
Report
Clostridioides difficile infe
ction induces a rapid
influx of bile acids into the gut during colonization of
the host
Graphical abstract
Highlights
d Imaging mass spectrometry (IMS) is applied to study

C. difficile infection (CDI)

d IMS reveals a rapid influx of bile acids into the gut during CDI

d The host then reduces transcriptional flux through bile acid

biosynthesis pathways

d Increased bile acids contribute to C. difficile spore

germination and outgrowth
Wexler et al., 2021, Cell Reports 36, 109683
September 7, 2021 ª 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.109683
Authors

Aaron G. Wexler, Emma R. Guiberson,

William N. Beavers, ...,

RichardM. Caprioli, JeffreyM. Spraggins,

Eric P. Skaar

Correspondence
jeff.spraggins@vanderbilt.edu (J.M.S.),
eric.skaar@vumc.org (E.P.S.)

In brief

To illuminate how the gut environment

changes during enteric infection, Wexler,

Guiberson et al. measured the

abundances and distributions of gut

metabolites during C. difficile infection

using imaging mass spectrometry. They

find that C. difficile rapidly alters host bile

acid physiology during colonization,

which facilitates spore germination and

outgrowth.
ll

mailto:jeff.spraggins@vanderbilt.edu
mailto:eric.skaar@vumc.org
https://doi.org/10.1016/j.celrep.2021.109683
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109683&domain=pdf


OPEN ACCESS

ll
Report

Clostridioides difficile infection
induces a rapid influx of bile acids
into the gut during colonization of the host
Aaron G. Wexler,1,2,10 Emma R. Guiberson,3,4,10 William N. Beavers,1,2 John A. Shupe,1 M. Kay Washington,1

D. Borden Lacy,1,5 Richard M. Caprioli,3,4,6,7,8 Jeffrey M. Spraggins,3,4,6,9,* and Eric P. Skaar1,2,11,*
1Department of Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, Nashville, TN, USA
2Vanderbilt Institute for Infection, Immunology, and Inflammation, Vanderbilt University Medical Center, Nashville, TN, USA
3Mass Spectrometry Research Center, Vanderbilt University, Nashville, TN, USA
4Department of Chemistry, Vanderbilt University, Nashville, TN, USA
5The Veterans Affairs Tennessee Valley Healthcare System, Nashville, TN, USA
6Department of Biochemistry, Vanderbilt University, Nashville, TN, USA
7Department of Medicine, Vanderbilt University, Nashville, TN, USA
8Department of Pharmacology, Vanderbilt University, Nashville, TN, USA
9Department of Cell and Developmental Biology, Vanderbilt University, Nashville, TN, USA
10These authors contributed equally
11Lead contact
*Correspondence: jeff.spraggins@vanderbilt.edu (J.M.S.), eric.skaar@vumc.org (E.P.S.)

https://doi.org/10.1016/j.celrep.2021.109683
SUMMARY
Clostridioides difficile is the leading cause of nosocomial intestinal infections in the United States. Ingested
C. difficile spores encounter host bile acids and other cues that are necessary for germinating into toxin-pro-
ducing vegetative cells. While gut microbiota disruption (often by antibiotics) is a prerequisite for C. difficile
infection (CDI), the mechanisms C. difficile employs for colonization remain unclear. Here, we pioneered the
application of imaging mass spectrometry to study how enteric infection changes gut metabolites. We find
that CDI induces an influx of bile acids into the gut within 24 h of the host ingesting spores. In response, the
host reduces bile acid biosynthesis gene expression. These bile acids drive C. difficile outgrowth, as mice
receiving the bile acid sequestrant cholestyramine display delayed colonization and reduced germination.
Our findings indicate that C. difficile may facilitate germination upon infection and suggest that altering
flux through bile acid pathways can modulate C. difficile outgrowth in CDI-prone patients.
INTRODUCTION

Use of oral antibiotics disrupts the ecological networks that sta-

bilize the gut microbiota (Hasegawa et al., 2012; Wexler and

Goodman, 2017). This instability allows pathogens such asClos-

tridioides difficile to colonize and cause wide-ranging gastroin-

testinal disorders that vary in severity from diarrhea to fulminant

colitis and death (Abt et al., 2016; Ducarmon et al., 2019; Leffler

and Lamont, 2015). Our understanding of the factors that under-

lieC. difficile colonization is limited by a lack of in situ information

about how pathogens restructure the intestinal environments

they invade. The advent of powerful molecular imaging technol-

ogies allows for the visualization of host-microbe interactions

within tissue microenvironments (Cassat et al., 2018; Knippel

et al., 2018; Zackular et al., 2016). In particular, recent advances

in imaging mass spectrometry (IMS) provide improved sensi-

tivity, specificity, and spatial resolution, presenting a unique op-

portunity to illuminate these processes in situ and improve our

understanding of enteric disease progression along the entire

length of the intestinal tract (Buchberger et al., 2018; Niehaus
Ce
This is an open access article under the CC BY-N
et al., 2019; Prentice et al., 2020; Spraggins et al., 2019; Stoeckli

et al., 1999).

The primary mediators of C. difficile infection (CDI) pathology

are the toxins TcdA and TcdB, which disrupt host signaling

and cause cell death (Shen, 2012). The epidemic C. difficile

R20291 strain is considered hypervirulent, as it expresses toxins

at higher levels and causes more severe disease than the labo-

ratory-adapted strain 630 (Matamouros et al., 2007; Stabler

et al., 2009).While CDI is the leading cause of nosocomial enteric

infections, cases of community spread are on the rise, as is the

emergence of additional hypervirulent strains (Furuya-Kanamori

et al., 2015; Ghose, 2013; McDonald et al., 2018).

Patients that develop CDI do so after ingesting spores. While

these spores are tolerant of harsh conditions found both outside

and inside the host, they are metabolically dormant and cannot

replicate or cause disease. However, once spores enter the

small intestine, they sense chemical markers of this location,

including the host bile acid taurocholate (TCA) (Francis et al.,

2013; Paredes-Sabja et al., 2014). These factors are required

to initiate spore germination, resulting in vegetative cells capable
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Figure 1. MALDI IMS reveals elevated levels

of TCA in the ileal lumen of CDI mice

(A) Mass spectrum from MALDI IMS analysis of the

ileal region and lumen of a CDI mouse at 3 DPI re-

veals over 170 analytes, with m/z 514.3 being the

most abundant analyte detected.

(B) MALDI IMS analysis of the ileal region and lumen

of CDI or mock-infected animals at 3 DPI reveals

elevated levels of m/z 514.3 in CDI mice relative to

mock-infected controls normalized by total ion

current. Inset: H&E stain of MALDI-imaged cry-

osections.

(C) LC-MS/MS analysis of CDI distal small intestine

tissue and lumen homogenate shows a peak at m/z

514.3, supporting the identification of m/z 514.3 in

(A) and (B) as TCA.
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of replication and pathogenesis (Shen, 2015). Despite our

growing understanding of the processes governing C. difficile

germination and sporulation in vitro, less is known about the con-

ditions that are necessary for these processes to occur during

host colonization.

Bile acids are produced by the host in the liver before being

secreted by the gallbladder into the proximal small intestine,

where they aid the host in lipid and vitamin absorption (Ticho

et al., 2019). Approximately 95% are reabsorbed by the host in

the ileum, while the remainder pass into the large intestine, where

reabsorption is minimal (Ticho et al., 2019). Although bile acids

must undergo a conjugation step that appends either a glycine

or taurine moiety (e.g., taurine appended to cholate to form

TCA) to move into the gallbladder from the liver, members of

the gut microbiota possess bile salt hydrolases that can deconju-

gate these bile acids within the intestinal lumen (Ridlon et al.,

2006). Approximately 95% of mouse bile acids are taurine conju-

gated (compared with �35% in humans), and all cholate deriva-

tives stimulate spore germination, including glycocholate (Garbutt

et al., 1969; Giel et al., 2010; Sorg and Sonenshein, 2008).

Here, we pioneered the application of IMS to study how enteric

infection changes gut metabolites. We find that CDI rapidly alters

host physiology to increase the availability of germination factors

by orders of magnitude within the gut, thereby supporting the

colonization and outgrowth of C. difficile. Moreover, C. difficile

toxins determine host bile acid levels in a manner that is indepen-

dent of inflammation and pathology. In response to CDI-induced

increases in bile acid levels, the host represses transcriptional flux

through its de novo bile acid biosynthesis pathway in the liver.

BlockingC. difficile from accessing this augmented pool of germi-

nation factors using the bile-acid-sequestering drug cholestyr-

amine delays colonization and reduces spore germination.

Together, these findings define major biochemical changes

occurring within the host during enteric infection that underpin

pathogen colonization and disease progression.

RESULTS

MALDI IMS reveals that CDI increases the abundance of
ileal TCA
To determine how CDI alters the intestinal environment, we in-

fected wild-type C57BL/6J mice by oral gavage with 105
2 Cell Reports 36, 109683, September 7, 2021
C. difficile R20291 spores (or PBS for mock infections) following

cefoperazone treatment. We monitored mice for 3 days post-

infection (DPI) and subjected cryosections of intestinal tissue

and luminal content to MALDI IMS, followed by hematoxylin

and eosin (H&E) staining for histopathology. From MALDI IMS,

we detect over 170 differentially abundant analytes between in-

testinal sections fromCDI andmock-infectedmice, representing

a rich source of molecular information about how CDI changes

the intestinal environment (Figures 1A, 1B, and S1A–S1C). The

most prevalent analyte we detect in CDI mice has a mass-to-

charge ratio (m/z) of 514.2946 in negative ionization mode (Fig-

ures 1A and S1B). This analyte is present at high intensity

throughout the lumen of the distal small intestine of CDI mice

but is largely absent from the same region in mock-infected con-

trols (Figures 1B and S1B). Based on its exact mass from a high-

resolution FT-ICR, we predicted this ion to be the bile acid TCA.

To confirm its identity, we subjected a TCA standard and CDI in-

testinal tissue homogenate to liquid chromatography tandem

mass spectrometry (LC-MS/MS). We observe a prominent ion

atm/z 514.3, as well as a peak atm/z 124.0, in both the standard

and the sample that correspond to a taurine-conjugated bile acid

and the taurine moiety, respectively (Figure 1C). Together, these

data suggest that CDI induces a substantial increase in intestinal

TCA abundance.

Levels of primary bile acids rapidly rise in the gut
followingC. difficile colonization in amanner dependent
on TcdAB but independent of inflammation
To determine the degree to which CDI increases intestinal TCA

levels, we measured the abundance of other primary bile acids,

including the unconjugated primary bile acids cholate (CA) and

b-muricholate (bMCA), as well as their taurine-conjugates TCA

and tauro-b-muricholate (TbMCA), in CDI and mock-infected

mice; the primary bile acid chenodeoxycholate (CDCA) and its

taurine-conjugated form were undetected in both groups of

mice. We extracted bile acids from liver, ileal lumen, and cecal

lumen samples to capture key points within the host bile acid cy-

cle (de novo production, pre-reabsorption, and post-reabsorp-

tion, respectively), and quantified them using LC-MS/MS.

The abundance of CA (Figure 2A) and bMCA (Figure 2B)

decrease markedly in the liver of CDI mice relative to mock-in-

fected controls over time and are undetected in CDI mice by



Figure 2. CDI induces a rapid influx of pri-

mary bile acids into the gut in a manner

dependent on C. difficile toxins but indepen-

dent of inflammation

(A–D) Ratios of unconjugated (A and B) and taurine-

conjugated (C and D) primary bile acids in the liver,

ileum, and cecum of CDI versus mock-infected

mice.

(E) Ratios of primary bile acids in the liver, ileum, and

cecum of toxin-deficient (tcdAB::CT) versus mock-

infected mice at 3 DPI.

(F) Ratios of primary bile acids in the liver, ileum, and

cecum of DSS-treated versus untreated control

mice after 2 days of treatment. Concentrations are

adjusted based on sample weight (mM/g) prior to

calculating LC-MS/MS-based ratios.

Data are represented as mean ± standard error of

the mean (SEM); DPI, days post-infection; n.d., not

detected in CDI mice; #, not detected in all mice;

*p < 0.05, significance determined by unpaired two-

sided t tests; n = 5 mice/group.
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3 DPI. This is despite the liver being the site of de novo bile acid

biosynthesis, as well as the organ to which reabsorbed intestinal

bile acids recirculate (Ticho et al., 2019). By contrast, the abun-

dance of CA (Figure 2A) and bMCA (Figure 2B) increase more

than 10-fold on average by 3 DPI in the ileum and by �10-fold

on average by 2 DPI in the cecum of CDI mice relative to

mock-infected controls.

The abundance of TCA (Figure 2C) and TbMCA (Figure 2D)

remain detectable in the livers of both groups of mice throughout

the 3-day infection. Surprisingly, concentrations of TCA (Fig-

ure 2C) and TbMCA (Figure 2D) also remain higher in the ilea of

CDI mice relative to mock-infected controls by �100-fold or

more on average from as early as 1 DPI. TCA (Figure 2C) and

TbMCA (Figure 2D) concentrations are also elevated by 10-fold

or more on average in the ceca of CDI mice relative to mock-in-

fected controls.

Together, these data suggest that levels of primary bile acids

rapidly rise in the gut following the onset of CDI. These data not

only support our initial observations from MALDI IMS regarding

elevated TCA abundance during CDI (Figures 1 and S1B) but

also reveal that CDI increases TCA levels by orders of magnitude

within 24 h of infection and renders CA and bMCA undetected in

the liver by 3 DPI.
Ce
To determine the contribution of toxins

TcdA and TcdB to elevated bile acid levels

during CDI, we infected mice by oral

gavage with 105 toxin-deficient C. difficile

R20291 spores (tcdAB::CT) or PBS for

mock infections following cefoperazone

treatment, and measured bile acid abun-

dance in tissues at 3 DPI. Contrary to

wild-type CDI mice (Figures 2A–2D), the

tcdAB::CT-infected mice display a negli-

gible deviation from the mock-infected

control group in terms of TCA and TbMCA

abundance in all three tissue types,

despite colonizing to a similar degree as
wild-type C. difficile (Figures 2E, S2A, and S2B). Moreover,

TcdA and TcdB individually are insufficient to significantly

augment bile acid levels, as mice receiving a rectal infusion of

50 mg of either toxin largely did not deviate significantly from

bile acid levels of PBS-infused mice after 8 h (Figures S2C–

S2F). While the exposure time was limited to 8 h because of

the toxicity of TcdA and TcdB, it may have been an insufficient

duration, as mice gavaged with 105 C. difficile R20291 spores

also did not exhibit a significant increase in bile acid levels after

8 h (Figures S2C–S2F).

Dextran sulfate sodium (DSS) is a chemical inducer of colitis

that impacts the colonic epithelium of mice within 1 day of expo-

sure, and causes severe inflammation within 3–4 days of treat-

ment (Chassaing et al., 2014). To determine the contribution of

pathogen-independent intestinal inflammation to host bile acid

pool size, we treated mice with 3% DSS in their drinking water

(or no DSS for control mice) for 2 days following cefoperazone

treatment and measured bile acid levels in liver, ileal lumen,

and cecal lumen samples by LC-MS/MS. Contrary to mice in-

fected with wild-type C. difficile (Figures 2A–2D), the abun-

dances of CA, TCA, bMCA, and TbMCA are similar or lower in

DSS-treated mice than controls (Figure 2F). These data suggest

that intestinal inflammation alone does not account for
ll Reports 36, 109683, September 7, 2021 3



Figure 3. The host responds to CDI-induced elevations in bile acid pools by reducing bile acid biosynthesis gene expression

(A) Schematic of key steps in the bile acid biosynthesis pathway in themurine liver. CYP7A1 controls bile acid pool size, CYP8B1 determines the ratio of cholate to

chenodeoxycholate and muricholate, and BAAT conjugates bile acids with taurine or glycine.

(B–D) Expression of Cyp7a1 (B), Cyp8b1 (C), and Baat (D) in the livers of CDI mice relative to mock-infected mice over time. All expression values were first

normalized to b-actin expression. Data plots show mean ± SEM; significance determined by unpaired two-sided t tests; n = 5 mice/group.
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modulations to host bile acid physiology observed during CDI.

Indeed, histological analysis of H&E-stained cryosections of

the distal small intestine of CDI and mock-infected mice reveals

no signs of inflammation or pathology at 3 DPI (Figures S3A–

S3C), despite clear CDI symptomology (Figure S2A). Together,

these data suggest that CDI induces changes to host bile acid

physiology in a manner that is dependent on C. difficile toxins

but independent of intestinal inflammation and pathology.

The host responds to CDI-induced elevations in bile acid
levels by reducing flux through its de novo biosynthesis
pathway
Primary bile acids are synthesized in the liver from cholesterol via

the classical pathway, involving 18 steps to yield conjugated bile

acid products such as TCA (Ticho et al., 2019). The first step con-

verts cholesterol to 7a-hydroxycholesterol via the enzyme

CYP7A1 and thus determines the overall bile acid pool size in

the host (Figure 3A). The pathway later splits to yield either

CDCA (and MCA in mice) or CA in a manner that depends on

the presence and activity of CYP8B1, the activity of which leads

to production of CA over CDCA/MCA (Figure 3A). Primary bile

acids are later conjugated with either taurine or glycine by the

enzyme bile acid-coenzyme A (CoA):amino acid N-acyltransfer-

ase (BAAT) in the liver (Figure 3A) (Ticho et al., 2019).

Given that the levels of CA and bMCA in the liver of CDI mice

decline over time and are undetected at 3 DPI (Figures 2A and

2B), and that the levels of conjugated bile acids TCA and TbMCA

increase rapidly upon C. difficile colonization, we suspected CDI

affects transcriptional flux through the bile acid biosynthesis

pathway in the liver. To test this, we extracted RNA from the

livers of CDI and mock-infected control mice at 1 and 3 DPI

and measured expression of genes encoding for key enzymes

within the de novo bile acid biosynthesis pathway: Cyp7a1,

Cyp8b1, and Baat. Cyp7a1 expression was more than 2-fold

higher on average in CDI mice relative to mock-infected controls

at 1 DPI but fell to approximately half the expression level of

mock-infected controls by 3 DPI (Figure 3B). Cyp8b1 expression

in CDI mice remained similar to mock-infected controls at 1 DPI

but also fell to approximately half the expression level of mock-
4 Cell Reports 36, 109683, September 7, 2021
infected controls by 3 DPI (Figure 3C). Baat expression was

modestly but insignificantly elevated in CDI mice relative to

mock-infected controls at 1 DPI but was indistinguishable be-

tween both groups at 3 DPI (Figure 3D).

These data suggest that CDI promptly boosts transcriptional

flux through the host bile acid biosynthesis pathway in the liver

but that this transcriptional flux is repressed by 3 DPI. Moreover,

the unchanged expression of Baat in CDI mice suggests that re-

absorbed bile acids from the intestinal tract are still conjugated in

the liver during initial colonization and therefore can be recycled

back into the intestine.

Reducing free intestinal bile acid levels with
cholestyramine diminishes C. difficile colonization and
spore germination
Cholestyramine is a bile-acid-sequestering drug often used for

lowering a patient’s cholesterol—the molecule from which all

host bile acids are derived (Figure 3A) (Scaldaferri et al., 2013).

It functions by reducing bile acid reabsorption in the gut through

sequestration, which causes the host to produce more bile acids

and thus reduces the body’s cholesterol supply (Scaldaferri

et al., 2013). To determine the contribution of elevated intestinal

bile acid levels to C. difficile colonization and spore germination,

we placed mice on a diet containing cholestyramine (20 g/kg) or

a control diet without cholestyramine for 7 days prior to infection

by oral gavage with 105 C. difficile R20291 spores and main-

tained them on their respective diets throughout the infection

(Scaldaferri et al., 2013).

While both vegetative cells (average of �109 colony-forming

units [CFUs]/g; Figures 4A and 4B) and spores (average of�107

CFUs/g; Figures 4B and 4C) are detected in fecal samples of

mice on the control diet at 1 DPI, they are undetected in mice

on the cholestyramine diet at 1 DPI. By 2 DPI, only 60% of

cholestyramine-treated mice have detectable levels of vegeta-

tive cells (average of �109 CFUs/g; Figures 4A and 4B), and

30% have detectable levels of spores (average of �108

CFUs/g; Figures 4B and 4C). Interestingly, we find the vegeta-

tive cell/spore ratio (an indicator of germination frequency) in

these three mice to be �10-fold lower on average than the



Figure 4. Elevated bile acid pool size is necessary for rapid host colonization and spore germination

CDI mice provided cholestyramine in their diet display delayed colonization relative to CDI mice provided a control diet without cholestyramine.

(A) Vegetative cell counts from fecal samples collected over time.

(B) CDI mice on a cholestyramine diet display delayed colonization compared with CDI mice on a control diet.

(C and D) Spore counts and vegetative cell counts (A) from fecal samples collected over time (C) were used to determine the ratio (D) of vegetative cells to spores

in cholestyramine and control mice.

(E) CDI mice on a cholestyramine diet carry similar levels of primary bile acids in their ilea and ceca compared with CDI mice on a control diet at 3 DPI.

Data are represented asmean ±SEM; n.d., not detected; #, not detected in all mice; *p < 0.05, significance determined by unpaired two-sided t tests; n = 10mice/

group.
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vegetative cell/spore ratio in the control diet mice at 2 DPI

(Figure 4D). This �10-fold ratio is maintained at 3 DPI and cor-

relates with a lower average burden of vegetative cells in chole-

styramine-treated mice (Figure 4A). Importantly, intestinal TCA

abundance is similarly elevated in CDI mice on both the chole-

styramine and control diets at 3 DPI relative to mock-infected

mice on the control diet (Figures 4E and S4A–S4D); our extrac-

tion method is designed to capture both cholestyramine-bound

and unbound bile acids.

These data show that blocking access to abundant intestinal

bile acid levels using cholestyramine limits C. difficile coloniza-

tion efficiency and spore germination during CDI. While the

spore/vegetative cell ratio can be affected by vegetative cell

growth rate, sporulation frequency, and germination rate, our

findings suggest that the massive influx of primary bile acids

into the gastrointestinal tract following host consumption of

C. difficile spores drives spore germination, pathogen

outgrowth, and CDI progression through either continued

spore germination or another mechanism promoting coloniza-

tion or potentiation of toxin activity.

DISCUSSION

Our study provides evidence that although C. difficile is physi-

cally restricted to the intestinal lumen, its influence on host phys-

iology within the first 24 h of infection extends beyond this site.

Our findings stem from the use of cutting-edge IMS technology

that allows for untargeted discovery-based visualization of mo-
lecular species, revealing spatial localization and intensity pat-

terns that would be impossible to detect with traditional

LC-MS/MS alone (Figure S1). This approach has been useful in

a variety of host-pathogen interaction studies, such as in

Staphylococcus aureus infections (Guiberson et al., 2021). The

incorporation of MALDI IMS to study S. aureus soft tissue ab-

scesses allows for molecular profiling of the bacterial nidus

and surrounding tissue, revealing molecular changes that occur

in this region during infection (Cassat et al., 2018). IMS has also

been applied to the intestines in a variety of studies outside the

context of host-pathogen interactions (Nguyen et al., 2019).

Most imaging experiments have probed discrete regions of the

intestine for analysis due to the difficulty in preparing large sec-

tions of intestine for sectioning (Carter et al., 2019). Our study,

however, underscores the importance of including luminal con-

tent in MALDI IMS analysis for a more representative analysis

of the gut, as seen by the bile acid localization patterns previ-

ously not shown with traditional sample preparation approaches

(Figure S1) (Genangeli et al., 2019).

Bile acid physiology is governed by complex networks of both

redundant and counteracting regulatory pathways spanning

multiple body sites, including the liver, gallbladder, intestine,

and circulatory system (Dawson and Karpen, 2015; Ticho

et al., 2019). The gut microbiota significantly affects bile acid

composition, as germ-freemice exhibit impaired lipid absorption

andmany commensal species canmodify primary (host-derived)

into secondary (microbe-derived) bile acids (Martinez-Guryn

et al., 2018; Ridlon et al., 2006). Secondary bile acids possess
Cell Reports 36, 109683, September 7, 2021 5
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antimicrobial properties against C. difficile (Abt et al., 2016). Ce-

foperazone and other antibiotics disrupt the bile-acid-modifying

activity of the gut microbiota and reduce the abundance of sec-

ondary bile acids (Theriot et al., 2016). Because the vast majority

of gut microbes reside in the large intestine, downstream of ileal

receptors for reabsorption, secondary bile acids predominantly

exert their effects in the large intestine (Ridlon et al., 2006).

While the mechanism by which CDI initially disrupts bile acid

regulatory networks is unclear, the consequences are signifi-

cant. The bile acid sequestrant cholestyramine is not currently

used to treat CDI, and in the few studies that have investigated

its potential in limiting CDI incidences, the rationale for its use

centered on its ability to inactivate TcdA and TcdB through

sequestration. One study investigated whether cholestyramine

could reduce CDI incidences in patients with Lyme disease

receiving intravenous ceftriaxone (Puri et al., 2015). The authors

reported a �3.5-fold reduction in the incidence of CDI in their

patient cohort relative to another published report monitoring

CDI in a similar patient population that did not receive chole-

styramine (Westh et al., 1991). The delayed colonization of

C. difficile in mice on the cholestyramine diet observed in Fig-

ure 4 is more likely due to bile acid sequestration than toxin

sequestration, since the toxins are necessary (but insufficient;

Figures S2C–S2F) for increasing bile acid abundance during

CDI (Figure 2E) but dispensable for colonization (Figure S2B).

Our findings suggest that C. difficile’s access to bile acids

can be modulated through the activity of therapeutic drugs. A

deeper understanding of how pathogen colonization and

outgrowth occurs in the human gut will be necessary for

designing more targeted therapeutics to disrupt these pro-

cesses in patients.
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SCiLS Bruker Daltonics Version 2020

Gen5 Data Analysis Software BioTek Gen5 3.0

Other

Lysing Matrix D tubes MP Biomedicals Cat#116913050

SecurityGuard C18 guard column (3.2 3 8 mm) Phenomenex Cat#AJ0-4286

Ascentis Express HPLC C18 column

(25 cm x 2.1 mm, 5 um particle size)

Supelco Analytical Cat#5811305-U

AIN-93G ± 2% cholestyramine Dyets, Inc. Diet#103550

Indium Tin Oxide Coated Glass Slides Delta Technologies Cat#NC1501896
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Eric Skaar

(eric.skaar@vumc.org).

Materials availability
This study did not generate new unique reagents.

Data and software availability
All raw LC-MS/MS data are available on Mendeley Data: (https://doi.org/10.17632/rhbktnpyj2.1).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains
Bacterial strains used in this study are listed in the Key Resources Table. Wild-type C. difficile R20291 and C. difficile R20291

tcdAB::CT were grown at 37�C in an anaerobic chamber (90% nitrogen, 5% hydrogen, 5% carbon dioxide, Coy Lab Products) in

brain-heart-infusion broth (BD Life Sciences) supplemented with 0.5% yeast extract (BD Life Sciences) and 0.1% cysteine

(Sigma-Aldrich).

Animal models
All animal experiments were performed using protocol M2000027-00 approved by the Vanderbilt University Medical Center Institu-

tional Animal Care and Use Committee and in compliance with NIH guidelines, the Animal Welfare Act, and US Federal law. Animal

studies were conducted using 8- to 12-week old male C57BL/6 (Jackson Laboratories) mice housed in groups of up to five at the

Vanderbilt University Medical Center Animal Facilities. Briefly, C57BL/6 mice received cefoperazone in their drinking water

(0.5 mg/ml) for 5 days. Following a 2-day recovery period, mice were gavaged orally with PBS or infected with 105 C. difficile spores

to an endpoint of three days. CDI symptomology was monitored daily by weight loss. Mice were humanely euthanized using com-

pressed CO2. Intestinal segments were dissected, embedded in 2.6% carboxymethylcellulose (CMC), and frozen in liquid nitrogen.

Samples were stored at �80�C prior to sectioning. Mice provided a cholestyramine or control diet (Dyets, Inc., Bethlehem, PA) were

placed on these diets at the same time they were given cefoperazone, and remained on their respective modified diets for the dura-

tion of the experiment. Mice provided 3% DSS in their drinking water for 2 days were first treated with cefoperazone for 5 days, fol-

lowed by a 2-day recovery period. Mice receiving rectal infusion of purified, recombinant TcdA or TcdB (or PBS) were placed on

0.5 mg/ml cefoperazone in their drinking water for 5 days, followed by a 2-day recover period, before receiving 50 mg of either toxin

(Markham et al., 2021). Mice were euthanized after 8 hours.

METHOD DETAILS

Determining bacterial burdens
C. difficile CFUs were quantified daily from fecal samples. Fresh samples were weighed, homogenized in PBS, serially diluted,

and plated onto taurocholate cycloserine cefoxitin fructose agar (TCCFA) for enumeration as colony forming units per gram of

feces (CFU/g). Vegetative cells were enumerated by plating fecal suspensions on cycloserine cefoxitin fructose agar without

taurocholate, while spores were enumerated by heating fecal suspensions at 65�C for 20 minutes aerobically prior to plating

onto TCCFA.

MALDI imaging mass spectrometry
Tissue and CMCwere cryosectioned at 10 mm thickness using a Cryostar NX70 Cryostat (Thermo Scientific, Waltham, MA, USA) and

thawmounted onto 1% poly-l-lysine coated indium tin oxide coated glass slides (Delta Technologies, Loveland, CO, USA). All slides

were kept at room temperature prior to mounting to ensure full thaw-mounting. Samples were brought to room temperature in a

desiccator 30 minutes prior to matrix application. Samples were sprayed with 9-aminoacridine (9-AA) for bile acid analysis using

an automated sprayer (TM Sprayer, HTX Technologies, Chapel Hill, NC, USA). 9-AA was prepared at a concentration of 5 mg/mL

in 70% acetonitrile, and sprayed at 30�C, 400 mm/min, 0.04 mL/min for 8 passes. Following matrix application, high-mass resolution

imaging mass spectrometry of intestinal samples were performed using either a Solarix 15T MALDI FT-ICR mass spectrometer

(Bruker Daltonik, Billerica, MA, USA; Figures S1B and S4) or a rapifleX MALDI Tissuetyper (Bruker Daltonics, Billerica, MA, USA;

Figure 1B). The rapifleX MALDI Tissuetyper was equipped with a Smartbeam 3D 10 kHz Nd:YAG (355 nm) laser. The FTICR was
Cell Reports 36, 109683, September 7, 2021 e2
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equipped with an Apollo II dual MALDI/ESI ion source and a Smartbeam II 2 kHz frequency tripled Nd:YAG laser (355 nm). Images

collected on the rapifleXMALDI Tissuetyper were generated using the single spot laser settingwith a pixel scan size of 20 mm in both x

and y dimensions. Data were collected in negative ionmode fromm/z 361-801with 250 laser shots per pixel. Images collected on the

15TMALDI FT-ICR were generated using the small laser setting (�50 mm) with a pixel spacing of 50 mm. Data were collected with 650

laser shots per pixel at 60% power from m/z 250-800 with a transient length of 1.1534 s and a resolving power of 260,000 at m/z

512.2723. Data were visualized using SCiLS Lab (Bruker Daltonik, Dillerica, MA, USA). Samples for lipid analysis (Figure S1C)

were washed with ammonium formate and distilled H2O prior to matrix applicated. DAN matrix for lipid analysis was sublimated

onto the tissue surface (�1.0 mg/cm2). Briefly, slides were taped to the bottom of the condenser in a simple sublimation apparatus.

Approximately 300 mg of DAN was sublimed at 130�C and 24 mTorr for 3 min. Imaging mass spectrometry was performed using a

prototype timsTOF Pro equipped with a duel ESI/MALDI source with a SmartBeam 3D 10 kHz frequency tripled Nd:YAG laser

(355 nm) (Spraggins et al., 2019). The system was operated in qTOF mode with TIMS deactivated. Images were collected at

25 mm spatial resolution using 400 laser shots per pixel and 40% laser power. Data were collected in negative ion mode from m/z

200-2000. All tentative lipid identifications were determined based on mass accuracy using the LIPIDMAPS lipidomics gateway

(lipidmaps.org) with an accuracy threshold of 5 ppm. Datawere visualized using SCiLS Lab 2020. (Spraggins et al., 2019). The system

was operated in qTOFmodewith TIMS deactivated. Images were collected at 25 mmspatial resolution using 400 laser shots per pixel

and 40% laser power. Data were collected in negative ionmode fromm/z 200-2000. All tentative lipid identifications were determined

based on mass accuracy using the LIPIDMAPS lipidomics gateway (lipidmaps.org) with an accuracy threshold of 5 ppm. Data were

visualized using SCiLS Lab 2020.

Histology analysis
Following MALDI IMS imaging, matrix was removed from samples using 100% ethanol, and the samples were rehydrated with

graded ethanol washes and double distilled water. Tissue samples were then stained using hematoxylin and eosin (H&E) stain

and coverslipped. After drying, brightfield microscopy images were collected using a Leica SCN400 Brightfield Slide Scanner at

20x magnification (Leica Microsystems, Buffalo Grove, IL, USA) and visually analyzed in a blinded fashion for signs of inflammation

and tissue damage.

qRT-PCR
Liver samples frommice were flash frozen in liquid nitrogen and stored at�80�Cprior to RNA extraction. Livers were homogenized in

LysingMatrix D tubes (MPBiomedicals) containing 700 ml RLT buffer with 1% (v/v) b-mercaptoethanol (QIAGEN) using a FastPrep-24

(MP Biomedicals) bead beater for 45 s at 6.5 m/s (repeated 3 times, incubating on ice for 1 minute in between rounds). Homogenates

were centrifuged at 20,000 x g at 4�C for 5 minutes to pellet debris, RNA was extracted using phenol:chloroform:IAA, pH 6.7 (Sigma),

and samples were mixed with 50% ethanol prior to being transferred to QIAGEN RNeasy columns, according to the manufacturer’s

instructions. Cleaned RNA samples were subjected to DNase treatment (Invitrogen) prior to cDNA synthesis using an iScript cDNA

synthesis kit (Bio-Rad). RNA was removed through the addition of 1 N NaOH at 65�C for 30 minutes, followed by the addition of an

equal volume of 1 N HCl. cDNAwas cleaned using a PCR clean-up kit (Promega) according to the manufacturer’s instructions. cDNA

concentrations were adjusted to 1 ng/ml using the Synergy 2 with Gen 5 software (Bio-Tek) prior to qRT-PCR using iQ SYBR Green

mix (Bio-Rad), gene-specific primers (Table S1), and aCFX96 qPCR cycler (Bio-Rad). Transcript abundancewas calculated using the

DDCt method and data were normalized to b-actin gene expression.

Bile acid extractions
Liver, ileal lumen, and cecal lumen samples were harvested from mice, and flash frozen in liquid nitrogen. Samples were

weighed prior to extraction, and homogenized in Lysing Matrix D tubes (MP Biomedicals) containing 2:1:1 mixture of

ethanol:chloroform:methanol using a FastPrep-24 (MP Biomedicals) bead beater for 45 s at 6.5 m/s (repeated 3 times, incubating

on ice for 1 minute in between rounds). Homogenates were centrifuged at 20,000 x g at 4�C for 15 minutes to pellet debris.

Supernatant was transferred to a clean glass vial, and evaporated under nitrogen gas flow until dry. Samples were reconstituted

in methanol prior to LC-MS/MS analysis.

Liquid chromatography tandem mass spectrometry
Bile acids from tissue and fecal extracts were injected in volumes of 5 mL and gradient eluted onto a SecurityGuard C18 guard

column (3.2 3 8 mm, Phenomenex, Torrance, CA, USA) Ascentis Express HPLC C18 column (25 cm x 2.1 mm, 5 mm particle

size, Supelco Analytical, Bellefonte, PA, USA). Mobile phase A consisted of H2O with 0.1% formic acid, and mobile phase B con-

sisted of acetonitrile with 0.1% formic acid. Bile acids were eluted on a linear gradient of 20%–60% B for 15 minutes, followed by

60%–100% B for 15 minutes, and 100%–20% B for 30 minutes at a flow rate of 0.4 mL/min. All analytes were measured on a TSQ

Quantum Triple Quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), with an identity transition. Optimal

collision energies were determined empirically before each experiment. Quantification was determined using a calibration curve

from 5 mL injections of 0, 0.1, 0.3, 1, 3, 10, and 30 mM bile acid standards using Xcaliber Quant Browser (Thermo Fisher Scientific,

Waltham, MA, USA).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8 and Microsoft Excel. Statistical significance was assessed using an

unpaired two-sided t tests. Significance was defined as p < 0.05, and the data were only excluded on the basis of technical errors

associated with the experiment. Exact statistical tests used, significance values, group sizes, and dispersion and precision of

measurements are defined in the figure legends.
Cell Reports 36, 109683, September 7, 2021 e4



Cell Reports, Volume 36
Supplemental information
Clostridioides difficile infection

induces a rapid influx of bile acids

into the gut during colonization of the host

Aaron G. Wexler, Emma R. Guiberson, William N. Beavers, John A. Shupe, M. Kay
Washington, D. Borden Lacy, Richard M. Caprioli, Jeffrey M. Spraggins, and Eric P. Skaar



Table S1. Bacterial strains and oligonucleotide primers used in this study.

Strain or Primer name Note / sequence (5'-3') Reference / Source
Bacterial species and strains

C. difficile R20291 wild-type S. Kuehnes
C. difficile R20291 tcdAB::CT tcdA::CT tcdB::CT S. Kuehnes

Primers for qRT-PCR
Cyp7A1_qPCR_F TTCTTTGATCTGGGGGATTG PMID_23752203
Cyp7A1_qPCR_R ATTTCCCCATCAGTTTGCAG PMID_23752203
Cyp8b1_qPCR_F ACAAGCAGCAAGACCTGGAT PMID_18587407
Cyp8b1_qPCR_R ATGGAAGAGACGCTGCAACT PMID_18587407
Baat_qPCR_F CACCTGATTGAGCCTCCCTA This study
Baat_qPCR_R GGAAGGAGATGCTGCTTGAG This study
b-actin_qPCR_F GATCATTGCTCCTCCTGAGC PMID_24524627
b-actin_qPCR_R AGTCCGCCTAGAAGCACTTG PMID_24524627
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Supplemental Figure 1. MALDI IMS efficiently ionizes a variety of species from the intestinal 
tract, including consistent intensity differences in TCA between infected and mock-infected 
samples. Related to Figure 1. (A) Schematic showing key steps of our sample preparation method 
for subjecting fresh-frozen intestinal tissues and lumen in the Swissroll conformation to MALDI IMS 
and H&E staining. (B) TCA is consistently more highly present in the lumen of CDI tissue compared 
to mock-infected tissue. (C) The Swissroll conformation of intestinal tissue allows for the detection of 
a variety of lipid species with clear localization to the host epithelium
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Supplemental Figure 2. C. difficile toxins are required for full pathogenic-
ity in mice, but are dispensable for colonization and are insufficient to 
induce a spike in bile acid levels. Related to Figure 2. (A) Pathogenicity of 
indicated C. difficile strains determined as a function of percent of initial mouse 
weight at day 0. (B) Colonization levels of indicated strains as determined by 
CFU per gram of feces. Ratios of unconjugated (C, D) and taurine-conjugated 
(E, F) bile acids in the liver, ileum, and cecum of mice 8-hours after rectal infu-
sion with 50 µg TcdA or TcdB, or oral gavage with 105 wild-type C. difficile 
R20291 spores, relative to mice rectally infused with PBS. n.d., not detected; 
*P<0.05, significance determined by unpaired two-sided t-tests; n=5 
mice/group.
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Supplemental Figure 3. Histology reveals no signs of ileal inflammation in CDI 
mice. Related to Figure 2. Histological analysis of H&E-stained intestinal tissues shows 
no significant inflammation or damage in either CDI (A) or mock-infected (B) mouse tissue 
at 3 DPI, and no signs of inflammation or tissue damage in non-antibiotic treated, mock-in-
fected mouse tissue (C).
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Supplemental Figure 4. Cholestyramine increases the abundance of luminal 
TCA in the ilea of mock-infected mice. Related to Figure 4. MALDI IMS reveals 
elevations in ileal lumen TCA abundance in CDI mice receiving a cholestyramine 
diet (A), mock-infected mice receiving a cholestyramine diet (B), and CDI mice 
receiving a control diet (C), relative to mock-infected mice receiving a control diet 
(D).
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