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Abstarct

In fecal microbiota transplantation (FMT) against recurrent Clostridioides difficile infection (CDI),
clinical outcomes are usually determined after 8 weeks. We hypothesized that the intestinal
microbiota changes earlier than this timepoint, and analyzed fecal samples obtained 1 week after
treatment from 64 patients diagnosed with recurrent CDI and included in a randomized clinical trial,
where the infection was treated with either vancomycin-preceded FMT (N = 24), vancomycin
(N = 16) or fidaxomicin (N = 24). In comparison with non-responders, patients with sustained
resolution after FMT had increased microbial alpha diversity, enrichment of Ruminococcaceae and
Lachnospiraceae, depletion of Enterobacteriaceae, more pronounced donor microbiota engraft-
ment, and resolution of gut microbiota dysbiosis. We found that a constructed index, based on
markers for the identified genera Escherichia and Blautia, successfully predicted clinical outcomes at
Week 8, which exemplifies a way to utilize clinically feasible methods to predict treatment failure.
Microbiota changes were restricted to patients who received FMT rather than antibiotic mono-
therapy, indicating that FMT confers treatment response in a different way than antibiotics. We
suggest that early identification of microbial community structures after FMT is of clinical value to
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predict response to the treatment.

Introduction

Clostridioides difficile (formerly Clostridium diffi-
cile) is a gram-positive, spore-forming, anaerobic
bacterium that accounts for a significant propor-
tion of hospital and community-acquired
infections." The symptoms of C. difficile infection
(CDI) range from diarrhea to pseudomembranous
colitis and death. Current guidelines recommend
fidaxomicin or vancomycin as first-line treatment
for CDL>* although antibiotic treatment is often
accompanied by a high recurrence rate.

In recent years, fecal microbiota transplantation
(FMT) has been implemented as a highly effective
treatment of CDL.>~” FMT involves the transfer and
possible engraftment of gut microbes from healthy
donors into the intestinal tract of the recipients.
This treatment enables the reestablishment of
a healthy gut microbial community, inhibits the
growth of C. difficile, and prevents recurrence of
infections.® A successful FMT likely depends on the
engraftment of donor microbes and presence of

keystone species in the donors,” although the
degree of engraftment does not appear to be the
primary driver of a successful outcome.'®"'

Administration of fecal microbiota, e.g., via
colonoscopy, frequently results in prompt
engraftment of donor microbes,'” and the clin-
ical outcome of FMT is usually determined
8 weeks after treatment.'>'* Although earlier
identification of FMT failure would be of great
clinical value, only a few studies, not including
comparator groups or randomized design, have
currently addressed it,'>'® and the predictive
value of microbiota changes thus remains to be
clearly established.

In this study, we aimed to investigate the
impact of FMT on the gut microbiota, especially
to compare the microbial differences between
clinical outcomes and to identify putative micro-
bial differences that potentially could be used to
predict successful or nonsuccessful clinical
responses to FMT. Additionally, we compared
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the effects of FMT on the gut microbiota to
those inflicted by treatment with vancomycin
or fidaxomicin.

Results
Taxonomic composition changes post-FMT

For the 24 patients randomized to FMT preceded
by vancomycin (FMTv) treatment (Figure S1),
diarrhea resolution together with a negative
C. difficile PCR test at Week 8 (W8) occurred in
17/24 (71%)."” The most pronounced difference
between samples from patients prior to FMT
(Week 0, WO0) and samples from healthy donors,
was a higher relative abundance of Proteobacteria
(Figure S2). In patients with recurrent CDI,
Firmicutes was the most abundant phylum (relative
abundance 69.6%), followed by Proteobacteria
(23.1%), Bacteroidetes (4.2%), Actinobacteria
(1.2%); thus, these four phyla together constituted
98.1% of the community. In donor samples, the
four most abundant phyla were Firmicutes
(78.4%), Bacteroidetes (19.1%), Actinobacteria
(1.3%), and Proteobacteria (0.9%), which had
a combined relative abundance of 99.8%.

We then stratified FMTv samples according to
treatment response at W8 and assessed the
observed richness and Shannon diversity for the
responders (n = 17) and non-responders (n = 7)
at W0, Week 1 (W1), W8, and Week 26 (W26)
(Figure 1(a)). The highest richness was found in
donor samples (309 + 99, median + interquartile
range [IQR]), while patients at W0 were lowest in
richness regardless of future outcomes (136 + 37
[responders], 128 + 39 [non-responders]). In
responders, the richness increased significantly
from WO to W1 (205 % 67, adjusted P-value
[Paq;] = 0.009) and remained stable until W26
(236 + 64 [W8], P,y = 0.001; 235 + 46 [W26],
P,z = 0.001). Conversely, in patients who experi-
enced CDI recurrence following FMT before Week
8, the richness was not significantly increased
neither at W1 (163 + 40, P,y = 0.126), W8
(175 + 60, P,y = 0.476) nor W26 (207 + 11, P,y
= 0.101), as compared to WO. Shannon diversity
followed a similar trend (Figure 1(a)). We also
monitored the change of alpha diversity within
each patient relative to WO (Figure 1(b)). Based

on a 95% confidence interval of the mean, the
microbial richness as well as the Shannon diversity
were significantly increased in responders at W1
(73.3 + 19.8 [richness, mean * standard error
(SE)], P = .002; 0.46 + 0.15 [Shannon], P = .007;
increase of alpha diversity), W8 (87.8 £ 13.8 [rich-
ness], P < .001, 0.59 + 0.11 [Shannon], P < .001),
and W26 (98.9 + 13.1 [richness], P < .001,
0.64 + 0.16 [Shannon], P = .003), as compared to
WO0. However, non-responders did not show any
significant increase in alpha diversity compared
to WO.

Comparison of fecal microbiota based on Bray-
Curtis distances (Figure 1(c)) revealed that signifi-
cant changes occurred in the gut microbiota of
responders at W1 compared to WO (P4 = 0.002,
W1 vs. WO0), and thereafter the composition
remained unchanged (Table S1). The microbiota
of non-responders did not change at neither W1
(Pagj = 0.612), W8 (Pog; = 0.077), nor W26 (P,
= 0.117), as compared to WO. This divergence
between outcomes at W1 was also reflected by the
distance between patients and their corresponding
donors (Figure 1(d)) where all patients showed
similar distances to donors at W0 (0.93 [respon-
ders, mean] vs. 0.92 [non-responders, mean],
P =.767), but thereafter frequently differed between
outcomes at W1 (0.71 [responders] vs. 0.86 [non-
responders], P = .005), W8 (0.66 [responders] vs.
0.80 [non-responders], P = .093) and W26 (0.68
[responders] vs. 0.84 [non-responders], P = .007).

Taxonomic composition differences between
outcomes

Relative abundances of taxa were compared
between responders and non-responders at differ-
ent phylogenetic levels (Figure 2). Almost no dif-
ferences between responders and non-responders
were observed pre-FMT at W0. However, post-
FMT, relative abundances of a number of families
were significantly different between outcomes, with
responders being enriched for Lachnospiraceae
(46.3% [responders, W1, median] vs. 22.4% [non-
responders, W1, median], P = .044; 46.0% [respon-

ders, W8] wvs. 28.5% [non-responders, W8],
P = .021) and Ruminococcaceae (10.8% [respon-
ders, W8] wvs. 5.6% [non-responders, W8],
P = .049), while Enterobacteriaceae (0.9%
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Figure 1. Change of alpha and beta diversity between outcomes. (a) The observed richness and Shannon diversity for responders, non-
responders, and donor samples. Alphabet letters are the Tukey’s post -hoc test; sharing same letters indicate no significant difference at
a level of 0.05. (b) The change of observed richness and Shannon diversity within patients and averaged by outcomes. The error bars
refer to the 95% confidence interval of the mean estimated with paired Welch's t-test. Error bars not overlapping the zero value
indicate significant changes compared to pre-FMT (WO). (c) The beta diversity of samples from response and non-response patients
assessed with Bray-Curtis distance and visualized with nonmetric multidimensional scaling (NMDS) ordination. Shapes refer to time
points or donor. Colors refer to outcomes or donor. Samples are shown with small shapes referring to different time points. The big
shapes represent the centroid of sample groups in each condition and connected with lines in the order of time point. (d) Bray-Curtis
distance between patient samples and corresponding donor samples. Each dot refers to one distance between a given patient and the
processed feces coming from the corresponding donor. The crossbars represent mean value distances. P values are obtained with the
Welch's t-test. For (a) and (c), the taxa abundances in fecal samples coming from the same donor (in total six donors provided 24
samples) were averaged so that each donor is represented by a single community.

[responders, W1] vs. 31.0% [non-responders, W1]; and  families consistently = showed that

P = .003; 0.3% [responders, W8] vs. 5.2% [non-
responders, W8]; P = .017) were more abundant
in non-responders.

Bray-Curtis distance at family level compared
between outcomes at each time point (Figure S3),
revealed that responders and non-responders did
not differ in their fecal microbiota composition
before treatment at WO (P = .329, responders vs.
non-responders), but differed at W1 (P =.025), W8
(P =.007) and W26 (P = .051), which is in line with
the observations of discriminant families
(Figure 2). The biplot ordinations of both samples

Lachnospiraceae and Ruminococcaceae were more
abundant in responders, and Enterobacteriaceae
were more enriched in non-responders (Figure
$3). Also the microbial functional potential was
observed to be different based on the PICRUSt2
pipeline'® (Figure S4), suggesting differences in
the MetaCyc pathways'® for chorismate biosynth-
esis and aromatic amino acid biosynthesis
(Figure S5).

Assessment of the change in microbial composi-
tion within each outcome before and after FMT
(Figure S6) revealed that compared to their WO,



€2084306-4 S. WEI ET AL.

O pme.\

Bacteria

Raoultella
Firlagoldia

Enterobaéferiace

Eubatreriaceae
. Peptoriphilaceae.
Coriobagleriaceae. ; Eublicterium
DoréaBlautia
Hespellia Enterobaferiales /
Coriobgbteriales Peptoniphilu§intestifimonas

Gammapro

Escherichia/Shigella
Citrobaoter ampylobacter

COIH[EHE

Bradyhizobiageae

m"mes

Lactoo

Coliigsella

eae

obacteria

Hofe Proteot

8 B

E{eria ~Rataprevotella

acteria

~Pedleoccus Lower in respondersr 0.167

No difference 0.500

ales 0.667
Higherin responders‘ 0.833
1.000

Average relative abundance

Fag
Butyricicoccus Gemmiger

Figure 2. Tree plot showing taxa with different relative abundances between outcomes. The largest node in the center is the kingdom
bacteria. Along the tree branch outward, the next node is the phylum level, then followed by class, order, family, and genus. The size of
the node is proportional to the mean relative abundance in the corresponding phylogenetic level. A node is labeled when it has
significantly different relative abundances (Wilcoxon rank-sum test) between outcomes. Blue refers to higher abundances in

responders, red refers to lower abundances in responders. The t

patients who responded to the treatment had
increased abundances of families Ruminococcaceae,
Prevotellaceae, Coriobacteriaceae, Porphyromonad-
aceae, Bacteroidaceae, Bifidobacteriaceae, and
Eubacteriaceae, and reduced abundance of
Enterobacteriaceae, Veillonellaceae, Enterococcaceae,
and Peptostreptococcaceae. Notably, in non-
responders, no families or genera were identified
with consistently different abundances before and
after FMT.

Microbial markers for potential prediction of
outcome

To identify the taxa at W1 that were potentially
indicative of treatment outcome at W8, we first
fitted a random forest model for W1 samples at
genus level to predict W8 outcomes. The model
obtained an area under the curve (AUC) of 0.79

hree tree plots represent data from Week 0, 1, and 8.

and a prediction accuracy of 73.2% (Figure S7b).
We summed the importance score of the top 30
most important genera and grouped them at family
level (Figure S7a). Consistent with the observations
in Figure 2, Enterobacteriaceae was the family com-
prising the most important genera for differentiat-
ing outcomes, followed by Lachnospiraceae and
Ruminococcaceae.

Next, we identified the two most important and
abundant genera (Figure S8) from
Enterobacteriaceae and Lachnospiraceae, which
were Escherichia (the most important genus in
Enterobacteriaceae, negatively correlated with
response) and Blautia (the most important genus
in Lachnospiraceae, positively correlated with
response). The importance of Escherichia and
Blautia was also evidenced by the logistic regres-
sion that among all assessed genera (n = 224), only
three genera had a significant effect on outcomes



(P < .05) and Escherichia and Blautia were the two
having the smallest P values (P = .037 [Escherichia],
P = .025 [Blautia]).

We thus propose that the abundance ratio
between Escherichia and Blautia one week after
FMT may function as an indicator of the proceed-
ing response, where a larger value is potentially
indicative of non-response to FMTv. We addition-
ally assessed the Escherichia to Blautia abundance
ratio with qPCR and found a good consistency with
16S rRNA gene sequencing (Figure S9). Based on
this abundance ratio as measured by qPCR, samples
could be divided into two groups largely reflecting
their treatment outcomes (Figure S10).
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Engraftment of donor microbes and improvement of
health status

The extent of donor microbiota engraftment in the
patient community was investigated by the
SourceTracker program at ASV level, using the
patient as the “sink” and the donor sample used for
this particular patient as the “source”, to determine
the similarity between the patient and the corre-
sponding donor (Figure 3(a)). We found that
responders had comparable similarity with non-
responders at baseline (0.78% * 0.7% [WO, respon-
ders, mean + SD] vs. 0.62% * 0.41% [WO0, non-
responders, mean + SD]; P = .525), but significantly
higher similarity at later time points (26.9% =+
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Figure 3. Engraftment of donor microbes and improvement of dysbiosis score. (a) Engraftment of donor microbes was estimated with
the SourceTracker program using each patient as the “sink” and the corresponding donor as the “source”. Lines crossing time points
represent the mean similarity in the microbial communities between donors and patients. The shaded area indicates standard error of
the mean. P values were obtained by Welch's t-test. (b) The top 10 most engrafted families. ASVs engrafted in patients were identified
with SourceTracker and their relative abundances were summed at the family level. The top 10 most abundant families are shown and
the remaining are merged as “Others”. (c) Dysbiotic status of patients as estimated with the CLOUD test. Patients (test sample) were
tested against the donors (reference) using CLOUD, and the derived statistic from the test was used as the dysbiosis score, where
smaller scores correspond to healthier bacterial communities. The differences in dysbiosis scores between outcomes were compared

with Wilcoxon rank-sum test.



€2084306-6 . S. WEI ET AL.

26.0% [W1, responders] vs. 4.4% + 3.7% [W1, non-
responders], P = .003; 27.7% * 23.8% [WS8, respon-
ders] vs. 4.7% = 6.9% [WS8, non-responders],
P = .003; 26.3% + 30.7% [W26, responders] vs.
6.1% £ 7.0% [W26, non-responders], P = .026).

By use of SourceTracker, we also identified the
engrafted ASVs, shown at the family level for the
top 10 most abundant (Figure 3(b)), and found that
for responders the engrafted ASVs predominantly
belonged to the families Lachnospiraceae (33.2%
[WO0, mean], 38.8% [W1], 45.2% [W8], and 45.1%
[W26]) and Ruminococcaceae (3.9% [WO0], 13.7%
[W1], 12.9% [WS8], and 15.9% [W26]). For non-
responders, the engrafted ASVs were mainly
Lachnospiraceae (21.5% [WO0], 21.0% [W1], 28.7%
[W8], and 26.1% [W26]) and Bacteroidaceae (0%
[WO0], 4.0% [W1], 14.0% [W8], and 4.2% [W26]),
while no engraftment in non-responders was
observed for Ruminococcaceae during the first
8 weeks (5.0% [WO0], 3.3% [W1], 4.6% [W38],
11.5% [W26]).

To test whether engraftment of donor micro-
biota in patients was associated with improvements
in gut microbiota health status, we applied a robust
non-parametric outlier detection test, designated as
CLOUD,?! to determine to what extent a CDI
patient’s fecal microbiota was different from that
of the healthy donors?*? (Figure 3(c)). Donor sam-
ples were used as the reference and the patient
samples as test samples. We used the CLOUD sta-
tistic (patient sample’s outlier detection test, the
smaller value the healthier) as the dysbiosis score

@ Responders @ Non-responders

and compared these scores between outcomes.
Responders and non-responders were shown to
have similar dysbiosis scores at W0 (1.870 + 0.191
[responders] vs. 1.837 + 0.090 [non-responders],
P = .945, median + IQR), but thereafter responders
had significantly lower dysbiosis scores than non-
responders at W1 (1.493 + 0.373 [responders] vs.
1.787 £ 0.1672 [non-responders], P = .036), W8
(1.335 £ 0.191 [responders] vs. 1.728 + 0.025 [non-
responders], P < .001) and W26 (1.404 + 0.272
[responders] vs. 1.636 + 0.125 [non-responders],
P =.003).

The treatment effects of vancomycin and
fidaxomicin

As previously reported, FMTv resulted in a cure
rate, defined as clinical resolution and negative
PCR test for C. difficile, of 71%. This was signifi-
cantly higher than observed for fidaxomicin (33%)
and vancomycin (19%)."” Here, we investigated the
microbiota of patients randomized to vancomycin
(n = 16) and fidaxomicin (n = 24) (Figure S1). To
assess whether these two antibiotic treatments led
to similar microbial changes in responders and
non-responders as FMTv, we compared their beta
diversity based on Bray-Curtis distances and visua-
lized with the nonmetric multidimensional scaling
(NMDS) ordination (Figure 4). Consistent with the
previous visualization in Figure 1(c), the respon-
ders and non-responders in FMTv showed distinct
trajectories over time. In contrast, analysis of
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Fidaxomicin
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Figure 4. Beta diversity of fecal microbiota for FMTv, vancomycin, and fidaxomicin treatments. Beta diversity is assessed based on the
Bray-Curtis distance and visualized by NMDS ordination. Colors of dots and ellipses (50% confidence regions for clusters) refer to
different outcomes. Samples are shown with small shapes referring to different time points. Big shapes represent the centroids of
sample groups in each condition and are connected with lines according to sample time.



samples from vancomycin and fidaxomicin treated
patients did not show clear differences in the
microbiota between outcomes, which is consistent
with the permutational multivariate analysis of var-
iance (PERMANOVA) (Table S2). We additionally
observed that fidaxomicin led to increased richness
over time in the responders, but slower and to a less
extent than observed in the FMTYV treated patients
(Figure S11).

Discussion

We followed the gut microbiota changes in patients
with multiple, recurrent CDI treated with FMTy,
and compared the gut microbiota differences
between outcomes as determined at W8. Before
FMT (WO0), no significant differences were
observed between responders and non-responders
to this treatment. However, already 1 week after
FMT, substantial differences in the gut microbiota
were found between outcomes. Similar microbial
differences were not observed in patients treated
with antibiotics monotherapy, participating in the
same randomized clinical study.

One week after FM TV treatment, responders and
non-responders differed in their gut microbiota in
the following ways: (i) Alpha diversity (observed
richness and Shannon diversity) increased signifi-
cantly in responders compared to pre-FMT, but
remained unchanged in patients that did not
respond to FMT. (ii) Beta diversity analysis
revealed that responders, but not non-responders,
had a different gut microbiota composition than
before the FMT. Also, responders were more simi-
lar to healthy donors in their gut microbiota than
non-responders. (iii) Responders were found to be
depleted for Enterobacteriaceae and enriched for
Lachnospiraceae and Ruminococcaceae. (iv)
Engraftment of donor microbes in responders was
significantly more prevalent than in non-
responders. (v) Responders had a more pro-
nounced resolution of microbiota dysbiosis than
non-responders.

Our findings of significant microbial differences
between outcomes as early as 1 week after FMT are
in line with two previous reports,'>'° supporting
that fecal microbiota patterns that differentiate
between outcomes, indeed occur early after FMT.
While the previous reports relate to FMT given as
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ingested capsules, the present study applied colo-
noscopy or a nasojejunal tube for the treatment,
suggesting that the changes occur independently of
the application method. The inclusion of compara-
tor groups and the application of a randomized
design in the current trial allowed us to clearly
establish the predictive value of microbiota
changes.

Compared to non-responders, patients who
responded to FMTv or FMT were distinguished
by higher abundances of Lachnospiraceae and
Ruminococcaceae, and lower abundance of
Enterobacteriaceae. A high abundance of
Lachnospiraceae and Ruminococcaceae is sug-
gested as a feature of super-donors.” Members of
these families including the short-chain-fatty acid
producing genera Butyricicoccus,”> Roseburia,**
Blautia, and Dorea” were significantly more abun-
dant in responders and in line with our findings, are
reported to be associated with prevention of
recurrence.'” Also, a study in mice shows that the
precolonization = of  isolates  from  the
Lachnospiraceae family suppresses the growth of
C. difficile.*® Enterobacteriaceae on the other hand
are reported to be positively correlated with
recurrence.'>'” Also, accompanied by the changes
in taxonomic composition, the functional potential
predicted with PICRUSt2 was different between
responders and non-responders. Lachnospiraceae
and Ruminococcaceae were positively associated
with a number of pathways, such as the
Chorismate biosynthesis and aromatic amino acid
biosynthesis that were previously reported to be
protective against CDI,”” while Enterobacteriaceae
were negatively correlated with these pathways. The
distinct abundance characteristics of
Lachnospiraceae and Ruminococcaceae between
outcomes early after FMT were likely due to the
differences in the engrafted donor microbes, where
Lachnospiraceae and Ruminococcaceae engrafted
substantially in responders one week post-FMT,
but not in non-responders. Overall, members of
these taxa potentially represent indicative microbial
markers that can be used for outcome prediction.

Previous studies have predicted outcomes based
on complex regression tree analyses.'> Here, we
proposed a way to construct simpler outcome
indexes based on the identified microbial markers.
In the present study, the abundance ratio of two
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genera, namely Escherichia and Blautia measured at
Week 1, predicted the clinical outcomes at Week 8
with very good performance (AUC = 0.92). The
strength of this method relies on the facts that
Escherichia and Blautia are quite abundant genera
in both responders and non-responders, which
facilitates quantification, and that qPCR is a well-
established technique in the clinic. The associations
of the given genera with outcomes are consistent
with observations reported by others.'® Our results
suggest that future studies regarding outcome pre-
dictions may benefit from using a limited number
of taxa, measurable by clinically feasible methods.
However, we must pinpoint that due to the existing
variations in different cohorts because of study
design, population size, individual heterogeneity,
etc., a general outcome index or prediction method
needs to be thoroughly validated.

The effects on the microbiota observed after
FMTv were very different from those observed
after treatment with the antibiotics vancomycin
and fidaxomicin monotherapies, and no difference
between responders and non-responders was
detected after antibiotic treatment. Vancomycin
and fidaxomicin did not lead to recovery of gut
microbiota structure as seen for FMTv in the
group of responders, although a delayed and weak
increase in richness occurred at W8 and W26 in the
vancomycin group. Our observations underpin that
while fidaxomicin and vancomycin inhibit the
immediate growth of C. difficile,”® FMT induces
a sustained treatment response through more com-
plicated and probably more robust mechanisms.*”

Conclusions

We characterized the substantial differences in the
gut microbiota composition between responders
and non-responders to FMT, which occurred
already one week after FMT against recurrent
C. difficile infection. Based on the observed differ-
ences, we propose a way to construct predictive
outcome indexes based on simple and clinically
feasible methods. Additionally, we found that the
gut microbiota differences between outcomes after
treatment with vancomycin or fidaxomicin mono-
therapies did not resemble the differences observed
after FMT, highlighting that FMT leads to treat-
ment response in a different way than antibiotics.

Materials and methods
Study design and clinical outcomes

We analyzed fecal samples from our previously
published randomized clinical trial,'” which com-
pared three different treatment strategies for
recurrent CDI, namely FMT preceded by vanco-
mycin (FMTv), vancomycin, and fidaxomicin. Of
120 patients screened in the study, 64 patients in
total were randomized to either FMTv (n = 24),
vancomycin (n = 16), or fidaxomicin (n = 24)
(Figure S1). In brief, criteria for inclusion were
minimum 18 years, at least 3 liquid stools per day,
a positive polymerase chain reaction (PCR) test
result for CD toxin A, toxin B, or binary toxin,
and at least 1 prior treatment course with vanco-
mycin or fidaxomicin for CDI. Exclusion criteria
were pregnancy or breastfeeding, any ongoing
antibiotic treatment, and use of drugs with
a known interaction with vancomycin or fidaxo-
micin. Eventually, 64 patients with a median age
of 68 years (range 21-92 years) and a median of 4
(range 2-10 episodes) previous CDI episodes were
included in the study.'”

In the FMTv group, the 24 patients were
treated with 4-10 days of vancomycin 125 mg
4 times daily, followed by FMT. Fecal samples
from this group were investigated to identify the
microbial differences between outcomes and
whether these may be used as biomarkers to
predict treatment effect. Additionally, samples
from the 16 patients allocated to vancomycin
(10 days, 125 mg 4 times daily) and 24 patients
allocated to fidaxomicin (10 days, 200 mg twice
daily) were investigated.

Global, i.e. combined clinical and microbiologi-
cal, outcomes were determined 8 weeks after FMT
or antibiotic treatments, and were based on com-
bined clinical resolution and a negative PCR test for
C. difficile carried out as previously described.'”
This study evaluated the effect following
a single FMT.

All patients provided written informed consent
before inclusion. The study protocol was approved
by the Central Denmark Region Ethics Committee
(jono. 1-10-72-2577-15) and by the Danish
Medicines Agency (j.no. 2015092214). Data storage
was approved by the Danish Data Protection
Agency (j.no. 1-16-02-15-16). The study was



conducted according to the principles for Good
Clinical Practice and was monitored by the Good
Clinical Practice Unit at the Aarhus and Aalborg
University Hospitals (j. no. 2015/589).

Fecal microbiota transplantation and fecal samples

Healthy stool donors were recruited and screened
at the public blood bank at Aarhus University
Hospital (Aarhus, Denmark) as previously
reported.”® FMT was performed either by colono-
scopy using 50 g of frozen-thawed donor feces
preparation (77.6%), or by nasojejunal tube
(22.4%) when colonoscopy was not possible.
Processing of the donor material and clinical pro-
cedures are described previously.'”*!

A total of 24 processed fecal samples were from the
six healthy donors who provided feces for the FMTs.
For patients allocated to FMTyv, a total of 85 fecal
samples were collected before vancomycin treatment
and FMT (W0), and 1-week (W1), 8-weeks (W8) and
26-weeks (W26) after FMT. Fecal samples were snap-
frozen in the patient’s home at —20°C and transferred
to the lab where they were stored at —80°C until
analyses. For patients allocated to vancomycin and
fidaxomicin, a total of 98 fecal samples were collected
in the same way as for FMTv.

DNA extraction, sequencing, and bioinformatics
analysis

Microbial DNA was extracted using 0.18-0.22 g of
feces content of each sample with the DNeasy®
PowerLyzer® PowerSoil® isolation kit from Qiagen.
The extracted DNA was stored at —20°C before use.
The V3 region of 16S rRNA gene was amplified with
PhusionTM High-Fidelity (HF) DNA Polymerase kit
from Thermo Fisher Scientific and primers 341 F (5’-
CCTACGGGAGGCAGCAG-3’) and 518 R (5-
ATTACCGCGGCTGCTGG-3), which were modi-
fied from a previous report.”> Amplified PCR pro-
ducts were purified with HighPrep'™ PCR Clean-up
System, the DNA concentration was determined and
normalized with Qubit® 2.0 Flourmeter, and up to 96
amplified products were pooled as a library. Single-
end sequencing was performed with the Ion Torrent
$5'™ platform with an Ion 520™ Chip. The raw
FASTQ files were demultiplexed with QIIME2,*
adapter and sequencing primer were removed with
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cutadapt (version 2.10),>* and the final sequence
length was trimmed to range from 125 bp to 180
bp. The pre-processed reads were analyzed with the
DADA2 pipeline in R,” using parameters recom-
mended for Ion Torrent and with “pool” set as
“TRUE”, and other parameters set as default. With
the DADA2 algorithm, taxonomic assignments were
resolved with exact sequence features, called ampli-
con sequence variants (ASVs). Taxonomy was
assigned using the Ribosomal Database Project
(RDP) database (release 11.5).¢

Quantitative PCR

Relative quantification of specific genera was per-
formed using primers targeting Escherichia spp.
(forward:
CATTGACGTTACCCGCAGAAGAAGOC, reverse:
CTCTACGAGACTCAAGCTTGC)* and Blautia
spp. (forward: GTGAAGGAAGAAGTATCTCGG,
reverse: TTGGTAAGGTTCTTCGCGTT),*”® in
combination with universal bacterial primers (for-
ward: ACTCCTACGGGAGGCAGCAGT and
GTATTACCGCGGCTGCTGGCAC)*
using the A-Ct method. The genera specific primers
were validated in silico in the RDP web tool*® and
found to have 100% identity match with 7/8 mem-
bers of the Escherichia genus and 8/9 members of
the Blautia genus when searching good quality type
strains > 1200 bp and only a single mismatched
species within the Gamma-proteobacteria (Erwinia
spp.).- The PCR reactions each contained 5.5 ul
LightCycler® 480 II SYBR Green I Master (Roche
Diagnostics A/S, Hvidovre, Denmark), 0.2 uM of
each primer and 2 pl template DNA in a total reac-
tion volume of 11 pul. Reactions conditions were as
follows: Initial 95°C for 5 minutes, followed by 45
cycles of 95°C for 10 seconds, 60°C for 15 seconds
and 72°C for 45 seconds. Finally, a melting curve
was generated by gradually increasing the tem-
perature (95°C for 5 seconds, 68°C for 1 minute
and increasing the temperature to 98°C with
a rate of 0.11°C/second with continuous fluores-
cence detection). The qPCR was performed in
triplicate for each sample/primer combination in
384-well plate format on a LightCycler® 480 II
instrument (Roche Applied Science) and analyzed
using the dedicated LightCycler® 480 software
using the fit-point method.

reverse:
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Statistical analysis

Samples were rarefied at 10,000 reads before calcu-
lating the alpha diversity with the R-package “phy-
loseq” (Figure $12).*° The difference in the median
and mean alpha diversity between groups were per-
formed with Wilcoxon rank-sum test and Welch’s
t-test, respectively. Beta diversity was estimated with
Bray-Curtis distance matrix and tested with permu-
tational ~multivariate analysis of variance
(PERMANOVA, “adonis”, R-package “vegan”).*'
The functional potential of the fecal microbiota
was predicted with phylogenetic investigation of
communities by reconstruction of unobserved states
(PICRUSt2) and identified as metabolic pathways
(MetaCyc).'"*" Correlations between pathways and
taxa abundances were determined using Spearman’s
rank-order correlation coefficient (function “rcorr”
in R-package “Hmisc”) and were plotted with the
R-package “corrplot”. The taxonomic composition
comparison between outcomes was tested with
Wilcoxon rank-sum test, or within outcome but
between time points with paired Wilcoxon rank-
sum test. The engraftment of the donor microbiota
was determined by the SourceTracker program with
default parameters as the percentage of ASVs in
a patient’s fecal sample (sink) that was attributed
to donor microbiota (source).”’ The random forest
model was built at the genus level with the function
“imbalanced” (ntree = 10,000, method = “rqf’,
importantance = “TRUE”, splitrule = “auc”™; all
other parameters are in default) in the R-package
“randomForestSRC” to address the imbalanced
sample size between outcomes.”” The prediction
accuracy, AUC (area under the receiver operating
characteristic (ROC) curve) value and variable
importance from the random forest model were
obtained from the 10 cycles of 10-fold cross-
validation (100 iterations in total). The logistic
regression was performed with the function “glm”
in R-package “stats”.

The optimal threshold of abundance ratio to
differentiate responders from non-responders
was determined by the Youden’s ] statistic
(R-package “OptimalCutpoints”).*> The binary
outcomes were predicted based on this thresh-
old. AUC was used to measure the discrimina-
tory power of the model. The health status of
gut microbiota was determined by the CLOUD

test (k.neighbor is the entire sample size of
donors),?' and the statistic (outlier detection
test) from the CLOUD test was used as the
dysbiosis score. We applied the Benjamini-
Hochberg P values correction to account for
the false discovery rate and the adjusted
P values were shown as “P.g” (“p.adjust” in
R-package “stats”).** Statistical significance level
was set at 0.05. The taxonomic composition
shown with trees was generated with R-package
“metacoder”.*> Most plots were generated with
» 46

R-package “ggplot2”.
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