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SUMMARY
Clostridium difficile infection (CDI) is an enteric bacterial disease that is increasing in prevalence worldwide.
C. difficile capitalizes on gut inflammation and microbiome dysbiosis to establish infection, with symptoms
ranging from watery diarrhea to toxic megacolon. We reported that the safe-in-human clinical drug ebselen
(ClinicalTrials.gov: NCT03013400, NCT01452607, NCT00762671, and NCT02603081) has biochemical, cell-
based, and in vivo efficacy against the toxins of C. difficile. Here, we show that ebselen treatment reduces
recurrence rates and decreases colitis in a hamster model of relapsing CDI. Furthermore, ebselen treatment
does not alter microbiome diversity and promotes recovery back to that of healthy controls after antibiotic-
induced dysbiosis in healthy and C. difficile-infected mice. This increased microbiome recovery upon ebse-
len treatment correlates with a decrease in host-derived inflammatory markers, suggesting that the anti-
inflammatory properties of ebselen, combined with its anti-toxin function, help to mitigate the major clinical
challenges of CDI, including recurrence, microbial dysbiosis, and colitis.
INTRODUCTION

The enteric diarrheal illness caused by Clostridium difficile infec-

tion (CDI) is an increasing health threat. CDI directly causes

15,000 deaths per year in the US alone and is an exacerbating

comorbidity in a further 14,000 US deaths per year.1 CDI is typi-

cally incited by antibiotic use, which induces dysbiosis in the

commensal microbial communities of the gastrointestinal (GI)

tract, allowing this pathogen to thrive. Risk factors such as anti-

biotic use, proton pump inhibitors (PPIs), and Westernized diets

encourage GI inflammation and alter microbial commensals,

which reduces the community robustness required for coloniza-

tion resistance to enteric pathogens.2,4–7

A variety of antibiotics taken for unrelated conditions have been

shown to disrupt the GImicrobiome in human patients and animal

models of disease, causing a GI state that is permissive to

C. difficile colonization and outgrowth.8–10 Antibiotic selection for

CDI-permissive states is even more concerning given clinical ex-

periments showing that even one dose of antibiotics can cause

long-term shifts in the GI microbiome11 and that the antibiotics

vancomycin, metronidazole, and fidaxomicin are the current stan-

dard-of-care treatments for CDI.12,13 These antibiotics only

achieve a clinical cure 72%–81% of time,14 and patients diag-

nosed with CDI for the first time have an approximately 20%
Cell R
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chance of recurrence.1,15 After the first recurrence, risk of subse-

quent recurrencescanbeashighas50%.15Onestudyusingamu-

rine infection model found that, as few as 2 days after removal of

vancomycin treatment, C. difficile colonization could be achieved

upon re-challengewith the bacterium.10 Clearly, standard-of-care

antibiotic therapy carries the significant drawback that a healthy

microbiome that would naturally provide colonization resistance

is never allowed to recover. Shifting the microbiome back to a

healthy state has been shown to reset CDI-permissive states to

one thatprotectsagainst pathogeniccolonizationwith fecalmicro-

biota transplant (FMT).4,16 This treatment relies on the donation of

fecal samples fromhealthy donors to repopulate theGI tract of pa-

tients with severe CDI or multiply recurrent CDI.17 While this

approach is highly effective, lack of standardization between

healthy donors, or, indeed, a mechanistic understanding of what

defines a healthy donor sample, leaves many questions and the

potential for unforeseen adverse effects with this approach.

In addition to microbial dysbiosis, GI inflammation is hypothe-

sized to play a complex role in CDI-mediated disease.4,18 While

GI dysbiosis itself is characterized by inflammation and initially

creates a permissive environment for C. difficile colonization

and outgrowth, cytotoxicity mediated by C. difficile exotoxins

TcdA and TcdB maintains inflammation in the GI that favors an

optimal niche for continued survival.4
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Figure 1. Ebselen Reduces Inflammation and Recurrence in a Hamster Model of Relapsing CDI

(A) Schematic of hamster models. Top: hamster model of CDI. Golden Syrian hamsters were randomly divided into four treatment groups: vehicle 1 (0.9% NaCl;

n = 5), vehicle 2 (6.7% DMSO, 1% Tween 80 in PBS; n = 4), ebselen (100 mg/kg; n = 10), or vancomycin (10 mg/kg; n = 10). Dysbiosis was induced with clin-

damycin on day �1 prior to challenge with BI/NAP1 027 ribotype C. difficile (BAA-1805) spores on day 0. Vancomycin was dosed twice daily via oral gavage

starting on day 0 for 5 days. Ebselen was dosed twice daily via oral gavage starting on day 0 for 10 days. Hamsters were observed for 28 days post-infection.

Bottom: hamster model of relapsing CDI. Hamsters were randomly divided into four treatment groups of vehicle (n = 10), ebselen (100mg/kg; n = 10), vancomycin

(10 mg/kg; n = 10), or vancomycin and ebselen (10 mg/kg and 100 mg/kg respectively; n = 10). Dysbiosis was induced with clindamycin on day �1 prior to

(legend continued on next page)
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One alternative paradigm for CDI treatment that could spare

the commensal microbiome, mitigate colon pathology, and

reduce recurrence is the use of antivirulence agents that directly

target the toxin mediators of disease. This approach has been

validated by Merck, which recently gained US Food and Drug

Administration (FDA) approval for the monoclonal antibody be-

zlotoxumab (Zinplava), which targets TcdB.3 However, the high

cost of monoclonal antibody production and the intravenous

route of administration likely reserves its use to a select patient

population, such as those with severe or multiply recurrent dis-

ease, as evidenced by market data indicating that only 5,000–

8,000 units have been prescribed per month in 2019 (despite a

yearly CDI burden of almost half a million patients annually in

the US alone1).19 The recent report repurposing the antihel-

minthic agent niclosamide for CDI by targeting host processes

in toxin uptake, reporting minimal disruption to the GI micro-

biome, further highlights the importance of effects on the micro-

biome in the assessment of CDI treatments.20

Recently, we reported a small molecule compound, ebselen,

with biochemical, cellular, and in vivo efficacy against TcdA

and TcdB.21 We found that ebselen irreversibly inactivated the

cysteine protease domain through modification of the active

site cysteine, though potential other beneficial effects of this

compound may also include inactivation of the glucosyltransfer-

ase domain22 and anti-inflammatory effects.23,24 In a clinically

relevant mouse model of CDI, ebselen attenuated toxin-induced

GI pathology to the level of uninfected controls.21

Here, we show that ebselen reduces recurrence rates and de-

creases colitis in a hamster model of relapsing CDI. To elucidate

mechanisms underlying this effect, we analyzed microbial com-

munities and host-derived markers of inflammation. We show

that ebselen treatment does not alter the healthy microbiome.

Rather, treatment with ebselen promotes microbiome recovery

from dysbiosis induced by standard-of-care antibiotic treatment

in healthy and C. difficile-infected mice. Ebselen also attenuates

host-derived GI inflammation after antibiotic treatment inC. diffi-

cile-infected mice. These data argue for the rapid clinical

advancement of ebselen as a therapy for CDI.

RESULTS

Ebselen Reduces Inflammation and Recurrence in a
Hamster Model of Relapsing CDI
To elucidate the benefits of a small-molecule antivirulence drug

in mitigating major clinical challenges in the treatment of CDI, we

sought to test the efficacy of ebselen in the acute phase of infec-

tion as well as recurrence in a hamster model of relapsing CDI.

Classically thought of as the gold standard animal model of
challenge with BI/NAP1 027 ribotype C. difficile (VA20) spores on day 0. Vancomy

was dosed twice daily via oral gavage starting on day 0 for the duration of the st

(B) A Kaplan-Meier curve of a hamster model of CDI.

(C) Representative histological images for the hamster model of CDI. The cecum a

on day 28 for surviving animals. Samples were formalin fixed and paraffin embe

(D) Histopathology quantification from cecum and colon samples from hamsters

(6.7% DMSO, 1% Tween 80 in PBS; n = 10), or ebselen (n = 20). Slides were sc

vascular congestion and hemorrhage, and inflammation, with statistical analysis

(E) Kaplan-Meier curve for relapse hamster model. Hazard ratio of co-treatmen

measured by a Mantel-Haenszel test. Results are presented from single experim
CDI,25 which has been utilized to test numerous treatments for

CDI,26–28 pre-treatment with antibiotics induces microbial dys-

biosis, which permits C. difficile colonization (Figure 1A). Similar

to human disease, the recurrence rate is high after completing

treatment with vancomycin.25 However, hamsters are exqui-

sitely sensitive to CDI and, unlike in humans, uniformly succumb

to infection within days of C. difficile challenge in the absence of

treatment or at the time of relapse.1,25 Because treatment with

vancomycin is delayed 16 h after inoculation and relapse occurs

over a range of vancomycin doses, the mechanism of relapse

does not appear to be related to incomplete treatment. Rather,

it is likely due to a reservoir of bacteria, in spore form, that per-

sists throughout antibiotic treatment that then reactivates after

treatment due to the continued microbial dysbiosis that pro-

motes C. difficile outgrowth.29

Using this model, we first asked whether ebselen reduces co-

litis in the acute phase of infection. Golden Syrian hamsters were

pre-treated with clindamycin on day �1 to induce GI microbial

dysbiosis and then challenged with a vancomycin-sensitive

NAP1/027 strain of C. difficile expressing TcdB and TcdA

(BAA-1805). Hamsters were orally treated with vancomycin, eb-

selen, or vehicle and monitored for survival. Infected hamsters

treated with ebselen had similar mortality rates as vehicle-

treated controls (Figure 1B), and ebselen did not reduce col-

ony-forming units (CFUs) of C. difficile spores measured in fecal

pellets (Figure S1), consistent with our previous study.21 There-

fore, ebselen’s lack of effect on reducing mortality rate is likely

due to the fact that CDI with toxigenicC. difficile is uniformly fatal

in hamsters without treatment that significantly reduces CFUs.

Regardless, histological analysis of cecum and colon tissue har-

vested at the time of sacrifice showed a statistically significant

decrease in colitis in the ebselen-treated group as compared

to vehicle-treated controls as measured by epithelial damage,

congestion, hemorrhage, and inflammatory cell infiltrate (Figures

1C and 1D). This reduction in the morbidity associated with pri-

mary CDI agreed with our results from the murine model.21

Treatment with vancomycin resulted in survival through the

treatment period, akin to clinical cure in human patients, but

the majority of hamsters eventually experienced a relapse of

the infection, leading to death beginning at day 11 post-infection

(Figure 1B). Though recurrence in human infection does not typi-

cally lead to mortality, high recurrence rates are typical of human

infection.1 We next asked whether ebselen treatment would

result in a reduction of CDI recurrence rates. Using a 027 ribo-

type strain of C. difficile clinically isolated from patients (VA20),

we compared C. difficile-infected hamsters treated with 5 days

of vancomycin with or without concurrent treatment of ebselen

and vehicle- and ebselen-treated control groups (Figure 1A,
cin was dosed once daily via oral gavage starting on day 0 for 5 days. Ebselen

udy. Hamsters were observed for 21 days post-infection.

nd colon were harvested from animals at the time of humane sacrifice, death, or

dded for H&E staining and histopathology.

from (B) treated with vehicle (0.9% NaCl; n = 8), vancomycin (n = 20), vehicle

ored blinded by a board-certified veterinary pathologist for epithelial damage,

by unpaired t test. *p < 0.05.

t with ebselen and vancomycin to vancomycin: 0.537 (95% CI 0.1595–1.808)

ents for each model.
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Figure 2. Ebselen Does Not Alter the GI Microbiome

(A) Conventional Swiss Webster mice were randomly divided into four groups and treated with vehicle (6.7% DMSO, 1% Tween 80 in PBS; n = 4), ebselen

(100mg/kg; n = 4), vancomycin (100mg/kg; n = 4), or vancomycin and ebselen (100mg/kg and 100mg/kg, respectively; n = 4). Animals were dosed once daily via

oral gavage for five treatments starting on day 0 after sampling. Fecal samples were collected daily for the 5-day experiment.

(B) A principal-component analysis (PCA) plot of weighted UniFrac distances between microbiota of individual mice on day 5. Daily fecal samples were analyzed

for GI microbial diversity via 16S rRNA amplicon analysis.

(legend continued on next page)
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relapsing model). All hamsters treated with vancomycin survived

through the initial infection period (Figure 1E). Hamsters treated

with vancomycin began to experience recurrence, as measured

bymortality around day 9. In this recurrence phase, we observed

a decrease in recurrence rates in the group treated with ebselen,

with 4 of 10 hamsters surviving to day 21, whereas 2 of 10 sur-

vived to day 21 in the vancomycin-only group (Figure 1E). This

reduction of recurrence rate corresponded to an improved haz-

ard ratio of 0.537 (95% confidence interval [CI] 0.1595–1.808) in

the ebselen and vancomycin treatment group as compared to

vancomycin treatment alone. Together, these data show that eb-

selen treatment alone reduces morbidity in primary CDI and de-

creases recurrence rates in hamsters using clinically relevant

NAP1/027 strains of C. difficile, which are associated with

increased rates of ileus, toxic megacolon, pseudomembranous

colitis, and mortality.30

Ebselen Does Not Alter the GI Microbiome
To dissect mechanisms by which ebselen reduced recurrence

rates, we next sought to study major risk factors of CDI and

recurrent CDI. Microbial dysbiosis, primarily caused by antibiotic

use, appears to be the primary risk factor in CDI.13,31 We hypoth-

esized that treatment with our small-molecule antivirulence

agent would not alter the microbiome, while vancomycin would

induce dysbiosis, characterized by a loss of population diversity.

To profile changes in the GI microbiome during treatment,

healthy Swiss Webster mice were orally treated with ebselen,

vancomycin, ebselen and vancomycin, or vehicle control for

5 days (Figure 2A). Fecal samples were collected daily and

used for 16S rRNA amplicon analysis. Inter-sample diversity

was measured via weighted UniFrac distance between samples

and visualized on principal-component analysis (PCA) plots. Two

principal components explain 30% of the variance in weighted

UniFrac distances between samples (Figure S2). As expected,

vancomycin treatment was a strong modifier of the mouse

microbiome as compared to pre-treatment controls and

vehicle-treated mice, with mice in vancomycin or the combina-

tion of ebselen and vancomycin treatment groups forming a dys-

biotic cluster (Figure 2B, day 5). Weighted UniFrac distances

measured between samples were quantified on day 5 (Fig-

ure 2C). Intra-sample variance within each treatment group

was small, as indicated by the tight clustering of samples on

the PCA plot and minimal UniFrac distance between samples

(Figures 2B and 2C). Comparisons between GI microbiomes in

the vehicle and ebselen treatment groups showed similar tight

clustering, indicating that ebselen treatment did not affect the

GImicrobiome (Figure 2C). In contrast, comparisons of weighted

UniFrac distances between vehicle- and ebselen-treated mice

versus the weighted UniFrac distances between vehicle- and
(C) Weighted UniFrac distances between microbiota at day 5. Quantification is

comparisons NS; n = 14 for each) and inter-group comparisons (indicated by sphe

multiple comparisons; ****p < 0.0001.

(D) Alpha diversity of GI microbial amplicon sequence variants (ASVs) measure

treatment at each time point except vehicle at day 3 where n = 3).

(E) Statistical analysis of microbial diversity shown in (D): plots of Shannon diversit

1–5; n = 20 per condition per day except for vehicle where n = 19 for all time po

multiple comparison test. NS, non-significant; ****p < 0.0001. Results are presen
vancomycin-treated mice showed a statistically significant dif-

ference (Figure 2C, p < 0.0001), highlighting the dramatic differ-

ence in effect on the GI microbiome of these two treatments.

Next, we measured intra-sample Shannon diversity (alpha

diversity), showing the richness and abundance of amplicon

sequence variants (ASVs) per group, per day. Treatment with

vancomycin reduced diversity of the gut microbiota when

compared to vehicle-treated control (Figure 2D), in accordance

with dysbiosis seen in previous studies after vancomycin treat-

ment.10 In contrast, ebselen treatment did not alter the diversity

of themicrobiome over the 5-day treatment period, as compared

with vehicle-treated control (Figure 2D). Co-treatment with ebse-

len and vancomycin was dominated by the vancomycin-induced

reduction in unique ASVs over this 5-day period. Statistical anal-

ysis of microbial diversity collapsed over the 5-day treatment

period showed no difference in microbial diversity in ebselen-

treated versus vehicle-treated controls (Figure 2E). Treatment

with vancomycin or vancomycin and ebselen resulted in a statis-

tically significant reduction in diversity (Figure 2E, p < 0.0001).

Together, these data show that ebselen does not alter the GI mi-

crobiome, while vancomycin treatment induces dysbiosis.

Ebselen Promotes Microbiome Recovery after
Antibiotic Treatment
We next asked whether treatment with ebselen altered the

composition of microbial species during recovery from vanco-

mycin-induced dysbiosis. Healthy Swiss Webster mice were

orally treated with ebselen, vancomycin, ebselen and vancomy-

cin co-treatment, or vehicle control for 5 days (Figure 3A). Fecal

samples were collected during the treatment period and subse-

quent recovery period for a total of 28 days and then analyzed

with weighted PCA analysis of UniFrac distance. Two principal

components explain 30% of the variance in weighted UniFrac

distances between samples (Figure S3A). In the treatment

phase, microbial communities of themice treatedwith vancomy-

cin alone or in combination with ebselen were remodeled, as in

Figure 2, to engender a microbiome community composition

distinct from vehicle- and ebselen-treated mice (Figure S3A),

with a similar decrease in species diversity measured by Shan-

non diversity (Figure 3B).

During the recovery phase, Shannon diversity in vancomycin-

treated groups increased over time, following the vancomycin-

induced reduction in diversity during the treatment phase

(Figure 3B). However, unique ASVs in vancomycin-treated

mice remained statistically significantly lower at day 28 as

compared to vehicle-treated controls (Figure 3C, p = 0.0040).

These data agree with previous studies highlighting the sus-

tained effect of antibiotic treatment on the microbiome after

treatment ends.32,33 Intriguingly, however, mice treated with
shown for intra-group measurements (side-by-side spheres, all intra-group

res below; n = 16 for each). Statistics were measured via one-way ANOVAwith

d over the treatment period via the Shannon diversity index (n = 4 for each

y index for combined data for samples representing the treatment period (days

ints). Significance was determined by the Kruskal-Wallis test with the Dunn’s

ted for a single animal experiment.
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Figure 3. Ebselen Promotes Microbiome Recovery after Antibiotic Treatment

(A) Schematic of experiment. Conventional SwissWebster mice were randomly divided into four groups treatedwith one of four treatments: vehicle (6.7%DMSO,

1% Tween80 in PBS; n = 6), ebselen (100 mg/kg; n = 6), vancomycin (100 mg/kg; n = 6), or vancomycin and ebselen (100 mg/kg and 100 mg/kg, respectively;

n = 6). Treatments were dosed once daily via oral gavage for five treatments (treatment phase) starting on day 0 after sampling.

(B) Fecal samples (n = 4 for vehicle; n = 6 for all others) were analyzed for GI microbial diversity via 16S rRNA amplicon analysis. Alpha diversity of GI microbial

ASVs was measured over the treatment and recovery phases via Shannon diversity index.

(legend continued on next page)
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ebselen and vancomycin displayed a full recovery of ASV diver-

sity at day 28 compared to vehicle-treated controls (NS, p =

0.9991), with a statistically significant increase in diversity as

compared to vancomycin treatment alone (Figure 3C, p =

0.0020). To compare the rate of recovery, we compared

weighted UniFrac distances between vancomycin- and

vehicle-treated mice versus ebselen and vancomycin- and

vehicle-treated controls during the recovery period. We

observed a faster recovery of the antibiotic-induced microbial

remodeling in the co-treatment group (Figures 3D and S3B).

Together, these data show that ebselen treatment mitigates anti-

biotic-inducedmicrobial dysbiosis by improving diversity and re-

covery rates back to that of healthy controls.

Ebselen Promotes Microbiome Recovery and
Attenuates Host-Derived GI Inflammation in CDI
We next asked whether ebselen also promoted microbiome re-

covery after vancomycin use in the context of CDI. Using a clini-

cally relevant non-fatal mouse model of CDI,34 we compared

oral treatment with vehicle, ebselen, vancomycin, and ebselen

and vancomycin treatment for 5 days (Figure 4A). Dysbiosis

was induced with an antibiotic cocktail in the drinking water fol-

lowed by orally administered clindamycin, followed by challenge

with 108 C. difficile vegetative cells (day 0). Animals were treated

orally with vehicle, ebselen, vancomycin, or ebselen and vanco-

mycin for 5 days. CFUs shed in fecal samples on day 1 were

enumerated to ensure infection. CFUs were similar in the vehicle-

and ebselen-treated animals and undetectable in the vancomy-

cin- and vancomycin and ebselen-treated groups, consistent

with the known mechanisms of action of these treatments (Fig-

ure S4A). Animals were observed for a total of 28 days post

C. difficile challenge to characterize changes in microbial popula-

tions in the pre-infection, acute, and recovery phases of infection.

We first analyzed the treatment period prior to C. difficile chal-

lenge (pre-infection) as well as the treatment period during acute

infection. Two principal components explain 30%of the variance

in weighted UniFrac distances between samples (Figure S4B,

days �7 to 28). As expected, in the pre-infection phase, pre-

treatment with an antibiotic cocktail in the drinking water in addi-

tion to orally administered clindamycin led to dysbiosis of micro-

bial communities (Figure S4B, day�7 and day 0) and a decrease

in diversity (Figure S4C, acute infection and treatment phase). In

the acute infection and treatment phase (days 0–5), the compo-

sition of the GI microbiome appeared to be dominated by treat-

ment rather than C. difficile challenge, as treatment groups

diverged during this period (Figure S4B). GI microbial commu-

nities of mice in groups treated with vehicle or ebselen recov-

ered, returning to the cluster containing pre-treatment controls

(Figure S4B, day 0 and day 5). In contrast, the microbial commu-

nities of mice treated with vancomycin or ebselen and vancomy-

cin remained clustered at two dysbiotic states (Figure S4B, day

0 and day 5).
(C) Statistical analysis of microbial diversity shown in (B) at day 28 (n = 4 for vehi

where indicated, all other comparisons were non-significant (NS).

(D) Weighted UniFrac distances between vehicle/vancomycin (n = 24), vehicle/eb

Colored spheres indicate groups from which distances were measured; statistic

animal experiment.
We next analyzed differences between groups in the recovery

phase of infection after discontinuation of treatment. At day 28,

GI microbial communities in 4 of the 7 mice treated with ebselen

and vancomycin recovered, while all of the vancomycin-treated

mice remained dysbiotic (Figures 4B and S4C). UniFrac dis-

tances between two groups, vancomycin- to vehicle-treated

mice or ebselen and vancomycin- to vehicle-treated groups at

day 28, showed that treatment with ebselen resulted in a more

complete recovery toward vehicle-treated controls (Figure 4C).

These data suggest that ebselen treatment can compensate

for vancomycin-induced dysbiosis by promoting recovery of

the microbiome after antibiotic treatment.

Given the interplay between host-derived inflammation and

pro-inflammatory microbes, we next sought to measure levels

of inflammation in the GI during the acute phase of infection as

well as in the recovery phase out to day 28. We hypothesized

that ebselen- and co-treated mice would display lower levels

of inflammation. We measured levels of fecal lipocalin-2

(NGAL), a neutrophil-derived marker associated with inflamma-

tion that has been shown to be elevated in enteric pathogen-sus-

ceptible mice as well as in animal models of irritable bowel dis-

ease.2,35,36 In the acute phase (day 2), we observed a

statistically significant decrease in lipocalin-2 with vancomycin-

and co-treatment as compared to vehicle-treated controls,

consistent with suppression of CDI (Figure 4D). While ebselen

alone was shown to reduce inflammatory markers in histological

analysis,21 the reduction in lipocalin-2 was not statistically signif-

icant (Figure 4D, day 2 post-infection). Interestingly, in the recov-

ery phase, vancomycin-treated mice experienced a spike in lip-

ocalin-2 levels similar to those seen in the initial infection with

vehicle treatment, which may reflect an ongoing inflammatory

response in response to continued gut dysbiosis (Figure 4D,

day 17 post-infection). In contrast, host levels of inflammation

with ebselen and vancomycin co-treatment did not experience

post-infection inflammation and achieved a statistically signifi-

cant decrease in lipocalin-2 levels compared to vancomycin

treatment alone at day 28 (Figure 4D, p < 0.01). These data

show that, although vancomycin is initially protective against

large increases of host-derived inflammation due to primary

CDI, treatment creates increases in GI inflammation in the

post-infection period, which may lead to states permissive to

CDI recurrence as seen in previous reports.37 However, the addi-

tion of ebselen to vancomycin treatment yields the benefits of

vancomycin by reducing host inflammation in primary CDI, but

also protects against ongoing inflammation in the post-infection

period.

DISCUSSION

Here we report that ebselen, a small-molecule antivirulence

agent with a clean safety profile in human clinical trials, reduces

inflammation and recurrence in a hamster model of CDI. Our
cle and n = 6 for all others): statistical analysis by one-way ANOVA. **p < 0.01

selen and vancomycin (n = 24), and vehicle/vehicle (n = 6) measured at day 8.

al analysis via one-way ANOVA, *p < 0.05. Results are presented for a single
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Figure 4. Ebselen Attenuates Host-Derived Inflammation and Promotes Microbiome Recovery in a Mouse Model of CDI

(A) Schematic of a mouse model of CDI. Dysbiosis was induced in conventional Swiss Webster mice with an antibiotic cocktail in drinking water (kanamycin

0.4 mg/mL, gentamicin 0.035 mg/mL, colistin 850 U/mL, metronidazole [0.215 mg/mL], and vancomycin [0.045 mg/mL]) for 3 days, beginning 6 days before

inoculation (gray box, pre-treatment). Mice were switched to regular water for 2 days and then treated with 1mg of clindamycin via oral gavage on day�1. On day

0, mice were randomly divided into an uninfected control group (n = 5) or four treatment groups (n = 7 for each) treated with one of four treatments: vehicle (6.7%

DMSO, 1% Tween80 in PBS), ebselen (100 mg/kg), vancomycin (100 mg/kg), or vancomycin and ebselen (100 mg/kg and 100 mg/kg, respectively). Mice were

(legend continued on next page)
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results in murine models of antibiotic-induced dysbiosis and CDI

suggest that ebselen’s effect on the microbiome is mediated by

promoting recovery after vancomycin-induced dysbiosis and

dampening GI inflammation.

Our results indicating that ebselen improves microbiome re-

covery after standard-of-care antibiotic treatment is intriguing

because, to our knowledge, all other reported therapies that

improve microbial diversity are microbiota-based therapies,

such as SER-10938 or FMT. This suggests that application of

this small-molecule compound may also reduce recurrence

rates in humans similar to the results achieved in the hamster

model of CDI without the risks associated with treating complex

mixtures of microbes.39,40

Recent studies analyzing perturbations to themicrobiomewith

antibiotic use have suggested a stability landscape framework41

in which antibiotics can serve as a perturbing stimulus that

causes the GI microbiome to shift to an alternate equilibrium. In

our analysis of the mouse microbiome in the context of CDI, we

observed two distinct dysbiotic states in our PCA plot (see Fig-

ure S4B). Results at day 28 showed that all vancomycin-treated

mice had a similar microbiome, while the GI microbiomes of the

majority of the mice co-treated with vancomycin and ebselen

more closely resembled controls. Application of the stability

framework yields the intriguing possibility that vancomycin treat-

ment leads primarily to an alternative stable but dysbiotic state

and that co-treatment with ebselen induces a shift of the micro-

biome from this stable state back to that of healthy controls.

Given the intriguing differences in alpha and beta diversity we

observed between vancomycin treatment with and without eb-

selen, we searched for specific ASVs with increased or

decreased abundance that may account for the changes

observed. While species were identified in some datasets, we

were unable to identify statistically significant differences that

were consistent across all experiments. This is likely due to mul-

tiple reasons. First, changes in single speciesmay be less impor-

tant than the global functional output of the microbiome as a

whole: for example, creating metabolic outputs that are pro-

versus anti-inflammatory. Second, many studies have identified

large differences in the ‘‘healthy’’ microbiome,42 creating a chal-

lenge for generalizing specific compositions of species across

studies.

Several caveats exist in the interpretation of this study. First,

the hamster relapse model failed to achieve a statistically signif-

icant decrease in recurrence rates with ebselen treatment (p =

0.3154), although the hazard ratio and median survival was

improved relative to vancomycin alone (13 days with ebselen

and vancomycin versus 9 days with vancomycin alone). This is
orally challenged with approximately 108 CFUs of C. difficile strain 630 (treatment

five treatments (acute infection and treatment phase) starting on day 0 after sam

(B) PCA plot of weighted UniFrac distances of GI microbiota at day 28. Fecal sam

amplicon analysis.

(C) Weighted UniFrac distances between vehicle/vancomycin (n = 42), vehicle/eb

and intra groups (n = 21 each) at day 28. Colored spheres indicate groups from

UniFrac distances were made via one-way ANOVA, **p < 0.01.

(D) Fecal lipocalin measured via ELISA for four treatment groups (n = 7 for each

infection and treatment phase (days 2 and 5), and recovery phase (days 17, 24, an

analysis between treatment groups at each daywas via one-way ANOVAwith Tuke

shown for a single animal experiment.
likely due in part to technical limitations in increasing the number

of animals per group (n = 10) while comparing multiple treat-

ments. Additionally, the Kaplan-Meier curves cross early in

relapse (at day 9), which mathematically increases the p value.

Extensive work has shown that ebselen has antioxidant prop-

erties, raising the possibility that some beneficial dampening of

the inflammatory response in these models was due to a generic

decrease in GI oxidative stress rather than a neutralization of

toxin-induced inflammation. Regardless of the exactmechanism

of inflammatory reduction seen in these animals, it remains a

positive effect. Further, we measured secondary measures of

inflammation, i.e., secreted proteins from inflammatory infiltrates

in response to bacterial infection, indicating that, regardless of

the initial source of decreased inflammation, positive feedback

from the host and microbiome sides led to an overall decrease

of inflammation in the GI tract. Ultimately, a mechanistic under-

standing of the contribution of the generic antioxidant effect of

ebselen to its ability to reduce colonic inflammation will require

development of an equally potent anti-toxin, but non-antioxidant

small-molecule compound to compare in animal models head to

head.

In summary, infection withC. difficile involves a complex inter-

play between the host, the GI microbiome, and external pertur-

bances to yield a state permissive to survival for this opportu-

nistic enteric pathogen. Together with our previous work, we

show that treatment with the orally administered compound eb-

selen reduces short-term colitis caused by CDI as well as long-

term sequelae of recurrent disease and a persistent dysbiotic

state due to repeated courses of antibiotics. This work suggests

three primary treatment options for advancement of ebselen into

the clinic: a monotherapy for mild disease, in combination with

antibiotics for more severe infections to reduce reoccurrence,

and finally, as a primary preventative treatment in combination

with antibiotic therapy for patients at high risk of CDI.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

C. difficile strain 630

C. difficile strain BAA-1805 ATCC ATCC BAA-1805

C. difficile strain VA20 VA Medical Center, University of North

Texas Health Science Center

VA20

Biological Samples

N/A N/A N/A

Chemicals, Peptides, and Recombinant Proteins

C. difficle agar base Oxoid OXCM0601

Defibrinated horse blood Lampire Biological Laboratories 50-414-517

moxalactam Santa Cruz Biotechnology sc-250419

norfloxacin Sigma-Aldrich N9890-1G

L-cysteine hydrochloride Fisher 50-668-778

Reinforced Clostridial medium Oxoid CM0149

Ebselen Bogyo Lab N/A

Vancomycin Sigma-Aldrich V1130

Dimethyl Sulfoxide Santa Cruz Biotechnology sc-358801

Tween-80 Sigma-Aldrich P4780

Kanamycin sulfate Genlantis M150010

Gentamycin sulfate Sigma-Aldrich G3632

Colistin Sigma-Aldrich C4461

Metronidazole Fluka M3761-5G

Clindamycin Cayman 15006

Critical Commercial Assays

PowerSoil-htp 96 well DNA isolation Kit MoBio 12955-12

DNeasy PowerSoil HTP 96 Kit QIAGEN 12955-4

Platinum Hot Start PCR Master Mix ThermoFisher 13000013

UltraClean PCR Clean-Up Kit MoBio 12596

UltraClean 96 PCR Cleanup Kit QIAGEN 12596-4

Quant-iT dsDNA Assay Kit, high sensitivity Invitrogen Q33120

Lipocalin-2/NGAL DuoSet ELISA kit R&D Biosystems DY1857-05

Deposited Data

dada2 DSVs, .biom table, andmapping files This study https://purl.stanford.edu/nv308sc8099

Experimental Models: Cell Lines

C. difficile strain 630 ATCC BAA-1382

C. difficile strain BAA-1805 ATCC ATCC BAA-1805

C. difficile strain VA20 VA Medical Center, University of North

Texas Health Science Center

VA20

Experimental Models: Organisms/Strains

Swiss-Webster mice Taconic SWEF

Golden Syrian hamsters Envigo (Harlan) laboratories 089

Oligonucleotides

515fB Earth Microbiome Project http://www.earthmicrobiome.org/

protocols-and-standards/16s/

806rB Earth Microbiome Project http://www.earthmicrobiome.org/

protocols-and-standards/16s/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

QIIME 1.9.1 Quantitative Insights Into Microbial Ecology http://qiime.org/install/install.html

GraphPad Prism 7 and 8 GraphPad https://www.graphpad.com

EMPeror Vázquez-Baeza et al.43 https://biocore.github.io/emperor/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents can be directed to the Lead Contact, Matthew Bogyo (mbogyo@

stanford.edu).

Materials Availability
This study did not generate novel reagents.

Data and Code Availability
All raw data files for the 16S sequencing are available to the public through the Stanford Digital Repository (https://purl.stanford.edu/

nv308sc8099).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and maintenance
Bacterial strains for murine experiments: C. difficile strain 630 was used in all murine animal experiments. Frozen stocks were

cultured on CDMN agar plates (C. difficile agar base (Oxoid CM0601) supplemented with 7% (v/v) defibrinated horse blood (Lampire

Biological Laboratories), 32 mg/L moxalactam (Santa Cruz Biotechnology), 12 mg/L norfloxacin (Sigma-Aldrich) and 500 mg/L

cysteine hydrochloride (Fischer)) in an anaerobic chamber (Coy) at 37�C for 24 hours. Single colonies were picked and grown anaer-

obically for 16 – 18 hours at 37�C to saturation in reinforced Clostridial medium (RCM, Oxoid) for inoculation of mice.

Bacterial strains for the hamster model of CDI: C. difficile BI/NAP1 027 ribotype strain (BAA-1805) was used for the hamster model

of CDI. Frozen stocks were cultured anaerobically on a blood agar plate for 5 days at 37�C. Colonies were transferred to PBS and

heated to 70�C for 30minutes to kill vegetative cells. The heated culture were pelleted by centrifugation, 3300 x g for 15minutes, then

resuspended in cold PBS. The culture was diluted in PBS to obtain the estimated inoculum sizes of 2.03 105 spores/mL. Final colony

counts were determined by plating serial dilutions onto CCFA-HT plates and incubated for 5 days incubation before enumeration.

Bacterial strains for the hamster model of relapsing CDI: C. difficile BI/NAP1 027 ribotype strain, binary toxin positive (VA20) was

used for the hamster model of relapsing CDI. Frozen stocks were cultured anaerobically and diluted to obtain the estimated inoculum

of 102 spores per animal in 0.5 mL.

Murine models
All murine experiments were conducted in accordance with APLAC protocols approved by the Stanford University Institutional

Animal Care and Use Committee (IACUC). Experiments involved age-and sex-matched conventional Swiss-Webster mice (SWEF,

Taconic) ages 7 to 16 weeks, fed standard chow, bred from an in-house colony with an average weight of 30 g. Both genders

were used and mice were co-housed within treatment groups.

Mouse model of healthy mice

Mice were randomly divided into one of four treatment groups: ebselen (100 mg/kg), vancomycin (100 mg/kg), ebselen (100 mg/kg)

and vancomycin (100 mg/kg) co-treatment, or vehicle control. Treatments were administered via daily oral gavage in 200 mL final

volume in vehicle (6.7% DMSO, 1% Tween-80 in PBS) for 5 days, starting on day 0. Fecal samples were collected daily before

oral gavage treatments then every 2 – 4 days for 14- or 28-days total. Mice were sacrificed according to the guidelines on humane

termination after 14- or 28-day experiments.

Mouse model of CDI

Mice were pretreated with an antibiotic cocktail (kanamycin (0.4 mg/mL), gentamycin (0.035 mg/mL), colistin (850 U/mL), metroni-

dazole (0.215 mg/mL) and vancomycin (0.045 mg/mL)) in drinking water for 3 days, starting 6 days before inoculation as previously

reported (Chen 2008). Mice were switched to regular water for 2 days, and then administered 1 mg of clindamycin via oral gavage

1 day before C. difficile (strain 630) inoculation (approximately 2.2 3 108 CFU from overnight cultures via oral gavage). Mice with an

average weight of 30 g were randomly divided into one of four treatment groups: ebselen (100 mg/kg), vancomycin (100 mg/kg), eb-

selen (100 mg/kg) and vancomycin (100 mg/kg) co-treatment, or vehicle control. Treatments were administered via daily oral gavage
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in 200 mL final volume in vehicle (6.7% DMSO, 1% Tween-80 in PBS) for 5 days, starting with the first dose 2 hours prior to C. difficile

challenge on day 0. Fecal samples were collected during pre-treatment, treatment, and recovery phases for subsequent 16 s rRNA

amplicon sequencing. Mouse feces on day 1 was additionally used for CFU counts. Mice were sacrificed according to the guidelines

on humane termination on day 28 of the experiment.

Hamster models
Hamster model of CDI

This experiment was conducted in accordance with APLAC protocols approved by the Eurofins Panlabs Taiwan and Stanford Uni-

versity Institutional Animal Care and Use Committees (IACUCs). Male Golden Syrian hamsters weighing 90 ± 10 g were randomly

divided into four treatment groups: vehicle 1 (n = 5), vehicle 2 (n = 4), ebselen (n = 10) or vancomycin (n = 10). Dysbiosis was induced

with clindamycin (50 mg/kg, subcutaneous) on day �1. Hamsters were orally challenged with 1.983 105 spores/animal for LD90-100

infection of a C. difficile BI/NAP1 027 ribotype strain (BAA-1805) on day 0. Ebselen (100 mg/kg formulated in 6.7% DMSO, 0.1%

Tween80 in PBS), vancomycin (10 mg/kg formulated in 0.9% NaCl), vehicle 1 (6.7% DMSO, 0.1% Tween80 in PBS) or vehicle 2

(0.9%NaCl) was administered orally twice per day (BID) for 5 (vancomycin, vehicle 2) or 10 days (ebselen, vehicle 1) starting 16 hours

after inoculation. Mortality was observed for 28 days in all groups. Stools were collected on day 3 to measure spore counts in sur-

viving animals. The cecum and colon were harvested from animals at time of humane sacrifice or death, or on day 28 from surviving

animals.

Hamster model of relapsing CDI

This experiment was conducted in accordance with APLAC protocols approved by the University of North Texas Health Science

Center and Stanford University Institutional Animal Care and Use Committees (IACUCs). Male Golden Syrian hamsters (80-100 g)

were randomly divided into four treatment groups of 10 animals each: vehicle (6.7% DMSO, 1% Tween80 in PBS), ebselen

(100 mg/kg), vancomycin (10 mg/kg), or vancomycin + ebselen (10 mg/kg and 100 mg/kg, respectively). Dysbiosis was induced

with clindamycin (10 mg/kg, subcutaneous) on day �1. Hamsters were orally challenged with 102 spores of a C. difficile BI/NAP1

027 ribotype strain (VA20) on day 0. Treatment with ebselen (100 mg/kg) was administered twice daily via oral gavage for

21 days, beginning on day 0 two hours prior to C. difficile challenge. Vancomycin (10 mg/kg) was administered via oral gavage

once daily for 5 days, beginning 16 hours after C. difficile challenge. Vehicle (6.7% DMSO, 0.1% Tween80 in PBS) was administered

twice daily via oral gavage for 5 days. Mortality was observed for 21 days in all groups.

METHOD DETAILS

Histopathology for hamster model of CDI
The cecum and colon were harvested from animals in the hamster model of CDI at time of humane sacrifice or death, or on day 28

from surviving animals. Samples were formalin fixed and paraffin embedded for HnE staining and histopathology. Slides were scored

blinded by a veterinary pathologist for epithelial damage, vascular congestion and hemorrhage, and inflammation as described

previously.27,44

CFU quantification
Quantification of C. difficile CFUs from fecal samples in murine model of CDI: 1 mL of feces was serially diluted in PBS and plated in

duplicate onto CDMN plates and incubated for 18 – 24 hours anaerobically before enumeration.

16S rRNA amplicon sequencing
Total DNAwas extracted from frozen fecal pellets using the PowerSoil-htp 96 well DNA isolation Kit (MoBio) or the DNeasy PowerSoil

HTP 96 Kit (QIAGEN). Barcoded primers were used to amplify the V3-V4 region of the 16S rRNA gene from extracted bacterial DNA

using primers 515fB and 806rB via PCR (EMP). PCR clean-up was performed with UltraClean PCR Clean-Up Kit (MoBio) or

UltraClean 96 PCR Cleanup Kit (QIAGEN) before quantification of amplicon products with Quant-iT dsDNA Assay Kit, high sensitivity

(Invitrogen). Amplicons were pooled by adding 100 ng of each product. Illumina MiSeq paired-end reads runs were performed, with

experiments divided among runs such that no more than 384 samples were read per run.

16S rRNA amplicon sequencing and ASV picking methods
Each sequencing run was independently demultiplexed using QIIME 1.9.1 script ‘split_libraries_fastq.py’. Reads were eliminated

only if the index (barcode) read contained more than 1 error. Each sequencing run was then passed through the default DADA2 v

1.6.045 pipeline. Forward and reverse reads were truncated at ((200, 130), (200, 180), (180,150)) for experiments bhffl, bhf86, and

exp3 respectively. After ASV calling, ASV tables were merged with DADA2 command ‘mergeSequenceTables’, and bimera’s

eliminated with DADA2 command ‘removeBimeraDenovo’. The remaining ASV sequences were assigned taxonomy using the script

‘assign_taxonomy’ with defaults in QIIME 1.9.1. Features with an ‘unassigned’ taxonomy were eliminated and the remaining ASV

sequences were aligned using PyNAST and QIIME 1.9.1 script ‘align_seqs.py’. A phylogenetic tree was constructed from the aligned

sequences using QIIME 1.9.1 script ‘make_phylogeny.py’ with default settings. We used ASV tables rarefied to 4,000 in this study,

facilitating inter-run comparisons.
e3 Cell Reports Medicine 1, 100005, April 21, 2020
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Lipocalin II ELISA
ELISA was performed with using the mouse Lipocalin-2/NGAL DuoSet ELISA kit (R&D Biosystems) following manufacturer instruc-

tions, with samples prepared as reported previously with few modifications (Desai 2016). Briefly, frozen fecal samples were thawed

on wet ice, with 5 – 10 mg of sample weighed into fresh Eppendorf tubes. Samples were resuspended in cold, sterile PBS to a con-

centration of 1 mg feces to 100 mL PBS. Samples were mechanically disrupted and vigorously vortexed to resuspend samples ho-

mogenously. For ELISA measurements, homogenized samples were diluted 1:10 in a mixture of water and kit-supplied Reagent

Diluent 2 (R&D Biosystems) to a final concentration of 1X Reagent Diluent 2 and 0.1 mg fecal sample in the 100 mL used for ELISA

measurements.

QUANTIFICATION AND STATISTICAL ANALYSIS

Alpha and beta diversity were computed using QIIME 1.9.1 (‘alpha_diversity_through_plots.py’, ‘beta_diversity_through_plots.py’

and ‘core_diversity_analyses.py’).

Statistical analyses (Mantel-Haenszel test, t test, one-way ANOVA with Tukey’s multiple comparison test, Kruskal-Wallis test with

the Dunn’s multiple comparison test, as indicated in figure legends) were performed using the GraphPad Prism 7 and 8 software

packages (GraphPad Software, USA).
Cell Reports Medicine 1, 100005, April 21, 2020 e4
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