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Temporal Gut Microbial Changes Predict Recurrent Clostridiodes
Difficile Infection in Patients With and Without Ulcerative Colitis

Allen A. Lee, MD,*" Krishna Rao, MD, MS,"" Julajak Limsrivilai, MD, MSc,* Merritt Gillilland Ill, PhD,* Benjamin
Malamet,® Emily Briggs,* Vincent B. Young, MD, PhD,"" and Peter D.R. Higgins, MD, PhD, MSc*

Background: Ulcerative colitis (UC) carries an increased risk of primary and recurrent Clostridiodes difficile infection (rCDI), and CDI is asso-
ciated with UC flares. We hypothesized that specific fecal microbial changes associate with UC flare and rCDI.

Methods: We conducted a prospective observational cohort study of 57 patients with UC and CDI, CDI only, and UC only. Stool samples were
collected at baseline, at the end of antibiotic therapy, and after reconstitution for 16S rRNA sequencing. The primary outcomes were recurrent
UC flare and rCDI. Logistic regression and Lasso models were constructed for analysis.

Results: There were 21 (45.7%) patients with rCDI, whereas 11 (34.4%) developed UC flare. Patients with rCDI demonstrated significant
interindividual (P = 0.008) and intraindividual differences (P = 0.004) in community structure by Jensen-Shannon distance (JSD) compared
with non-rCDI. Two cross-validated Lasso regression models predicted risk of rCDI: a baseline model with female gender, hospitalization for
UC in the past year, increased Ruminococcaceae and Verrucomicrobia, and decreased Eubacteriaceae, Enterobacteriaceae, Lachnospiraceae,
and Veillonellaceae (AuROC, 0.94); and a model 14 days after completion of antibiotics with female gender, increased Shannon diversity,
Ruminococcaceae and Enterobacteriaceae, and decreased community richness and Faecalibacterium (AuROC, 0.9). Adding JSD between base-
line and post-treatment samples to the latter model improved fit (AuROC, 0.94). A baseline model including UC hospitalization in the past year
and increased Bacteroidetes was associated with increased risk for UC flare (AuROC, 0.88).

Conclusion: Fecal microbial features at baseline and after therapy predict rCDI risk in patients with and without UC. These results may help

risk stratify patients to guide management.
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INTRODUCTION
Accumulating evidence suggests that disruptions to the
gut microbial structure and function contribute to inflamma-
tory bowel disease (IBD).! Furthermore, patients with IBD, par-
ticularly those with ulcerative colitis (UC), are at increased risk
for Clostridiodes difficile (previously Clostridium difficile) infec-
tion (CDI).2* It is possible that alterations in the gut microbial
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community may predispose IBD patients to CDI. Murine
models suggest that shifts in microbial ecology are associated
with susceptibility to experimental CDI.’ Notably, IBD patients
with CDI are more likely to have recurrent CDI (rCDI)® while
also demonstrating a 2-fold increased risk for subsequent exac-
erbation of IBD and colectomy and a 5-fold increased risk for
mortality compared with those without CDIL.>"
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It is not clear how the microbiome disruptions seen in
CDI and IBD relate to each other and/or interact. Thus, we
aimed to characterize the fecal microbiota in patients with UC
and/or CDI longitudinally and investigate whether fecal micro-
bial dynamics may predict future risk for rCDI and recurrent
UC flare. We hypothesized that poor reconstitution of the gut
microbiome at the end of antibiotics plus 14 days (EOA + 14)
would be associated with higher risk for subsequent rCDI and/
or UC flare.

MATERIALS AND METHODS

Study Design

We conducted a single-center prospective, observational
cohort study, including symptomatic UC patients who tested
positive for CDI (cohort 1), non-IBD patients with sympto-
matic CDI (cohort 2), and patients with UC flare without CDI
(cohort 3). All subjects were 18 years or older and provided
written informed consent before enrollment. Subjects were ex-
cluded if they had presence of an ostomy or previous history
of colectomy.

The primary outcomes were subsequent episodes of UC
flare and/or rCDI. Ulcerative colitis flare was defined by onset
of typical symptoms occurring after enrollment in the study,
along with a 6-point Mayo score >2.5 and a fecal calprotectin
>150 ug/g in the absence of CDI." A gastrointestinal pathogen
polymerase chain reaction (PCR) panel and cytomegalovirus
PCR were also performed to rule out other common bacterial,
viral, and parasitic causes of acute symptoms in UC patients.
Clostridiodes difficile infection was diagnosed by presence of
diarrhea (23 unformed stools in a 24-hour period) and a posi-
tive stool test for toxigenic C. difficile (see online supplemental
materials). The rCDI was defined by recurrence of symptoms
at least 14 days after initial treatment of CDI and positive
C. difficile testing.!" Choice of antibiotic therapy was left up to
the individual provider but followed a standardized protocol at
the University of Michigan.'?> Patients with recurrent or severe
CDI, defined as white blood cell (WBC) 215 K/uL, Cr 21.5x
baseline, age 65 years or older, absolute neutrophil count
<500 K/pL, or albumin <2.5 g/dL, were treated with 125 mg of
vancomycin by mouth 4 times daily for 10 to 14 days. Patients
with mild-moderate CDI were treated with 500 mg of metroni-
dazole by mouth 3 times daily for 10 to 14 days.

Subjects in cohorts 1 and 2 were contacted, and their
medical records were reviewed every 60 days for up to 180 days
after enrollment to determine recurrence of UC flare and/or
rCDI. Due to the small sample sizes in each cohort, patients
in cohorts 1 and 2 were analyzed collectively to determine the
rate of rCDI while adjusting for UC status. Patients in cohort
1 were also followed to determine the rate of subsequent UC
flare. As subjects in cohort 3 (UC flare only) were experiencing
an exacerbation of their UC on enrollment and were only fol-
lowed for 30 days, it was not possible to differentiate between

an ongoing vs recurrent UC flare. As a result, patients in cohort
3 were excluded from meeting the primary endpoint of UC flare
but were used to adjust models for UC status.

Based on previous data using fecal microbiota to predict
development of CDI,!* we expected to require a minimum of
12 cases to build an accurate model. Prior data suggested a 30%
rCDI rate in patients with UC and CDI.° Thus, we conserva-
tively estimated that a sample size of 50 subjects providing 150
stool samples would provide >80% power to detect differences
across a full range of possible recurrence rates.

Stool Collection

For cohorts 1 and 2, stool samples were collected at base-
line (before initiation of antibiotics or medical therapy, day 0),
at the end of antibiotics (EOA, approximately day 14), and
EOA plus 14 days (approximately day 30; Supplemental Fig.
1). For cohort 3, stool samples were collected at baseline and at
day 30 after clinical remission was achieved.

16S Sequence Analysis

After DNA extraction, 16S rRNA genes were sequenced
and processed through the computational pipeline mothur'
as previously described (see online supplemental materials)."
The following microbiome metrics were generated: Shannon
diversity, Jensen-Shannon distance (JSD) relative to baseline
and subsequent samples, community type based on JSD,'®
and relative abundance of individual operational taxonomic
units (OTUs). Other variables based on taxonomic class were
analyzed, including the microbiome health index (MHI), de-
fined as the proportion of Bacteroidia and Clostridia com-
pared with the proportion of Gammaproteobacteria and
Bacilli."”

Statistical Analysis

Subjects were included for analysis if they had com-
plete follow-up data for 180 days and provided all fecal sam-
ples (Supplemental Fig. 2). Continuous data were compared
using 1-way ANOVA or Kruskal-Wallis test when appropriate.
Comparisons of proportions were performed using Fisher exact
test. All data were analyzed using R version 3.5.2 (R Foundation
for Statistical Computing, Vienna, Austria). A 2-tailed P value
<0.05 was considered significant for all analyses.

Unadjusted and adjusted logistic regression analyses
were performed to identify clinical and microbial variables as-
sociated with subsequent UC flare and rCDI. Corrections for
multiple comparisons were performed using the Benjamini-
Hochberg method.!® Only OTUs that were present in 210% of
samples were included in the analysis. Redundancy analysis, an
ordination technique, was used to compare differences in mi-
crobial communities followed by permutational, multivariate
ANOVA (PERMANOVA) for significance testing, using the R
package vegan version 2.5-4."
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Two predictive models using different techniques were
performed. The first method included variables with P values
<0.20 for the association with either rCDI or subsequent UC
flare based on logistic regression results. A backward stepwise
regression method was used to select predictors in the final
multivariable model, and interactions among the variables in
the final model were assessed. This modeling strategy helped
quantify the magnitude, strength, and statistical significance
of individual predictors while accounting for confounding.
However, it is not ideal for avoiding overfitting and maximizing
the generalizability of models.

A second approach using Lasso (least absolute shrinkage
and selection operator) regression with cross validation was
also employed to generate models that minimized overfitting.
Models were built in a stepwise regression fashion, and the op-
timal model was automatically selected using a 3-fold cross-
validation that minimized the penalty term as implemented in
the glmnet package version 2.0-16.% This stepwise modeling
strategy was simulated 1000 times, and variables that appeared
most frequently were selected for inclusion in the final model.
The area under the receiver operator characteristic curve
(AuROC) was calculated for each model using the R package
pROC version 1.14.0.%!

To assess longitudinal associations between clinical and
microbial variables of interest with the primary outcomes,
generalized estimating equations with an exchangeable or
autoregressive correlation structure, generalized linear mixed-
effects models, and generalized additive models were utilized
using the R packages geepack version 1.2-1,% Ime4 version
1.1-21, and mgcv version 1.8-28,% respectively.

ETHICAL CONSIDERATIONS

The study was approved by the institutional review board
at the University of Michigan.

RESULTS

Baseline Clinical Characteristics

A total of 57 subjects were enrolled in this study (32 with
UC/CDI, 14 with CDI only, and 11 with UC only). Patients
with CDI only were older compared with those with UC/CDI
and UC only (P = 0.001; Table 1). Patients with UC only were
more likely to receive steroids as their initial treatment for UC
flare compared with those subjects with UC and CDI (90.9%
vs 31.2%; P = 0.001). Patients with UC only were less likely to
have received antibiotics in the past year compared with pa-
tients with UC and CDI or patients with CDI only (P = 0.006).
Patients with UC and CDI were more likely to have CDI con-
firmed by a positive PCR compared with patients with CDI
only (P =0.001). No other clinical variables were different be-
tween the groups.
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Primary Outcomes

A total of 21 out of 46 subjects (45.7%) met the primary
endpoint for rCDI, whereas 11 of 32 subjects (34.4%) devel-
oped a subsequent UC flare. For patients who developed recur-
rent exacerbation of their UC, the median 6-point Mayo score
was 4 (range 3-5), and the median fecal calprotectin level was
383.5 pngl/g (range 311-692 pg/g).

Patients With rCDI Exhibited a Distinct

Community Structure Compared With Non-rCDI

We next performed redundancy analysis to explore differ-
ences in microbial communities across populations with rCDI
and UC flare as variables (cohorts 1 and 2). There were sig-
nificant differences in the microbial community structure be-
tween patients who subsequently developed rCDI vs non-rCDI
(P =0.008 by PERMANOVA), Fig. 1A). No significant differ-
ences were seen between patients with vs without subsequent
UC flare (P = 0.44; Fig. 1B).

Patients With rCDI Showed Greater

Intraindividual Microbial Variability Over Time

We evaluated intraindividual community changes in co-
horts 1 and 2 by Jensen-Shannon distance (ranging from 0,
indicating complete similarity relative to baseline samples, to
1 or complete dissimilarity with baseline samples) over time.
At the end of antibiotics, there were no differences in JSD be-
tween patients with and without subsequent rCDI (P = 0.41;
Fig. 2A). However, 14 days after completion of antibiotics,
those patients who subsequently developed rCDI demon-
strated greater dissimilarity to baseline samples in commu-
nity structure compared with non-rCDI patients (P = 0.004;
Fig. 2B). There were no differences in JSD at EOA (P = 0.75)
or at EOA plus 14 days (P = 0.22) in patients with and without
subsequent UC flare.

Baseline Clinical and Microbial Variables Are
Predictive for rCDI

Unadjusted variables

We performed logistic regression to determine baseline
variables that were associated with risk for rCDI (cohorts
1 and 2) while controlling for UC status (cohorts 1 and 3;
Supplemental Table 1). Female gender (odds ratio [OR], 2.5;
P =0.05) and history of antibiotic use in the past year (OR,
3.3; P < 0.10) were associated with an increased risk for rCDI.
There was no association between initial antibiotic choice
(P = 0.47) or duration of antibiotic use (P = 0.50) and risk of
rCDI. An increased relative abundance of Lachnospiraceae
was protective against rCDI (OR, 0.52 for every 10% in-
crease; P = 0.02).
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TABLE 1. Baseline Demographic Variables for Patients with Ulcerative Colitis and/or Clostridiodes difficile Infection

UCI/ICDI CDI Only UC Only
(n=32) (n=14) (m=11) P

Age, median (range) 40.4 (18.1-85.7) 66.5(21.2-83.2) 45.0 (21.5-71.1) 0.001
Gender, n (%)

Female 11 (34.4) 7 (50.0) 5(45.5) 0.58

Male 21 (65.6) 7 (50.0) 6(54.5)
White, n (%) 29 (90.6) 13(92.9) 10 (90.9) >0.99
History of Tobacco use, n (%) 13 (40.6) 6(42.9) 5(50.0) 0.93
Extent of Disease Activity in UC, n (%)

Proctitis 0 (0) NA 19.1) 0.30

Left-sided colitis 5(15.6) 3(27.3)

Extensive colitis 1(3.1) 0(0)

Pan-colitis 26 (81.2) 7 (63.6)
Maintenance Therapy, n (%)

5-ASA 24 (75.0) NA 8(72.7) >0.99

Immunomodulators 15 (46.9) 5(45.5) >0.99

Biologics 15 (46.9) 3(27.3) 0.67
Probiotic use, n (%) 7(21.9) 5(38.5) 4(444) 0.26
Acid suppressive medications, n (%) 7(22.6) 6(42.9) 2 (20.0) 0.67
Prior history of CDI, n (%) 15 (46.9) 8(57.1) NA >0.99
Prior use of antibiotics in the past year, n (%) 25 (80.6) 12 (85.7) 3(30.0) 0.006
Biochemical parameters, median (range)

WBC, K/uL 7.0(2.3-21.4) 10.6 (3.6-18.7) 9.5(6.0-15.1) 0.39

Albumin, g/dL 3.9 (2.8-5.1) 3.8(2.6-4.4) 4.0 (2.8-4.9) 0.44

BUN, mg/dL 13.0 (5.0-21.0) 12.0 (4.0-57.0) 10.0 (6.0-25.0) 0.06

Creatinine, mg/dL 0.8 (0.6-1.5) 0.7 (0.5-2.4) 0.8 (0.7-1.2) 0.27
Confirmation of CDI, n (%)

GDH/EIA positive 3(9.4) 8 (57.1) NA 0.001

PCR positive 29 (90.6) 6(42.9)
Diagnosis of CDI Upon Study Enrollment, n (%)

Non-recurrent CDI 30 (93.8) 12 (85.7) NA 0.60

Recurrent CDI* 2(6.2) 2(14.3)
Primary Outcomes

CDI Recurrence, n (%) 14 (43.8) 7 (50.0) NA 0.63

UC Flare, n (%) 11 (34.4) NA NA NA
Steroid Administered for Treatment of UC flare, n (%) 10 (31.2) NA 10 (90.9) 0.001
Initial Antibiotic Treatment for CDI Recurrence

Vancomycin, n (%) 23 (71.9) 8 (57.1) NA 0.63

Metronidazole, n (%) 9 (28.1) 6(42.9)

“Patients with diagnosis of CDI upon study entry that occurred within 8 weeks of previous CDI infection were classified as recurrent CDI. These patients could still meet the pri-

mary outcomes of recurrent CDI and/or UC flare.

5-ASA, 5-aminosalicylic acid; BUN, blood urea nitrogen; EIA, enzyme immunoassay for the presence of TcdA/TedB toxin; GDH, glutamate dehydrogenase antigen; PCR, Real-

time polymerase chain reaction for the detection of the rc¢dB gene.

Multivariable baseline model for rCDI

Using backward stepwise regression, 5 baseline variables
were significantly associated with rCDI even after adjusting
for UC status (Table 2). Female gender was associated with an
increased risk for rCDI (OR, 16.2; P =0.005). In contrast, in-
creased OTU richness (OR, 0.86 per every increase of 10 taxa;

P = 0.02) and increased relative abundance of Enterobacteriaceae
(OR, 0.29 per every 10% increase; P = (0.004), Lachnospiraceae
(OR, 0.17 per every 10% increase; P =0.002), and
Veillonellaceae (OR, 0.17 per every 10% increase; P = 0.05) were
protective against rCDI (Fig. 3A-D). This final model had excel-
lent fit characteristics (AuROC, 0.91; Fig. 3E).
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FIGURE 1. Patients with recurrent Clostridiodes difficile infection show broad differences in microbial community structure compared with non-rCDI.
A, Principal coordinates analysis (PCoA) based on redundancy analysis demonstrated significant differences in the community structure between
patients who subsequently developed rCDI (red) compared with patients without rCDI (blue; P = 0.008 by PERMANOVA). B, PCoA plot showing no
differences between community structures in patients who subsequently developed UC flare (red) vs non-UC flare (blue; P = 0.44).
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FIGURE 2. Patients with recurrent Clostridiodes difficile infection (rCDI) show significant perturbations of the fecal microbiota longitudinally com-
pared with non-rCDI patients. Jensen-Shannon distance, a measure of intraindividual microbial community dissimilarity compared with baseline
samples, was calculated over time. A, At the end of antibiotics, there were no differences in JSD between patients who subsequently developed rCDI
(red) and non-rCDI (blue; P = 0.41). B, However, 14 days after completion of antibiotics, patients who subsequently developed rCDI (red) demon-
strated a significantly elevated JSD (greater community dissimilarity relative to baseline samples) compared with non-rCDI patients (blue; P = 0.004).
These results suggest that patients with ongoing perturbations of the fecal microbiota 2 weeks after completion of antibiotics were at higher risk for
rCDI.
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TABLE 2. Multivariable Logistic Regression Models of
Clinical and Microbial Variables at Baseline Associated
With Recurrent Clostridiodes difficile Infection

OR 95% CI P
Clinical Variables Associated with
Increased Risk for rCDI
Female gender 16.2  2.77-155.62  0.005
Microbial Variables Protective
Against rCDI
OTU Richness 0.86 0.73-0.96 0.02
(per every increase of 10 taxa)
Enterobacteriaceae 0.29 0.09-0.56 0.004
(per every 10% increase)
Lachnospiraceae 0.17 0.04-0.44 0.002

(per every 10% increase)
Veillonellaceae (per every 10% increase)  0.17 0.02-0.75 0.05

Effect sizes are presented after adjustment for UC status.

Three-fold cross-validated Lasso regression with 1000 simu-
lations identified hospitalization for UC in the past year, female
gender, and increased relative abundances of Verrucomicrobia
and Ruminococcaceae as being associated with increased risk
for rCDI after adjusting for UC status (Supplemental Table 2).
Conversely, an increase in Eubacteriaceae, Lachnospiraceae,
Veillonellaceae, and Enterobacteriaceae at baseline were protec-
tive against subsequent risk for rCDI. A final Lasso regression
model including these baseline variables demonstrated excellent
predictive capabilities for rCDI (AuROC, 0.94; Fig. 3F).

Longitudinal Models Utilizing Microbial

Variables Predict Increased Risk for rCDI

We used microbial data from all time points in cohorts
1 and 2 to model rCDI by fitting generalized estimating equa-
tions (GEESs) and generalized linear mixed models (GLMMs)
while adjusting for UC status (cohorts 1 and 3). However,
models using both GEEs and GLMMs either did not converge
or resulted in singular fits likely related to excessive collinearity
of variables, overdispersion/excessive variability over time, and/
or nonlinearity in the shape of the data. Since the data did not
follow a linear pattern (Supplemental Fig. 3A-D), we fit gener-
alized additive models (GAMs), which identified female gender,
decreasing OTU richness, and increasing Ruminococcaceae
longitudinally as being associated with risk of rCDI while
adjusting for UC status (AuROC, 0.87; data not shown).

Clinical and Microbial Variables at Time Point 3
Also Predict Risk for rCDI

Unadjusted variables
We identified by logistic regression that increased relative
abundance of Gammaproteobacteria (OR, 1.63 per every 10%

increase; P = 0.04), Enterobacteriaceae (OR, 1.78 per every
10% increase; P = 0.03), and Jensen-Shannon distance at time
point 3 (EOA plus 14 days) relative to baseline (OR, 1.80 per
every 0.1 increase; P =0.01) were associated with increased
rCDI risk (cohorts 1 and 2) after controlling for UC status (co-
horts 1 and 3; Supplemental Table 3). Conversely, an increase in
Shannon diversity (OR, 0.34; P = 0.04) and OTU richness (OR,
0.85 per every increase of 10 taxa; P = 0.008) and an increased
relative abundance of Ruminococcaceae (OR, 0.40 per every
10% increase; P = 0.04), Faecalibacterium (OR, 0.10 per every
10% increase; P = 0.04), Bacteroidetes (OR, 0.60 per every 10%
increase; P = 0.05), Lachnospiraceae (OR, 0.62 per every 10%
increase; P = 0.06), and MHI (OR, 0.78 per every 1% increase;
P =0.05) were all protective against future risk for rCDI.

Multivariable model selection for rCDI

Model selection by backward stepwise regression identified
female gender (OR, 5.69; P =0.03) and increased relative abun-
dance of Ruminococcaceae (OR, 1.43 per every 1% increase;
P =0.03) at time point 3 as being associated with increased risk
for rCDI after adjusting for UC status (Table 3). In contrast, an
increase in OTU richness (OR, 0.83 per every increase of 10 taxa;
P =0.03) and increased relative abundance of Faecalibacterium
(OR, 0.47 per every 1% increase; P = 0.02) were protective against
rCDI (Fig. 4A—C). This model showed good fit characteristics
(AuROC, 0.87) for predicting rCDI. When Jensen-Shannon dis-
tance at time point 3 relative to baseline was added to the model,
it had a statistically significant effect by likelihood ratio testing
(P =0.007) and improved the model fit (AuROC, 0.90).

Similarly, cross-validated Lasso regression simulations
identified increased relative abundance of Ruminococcaceae, de-
creased OTU richness, and decreased Faecalibacterium at time
point 3 as being associated with increased risk for rCDI after
adjusting for UC status (Supplemental Table 4). Lasso regres-
sion also identified additional variables associated with increased
rCDI risk, including female gender, increased Enterobacteriaceae
(Fig. 4D), and increased Shannon diversity (Fig. 4E). When
these variables were included in a final Lasso regression model,
this model showed excellent predictive capabilities for identifying
rCDI (AuROC, 0.90). When Jensen-Shannon distance at time
point 3 relative to baseline was added, the model showed in-
creased fit characteristics (AuROC, 0.94; Fig. 4F).

Baseline Variables Associated with Risk for
UC Flare

Unadjusted variables

Prior hospitalization for UC in the past year (OR, 16.0;
P =0.003), steroid use for initial treatment for UC exacerbation
(OR, 10.5; P =0.008; Supplemental Table 1), and increased
relative abundance of Bacteroidetes (OR, 2.06 for every 10%
increase; P = 0.01; Supplemental Fig. 4) were associated with
increased risk for UC flare (cohort 1).
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FIGURE 3. Identification of microbial variables at baseline associated with increased or decreased risk for recurrent Clostridiodes difficile infection. Three bac-
terial taxa and community richness were identified by backward stepwise regression as being associated with subsequent rCDI. The relative abundances for
these 3 taxa in addition to community richness are shown grouped by whether rCDI occurred. Data are shown as violin plots with accompanying boxplot
and whiskers indicating median, interquartile range (IQR) and 1.5 X IQR of the median for the following variables: (A) OTU richness, (B) Enterobacteriaceae,
(C) Lachnospiraceae, and (D) Veillonellaceae. Note that OTU richness, Enterobacteriaceae, and Veillonellaceae are shown in logarithmic scale. E, Receiver
operating characteristic (ROC) curve for this model identified by backward stepwise regression is shown (AuROC, 0.91). F, ROC for model selected by Lasso
regression, which included variables for female gender, hospitalization for UC in the previous year, and increased relative abundances of Ruminococcaceae
and Verrucomicrobia, and decreased Eubacteriaceae, Enterobacteriaceae, Veillonellaceae, and Lachnospiraceae (AuROC, 0.94).
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TABLE 3. Multivariable Logistic Regression Models
of Clinical and Microbial Variables at Time Point 3 (14
Days After Completion of Antibiotics) Associated With
Recurrent Clostridiodes difficile Infection

OR 95% CI P

Clinical and Microbial Variables Associated
with Increased Risk for rCDI

Female gender 5.69 1.36-29.71 0.03
Ruminococcaceae (per every 1% increase) 1.43 1.08-2.07 0.03
Jensen Shannon Divergence 2.59 1.28-6.15 0.01
(per every 0.1 increase)
Microbial Variables Protective
Against Risk for rCDI
OTU Richness (per every increase of 10 taxa) 0.83 0.66-0.96 0.03
Faecalibacterium (per every 1% increase) 0.47 0.23-0.75 0.02

Effect sizes are presented after adjustment for UC status.

Multivariable model for UC flare

Using backward stepwise regression, hospitalization
for UC in the previous year (OR, 17.70; P =0.008) and in-
creased relative abundance of Bacteroidetes at baseline (OR,
1.07; P = 0.03) were associated with increased risk for UC flare
(AuROC, 0.88).

Clinical and Microbial Variables Did Not
Associate With UC Flare at Time Point 3

In contrast to the results with recurrent CDI, we did not
identify microbial variables at time point 3 in cohort 1 that were
associated with risk for UC flare.

DISCUSSION

In this prospective, longitudinal study, we have shown
that specific microbial characteristics, either at baseline or upon
reconstitution of the microbiome, are predictive of patients at
high risk for future episodes of rCDI and UC flare. Specifically,
we demonstrated that (1) patients who subsequently develop
rCDI possess a distinct microbial community structure com-
pared with non-rCDI patients; (2) there are unique microbial
characteristics at baseline which can identify patients at risk for
rCDI with 94% accuracy; (3) those patients with ongoing per-
turbations of their fecal microbiota 2 weeks after completion
of antibiotics are at increased risk for rCDI; and (4) patients
with history of hospitalization for UC in the previous year and
increased Bacteroidetes at baseline had increased risk for sub-
sequent UC flare.

Patients with UC and CDI represent a high-risk patient
population with significant risk for rCDI and poor outcomes.
Identifying those patients with higher risk for recurrence
of disease would represent a major advance in the field. Our

model of key baseline clinical and microbial variables, in-
cluding hospitalization for UC in the past year, female gender,
increased Verrucomicrobia and Ruminococcaceae, and de-
creased Eubacteriaceae, Lachnospiraceae, Veillonellaceae,
and Enterobacteriaceaec demonstrated excellent discrimina-
tive ability with 94% accuracy to predict future occurrences of
rCDI. Notably, these variables were identified in baseline sam-
ples, which suggests that high-risk patients can be identified at
the time of CDI diagnosis. It is possible but unproven that these
patients may benefit from more aggressive therapy, such as pro-
longed antibiotic tapers, an antibiotic with lower risk of rCDI
such as fidaxomicin,? fecal microbiota transplantation (FMT),
or even a rationally designed probiotic (based on data from the
current study) containing Eubacteriaceae, Lachnospiraceae,
Enterobacteriaceae, and Veillonellaceae.

Widespread changesin the gut microbiota, including lower
diversity and decreased abundance of Lachnospiraceae, have
been demonstrated in both UC and CDI.?*?" Lachnospiraceae
is a primary producer of butyrate, which is known to inhibit
C. difficile in vitro® and enhance intestinal epithelial barrier
function.”” Furthermore, both C. difficile and Lachnospiraceae
are taxonomically classified within the Clostridiales order.
Thus, Lachnospiraceae may be protective against rCDI by
occupying a similar ecological niche and competing for similar
resources as C. difficile. Furthermore, a probiotic containing
33 different bacterial species, including Lachnospiraceae,
Ruminococcaceae, and Eubacteriaceae, was protective against
rCDI for up to 6 months post-treatment.*

Although there is a paucity of data regarding association
between microbial characteristics and rCDI, the available data
show some differences from our results. Khanna et al reported
thatincreased abundance of Veillonella, Enterobacteriaceae, and
Lachnospiraceae in pretreatment fecal samples were associated
with rCDI,’! whereas our results show the opposite direction-
ality for these taxa. However, Khanna and colleagues diag-
nosed rCDI retrospectively by review of the electronic medical
record. As Enterobacteriaceae has classically been considered
a marker of dysbiosis in the GI tract, our findings showing a
protective effect of Enterobacteriaceae is somewhat surprising.
However, it is possible that prior studies in rCDI are not gen-
eralizable to patients with concomitant IBD and rCDI, as IBD
itself is characterized by widespread changes to the gut micro-
bial community. Furthermore, Enterobacteriaceae is one of the
most taxonomically diverse families of bacteria.’?> Longitudinal
studies using culture-based and culture-independent methods
have demonstrated that Enterobacteriaceae, particularly E. coli,
are common members of the healthy human gut microbiota.*
Future studies may examine if and identify which species of
Enterobacteriaceae are potentially protective factors in rCDI
in UC patients.

There are only 2 published studies examining longitu-
dinal changes in the gut microbiota in rCDI. Seekatz et al dem-
onstrated patients with rCDI were more likely to show greater
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FIGURE 4. Fecal microbial characteristics at end of antibiotics plus 14 days are associated with future risk for recurrent CDI. Several microbial
variables 14 days after completion of antibiotics were identified as being associated with risk for future rCDI. The relative abundances for repre-
sentative taxa, Shannon diversity, and community richness are shown grouped by whether rCDI occurred. Data are shown as violin plots with
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shown in logarithmic scale. F, ROC curve displaying good fit characteristics of model identified by Lasso regression containing variables of female
gender, increased Shannon diversity, increased relative abundances of Ruminococcaceae and Enterobacteriaceae, decreased OTU richness and
Faecalibacterium, and Jensen-Shannon distance (relative to baseline) at end of antibiotics plus 14 days for risk of future rCDI (AuROC, 0.94).
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intraindividual similarity in their gut microbiota longitudinally
compared with non-rCDI patients, which is discordant with our
results.’> However, patients were retrospectively designated as
having rCDI vs recovery by chart review. Additionally, the number
of and interval between samples collected was highly variable, with
samples collected up to 800 days after initial CDI diagnosis. Thus,
our respective studies may have captured different trajectories in
gut microbial changes between perturbation and reconstitution re-
sulting in rCDI or recovery. Furthermore, our model is more likely
to be clinically relevant given the ability to risk stratify patients
at baseline, or shortly after completion of antibiotics, rather than
weeks or months after collection of the index sample.

In the first prospective longitudinal study, Pakpour
et al identified decreased Shannon diversity, depletion of
Bacteroidetes, and reduced abundance of Veillonella dispar as
being predictive of rCDI.* However, the predictive capability
of their model was poor (AuROC, 0.68). Furthermore, these au-
thors identified only baseline microbial characteristics as being
associated with rCDI. It is important to note key demographic
and methodologic differences that may explain the discordance
between our respective studies. First, the majority of patients en-
rolled by Pakpour et al identified as being of Afro-Caribbean
descent, and IBD patients were specifically excluded. Secondly,
Pakpour and colleagues collected 3 stool samples shortly after
initiating antibiotic administration, and a final sample was
collected 4 days after completion of antibiotic treatment. It is
possible that the gut microbiota may have been significantly dis-
turbed by ongoing antibiotic administration, which precluded
using microbial characteristics longitudinally to discriminate be-
tween patients who recurred vs those who recovered.

In contrast, we identified distinct temporal changes in
the gut microbiota that were associated with rCDI. We iden-
tified specific microbial changes 14 days after completion
of antibiotics that were predictive for risk of future rCDI.
Specifically, patients whose fecal microbiota showed greater
dissimilarity to their baseline samples were at highest risk for
rCDI. This suggests that patients with ongoing disruptions in
the gut microbial ecosystem have a permissive state for recur-
rence of CDI, whereas patients who do not develop rCDI start
to develop recovery of their microbial community 14 days after
completion of antibiotics. However, these measures of dissim-
ilarity compare fecal microbiota to baseline samples, which
can be affected by a myriad of different factors, including
presence of inflammation related to UC or CDI, prior antibi-
otic use, and dietary factors. As such, validation of these find-
ings in larger prospective cohorts is required before they can
be translated into clinical use. Additionally, we identified in-
creased Ruminococcaceae and increased Enterobacteriaceae
were associated with increased risk for rCDI, whereas an in-
crease in community richness and Faecalibacteria were protec-
tive against rCDI even after adjusting for UC status. Similar
to Lachnospiraceae, Faecalibacteria are in the Clostridiales
order, produce butyrate, and are associated with decreased

risk for CDI.% Expansion of Enterobacteriaceae, which nor-
mally occupy only a small fraction of the distal gut micro-
biota in healthy subjects, can be seen during periods of gut
inflammation, such as in IBD or CDI.3¢ %7

Prior IBD studies have identified different microbial
features that are associated with worse outcomes. Shaw et al
identified 2 genera, including Coprococcus and Adlercreutzia,
which showed fair predictive ability to identify responders
to therapy in IBD (AuROC, 0.75).* We identified prior
hospitalization for UC in the previous year and increased
Bacteroidetes at baseline as showing good predictive ability
to identify patients at higher risk for subsequent UC flare in
the next 180 days (AuROC, 0.88). It is notable that we were
not able to develop a model identifying microbial character-
istics longitudinally with risk for UC flare. This may reflect
differences in the pathogenesis of these diseases, where UC
may be driven more by host factors, and CDI is dependent
on disruptions to the microbial ecological network. However,
this study could have been underpowered for microbial dif-
ferences in UC, and a larger cohort with longer duration of
sampling could be required to develop more robust microbial-
driven models of UC exacerbation given the wide variability
of the IBD microbiome.*

There are several notable strengths of our study, including
the longitudinal study design with complete microbiome and
clinical outcome data for up to 6 months, repeated sample col-
lection, robust demographic and clinical data, and well-defined
study end points. However, there are limitations to our study.
First, due to the small sample size, we were unable to verify our
model using a test data set that was separate from the training
set. Second, there were only a small number of patients who
developed UC flare, which likely limited our ability to de-
velop a predictive model for exacerbation of UC. Third, we
only sampled the fecal microbiota, and the mucosal-associated
microbiota may provide more relevant information regarding
host-microbial interactions in UC and CDI. Furthermore, we
acquired stool samples during onset of either CDI or UC flare,
which likely affected our microbial results. Future studies con-
centrating on longitudinal sampling before onset of CDI or
UC flare may be more predictive in phenotyping risk for future
disease. Fourth, 16S sequencing analysis does not allow for the
required resolution to accurately classify down to the species
or occasionally even the genus level. Although our analyses
mainly focused on higher level taxonomic classification, this
also minimized the risk for type 1 errors. Future studies may
determine whether better resolution provided by metagenomic
sequencing analysis will improve model fit characteristics.
Fifth, because analyses for rCDI included patients from co-
horts 1 and 2, we were unable to determine whether micro-
bial features predicting rCDI are different in patients with vs
without UC. Finally, a longer follow-up time may be required
for other important adverse clinical outcomes, such as those
requiring colectomy.
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CONCLUSION

We have identified unique temporal changes in the gut
microbiota associated with increased risk for subsequent rCDI
in a cohort of patients with UC and/or CDI. Although our
findings require validation, these results could have impor-
tant clinical implications. The novel ability to identify patients
at high risk for rCDI with over 90% accuracy using a single
stool sample, either at baseline before initiation of antibiotics
or at 14 days after completion of antibiotics, could affect future
clinical decision-making. Inclusion of changes in microbial di-
versity over time adds accuracy to the model but could be less
clinically useful, as this requires sampling at 2 different time
points. Clinicians could utilize this microbial-derived infor-
mation to escalate preventive therapy in higher-risk patients if
prospective studies validate a risk-stratified strategy of preven-
tive therapy. Future work will focus on the mechanisms of how
shifts in the gut microbiota predispose patients to rCDI and
on the rational design of preventive probiotics to reduce recur-
rence of Clostridioides difficile infection in high-risk patients.

SUPPLEMENTARY DATA
Supplementary data is available at Inflammatory Bowel
Diseases online.
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