplementary Table S2). The families
generally reported that ASD-related symptoms had slowly, steadily improved since week 18 of the Phase 1 trial,
and this was consistent with the data reported in Fig. 1b—f. Based on the Childhood Autism Rating Scale (CARS)
rated by a professional evaluator, the severity of ASD at the two-year follow-up was 47% lower than baseline
(Fig. 1b), compared to 23% lower at the end of week 10. At the beginning of the open-label trial, 83% of partici-
pants rated in the severe ASD diagnosis per the CARS (Fig. 2a). At the two-year follow-up, only 17% were rated as
severe, 39% were in the mild to moderate range, and 44% of participants were below the ASD diagnostic cut-off
scores (Fig. 2a). The parent-rated Social Responsiveness Scale (SRS) assessment revealed that 89% of participants
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Figure 2. CARS and SRS diagnostic category for ASD at baseline, 8 weeks after treatment, and two-year
follow-up after treatment stopped. (a) For CARS, Minimal-to-No Symptoms (15-29.5 for ages less than 13;
15-27.5 for ages 13 or older), Mild-to-Moderate Symptoms (30-36.5 for ages less than 13; 28-34.5 for ages 13
or order), and Sever Symptoms (37 and higher for ages less than 13; 35 and higher for ages 13 or order)*. (b)
For SRS, Normal (0-53), Mild or High Functioning autism (54-86), Clinical diagnosis of autistic disorder,
Asperger’s disorder, or more severe cases of Pervasive developmental disorder not otherwise specified (PDD-
NOS) (>87)%. (c-g) Strong and significant correlations between improvements in GI symptoms (GSRS) and
behavior symptoms based on % changes in 2 years.

were in the severe range at the beginning of the trial, but the percentile dropped to 47% at the two-year follow-up
(Fig. 2b), with 35% in the mild/moderate range and 18% below the cut-off for ASD. For the parent-rated Aberrant
Behavior Checklist (ABC), total scores continued to improve, and were 35% lower relative to baseline (versus
24% lower at the end of treatment, relative to baseline; Fig. 1d). The Parent Global Impressions-III (PGI-III)
scores remained similar to the scores at the end of treatment (week 10) of the open-label (Fig. le). The Vineland
Adaptive Behavior Scale (VABS) equivalent age continued to improve (Fig. 1f), although not as quickly as during
the treatment, resulting in an increase of 2.5 years over 2 years, which is much faster than typical for the ASD
population, whose developmental age was only 49% of their physical age at the start of this study. Moreover, we
observed improvement in behaviors in most sub-categories (Supplementary Figs S2¢,d, and S3 for ABC, SRS, and
VABS, respectively).

Opverall, the most substantial improvements observed were on the CARS assessments, which was conducted
by a professional evaluator and is less susceptible to placebo-effect?’. CARS is a stable and consistent diagnostic
tool with high predictive validity?! and has been used to evaluate participants before and after therapeutic inter-
ventions in multiple studies?®*>?. For the follow up CARS, the evaluator collected current information based on
each question’s unique criteria. After the interview was complete for each question, the evaluator reviewed the
information initially collected at baseline and used it for calibrating the final evaluation.
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Figure 3. Stool microbiota assessments at two-year follow-up after treatment stopped. (a) Faith’s phylogenetic
diversity (PD) in the microbiota of 18 children with ASD as measured from stool samples. Orange lines indicate
median PD of the donor samples (dashed line represents initial donor samples (n = 5), and dotted line represents
maintenance dose samples (n =2)), and green line indicates median PD of 20 neurotypical controls at week 0.

ns indicates not significant, single asterisk indicates p < 0.05, double asterisks indicate p < 0.01, triple asterisks
indicate p < 0.001 (two-tailed Wilcoxon signed-rank test comparing weeks 3, 10, and 18 and two-year to week

0 values). (b) Unweighted UniFrac distances between ASD gut microbiota and most relevant donor sample
(initial donor sample at weeks 0 and 3, most recent maintenance dose sample at weeks 10 and 18, and 2 years).
Green line indicates the median interpersonal variation between neurotypical controls and illustrates that prior
to treatment the difference in gut microbiota composition between MTT recipients and donors was on the order
of normal interpersonal variation. Statistics are the same as those used in (a). See also Supplementary Figs S5
and S6.

Improvements in Gl and ASD symptoms were significantly correlated. We performed statistical
analyses to assess whether improvements in GI and ASD severity were correlated. As shown in Fig. 2c-e, per-
centage changes in CARS, SRS, and ABC scores were positively correlated with percent changes in GSRS scores
(Spearman correlation test, 2-tailed p < 0.005 and r > 0.7), implying that GI relief provided by MTT may ame-
liorate behavioral severity in children with ASD, or vice versa, or that both may be similarly impacted by another
factor. Another GI assessment, DSR, however, showed that there was no significant correlation. Although the
direction of the influence is not clear, a potential clinical link between GI and behavior severity is consistent with
what previous studies have reported?*?>.

ASD fecal bacterial diversity was higher two years after the MTT stopped. 16 out of 18 original
ASD participants provided an additional fecal sample two years after the open-label trial. Based on 168 ribo-
somal RNA (rRNA) gene amplicon sequencing analysis, most participants maintained higher gut microbiota
diversity two years after treatment relative to baseline. Interestingly, for many individuals, the bacterial diversity
was higher at two years than at the week 18 follow up as measured by Faith’s Phylogenetic Diversity (Fig. 3a and
Supplementary Fig. S4a) and Observed OTUs (Supplementary Fig. S5a). Considering low gut bacterial diversity
in individuals with ASD?® and other human disorders*’~?, an increase in diversity after MTT may reflect that
MTT intervention successfully transformed gut environment into a healthier status and led to a long-term benefit
on GI and behavior symptoms.

Upon completion of the original MTT treatment, we observed that the unweighted UniFrac distance®
between the gut microbiota of MTT recipients and their corresponding donors was smaller than before treat-
ment, suggesting some engraftment of the donor microbiome into the recipients by MTT". Interestingly, two
years after the trial, the recipients were as different from the donor microbiome as they were pre-treatment as
measured by unweighted UniFrac distance (Fig. 3b, Supplementary Fig. S4b) and several other metrics of com-
munity dissimilarity (Supplementary Fig. S5b—e). This suggests that the recipients didn’t retain completely the
donated microbiome, but rather retained some features of it such as increased overall diversity, and increase in
some important microbes such as Prevotella, while finding a new state.

Bifidobacterium and Prevotella relative abundances remained higher in feces of participants
with ASD two-years after MTT stopped. Three taxa that were noticeably enhanced in MTT recipients
at the conclusion of the original clinical trial'® were revisited during the two-year follow-up. Notably, compared
to baseline, median relative abundances of Bifidobacteria and Prevotella increased 4-fold and 712-fold at week
10, and 5-fold and 84-fold at two years, respectively (Fig. 4a,b). Desulfobivrio relative abundance decreased since
week 18 (Fig. 4c), but at the two-year follow-up was still marginally higher compared to baseline (two-tailed
Wilcoxon signed-rank test, p=0.07) and higher than neurotypical controls (two-tailed Mann-Whitney U test,
P <0.05). An increase in Prevotella after MTT is noteworthy, since its lower abundance in feces of children with
ASD compared with neurotypical children has been confirmed in two different cohorts?*>!. A recent study also
found reduced levels of Prevotella in the oral microbiome of children with ASD*. Prevotella may be involved
in butyrate production®, a key nutrient for the intestinal epithelial cells*. In addition, its co-occurrence with
Desulfovibrio may reflect a synergistic advantage to outcompete other commensal microbes that utilize mucin
as nutrients®®, although more research is needed on how their ecological niche in mucin desulfation could
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samples), and green line indicates median of 20 neurotypical controls at week 0.

contribute to an integrity of gut epithelial cells® as well as to the improvement on GI and behavior symptoms we
observed. Further mechanistic studies with multi-omic approaches are warranted to define the roles of Prevotella
and Desulfovibrio in the context of autism.

Further research with a placebo-control arm is warranted. To the best of our knowledge, long-term
follow-up studies are rare for medical treatment of individuals with ASD. In treatments with vancomycin®” or
phytochemical sulforaphane®, benefits were lost within two or four weeks, respectively, of the treatments being
discontinued. Thus, the long-term benefits observed here two years after MTT stopped are very encouraging,
and MTT-driven gut microbiota transformation seems robust and long-lasting for the treatment of ASD. Despite
steady and continuous improvement in behaviors over two years, we must underscore that the original clinical
trial and current follow-up study are open-label trials without a control for placebo effect. Autism symptoms
are relatively stable over time without a major intervention: for example, a trajectory study with 345 children
with ASD showed that more than 80% of participants with ASD retained unexpectedly stable core symptoms
severity over 8 to 12 years®. The VABS observations indicate that the improvements in adaptive behaviors
observed here were substantially more than expected for children with ASD over two years. A limitation of this
study is that 12 out of 18 participants made one or more changes to their medications, nutritional supplements,
and diets between the end of the original MTT trial and the two-year follow-up since the treatment stopped
(Supplementary Table S1). As described in detail in the methods section, participants were asked to rate the per-
ceived effectiveness on GI and ASD symptoms (on a scale of 0-4) caused by changes in medications, diet, or nutri-
tional supplements. Although the scale on the perceived effectiveness is still subjective and difficult to interpret,
low scores received (1.1 for GI and 0.8 for ASD symptoms) suggest that these treatments on average could have
only “slight effect”. Thus, it appears that most of the changes observed were probably due to the MTT, although
we still need follow-up studies to understand whether the improvement by MTT were solely from vancomycin,
MoviPrep, Prilosec, Standardized Human Gut Microbiota (SHGM), or a combination of these individual factors.
For example, some participants in our study could have GI symptoms that were acid-peptic in nature, and their
improvements on GI symptoms might be solely attributed to the administration of stomach-acid suppressant
(Prilosec)*. We hypothesize that MTT may also be beneficial for children with ASD who do not have obvious GI
symptoms but have low diversity of gut bacteria, as our previous study?® found that most children with ASD had
low gut bacterial diversity, regardless of whether they have GI problems.

Here, we also would like to address a potential study limitation interpreting the improvement on GI symp-
toms after MTT, since these heterogeneous GI symptoms could reflect a wide range of underlying etiological GI
pathologies. Although we reviewed medical histories to exclude children with known gastrointestinal diagnoses
(such as ulcerative colitis, Crohn’s Disease, celiac disease, eosinophilic gastritis, or similar conditions)"’, we did
not conduct additional GI diagnostic evaluations, which is a limitation of this study. Thus, we want to underscore
need of follow-up studies embracing more thorough examination of participants’ GI pathologies in order to better
understand effectiveness of MTT.

Conclusions

In summary, all 18 participants with ASD were re-evaluated two years after MTT treatment stopped, and we
observed significant improvements both in GI and behavior symptoms as compared with baseline measurements
collected at the beginning of the original open-label trial. GI benefits were mostly maintained from the end
of treatment, and autism symptoms were reported to have improved significantly since the end of treatment.
Changes in gut microbiota persisted at two years, including in overall community diversity and relative abun-
dances of Bifidobacteria and Prevotella. These encouraging observations demonstrate that the intensive MTT
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intervention is a promising therapy for treating children with ASD who have GI problems. We recommend future
research including double-blind, placebo-controlled randomized trials with a larger cohort.

Methods

Ethics approval and consent to participate. The protocol for the original treatment study was approved
by FDA (Investigational new drug number 15886) and the Institutional Review Board of Arizona State University
(ASU IRB Protocol #: 00001053), as described in Kang et al.’®. All research methods were performed in accord-
ance with the relevant guidelines and regulations. For the follow-up study described in this paper, a new IRB pro-
tocol was approved by the IRB of Arizona State University (ASU IRB Protocol # 00004890). The follow-up study
was only open to the 18 children with ASD who participated in the original Phase 1 trial study, and no further
inclusion or exclusion criteria was applied to what we employed in the original trial'®. For the consent process,
we contacted past participants and their parents and explained the study in detail by phone and/or email, and
provided them with a copy of the parent permission form and the child assent form. After the informed consent
process, all 18 families agreed to participate and signed written parent permission and assent forms. We main-
tained confidentiality of participants results by de-identifying all samples for the entire analyses. The participant’s
name and identifiers were removed and not used in all sections of the manuscript, including supplementary
information. The trial was registered at the ClinicalTrials.gov (NCT02504554) on March 30, 2015.

Study objective. The purpose of the study was to conduct a 2-year follow-up on children with ASD who par-
ticipated in the original study and to determine long-term safety and efficacy of the Microbial Transfer Therapy
(MTT). In brief, the previous study was designed to perform an open-label clinical trial for children with ASD
and moderate to severe GI problems (ages 7-17 years)". Eighteen children were enrolled in the previous study
and treated with a combination of vancomycin (to reduce pathogenic bacteria) for 2 weeks, MoviPrep (a bowel
cleanse to remove vancomycin and remaining bacteria), Prilosec (a proton pump inhibitor in order to reduce
stomach acidity and to increase the survival rate of high and maintenance doses of SHGM), and Standardized
Human Gut Microbiota (gut bacteria from healthy donors) for 7-8 weeks*'. Participants were monitored during
the 10 weeks of treatment, and again 8 weeks after MTT stopped. There were no major adverse effects, and all 18
participants completed the study. Most of the children had substantial reduction of their GI and ASD symptoms,
and those improvements remained at the follow-up at 8 weeks after the treatment ended. Further information on
the previous study design and outcomes are described in Kang et al.”®. In this current study, we followed up past
participants approximately 2 years since the treatment stopped, and requested parents to collect one stool sample
from their child in order to investigate changes in bacterial composition. After the study ended, 6 participants did
not make any changes in their treatments for the next two years, and 12 participants made one or more changes
(Supplementary Table S1). The changes (and the number of participants making those changes) included dietary
changes (gluten-free/casein-free diet (1), ketogenic diet (1), and removing eggs(1)), GI treatments (magnesium
citrate (2), digestive enzymes (1), dulcolax (1), enteragam (1), probiotics (2)), medication changes (Abilify (1),
birth control (1), IVIG (1), Lamictal (1), lithium (1), Tenex (1), thryroid (1), and Vyvanse (1), and nutritional
supplements (amino acids (1), multivitamins (2), Bravo yogurt (1), citruline (1), fish oil (1), GABA (1), I-theanine
(1), magnesium (1), Oraimmune (1), and Rerum (1). Participants were asked to rate the perceived effectiveness
of each treatment on a scale of 0-4 for both GI and ASD symptoms, where 0 =“No effect”, 1 = “Slight benefit’,
2 =“Moderate benefit”, 3 = “Good benefit”, and 4 = “Great benefit”.

Assessments of gastrointestinal and autism-related symptoms. To be consistent with the previ-
ous assessments!’, we evaluated GI symptoms using a revised version of Gastrointestinal Symptom Rating Scale
(GSRS) that employs 7-point Likert scale*? in 5 domains: Abdominal Pain, Reflux, Indigestion, Diarrhea, and
Constipation. We also collected Daily Stool Records (DSR) that rates the stool using the Bristol Stool Form scale
(I=very hard, 7=1liquid) over 14 days. For the assessments of autism and related symptoms, we also employed
the same assessments that we used in the previous study including the Parent Global Impressions-III (PGI-III)*,
the Childhood Autism Rating Scale (CARS), the Aberrant Behavior Checklist (ABC), the Social Responsiveness
Scale (SRS), and the Vineland Adaptive Behavior Scale II (VABS-II). The CARS evaluation was conducted by the
same professional evaluator who conducted the previous CARS evaluation, and parents assessed the GSRS, DSR,
PGI-III, ABC, SRS, and VABS-II at approximately 2 years after the therapy stopped.

Microbial DNA extraction and next generation sequencing. In order to be consistent with the pre-
vious work in Kang et al.'’, we employed the same DNA extraction assay, library preparation, and sequenc-
ing methods. We extracted microbial genomic DNA from stool samples using a PowerSoil® DNA Isolation Kit
(Mobio Carlsbard, CA) and constructed 16S rRNA library for MiSeq Illumina platform according to the protocol
from Earth Microbiome Project (http://www.earthmicrobiome.org/protocols-and-standards/16s/). The barcoded
primer set 515f -806r was used for pair-ended sequencing to target the 16 s rRNA V4 region*. Library prepara-
tion and sequencing work were performed at the Microbiome Analysis Laboratory in the Biodesign Institute of
Arizona State University (http://krajmalnik.environmentalbiotechnology.org/microbiome-lab.html).

Microbiome bioinformatics. The 16S rRNA gene data from our previous sequencing run was generated
from four Illumina MiSeq runs, and the follow-up data (new to this study) was sequenced on a single MiSeq run.
To ensure consistent processing across all of these runs, and to enable the use of the most recent bioinformatics
methods for microbiome analysis, we processed all five of these sequencing runs together in a single QIIME 2
analysis®.

Analyses were performed on the forward reads only, to retain as many sequences as possible (i.e., to not dis-
card sequences where forward and reverse reads could not be joined). Sequence quality control was performed
with two different processing pipelines, both implemented in QIIME 2.
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The first processing pipeline used DADA2% via the q2-dada2 QIIME 2 plugin (we'll refer to this as the DADA2
pipeline). In the DADA?2 pipeline, the first 10 bases were trimmed from reads and reads were truncated at 150
bases prior to processing with the dada2-single method, as recommended by the DADA?2 authors. All other
DADA2 parameters were left with their default settings. DADA2 was run on a per-sequencing run basis using the
same parameters for all runs of DADA?2. The resulting feature tables were merged, such that we had one master
“feature table” containing counts of features on a per sample basis, where our features were unique 16S rRNA gene
sequence variants. The “feature sequence” that defined each feature was the unique 16S rRNA gene sequence var-
iant. Microbiome analysis results based on this processing pipeline are presented in Figs 3, 4 and Supplementary
Figs S4, S5.

The second processing pipeline used the quality filtering approach described in Bokulich et al.*” as imple-
mented in the q2-quality-filter plugin using a min-quality of 20 (all other parameters were defaults). We will
refer to this pipeline as the Q20 pipeline. Sequence reads were subsequently clustered into 97% OTUs using
open-reference OTU picking as implemented in the q2-vsearch plugin (which uses vsearch* for clustering).
Again, we had one master “feature table” containing counts of features on a per sample basis, where in this case
our features were 97% OTUs. The “feature sequence” that defined each feature was the OTU centroid sequence. As
an additional quality control step, features that were only observed in a single sample and features that could not
be assigned to a phylum against the Silva database*’ (described further below) were filtered from the feature table.
Microbiome analysis results based on this processing pipeline are presented in Supplementary Fig. S6.

Following both the DADA2 and Q20 pipelines, feature sequences were aligned with mafft*® (wrapped in the
q2-alignment plugin), high entropy positions were filtered from the resulting alignment®', an unrooted tree was
constructed with FastTree® (wrapped in the q2-phylogeny plugin), and the tree was rooted using midpoint root-
ing. Taxonomy was assigned to each feature sequence against the Silva 119 database using a Naive Bayes classifier
implemented in the q2-feature-classifier plugin®. Feature tables were rarefied to 5,298 sequences per sample, and
diversity metrics were computed using the q2-diversity plugin.

For complete details on the bioinformatics methods, including the versions of all software and dependencies,
and all commands and parameter settings, readers can view the provenance data contained in the Supplementary
File S1. This information can be viewed visually at https://view.qiime2.org.

The specific values of the microbiome richness and distance metrics differ between the DADA2 and Q20
bioinformatics pipelines. For example, Faith’s Phylogenetic Diversity is considerably lower with the DADA?2 pipe-
line, likely because it does a much better job at raw sequence quality control (as described in the original DADA2
paper). Despite this, it is encouraging to observe that the different quality control and feature definition pipelines
illustrate the same trends in microbiome composition and richness.

Statistical analysis. We assumed the data as non-normally distributed because of a relatively small sample
size, and performed nonparametric analyses of Mann-Whitney U-test, Wilcoxon signed-rank test, and Spearman
correlation test. We reported all p values from two-tailed tests, and accepted p values lower than 0.05 as signif-
icant. For the boxes in Figs 1, 3 and 4, the cross line in the box indicates median values and the bottom and top
edges of the box indicate the 25" and 75" percentiles of the sample.

Data Availability

The 16S rRNA gene sequence reads are available in the open-source sequence data repository ‘Qiita’ with the
study ID number 10532 (https://qiita.ucsd.edu) and the NCBI SRA under BioProject ID PRJNA529598. For de-
tails on obtaining and installing QIIME 2, see https://qiime2.org. QIIME 2 is open source and free for all use.
The analyses presented in Fig. 3 and Supplementary Figs S4-S6 were performed using Jupyter Notebooks. These
notebooks are available at https://github.com/caporaso-lab/autism-fmt1.

References

1. Rogers, G. B. et al. From gut dysbiosis to altered brain function and mental illness: mechanisms and pathways. Molecular Psychiatry
21, 738-748, https://doi.org/10.1038/mp.2016.50 (2016).

2. Sharon, G., Sampson, T. R., Geschwind, D. H. & Mazmanian, S. K. The central nervous system and the gut microbiome. Cell 167,
915-932, https://doi.org/10.1016/j.cell.2016.10.027 (2016).

3. McElhanon, B. O., McCracken, C., Karpen, S. & Sharp, W. G. Gastrointestinal symptoms in autism spectrum disorder: a meta-
analysis. Pediatrics 133, https://doi.org/10.1542/peds.2013-3995 (2014).

4. Braak, H., Rub, U,, Gai, W. P. & Del Tredici, K. Idiopathic Parkinson’s disease: possible routes by which vulnerable neuronal types
may be subject to neuroinvasion by an unknown pathogen. Journal of Neural Transmission 110, 517-536, https://doi.org/10.1007/
500702-002-0808-2 (2003).

5. McCarthy, M., AddingtonHall, J. & Altmann, D. The experience of dying with dementia: A retrospective study. International Journal
of Geriatric Psychiatry 12, 404-409, https://doi.org/10.1002/(SICI)1099-1166(199703)12:3<404:: AID-GPS529>3.0.CO;2-2 (1997).

6. Hallmayer, J. et al. Genetic heritability and shared environmental factors among twin pairs with autism. Archives of General
Psychiatry 68, 1095-1102, https://doi.org/10.1001/archgenpsychiatry.2011.76 (2011).

7. Finegold, S. M. et al. Pyrosequencing study of fecal microflora of autistic and control children. Anaerobe 16, 444-453, https://doi.
org/10.1016/j.anaerobe.2010.06.008 (2010).

8. De Angelis, M. et al. Fecal microbiota and metabolome of children with autism and pervasive developmental disorder not otherwise
specified. Plos One 8, 18, https://doi.org/10.1371/journal.pone.0076993 (2013).

9. Williams, B. L., Hornig, M., Parekh, T. & Lipkin, W. I. Application of novel PCR-based methods for detection, quantification, and
phylogenetic characterization of Sutterella species in intestinal biopsy samples from children with autism and gastrointestinal
disturbances. MBio 3, €00261-11, https://doi.org/10.1128/mBi0.00261-11 (2012).

10. Gondalia, S. V. et al. Molecular characterisation of gastrointestinal microbiota of children with autism (with and without
gastrointestinal dysfunction) and their neurotypical siblings. Autism Research 5, 419-427, https://doi.org/10.1002/aur.1253 (2012).

11. Son, J. S. et al. Comparison of fecal microbiota in children with autism spectrum disorders and neurotypical siblings in the Simons
simplex sollection. Plos One 10, e0137725, https://doi.org/10.1371/journal.pone.0137725 (2015).

12. Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopment disorders. Cell
155, 1451-1463, https://doi.org/10.1016/j.cell.2013.11.024 (2013).

SCIENTIFIC REPORTS | (2019) 9:5821 | https://doi.org/10.1038/s41598-019-42183-0 7


https://doi.org/10.1038/s41598-019-42183-0
https://view.qiime2.org
https://qiita.ucsd.edu
https://qiime2.org
https://github.com/caporaso-lab/autism-fmt1
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1542/peds.2013-3995
https://doi.org/10.1007/s00702-002-0808-2
https://doi.org/10.1007/s00702-002-0808-2
https://doi.org/10.1001/archgenpsychiatry.2011.76
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1371/journal.pone.0076993
https://doi.org/10.1128/mBio.00261-11
https://doi.org/10.1002/aur.1253
https://doi.org/10.1371/journal.pone.0137725
https://doi.org/10.1016/j.cell.2013.11.024

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kim, S. et al. Maternal gut bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature 549, 528-532, https://
doi.org/10.1038/nature23910 (2017).

Buffington, S. A. et al. Microbial reconstitution reverses maternal diet-induced social and synaptic deficits in offspring. Cell 165,
1762-1775, https://doi.org/10.1016/j.cell.2016.06.001 (2016).

Lacivita, E., Perrone, R., Margari, L. & Leopoldo, M. Targets for drug therapy for autism spectrum disorder: challenges and future
directions. Journal of Medicinal Chemistry 60, 9114-9141, https://doi.org/10.1021/acs.jmedchem.7b00965 (2017).

Bagdasarian, N., Rao, K. & Malani, P. N. Diagnosis and treatment of Clostridium difficile in adults a systematic review. Jama-Journal
of the American Medical Association 313, 398-408, https://doi.org/10.1001/jama.2014.17103 (2015).

Moayyedi, P. et al. Fecal microbiota transplantation induces remission in patients with active ulcerative colitis in a randomized
controlled trial. Gastroenterology 149, 102-109, https://doi.org/10.1053/j.gastro.2015.04.001 (2015).

Xu, M. Q. et al. Fecal microbiota transplantation broadening its application beyond intestinal disorders. World Journal of
Gastroenterology 21, 102-111, https://doi.org/10.3748/wjg.v21.i1.102 (2015).

Kang, D.-W. et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: an open-
label study. Microbiome 5, 10, https://doi.org/10.1186/s40168-016-0225-7 (2017).

Belsito, K. M., Law, P. A, Kirk, K. S., Landa, R. J. & Zimmerman, A. W. Lamotrigine therapy for autistic disorder: A randomized,
double-blind, placebo-controlled trial. Journal of Autism and Developmental Disorders 31, 175-181, https://doi.
org/10.1023/a:1010799115457 (2001).

Nah, Y. H.,, Young, R. L. & Brewer, N. Using the Autism Detection in Early Childhood (ADEC) and Childhood Autism Rating Scales
(CARS) to predict long term outcomes in children with autism spectrum disorders. Journal of Autism and Developmental Disorders
44, 2301-2310, https://doi.org/10.1007/s10803-014-2102-1 (2014).

Gattino, G. S., Riesgo, R. D., Longo, D,, Leite, J. C. L. & Faccini, L. S. Effects of relational music therapy on communication of
children with autism: a randomized controlled study. Nordic Journal of Music Therapy 20, 142154, https://doi.org/10.1080/080981
31.2011.566933 (2011).

Saad, K. et al. Randomized controlled trial of vitamin D supplementation in children with autism spectrum disorder. Journal of
Child Psychology and Psychiatry 59, 20-29, https://doi.org/10.1111/jcpp.12652 (2018).

Adams, J. B., Johansen, L. J., Powell, L. D., Quig, D. & Rubin, R. A. Gastrointestinal flora and gastrointestinal status in children with
autism-comparisons to typical children and correlation with autism severity. Bmc Gastroenterology 11, 22, https://doi.
org/10.1186/1471-230x-11-22 (2011).

Horvath, K. & Perman, J. A. Autistic disorder and gastrointestinal disease. Current Opinion in Pediatrics 14, 583-587, https://doi.
0rg/10.1097/01.mop.0000030221.71203.46 (2002).

Kang, D. W. et al. Reduced incidence of Prevotella and other fermenters in intestinal microflora of autistic children. Plos One 8,
€68322, https://doi.org/10.1371/journal.pone.0068322 (2013).

Ilhan, Z. E. et al. Distinctive microbiomes and metabolites linked with weight loss after gastric bypass, but not gastric banding. Isme
Journal 11, 2047-2058, https://doi.org/10.1038/isme;j.2017.71 (2017).

Ahn, J. et al. Human gut microbiome and risk for colorectal cancer. Juci-Journal of the National Cancer Institute 105, 1907-1911,
https://doi.org/10.1093/jnci/djt300 (2013).

Ott, S. J. et al. Reduction in diversity of the colonic mucosa associated bacterial microflora in patients with active inflammatory
bowel disease. Gut 53, 685-693, https://doi.org/10.1136/gut.2003.025403 (2004).

Lozupone, C. & Knight, R. UniFrac: a new phylogenetic method for comparing microbial communities. Applied and Environmental
Microbiology 71, 8228-8235, https://doi.org/10.1128/aem.71.12.8228-8235.2005 (2005).

Kang, D. W. et al. Differences in fecal microbial metabolites and microbiota of children with autism spectrum disorders. Anaerobe
49, 121-131, https://doi.org/10.1016/j.anaerobe.2017.12.007 (2017).

Qiao, Y. A. et al. Alterations of oral microbiota distinguish children with autism spectrum disorders from healthy controls. Scientific
Reports 8,12, https://doi.org/10.1038/s41598-018-19982-y (2018).

Esquivel-Elizondo, S., Ilhan, Z. E., Garcia-Pena, E. I. & Krajmalnik-Brown, R. Insights into butyrate production in a controlled
fermentation system via gene predictions. mSystems 2, 13, https://doi.org/10.1128/mSystems.00051-17 (2017).

Donohoe, D. R. et al. The microbiome and butyrate regulate energy metabolism and autophagy in the mammalian colon. Cell
Metabolism 13, 517-526, https://doi.org/10.1016/j.cmet.2011.02.018 (2011).

. Arumugam, M. et al. Enterotypes of the human gut microbiome. Nature 473, 174-180, https://doi.org/10.1038/nature09944 (2011).
. Derrien, M. et al. Mucin-bacterial interactions in the human oral cavity and digestive tract. Gut Microbes 1, 254-268, https://doi.

org/10.4161/gmic.1.4.12778 (2010).

Sandler, R. H. et al. Short-term benefit from oral vancomycin treatment of regressive-onset autism. Journal of Child Neurology 15,
429-435, https://doi.org/10.1177/088307380001500701 (2000).

Singh, K. et al. Sulforaphane treatment of autism spectrum disorder (ASD). Proceedings of the National Academy of Sciences of the
United States of America 111, 15550-15555, https://doi.org/10.1073/pnas.1416940111 (2014).

Gotham, K., Pickles, A. & Lord, C. Trajectories of autism severity in children using standardized ADOS scores. Pediatrics 130,
E1278-E1284, https://doi.org/10.1542/peds.2011-3668 (2012).

Jain, K. S. et al. Recent advances in proton pump inhibitors and management of acid-peptic disorders. Bioorganic & Medicinal
Chemistry 15, 1181-1205, https://doi.org/10.1016/j.bmc.2006.07.068 (2007).

Hamilton, M. J., Weingarden, A. R., Sadowsky, M. J. & Khoruts, A. Standardized frozen preparation for transplantation of fecal
microbiota for recurrent Clostridium difficile infection. Am J Gastroenterol 107, 761-767, https://doi.org/10.1038/2jg.2011.482
(2012).

Revicki, D. A., Wood, M., Wiklund, I. & Crawley, J. Reliability and validity of the gastrointestinal symptom rating scale in patients
with gastroesophageal reflux disease. Quality of Life Research 7, 75-83, https://doi.org/10.1023/A:1008841022998 (1997).

Adams, J. B. et al. Effect of a vitamin/mineral supplement on children and adults with autism. BMC Pediatr 11, https://doi.
org/10.1186/1471-2431-11-111 (2011).

Caporaso, J. G. et al. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. Isme
Journal 6, 1621-1624, https://doi.org/10.1038/isme;j.2012.8 (2012).

Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nature Methods 7, 335-336, https://
doi.org/10.1038/nmeth.£.303 (2010).

Callahan, B. ]. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nature Methods 13, 581-583, https://
doi.org/10.1038/nmeth.3869 (2016).

Bokulich, N. A. et al. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nature Methods 10,
57-59, https://doi.org/10.1038/nmeth.2276 (2013).

Rognes, T., Flouri, T., Nichols, B., Quince, C. & Mahe, E. VSEARCH: a versatile open source tool for metagenomics. Peer;j 4, €2584,
https://doi.org/10.7717/peerj.2584 (2016).

Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids
Research 41, D590-D596, https://doi.org/10.1093/nar/gks1219 (2013).

Katoh, K. & Standley, D. M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Molecular Biology and Evolution 30, 772-780, https://doi.org/10.1093/molbev/mst010 (2013).

Lane, D. Nucleic Acid Techniques in Bacterial Systematics. 115-175 (John Wiley and Sons, 1991).

SCIENTIFIC REPORTS |

(2019) 9:5821 | https://doi.org/10.1038/s41598-019-42183-0 8


https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1038/nature23910
https://doi.org/10.1038/nature23910
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1021/acs.jmedchem.7b00965
https://doi.org/10.1001/jama.2014.17103
https://doi.org/10.1053/j.gastro.2015.04.001
https://doi.org/10.3748/wjg.v21.i1.102
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1023/a:1010799115457
https://doi.org/10.1023/a:1010799115457
https://doi.org/10.1007/s10803-014-2102-1
https://doi.org/10.1080/08098131.2011.566933
https://doi.org/10.1080/08098131.2011.566933
https://doi.org/10.1111/jcpp.12652
https://doi.org/10.1186/1471-230x-11-22
https://doi.org/10.1186/1471-230x-11-22
https://doi.org/10.1097/01.mop.0000030221.71203.46
https://doi.org/10.1097/01.mop.0000030221.71203.46
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1038/ismej.2017.71
https://doi.org/10.1093/jnci/djt300
https://doi.org/10.1136/gut.2003.025403
https://doi.org/10.1128/aem.71.12.8228-8235.2005
https://doi.org/10.1016/j.anaerobe.2017.12.007
https://doi.org/10.1038/s41598-018-19982-y
https://doi.org/10.1128/mSystems.00051-17
https://doi.org/10.1016/j.cmet.2011.02.018
https://doi.org/10.1038/nature09944
https://doi.org/10.4161/gmic.1.4.12778
https://doi.org/10.4161/gmic.1.4.12778
https://doi.org/10.1177/088307380001500701
https://doi.org/10.1073/pnas.1416940111
https://doi.org/10.1542/peds.2011-3668
https://doi.org/10.1016/j.bmc.2006.07.068
https://doi.org/10.1038/ajg.2011.482
https://doi.org/10.1023/A:1008841022998
https://doi.org/10.1186/1471-2431-11-111
https://doi.org/10.1186/1471-2431-11-111
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/molbev/mst010

www.nature.com/scientificreports/

52. Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree 2-approximately maximum-likelihood trees for large alignments. Plos One 5, €9490,
https://doi.org/10.1371/journal.pone.0009490 (2010).

53. Bokulich, N. A. et al. Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier
plugin. Microbiome 6, 90, https://doi.org/10.1186/s40168-018-0470-z (2018).

54. Schopler, E., Van Bourgondien, M. E., Wellman, G. J. & Love, S. R. Childhood autism rating scale, (CARS2). (WPS Torrance, CA,
2010).

55. Constantino, J. N. Social Responsiveness Scale (SRS). (Western Psychological Services, 2005).

Acknowledgements

We gratefully thank all children with ASD and their families for participating in the follow-up study. We would
like to thank Thomas Borody, Alexander Khoruts, Michael J. Sadowsky, and Alessio Fasano for their help with
the treatment portion of the study and also for their help with the original Investigational New Drug (IND)
application and study. We thank Finch Therapeutics (formerly Crestovo) for providing Standardized Human Gut
Microbiota for the study. We also thank Carole Flores for editing assistance. This work was supported by Finch
Therapeutics and the Arizona Board of Regents.

Author Contributions

D.-WXK,, J.B.A. and R.K.B. designed the study, wrote funding proposal. D.-W.K., ].B.A., D.C. and coordinated
the study. J.B.A., D.C., S.M.-M. and E.L.P. gathered the clinical data. D.-W.K,, ].M. and J.G.C. processed the
biosamples and performed the data acquisition. D.-W.K., ].B.A., ].M., D.C., ].G.C. and R.K.B. performed the
analysis and interpreted the data. D.-W.K,, J.B.A. and R.K.B. wrote the main paper, and ].G.C., .M., S.M.-M,,
E.L.P, revised the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42183-0.

Competing Interests: ].B.A., D.-W.K. and R.K.B. have pending/approved patents related to the use of FMT
and/or probiotics for various conditions including autism (Application number: 14/403,425 (approved and
active); 15/290,798 (pending)). J.B.A., R K.B. and D.-W.K. have received research funding from Crestovo/Finch
Therapeutics for FMT research. ].B.A., R K.B. and J.G.C. have received consulting fees from Crestovo. The other
authors declare no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

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

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:5821 | https://doi.org/10.1038/s41598-019-42183-0 9


https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41598-019-42183-0
http://creativecommons.org/licenses/by/4.0/

	Long-term benefit of Microbiota Transfer Therapy on autism symptoms and gut microbiota

	Results and Discussion

	Improvements in GI and ASD symptoms remained two years after the MTT stopped. 
	Improvements in GI and ASD symptoms were significantly correlated. 
	ASD fecal bacterial diversity was higher two years after the MTT stopped. 
	Bifidobacterium and Prevotella relative abundances remained higher in feces of participants with ASD two-years after MTT st ...
	Further research with a placebo-control arm is warranted. 

	Conclusions

	Methods

	Ethics approval and consent to participate. 
	Study objective. 
	Assessments of gastrointestinal and autism-related symptoms. 
	Microbial DNA extraction and next generation sequencing. 
	Microbiome bioinformatics. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Changes in GI- and ASD-related symptoms of 18 children with ASD at two-year follow-up after treatment stopped.
	Figure 2 CARS and SRS diagnostic category for ASD at baseline, 8 weeks after treatment, and two-year follow-up after treatment stopped.
	Figure 3 Stool microbiota assessments at two-year follow-up after treatment stopped.
	Figure 4 Changes in relative abundances of Bifidobacterium, Prevotella, and Desulfovibrio.




