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for canine atopic dermatitis
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The gut microbiota has been suggested to be involved in the pathogenesis of canine atopic dermatitis
(cAD). However, the gut microbiota has not been well characterized in dogs with atopic dermatitis
(AD). In addition, the efficacy of fecal microbiota transplantation (FMT) in dogs with AD remains
unclear. This research, therefore, aimed to characterize the gut microbiota of dogs with AD and
conduct pilot evaluation of the efficacy of a single oral FMT on clinical signs and the gut microbiota

of dogs with AD. For these purposes, we used 12 dogs with AD and 20 healthy dogs. The 16S rRNA
analysis of the fecal microbiota revealed significant differences between 12 dogs with AD and 20
healthy dogs. Next, a single oral FMT was performed in 12 dogs with AD as a single-arm, open-label
clinical trial for 56 days. A single oral FMT significantly decreased Canine Atopic Dermatitis Extent and
Severity Index (CADESI)-04 scores from day 0 (median score, 16.5) to day 56 (8) and Pruritus Visual
Analog Scale (PVAS) scores from days 0 (median score, 3) to day 56 (1). Furthermore, a single oral FMT
changed the composition of the fecal microbiota of dogs with AD at the phylum and genus levels. The
number of common amplicon sequence variants in the fecal microbiota between donor dogs and dogs
with AD was positively correlated with CADESI-04 and PVAS reduction ratios 56 days after FMT. Our
findings suggest that the gut microbiota plays a pivotal role in the pathogenesis of cAD, and that oral
FMT could be a new therapeutic approach targeting the gut microbiota in cAD.

Canine atopic dermatitis (cAD) is an allergic inflammatory and pruritic skin disease’. The pathogenesis of
cAD involves multiple factors, including genetic predisposition, aberrant immune responses to environmental
allergens, and skin barrier dysfunction*’. cAD is considered a natural homolog of human atopic dermatitis
(AD) because of the similarities in clinical features and the pathogenesis*. A variety of treatment options, such
as glucocorticoids, cyclosporin, Janus kinase inhibitor, anti-dog interleukin-31 antibody, and allergen-specific
immunotherapy, are available for dogs with AD>*. However, it is often difficult to control clinical signs of cAD.
To accomplish effective and long-term management of cAD, alternative therapeutic targets based on the patho-
genesis need to be explored.

The gut microbiota plays an essential role in maintaining homeostasis in humans and animals, including
immunomodulation, physical barrier against intestinal pathogens, provision of nutrients, and regulation of host
metabolism®S. Intestinal dysbiosis is a clear shift of the gut microbiota from the normal outside of a healthy
population, and has been reported in various gastrointestinal (GI) and extra-GI diseases, including AD, in
humans®. Next-generation sequencing (NGS) analysis revealed intestinal dysbiosis in dogs with several GI and
extra-GI diseases, such as acute diarrhea’, inflammatory bowel disease (IBD)*'°, heart diseases''%, and obesity".
A recent study reported that treatment with a nutraceutical improved the index of intestinal dysbiosis, as assessed
by seven bacterial taxa in dogs with AD'*. However, the gut microbiota has not been characterized in detail
by NGS in dogs with AD and has not been compared with healthy dogs. Thus, it remains unclear whether the
microbial shift exists in the GI tract of dogs with AD. In addition, the role of the gut microbiota in the develop-
ment of cAD and as a therapeutic target remains poorly understood.

Fecal microbiota transplantation (FMT) is a treatment approach in which feces from a healthy individual
is transplanted into the GI tract of a diseased person'>'®. Although the detailed mechanisms of FMT have not
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been fully elucidated, it has been shown that it corrects intestinal dysbiosis by increasing the number and vari-
ety of beneficial bacteria and restoring the diversity and function of the gut microbiota'’. In human medicine,
FMT is widely used as an effective treatment for recurrent or refractory Clostridium difficile infection (CDI)'.
Meta-analyses have revealed the clinical efficacy of FMT for human GI and extra-GI diseases other than CDI,
including IBD, hepatic disorders, metabolic syndrome, and antibiotic-resistant organisms'?. Recently, the efficacy
and safety of FMT have also been reported in a small population of human AD**?!. In dogs, FMT was shown
to be effective for several GI diseases, including parvovirus infection?, acute diarrhea®, C. difficile-associated
diarrhea*!, IBD*%, and chronic enteropathy®. However, the efficacy of FMT for extra-GI diseases, including
cAD, has not been evaluated in dogs. Considering the potential effect of FMT in human AD, FMT could be a
promising therapy for cAD.

Therefore, the purposes of this study were to characterize the gut microbiota of 12 dogs with AD using NGS
and to perform pilot evaluation of the efficacy of a single oral FMT on clinical signs and the gut microbiota of
12 dogs with AD.

Results

Analysis of the fecal microbiota of dogs with AD and healthy dogs. We first compared the fecal
microbiota of 12 dogs with AD (Table 1) with that of age-, sex-, and breed-matched 20 healthy control (HC) dogs
(Table 2). The fecal microbiota of dogs with AD at the phylum level was predominantly composed of Firmicutes,
Bacteroidota, and Proteobacteria, whereas that of HC dogs mainly comprised Firmicutes, Fusobacteriota, Bac-
teroidota, Proteobacteria, and Actinobacteriota (Fig. 1a). At the genus level, compared with HC dogs, the fecal
microbiota of dogs with AD had significantly lower occupancy of Fusobacterium, Megamonas, Prevotella, Rose-
buria, Sutterella, and Phascolarctobacterium and higher numbers of Escherichia/Shigella, Ruminococcus gnavus
group, and Klebsiella (Fig. 1b, Supplementary Fig. S1). Among the alpha diversity indices of the fecal microbiota,
richness of bacteria, shown by the number of observed amplicon sequence variants (ASVs), and Shannon index
were significantly lower in dogs with AD than in HC dogs (richness, P=0.0045; Shannon index, P=0.0196)

Caseno. | Breed Sex Age (years) | Weight (kg) | Donor | Dose of feces (g/kg)
1 Yorkshire Terrier Male, castrated | 11.3 35 A 11.6
2 Shiba Female, spayed | 1.5 8.1 A 2.6
3 French Bulldog Male, castrated | 2.4 11.9 A 1.6
4 Shiba Female, spayed | 14.0 7.9 A 3.6
5 Beagle Male, castrated 8.1 9.2 A 2.4
6 Mixed breed Male, castrated 4.4 20.7 A 2.3
7 French Bulldog Female 5.6 8.0 A 3.0
8 Cavalier King Charles Spaniel | Male, castrated 8.1 10.0 B 2.4
9 Toy poodle Female, spayed | 6.2 33 B 3.8
10 Welsh Terrier Female, spayed | 7.1 7.4 B 1.8
11 Lakeland Terrier Male, castrated | 1.7 5.1 B 4.5
12 Yorkshire Terrier Female 6.0 1.5 B 5.0

Table 1. Clinical characteristics of 12 dogs with atopic dermatitis.

Variable cAD (n=12) | HC (n=20) P value
Median age, years (range) 6.1 (1.5-14.0) | 6.4(1.0-14.3) | 0.75
Male, number (%) 6 (50) 11 (55) 1.00
Female, number (%) 6 (50) 9 (45) 1.00
Breed

Yorkshire Terrier, number (%) 2(17) 4(20) 1.00
Shiba, number (%) 2(17) 4(20) 1.00
French bulldog, number (%) 2(17) 4(20) 1.00
Beagle, number (%) 1(8) 2(10) 1.00
Mixed breed, number (%) 1(8) 2 (10) 1.00
Cavalier King Charles Spaniel, number (%) 1(8) 2 (10) 1.00
Toy Poodle, number (%) 1(8) 2 (10) 1.00
Welsh Terrier, number (%) 1(8) 0(0) 0.38
Lakeland Terrier, number (%) 1(8) 0(0) 0.38

Table 2. Comparison of clinical characteristics between 12 dogs with atopic dermatitis and 20 healthy control
dogs. Age between the two groups were compared using the unpaired ¢ test. Sex and breed between the two
groups were compared using the Fisher’s exact test. cAD canine atopic dermatitis, HC healthy control.
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Figure 1. Comparison of the fecal microbiota between dogs with atopic dermatitis (AD) and healthy control
(HC) dogs. (a) The composition of the fecal microbiota at the phylum level in 12 dogs with AD and 20 HC dogs.
(b) Linear discriminant analysis effect size (LEfSe) of the fecal microbiota at the genus level in dogs with AD
and HC dogs. Data of the fecal microbiota were compared using the Kruskal-Wallis test. Cut-off value: |[LDA
score|>3 and P <0.05. (c) Comparison of the alpha diversity of the fecal microbiota in 12 dogs with AD and
20 HC dogs. Data between the two groups were compared using the Mann-Whitney U test for the number of
ASVs and the unpaired t test for the Pielou’s evenness and Shannon index. (d) The beta diversity of the fecal
microbiota in 12 dogs with AD and 20 HC dogs. Data shows the principal coordinates analysis and box-and-
whisker plots of weighted UniFrac, unweighted UniFrac, and Bray—Curtis distances. Data among the three
groups were compared using the Permutational Multivariate Analysis of Variance. *P <0.05, **P <0.01. cAD
canine atopic dermatitis.
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(Fig. 1c). Principal coordinates analysis (PCoA) of compositional dissimilarity showed that the fecal microbiota
of dogs with AD was plotted separately from that of HC dogs (Fig. 1d). Weighted UniFrac, unweighted UniFrac,
and Bray-Curtis distances of the fecal microbiota were significantly different between dogs with AD and HC
dogs (Weighted and unweighted: P =0.001, respectively; Bray—Curtis: P=0.002) (Fig. 1d). These findings clearly
demonstrate the presence of microbial shifts in the dogs with AD included in this study.

Effect of a single oral FMT on clinical signs. Next, we performed a single oral FMT in 12 dogs with
AD as a single-arm, open-label trial. A single oral FMT significantly decreased Canine Atopic Dermatitis Extent
and Severity Index (CADESI)-04 scores from day 0 (median score, 16.5; range 3-49) to day 28 (median score,
15.5; range 2-48; P=0.0337) and day 56 (median score, 8; range 0-42; P <0.001) (Fig. 2a); the reductions were
observed in 11 of the 12 dogs with AD (92%) on day 56. A single oral FMT also significantly decreased Pruritus
Visual Analog Scale (PVAS) scores from days 0 (median score, 3; range 1-10) and 7 (median score, 3; range
1-10) to day 56 (median score, 1; range 0.5-5, P=0.0049 and P =0.0415, respectively) (Fig. 2b); the reductions
were detected in 9 of the 12 dogs with AD (75%) on day 56. Medication scores did not change significantly dur-
ing the study period (P=0.2231) (Fig. 2c). A decrease in medication scores was found in one of the 12 dogs with
AD (8%) on day 56; however, increases in medication scores were not observed in any dog with AD.

Adverse events. Four of the 12 dogs with AD (nos. 5, 7, 8, and 9) excreted mild soft feces for 1-3 days after
oral FMT.

Effect of a single oral FMT on the fecal microbiota. A single oral FMT changed the composition of
the fecal microbiota in dogs with AD. At the phylum level, Fusobacteriota and Actinobacteriota were noted in
the fecal microbiota of dogs with AD after oral FMT (Fig. 3a). At the genus level, the fecal microbiota of dogs
with AD before oral FMT was characterized by Escherichia/Shigella, Clostridioides, and Lachnoclostridium com-
pared with that after oral FMT (Fig. 3b). In contrast, the fecal microbiota of dogs with AD was characterized by
Fusobacterium, Alloprebotella, Phascolarctobacterium, Ruminococcus, Peptoclostridium, Megamonas, Prevotella,
Allobaculum, Sutterella, Helicobacter, and Campylobacter 28 days after oral FMT (Fig. 3b), and Fusobacterium,
Alloprebotella, Peptoclostridium, Helicobacter, Prevotella, Phascolarctobacterium, and Sutterella 56 days after oral
FMT, compared with that before oral FMT (Fig. 3b). Among the alpha diversity indices of the fecal microbiota,
richness was significantly increased 28 days after oral FMT (P=0.0195) (Fig. 3c). In addition, the number of
the common ASVs that were 100% matched sequences between donor dogs and dogs with AD was signifi-
cantly increased after oral FMT (day 28, P=0.0083; day 56, P =0.0227) (Fig. 3d). As the beta diversity, weighted
and unweighted UniFrac distances between donor dogs and dogs with AD were significantly decreased after
oral FMT (weighted: day 28, P=0.0139; day 56, P=0.0324; unweighted: day 28, P=0.0036; day 56, P=0.0328)
(Fig. 3e; PCoA, Supplementary Fig. S2a). When weighted and unweighted UniFrac distances between HC dogs
and dogs with AD were compared, the unweighted UniFrac distance significantly decreased after oral FMT (day
28 and 56, P <0.001, respectively) (Fig. 3f; PCoA, Supplementary Fig. S2b).

Association between changes in the fecal microbiota and reduction in clinical scores. In the
fecal microbiota of dogs with AD, the number of the common ASVs was positively correlated with CADESI-04
and PVAS reduction ratios 56 days after oral FMT (CADESI-04: P=0.0113, r=0.7564; PVAS: P=0.0320,
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Figure 2. Changes in clinical scores of 12 dogs with atopic dermatitis after a single oral fecal microbiota
transplantation. (a) Canine Atopic Dermatitis Extent and Severity Index (CADESI)-04. (b) Pruritus Visual
Analog Scale (PVAS). (c) Medication score. The red bars indicate the median in each group. Clinical scores were
compared using the Friedman test, followed by the Schefte’s multiple comparison test. *P <0.05, **P <0.01.
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r=0.6755) (Fig. 4a,b). Taxonomic analysis of the common ASVs revealed that thirty-six bacteria were found to
be significantly correlated with reduction in clinical scores (Supplementary Table S1-S4). At the genus level, 14
and 12 genera were positively correlated with the CADESI-04 and PVAS reduction ratios, respectively (P <0.05,
p>0.4) (Table 3). Furthermore, five and seven genera were negatively correlated with the CADESI-04 and PVAS
scores after oral FMT, respectively (P <0.05, p < —0.4) (Table 3).

Discussion

The present study demonstrated the significant differences in the fecal microbiota between dogs with AD and
healthy dogs. Furthermore, a single oral FMT significantly decreased skin lesions and pruritus scores, and
changed the fecal microbiota in dogs with AD. These findings suggest that the gut microbiota plays a pivotal
role in the pathogenesis of cAD, and that oral FMT could be a new therapeutic approach targeting the gut
microbiota in cAD.

In this study, we found Firmicutes, Fusobacteriota, Bacteroidota, Proteobacteria, and Actinobacteriota to
be the major components of the fecal microbiota of healthy dogs, similar to a previous study. In contrast, Fir-
micutes, Bacteroidota, and Proteobacteria occupied the fecal microbiota of dogs with AD. We also showed that
Fusobacteriota and Actinobacteriota increased in the fecal microbiota of dogs with AD after oral FMT. Therefore,
the lower abundance of Fusobacteriota and Actinobacteriota may be characteristic of the fecal microbiota of
cAD at the phylum level. It was also seen that as compared to HC dogs, the fecal microbiota of dogs with AD
had lower occupancy of Fusobacterium, Megamonas, Prevotella, Roseburia, Sutterella, and Phascolarctobacte-
rium, and higher numbers of Escherichia/Shigella, Ruminococcus gnavus group, and Klebsiella. These may be
a feature of the fecal microbiota of cAD at the genus level. However, similar microbial shifts were reported in
dogs with GI diseases or after antibiotic use’l. Thus, to characterize the cAD-specific gut microbiota, further
analysis would be required using a large population of healthy dogs, AD dogs, dogs with GI diseases, and dogs
on broad-spectrum antibiotics.

The mechanisms underlying FMT are not fully understood. However, it may be associated with increased
microbial diversity, restoration of normal microbiota, and enhanced numbers of beneficial bacteria'’. In this
study, a single oral FMT significantly decreased CADESI-04 and PVAS scores without changing the medication
scores in dogs with AD. It also significantly increased bacterial diversity, as assessed by the number of ASV's
(richness). In particular, the number of the common ASV's between donor dogs and dogs with AD was noted
to have significantly increased after a single oral FMT. Furthermore, positive correlations between the number
of the common ASVs and CADESI-04 and PVAS reduction ratios were detected in dogs with AD. These results
suggest that oral FMT may have introduced a large number of donor-derived bacteria into the GI tract of dogs
with AD, thereby decreasing clinical scores associated with cAD. Alternatively, oral FMT may have stimulated the
gut microbiota of dogs with AD to increase the microbial diversity. We also demonstrated that among the com-
mon ASVs increased after oral FMT, 19 bacterial genera were significantly correlated with reduction in clinical
scores in dogs with AD. In particular, Fusobacterium and Sutterella were positively correlated with CADESI-04
and PVAS reduction ratios and were negatively correlated with CADESI-04 and PVAS scores. Thus, among the
19 bacterial genera, Fusobacterium and Sutterella might be more crucial toward the reduction in clinical scores
associated with cAD. To further determine the importance of these bacterial genera as contributors to the efficacy
of oral FMT in cAD, detailed investigations are required.

Guidelines for FMT have been proposed in dogs®>*. However, there is no established method or route of
fecal administration in dogs. Previous studies conducted FMT in dogs via rectal enema?>?*?%?’, endoscopic
introduction into the small or large intestine®>?, oral administration of fecal solution®* or frozen feces*, and
oral capsules of concentrated lyophilized feces?. Based on our previous report?, in this study, we selected oral
administration of fecal solution for dogs with AD. As a result, a single oral FMT significantly decreased clinical
scores and changed the gut microbiota in dogs with AD. Our findings thus suggest that even a single oral FMT
may be an effective method for treating cAD for at least 56 days. To determine the long-term effects of a single
oral FMT on clinical sings and the gut microbiota of dogs with AD, a longer follow-up period for more than
56 days would be needed.

Although FMT has been considered a safe treatment, a recent study reported bacteremia due to drug-resistant
Escherichia coli occurred in two human patients after FMT, and one died due to this severe infection®*. Thus,
safety is an important issue in FMT. In this study, although four of the 12 dogs with AD briefly excreted mild
soft feces after oral FMT, no severe adverse events were observed. In addition, we previously reported that oral
FMT did not induce any adverse events in a dog with C. difficile-associated diarrhea*’. These results suggest
that oral FMT might be a safe and well-tolerated treatment for dogs. However, this study was designed as an
uncontrolled study. Therefore, to evaluate the safety of oral FMT for cAD, the frequency and severity of adverse
events associated with oral FMT should be compared between the study and control groups in future studies.

The dogs with AD in this study were categorized as cAD in remission, mild, or moderate cAD according to the
CADESI-04% and had already received other therapies, excluding antibiotics, against cAD. Therefore, we could
not assess the clinical efficacy of a single oral FMT for severe cAD or untreated dogs with AD. Oral administra-
tion of fecal solution is a simple procedure that does not require anesthesia, sedation, endoscopic equipment,
or specialized capsule, and can be repeated easily. Thus, repeated oral FMT may induce favorable outcomes in
dogs with severe AD or untreated dogs with AD.

In this study, antibiotics had not been administered to the dogs with AD for 2 months prior to the study
enrollment and during the study period. However, the histories of antibiotic use in the dogs with AD before
more than 2 months prior to the study enrollment could not be traced. Thus, we can't rule out the possibility that
previous antibiotic use might have affected the gut microbiota in the dogs with AD.
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In conclusion, the present study revealed that a single oral FMT significantly decreased skin lesions and
pruritus scores and changed the gut microbiota in dogs with AD. Since this study was designed as a pilot trial
with a short observation period (56 days), further studies are needed to clarify the long-term effect of a single or
repeated oral FMT on cAD using a large population of dogs with mild to severe AD and appropriate controls.
Nevertheless, this study provides evidence for a crucial role of the gut microbiota in the pathogenesis and a
therapeutic target of cAD.
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«Figure 3. Changes in the fecal microbiota in dogs with atopic dermatitis (AD) before and after a single oral
fecal microbiota transplantation (FMT). (a) Comparison of the fecal microbiota at the phylum level between
the two donor dogs and 12 dogs with AD before (day 0) and 28 and 56 days after a single oral FMT. (b) Linear
discriminant analysis effect size (LEfSe) of fecal microbiota at the genus level in 12 dogs with AD before (day
0) and 28 and 56 days after a single oral FMT. Data of the fecal microbiota were compared using the Kruskal-
Wallis test. Cut-off value: |[LDA score|>3 and P <0.05. (c) The alpha diversity of the fecal microbiota in 12
dogs with AD before (day 0) and 28 and 56 days after a single oral FMT. Data among the three groups were
compared using the one-way analysis of variance (ANOVA), followed by the Shefte’s multiple comparison test.
(d) The number of the common amplicon sequence variants (ASVs) between two donor dogs and 12 dogs with
AD before (day 0) and 28 and 56 days after a single oral FMT. Data among the three groups were compared
using the one-way ANOVA, followed by the Sheffe’s multiple comparison test. (e) The beta diversity of the
fecal microbiota in two donor dogs and 12 dogs with AD before (day 0) and 28 and 56 days after a single oral
FMT. Data shows the box-and-whisker plots of weighted and unweighted UniFrac distances. Data among the
three groups were compared using the one-way ANOVA, followed by the Sheffe’s multiple comparison test. (f)
The beta diversity of the fecal microbiota in 20 healthy control dogs and 12 dogs with atopic dermatitis before
(day 0) and 28 and 56 days after a single oral FMT. Data shows the box-and-whisker plots of weighted and
unweighted UniFrac distances. Data among the three groups were compared using the Kruskal-Wallis test,
followed by the Steel-Dwass test. *P <0.05, **P <0.01.

Materials and methods

Dogs. Twelve dogs diagnosed with AD according to established clinical criteria®® were enrolled in this study
(Table 1). Eight of the 12 dogs had already received other therapies (Table 4), but none of the 12 dogs were
administered antibiotics for two months prior to the study inclusion and during the study period. To compare
the fecal microbiota of dogs with AD, age-, sex-, and breed-matched 20 healthy dogs were used as a healthy
control (HC) group (Table 2). Two healthy dogs (donor A: an 11-year-old, intact male beagle weighing 12.4 kg;
donor B: a 5-year-old, intact male beagle weighing 11.3 kg) maintained for research purposes at Tokyo Univer-
sity of Agriculture and Technology were used as donor dogs for oral FMT. The donor dogs were fed a commercial
diet (Science Diet Adult, Hill’s-Colgate Ltd., Tokyo, Japan), and water was provided ad libitum. The donor dogs
showed no clinical signs. Physical and clinical examinations, including a complete blood count, serum biochem-
ical analysis, radiography, abdominal ultrasound, and fecal examination, did not identify any abnormalities in
the donor dogs. The fecal samples of the donor dogs were subjected to IDEXX Canine Diarrhea real-time PCR
Panels analysis (IDEXX Laboratories, Inc., Tokyo, Japan) and were found to be negative for Cryptosporidium
spp., Giardia spp., Clostridium perfringens o toxin, C. difficile toxin A&B, Campylobacter jejuni, Campylobacter
coli, Salmonella spp., canine parvovirus type 2, canine distemper virus, and canine enteric coronavirus genes.

Oral FMT. A single oral FMT was designed as a single-arm, open-label clinical trial. The study period lasted
56 days. Oral FMT was performed according to a procedure reported previously**. In brief, immediately after
collection of naturally excreted feces from the donor dogs, they were mixed with tap water. The fecal solution was
filtered twice through a medical gauze pad, and then administered orally to dogs with AD using a syringe. The
average fecal weight administered was 4 g/kg (range 2-12 g/kg). The average total fecal solution administered
was 26 mL/dog (range 15-50 mL/dog). Skin lesions, pruritus, medication scores, and fecal microbiota were
evaluated in 12 dogs with AD at study inclusion and after oral FMT.

Evaluation of skin lesions.  Skin lesions of dogs with AD were scored using the CADESI-04* by the same
veterinarian at study inclusion (day 0) and 28 and 56 days after oral FMT. The CADESI-04 assessed three lesions
(erythema, lichenification, and alopecia/excoriation) with four severity scores (0, none; 1, mild; 2, moderate; 3,
severe) at 20 body sites, giving a maximum score of 20 x 3 x3=180. According to the CADESI-4, disease sever-
ity of cAD is categorized as follows: < 10, normal dogs or cAD in remission; 10-34, mild cAD; 35-59, moderate
cAD;>60, severe cAD?>.

Evaluation of pruritus. The severity of pruritus was scored from 0 (no pruritus) to 10 (extremely severe
pruritus) using the PVAS*” by the owners of dogs with AD at study inclusion (day 0) and 14, 28, and 56 days
after oral FMT.

Evaluation of medicationscores. The medications administered to dogs with AD were scored as reported
previously?®, with slight adaptation for this study by inclusion of an additional medication [a recombinant Der-
matophagoides farinae 2 immunotherapy shot (Allermmune®, ZENOAQ; Tokyo, Japan)] (Table 4). Medication
scores were assessed by the same veterinarian at study inclusion (day 0) and 28 and 56 days after oral FMT.

Analysis of the fecal microbiota. Fecal samples (0.1-0.5 g) were collected from 20 HC dogs and 12 dogs
with AD before (day 0) and 28 and 56 days after oral FMT. Fecal samples were suspended in 50 mL of phosphate
buffered saline (PBS), filtered using a pluriStrainer 100 pm (pluriSelect Life Science, Leipzig, Germany), and
centrifuged at 9000xg at 4 °C for 10 min. The pellets were washed with 35 mL of PBS and resuspended in PBS
at a final concentration of 0.5 g/mL of the initial fecal weight. A 400 pL volume of suspension was subjected to
genomic DNA extraction using a Chemagic DNA Stool 200 Kit (PerkinElmer, Waltham, MA, USA). The V3-V4
regions of the 16S rRNA gene were amplified by PCR and subjected to paired-end sequencing using Illumina
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Figure 4. Correlations between the number of the common amplicon sequence variants (ASVs) and reduction
ratios in clinical scores in dogs with atopic dermatitis 56 days after a single oral fecal microbiota transplantation.
(a) Correlations between the number of the common ASVs and Canine Atopic Dermatitis Extent and Severity
Index (CADESI)-04 reduction ratios. (b) Correlations between the number of the common ASV's and Pruritus
Visual Analog Scale (PVAS) reduction ratios. The correlations were evaluated using the Pearson’s rank
correlation coefficient.
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Table 3. Bacterial genera that were significantly correlated with reduction in clinical scores. In the fecal
microbiota of dogs with AD, bacterial taxonomy of the common ASV's that were significantly correlated with
reduction in clinical scores were summarized at the genus level. The correlations between bacteria (genus level)
and reduction ratios in clinical scores and those between bacteria (genus level) and clinical scores after oral
FMT were evaluated using the Spearman’s rank correlation coeflicient. CADESI-04 canine atopic dermatitis
extent and severity index, PVAS pruritus visual analog scale. +, significant correlations (positive correlation,

P <0.05 and p > 0.4; negative correlation, P <0.05 and p< —0.4). —, no significant correlations (P >0.05).

MiSeq (Illumina, CA, USA)**°. The sequence data were processed using QIIME 2 version 2020.6*". The DADA2
software package version 2020.2.0 incorporated into QIIME 2 was used to correct the amplicon sequence errors
and yield high quality reads*. To rarefy the data, we used 5000 high quality reads from each sample. Unique
ASVs of the 16S rRNA gene and its abundances were summarized in an ASV abundance table, and the alpha and
beta diversities were calculated using QIIME2. Microbial taxonomy was assigned using a Naive Bayes classifier
trained on the SILVA 138 database*>**.
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Medication Score
No concurrent medication 0
Shampoo therapy 5
Ear medication (topical) 5
Other topical therapy 5
Antihistamies 10
Prednisolone

>1 mg/kg/day 40
0.5-1 mg/kg/day 30
0.2-0.5 mg/kg/day 20
<0.2 mg/kg/day 10
Cyclosporin (5 mg/kg)

Once daily 30
Every other day 20
Every 3 days 10
Every 4 days 5
Oclacitinib (0.4-0.6 mg/kg)

Twice daily 40
Once daily 30
Every other day 20
Every 3 days 10

—_

Recombinant Der f 2 immunotherapy 1shot 0

Table 4. Medication scores. Der f 2 Dermatophagoides farina 2.

Statistical analysis. The normality of the data was analyzed using the Shapiro-Wilk test. The age differ-
ence between dogs with AD and HC dogs was compared using the unpaired ¢ test. Other categorical variables
were compared using Fisher’s exact test. Clinical scores such as CADESI-04, PVAS, and medication scores were
compared using the Friedman test, followed by the Scheffe’s multiple comparison test. The alpha diversity of the
fecal microbiota was analyzed using the Mann-Whitney U test or the unpaired ¢ test, depending the normality
of the data; the beta diversity was compared using the Permutational Multivariate Analysis of Variance (PER-
MANOVA). Other fecal microbiota data were compared using the one-way analysis of variance (ANOVA), fol-
lowed by the Scheffe’s multiple comparison test, or the Kruskal-Wallis test, followed by the Steel-Dwass test. The
correlations between two variables were evaluated using the Spearman’s rank correlation coefficient or the Pear-
son’s correlation coefficient, depending on the normality of the variables. Statistical analyses were performed
using BellCurve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan) software and QIIME 2
version 2020.6. P <0.05 was considered statistically significant. To determine different taxa between two groups,
the linear discriminate analysis (LDA) effect size (LEfSe) on the Galaxy browser was used®. In LEfSe, cut-off
value was set at [LDA score|>3 and P <0.05.

Ethical approval. The collection and use of feces from healthy donor dogs were approved by the Institu-
tional Animal Care and Use Committee of Tokyo University of Agriculture and Technology (No. 30-131). Oral
FMT was approved by the Research Ethics Committee of Tokyo University of Agriculture and Technology (No.
0016013). Written informed consent was obtained from the owners of the dogs with AD and HC dogs. All
experiments were conducted in compliance with the ARRIVE guidelines and in accordance with the relevant
guidelines and regulations of Tokyo University of Agriculture and Technology.

Data availability
The data have been deposited with links to BioProject accession number PRJDB12998 in the DDBJ BioProject
database.

Received: 10 March 2022; Accepted: 20 May 2023
Published online: 31 May 2023

References

1. Hensel, P, Santoro, D., Favrot, C., Hill, P. & Griffin, C. Canine atopic dermatitis: Detailed guidelines for diagnosis and allergen
identification. BMC Vet. Res. 11, 196. https://doi.org/10.1186/s12917-015-0515-5 (2015).

2. Nuttall, T. J., Marsella, R., Rosenbaum, M. R., Gonzales, A. J. & Fadok, V. A. Update on pathogenesis, diagnosis, and treatment of
atopic dermatitis in dogs. . Am. Vet. Med. Assoc. 254, 1291-1300. https://doi.org/10.2460/javma.254.11.1291 (2019).

3. Marsella, R. Advances in our understanding of canine atopic dermatitis. Vet. Dermatol. 32, 547-e151. https://doi.org/10.1111/vde.
12965 (2021).

4. Marsella, R. & Girolomoni, G. Canine models of atopic dermatitis: A useful tool with untapped potential. J. Investig. Dermatol.
129, 2351-2357. https://doi.org/10.1038/jid.2009.98 (2009).

Scientific Reports |

(2023) 13:8824 | https://doi.org/10.1038/s41598-023-35565-y nature portfolio


https://doi.org/10.1186/s12917-015-0515-5
https://doi.org/10.2460/javma.254.11.1291
https://doi.org/10.1111/vde.12965
https://doi.org/10.1111/vde.12965
https://doi.org/10.1038/jid.2009.98

www.nature.com/scientificreports/

5. Olivry, T. et al. Treatment of canine atopic dermatitis: 2015 updated guidelines from the International Committee on Allergic
Diseases of Animals (ICADA). BMC Vet. Res. 11, 210. https://doi.org/10.1186/s12917-015-0514-6 (2015).

6. Suchodolski, J. S. Analysis of the gut microbiome in dogs and cats. Vet. Clin. Pathol. https://doi.org/10.1111/vcp.13031 (2021).

7. Sekirov, I, Russell, S. L., Antunes, L. C. & Finlay, B. B. Gut microbiota in health and disease. Physiol. Rev. 90, 859-904. https://doi.
org/10.1152/physrev.00045.2009 (2010).

8. Valdes, A. M., Walter, J., Segal, E. & Spector, T. D. Role of the gut microbiota in nutrition and health. BMJ 361, k2179. https://doi.
org/10.1136/bm;j.k2179 (2018).

9. Suchodolski, J. S. et al. The fecal microbiome in dogs with acute diarrhea and idiopathic inflammatory bowel disease. PLoS ONE
7, €51907. https://doi.org/10.1371/journal.pone.0051907 (2012).

10. Suchodolski, J. S., Dowd, S. E., Wilke, V., Steiner, ]. M. & Jergens, A. E. 16S rRNA gene pyrosequencing reveals bacterial dysbiosis
in the duodenum of dogs with idiopathic inflammatory bowel disease. PLoS ONE 7, €39333. https://doi.org/10.1371/journal.pone.
0039333 (2012).

11. Li, Q. et al. Gut dysbiosis and its associations with gut microbiota-derived metabolites in dogs with myxomatous mitral valve
disease. mSystems 6, 21. https://doi.org/10.1128/mSystems.00111-21 (2021).

12. Seo, J. et al. The gut microbiome in dogs with congestive heart failure: A pilot study. Sci. Rep. 10, 13777. https://doi.org/10.1038/
$41598-020-70826-0 (2020).

13. Bermudez Sanchez, S. et al. Fecal microbiota in client-owned obese dogs changes after weight loss with a high-fiber-high-protein
diet. Peer] 8, €9706. https://doi.org/10.7717/peerj.9706 (2020).

14. Guidi, E. E. A. et al. Effects of feeding a hypoallergenic diet with a nutraceutical on fecal dysbiosis index and clinical manifestations
of canine atopic dermatitis. Animals 11, 2985. https://doi.org/10.3390/ani11102985 (2021).

15. Borody, T.J. & Khoruts, A. Fecal microbiota transplantation and emerging applications. Nat. Rev. Gastroenterol. Hepatol. 9, 88-96.
https://doi.org/10.1038/nrgastro.2011.244 (2011).

16. Kelly, B. ]. & Tebas, P. Clinical practice and infrastructure review of fecal microbiota transplantation for Clostridium difficile infec-
tion. Chest 153, 266-277. https://doi.org/10.1016/j.chest.2017.09.002 (2018).

17. Niederwerder, M. C. Fecal microbiota transplantation as a tool to treat and reduce susceptibility to disease in animals. Vet. Immunol.
Immunopathol. 206, 65-72. https://doi.org/10.1016/j.vetimm.2018.11.002 (2018).

18. Drekonja, D. et al. Fecal microbiota transplantation for Clostridium difficile infection: A systematic review. Ann. Intern. Med. 162,
630-638. https://doi.org/10.7326/M14-2693 (2015).

19. Green, J. E. et al. Efficacy and safety of fecal microbiota transplantation for the treatment of diseases other than. Gut Microbes 12,
1-25. https://doi.org/10.1080/19490976.2020.1854640 (2020).

20. Mashiah, J. et al. Clinical efficacy of fecal microbial transplantation treatment in adults with moderate-to-severe atopic dermatitis.
Immun. Inflamm. Dis. https://doi.org/10.1002/iid3.570 (2021).

21. Huang, H. L. et al. Fecal microbiota transplantation as a novel approach for the treatment of atopic dermatitis. J. Dermatol. 48,
e574-e576. https://doi.org/10.1111/1346-8138.16169 (2021).

22. Pereira, G. Q. et al. Fecal microbiota transplantation in puppies with canine parvovirus infection. J. Vet. Intern. Med. 32,707-711.
https://doi.org/10.1111/jvim.15072 (2018).

23. Chaitman, J. et al. Fecal microbial and metabolic profiles in dogs with acute diarrhea receiving either fecal microbiota transplanta-
tion or oral metronidazole. Front. Vet. Sci. 7, 192. https://doi.org/10.3389/fvets.2020.00192 (2020).

24. Sugita, K. et al. Oral faecal microbiota transplantation for the treatment of Clostridium difficile-associated diarrhoea in a dog: A
case report. Bmc Vet. Res. 15, 11. https://doi.org/10.1186/s12917-018-1754-z (2019).

25. Bottero, E., Benvenuti, E. & Ruggiero, P. Faecal microbiota transplantation in 16 dogs with idiopathic inflammatory bowel disease.
Veterinaria 31, 1-12 (2017).

26. Niina, A. et al. Improvement in clinical symptoms and fecal microbiome after fecal microbiota transplantation in a dog with
inflammatory bowel disease. Vet. Med. (Auckl.) 10, 197-201. https://doi.org/10.2147/VMRR.S230862 (2019).

27. Niina, A. et al. Fecal microbiota transplantation as a new treatment for canine inflammatory bowel disease. Biosci. Microbiota Food
Health 40, 98-104. https://doi.org/10.12938/bmfh.2020-049 (2021).

28. Sugita, K. et al. Successful outcome after a single endoscopic fecal microbiota transplantation in a Shiba dog with non-responsive
enteropathy during the treatment with chlorambucil. J. Vet. Med. Sci. 83, 984-989. https://doi.org/10.1292/jvms.21-0063 (2021).

29. Berlanda, M. et al. Faecal microbiome transplantation as a solution to chronic enteropathies in dogs: A case study of beneficial
microbial evolution. Animals 11, 1433. https://doi.org/10.3390/ani11051433 (2021).

30. You, I. & Kim, M. J. Comparison of gut microbiota of 96 healthy dogs by individual traits: Breed, age, and body condition score.
Animals 11, 2432. https://doi.org/10.3390/ani11082432 (2021).

31. Ziese, A. L. & Suchodolski, J. S. Impact of changes in gastrointestinal microbiota in canine and feline digestive diseases. Vet. Clin.
N. Am. Small Anim. Pract. 51, 155-169. https://doi.org/10.1016/j.cvsm.2020.09.004 (2021).

32. Redfern, A., Suchodolski, J. & Jergens, A. Role of the gastrointestinal microbiota in small animal health and disease. Vet. Rec. 181,
370. https://doi.org/10.1136/vr.103826 (2017).

33. Chaitman, J. & Gaschen, E Fecal microbiota transplantation in dogs. Vet. Clin. N. Am. Small Anim. Pract. 51, 219-233. https://
doi.org/10.1016/j.cvsm.2020.09.012 (2021).

34. DeFilipp, Z. et al. Drug-resistant E. coli bacteremia transmitted by fecal microbiota transplant. N. Engl. J. Med. 381, 2043-2050.
https://doi.org/10.1056/NE]Moal910437 (2019).

35. Olivry, T. et al. Validation of the canine atopic dermatitis extent and severity index (CADESI)-4, a simplified severity scale for
assessing skin lesions of atopic dermatitis in dogs. Vet. Dermatol. 25, 77-e25. https://doi.org/10.1111/vde.12107 (2014).

36. Favrot, C., Steffan, J., Seewald, W. & Picco, E. A prospective study on the clinical features of chronic canine atopic dermatitis and
its diagnosis. Vet. Dermatol. 21, 23-31. https://doi.org/10.1111/j.1365-3164.2009.00758 x (2010).

37. Hill, P. B, Lau, P. & Rybnicek, J. Development of an owner-assessed scale to measure the severity of pruritus in dogs. Vet. Dermatol.
18, 301-308. https://doi.org/10.1111/j.1365-3164.2007.00616.x (2007).

38. Fischer, N,, Tarpataki, N., Leidi, F, Rostaher, A. & Favrot, C. An open study on the efficacy of a recombinant Der f 2 (Dermatopha-
goides farinae) immunotherapy in atopic dogs in Hungary and Switzerland. Vet. Dermatol. 29, 337. https://doi.org/10.1111/vde.
12657 (2018).

39. Mizukami, K. et al. Age-related analysis of the gut microbiome in a purebred dog colony. FEMS Microbiol. Lett. 366, 95. https://
doi.org/10.1093/femsle/fnz095 (2019).

40. Uchiyama, J. et al. Examination of the fecal microbiota in dairy cows infected with bovine leukemia virus. Vet. Microbiol. 240,
108547. https://doi.org/10.1016/j.vetmic.2019.108547 (2020).

41. Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37,
852-857. https://doi.org/10.1038/s41587-019-0209-9 (2019).

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

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

44. Yilmaz, P. et al. The SILVA and “all-species living tree project (LTP)” taxonomic frameworks. Nucleic Acids Res. 42, D643-D648.
https://doi.org/10.1093/nar/gkt1209 (2014).

Scientific Reports | (2023) 13:8824 | https://doi.org/10.1038/s41598-023-35565-y nature portfolio


https://doi.org/10.1186/s12917-015-0514-6
https://doi.org/10.1111/vcp.13031
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1371/journal.pone.0051907
https://doi.org/10.1371/journal.pone.0039333
https://doi.org/10.1371/journal.pone.0039333
https://doi.org/10.1128/mSystems.00111-21
https://doi.org/10.1038/s41598-020-70826-0
https://doi.org/10.1038/s41598-020-70826-0
https://doi.org/10.7717/peerj.9706
https://doi.org/10.3390/ani11102985
https://doi.org/10.1038/nrgastro.2011.244
https://doi.org/10.1016/j.chest.2017.09.002
https://doi.org/10.1016/j.vetimm.2018.11.002
https://doi.org/10.7326/M14-2693
https://doi.org/10.1080/19490976.2020.1854640
https://doi.org/10.1002/iid3.570
https://doi.org/10.1111/1346-8138.16169
https://doi.org/10.1111/jvim.15072
https://doi.org/10.3389/fvets.2020.00192
https://doi.org/10.1186/s12917-018-1754-z
https://doi.org/10.2147/VMRR.S230862
https://doi.org/10.12938/bmfh.2020-049
https://doi.org/10.1292/jvms.21-0063
https://doi.org/10.3390/ani11051433
https://doi.org/10.3390/ani11082432
https://doi.org/10.1016/j.cvsm.2020.09.004
https://doi.org/10.1136/vr.103826
https://doi.org/10.1016/j.cvsm.2020.09.012
https://doi.org/10.1016/j.cvsm.2020.09.012
https://doi.org/10.1056/NEJMoa1910437
https://doi.org/10.1111/vde.12107
https://doi.org/10.1111/j.1365-3164.2009.00758.x
https://doi.org/10.1111/j.1365-3164.2007.00616.x
https://doi.org/10.1111/vde.12657
https://doi.org/10.1111/vde.12657
https://doi.org/10.1093/femsle/fnz095
https://doi.org/10.1093/femsle/fnz095
https://doi.org/10.1016/j.vetmic.2019.108547
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gkt1209

www.nature.com/scientificreports/

45. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60. https://doi.org/10.1186/gb-2011-12-6-
160 (2011).

Acknowledgements

This study was supported by JSPS KAKENHI (Grant Number 22H02516). The authors would like to thank
Mses. Misato Ogawa, Ayana Hasegawa, Nanako Yanuma, Hikaru Ohno, Marin Hirokawa, Yuna Hara, Rinka
Nishimura, Keiko Furuya, Messrs. Masaki Miyajima and Tomoaki Shingaki for assistance in raising the donor
dogs and conducting oral FMT.

Author contributions

K.S. and K.O. designed the experiments. K.T. and K.O. performed FMT. K.K. collected clinical data. K.S. and
K.O. analyzed clinical data. A.S. and G.I. analyzed data on fecal microbiota. K.S. and K.O. wrote the manuscript.
All authors reviewed and approved the final version of the manuscript.

Competing interests
K.O. received research funding from the Anicom Specialty Medical Institute, Inc. The other authors declare no
other potential conflicts of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-35565-y.

Correspondence and requests for materials should be addressed to K.O.
Reprints and permissions information is available at www.nature.com/reprints.

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
BY

License, 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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:8824 | https://doi.org/10.1038/s41598-023-35565-y nature portfolio


https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/s41598-023-35565-y
https://doi.org/10.1038/s41598-023-35565-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pilot evaluation of a single oral fecal microbiota transplantation for canine atopic dermatitis
	Results
	Analysis of the fecal microbiota of dogs with AD and healthy dogs. 
	Effect of a single oral FMT on clinical signs. 
	Adverse events. 
	Effect of a single oral FMT on the fecal microbiota. 
	Association between changes in the fecal microbiota and reduction in clinical scores. 

	Discussion
	Materials and methods
	Dogs. 
	Oral FMT. 
	Evaluation of skin lesions. 
	Evaluation of pruritus. 
	Evaluation of medication scores. 
	Analysis of the fecal microbiota. 
	Statistical analysis. 
	Ethical approval. 

	References
	Acknowledgements


