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Abstract

The changing epidemiology of Clostridium difficile infection over the past decades presents a
significant challenge in the management of C. difficile associated diseases. The gastrointestinal
tract microbiota provides colonization resistance against C. difficile, and growing evidence
suggests that gut microbial derived secondary bile acids (SBAS) play a role. We hypothesized that
the C. difficile life cycle; spore germination and outgrowth, growth, and toxin production, of
strains that vary by age and ribotype will differ in their sensitivity to SBAs. C. difficile strains
R20291 and CD196 (ribotype 027), M68 and CF5 (017), 630 (012), BI9 (001) and M120 (078)
were used to define taurocholate (TCA) mediated spore germination and outgrowth, growth, and
toxin activity in the absence and presence of gut microbial derived SBAs (deoxycholate,
isodeoxycholate, lithocholate, isolithocholate, ursodeoxycholate, w-muricholate, and
hyodeoxycholate) found in the human and mouse large intestine. C. difficile strains varied in their
rates of germination, growth kinetics, and toxin activity without the addition of SBAs. C. difficile
M120, a highly divergent strain, had robust germination, growth, but significantly lower toxin
activity compared to other strains. Many SBAs were able to inhibit TCA mediated spore
germination and outgrowth, growth, and toxin activity in a dose dependent manner, but the level of
inhibition and resistance varied across all strains and ribotypes. This study illustrates how
clinically relevant C. difficile strains can have different responses when exposed to SBAS present
in the gastrointestinal tract.
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Introduction

Clostridium difficile is a Gram-positive, spore forming, anaerobic bacillus and is the leading
cause of nosocomial infection worldwide [1]. In the United States half a million cases of C.
difficile infection (CDI) and 29,000 deaths are reported annually [2, 3]. Clinical disease can
range from mild or moderate diarrhea to fulminant and pseudomembranous colitis and even
death [4, 5]. Incidence, severity, mortality, and recurrence rates of CDI have increased
during the past 15 years. The changing global epidemiology of CDI has been largely
attributed to the emergence of epidemic C. difficile strains, PCR ribotype 027 and 078.
Other PCR ribotypes such as 001, 053, and 106 have also been associated with outbreaks
and severe cases [6]. The epidemic strains are often associated with increased production of
toxins A and B, increased resistance to fluoroquinolone antibiotics, and production of binary
toxin [7]. A recent advisory from the Center for Disease Control and Prevention (CDC) puts
C. difficile on the urgent threat list, and warns of increased incidence of community acquired
CDI in individuals who have not been exposed to hospital settings or antibiotic therapy. This
is a population that was previously considered low risk [8]. Due to the dynamic
epidemiology of C. difficile, it is important to phenotypically characterize both historic and
current epidemic strains to define how they adapt to different environmental pressures,
especially those found in the gastrointestinal (GlI) tract.

Antibiotics significantly disrupt the indigenous gut microbiota, but they also alter the host
and gut microbiota derived bile acids allowing for C. difficile colonization [9-12]. Bile acids
are end products of cholesterol metabolism and essential for lipoprotein, glucose, drug, and
energy metabolism [13, 14]. Primary bile acids made by humans are cholate (CA) and
chenodeoxycholate (CDCA). These bile acids are further conjugated with either taurine or
glycine. Mice are slightly different, where a significant amount of CDCA is converted by the
host into a-muricholate (aMCA) and p-muricholate (BMCA) [15]. Primary bile acids are
released in response to food into the duodenum and a majority of them (~95%) are
reabsorbed in the terminal ileum, and returned to the liver via enterohepatic recirculation.
Primary bile acids that reach the large intestine (~5%) are acted upon by specific members
of the gut microbiota and biotransformed via two enzymatic reactions, deconjugation and
dehydroxylation, into secondary bile acids (SBAs), where they remain at relatively high
concentrations (200-1000 uM) [16]. There are approximately 50 different chemically
distinct SBAs found in human large intestine [17]. Figure 1 illustrates the most abundant
SBAs: deoxycholate (DCA), lithocholate (LCA), and ursodeoxycholate (UDCA) [16].
Isodeoxycholate (iDCA) and isolithocholate (iLCA) are 33-OH epimers of DCA and LCA
[16, 18]. Additionally, w-muricholate (wMCA) an epimer of BMCA and hyodeoxycholate
(HDCA) are only present in mice [19-21]. The physiologically relevant concentrations of
SBAs in the human and mouse large intestine, and the concentrations used in the present
study are presented in Table 1.

C. difficile spores require specific bile acids and amino acids for germination into
metabolically active vegetative cells [22]. Primary bile acids such as taurocholate (TCA) and
CA are present in high concentrations in the distal small intestine and are primary
germinants for C. difficile spores along with glycine. [16]. However, CDCA, another
primary bile acid, is able to inhibit C. difficile germination [23]. Recent studies show that
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depletion of the microbial members responsible for converting primary bile acids to SBAs
reduces resistance against C. difficile in the large intestine [24-27]. There are studies
showing that the SBAs @MCA, LCA, UDCA, and HDCA inhibit TCA mediated spore
germination in C. difficile UK1, M68, and VVPI 10463, and growth of strains CD196, UK14,
UK1, M68, and VVPI 10463 /n vitro[11, 28, 29]. However, there are fewer studies showing
how SBAs alter all stages of the C. dlifficile life cycle (spore germination, growth, and toxin
activity) of clinically relevant epidemic, non-epidemic, historic, and more recent strains.

Past studies have shown that spore germination rates of clinically relevant C. difficile
isolates varied when exposed to primary bile acid TCA and CDCA, a known inhibitor of
spore germination /n vitro [23, 30]. Therefore, it is conceivable that differences may also
exist in the inhibitory effect of SBAs on not only spore germination, but on other stages of
the C. difficile life cycle including growth, and toxin activity, which mediates disease. We
hypothesize that spore germination, growth, and toxin activity of clinically diverse C.
difficile strains will vary in their sensitivity to SBAs. Here we show the differences in the
inhibitory effect of SBAS; specifically DCA, iDCA, LCA, iLCA, UDCA, ®MCA, and
HDCA, on TCA mediated spore germination and outgrowth, growth, and toxin activity of
clinically relevant C. difficile strains R20291 and CD196 (ribotype 027), M68 and CF5
(017), 630 (012), BI9 (001) and M120 (078). Defining how SBAs affect different stages of
the C. difficile life cycle in clinically relevant strains will help us understand how different
strains are able to survive and cause disease in the Gl tract. It will also allow us to better
understand how these SBAs could be used as potential therapeutics against CDI.

Materials and Methods

Strain selection

C. difficile strains were provided by Trevor Lawley by way of Joe Sorg and Aimee Shen.
The origin and ribotype information for each strain is listed in Table 2. C. difficile strains
were selected from a range of PCR ribotypes that included epidemic (R20291 [31] and M68
[32]), non-epidemic (CD196 [31] and CF5 [32]), historic (CD196, CF5 and 630 [33]),
current (R20291, M68 and BI19 [32]), and a genetically divergent strain (M120 [32]).

Microbial derived secondary bile acid selection

The bile acids [@MCA (Steraloids, Catalog ID No. C1888-000), HDCA (Steraloids Catalog
ID No. C0860-000), UDCA (Steraloids, Catalog ID No. C1020-000), LCA (Steraloids,
Catalog ID No. C1420-000), iLCA (Steraloids, Catalog ID No. C1475-000), DCA
(Steraloids, Catalog ID No. C1070-000), iDCA (Steraloids, Catalog ID No. C1170-000)]
selected were representative of those present in the mouse and human intestine [11, 16, 18].
The bile acids used in all the assays were soluble in 100% ethanol (Fisher Scientific
BP2818), whereas TCA (T40009, Sigma-Aldrich, St Louis, MO) was dissolved in ultrapure
water. The SBA concentrations used in this study are expressed % and mM in Table 1.

Spore preparation

C. difficile spores were prepared as described previously [11, 34]. Briefly, individual C.
difficile strains were grown at 37°C anaerobically overnight in 2 ml Columbia broth and
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then added to 40 ml culture of Clospore media in which it was allowed to sporulate for 5-7
days. Spores were harvested by centrifugation, and subjected to 3-5 washes with sterile cold
water to ensure spore purity. Spore stocks were stored at 4°C in sterile water until use.

Spore germination and outgrowth assay

The spore germination and outgrowth assay protocol is modified from Carlson ef a/., and
Theriot et al. [11, 30]. Purified spores were enumerated and tested for purity before use. The
spores were examined under phase contrast microscope to observe phase-bright bodies,
which indicates non-germinated intact spores. The spore stock was resuspended in ultrapure
water to achieve an initial spore concentration of approximately 106 spores/ml. The spore
suspension was subjected to heat treatment (65°C for 20 min) to eliminate any vegetative
cells. The spores were then plated on both brain heart infusion (BHI) with 100 mg/liter L-
cysteine, and BHI media supplemented with 0.1% TCA, and further incubated at 37°C for
24 hr. We further observed a lawn of C. difficile colonies on BHI media supplemented with
0.1% TCA, and no visible growth on BHI media alone, which indicates that the spore
suspension was devoid of vegetative cells. Bile acid solutions containing two concentrations
were used to study a dose response [DCA (0.02 %, 0.2%), iDCA (0.01%, 0.1%), LCA
(0.001%, 0.01%), iLCA (0.01%, 0.1%), UDCA (0.004%, 0.04%), «MCA (0.004%, 0.04%),
and HDCA (0.002%, 0.02%)]. Bile acids were dissolved in either water or ethanol, passed
into the anaerobic chamber (Coy labs), and added to BHI broth with 0.1% TCA.
Chendeoxycholate (CDCA, Fisher Scientific, 50328656) at 0.04% is a known inhibitor of
TCA mediated spore germination, and was used as a negative control. TCA at 0.1% made in
water, and water and ethanol was used as positive controls. C. difficile spores were added to
BHI broth supplemented with and without TCA 0.1% and secondary bile acids at
concentrations listed above, and allowed to incubate for 30 min at 37°C anaerobically.
Bacterial enumeration of the samples was performed on both BHI agar (vegetative cells
only) and BHI agar supplemented with 0.1% TCA (germinated spores and vegetative cells).
Percent germination was calculated as [(CFUs on BHI supplemented with TCA + SBASs) /
(CFUs on BHI supplemented with TCA alone)] x 100. All measurements were performed in
triplicate for each isolate and expressed as percent germination.

Growth kinetics assay

C. difficile strains were cultured overnight at 37°C in BHI plus 100 mg/liter L-cysteine broth
in an anaerobic growth chamber. After 14 hr of growth, C. difficile was subcultured 1:10 and
1:5 into BHI plus 100 mg/liter L-cysteine and allowed to grow for 3 hr anaerobically at
37°C. The culture was then diluted in fresh BHI so that the starting optical density at 600 nm
(OD600) was 0.01. The cell suspension was added to a 96-well plate at a final volume of 0.2
ml. All bile acid solutions were used at the same concentrations used in the germination
assay except iLCA (0.00003%, 0.0003%) and DCA (0.002%, 0.02%), which were used at
lower concentrations either due to solubility issues or due to precipitation of these bile acids
when incubated over a 24 hr period. Filter-sterilized bile acids were added to the wells of a
96-well flat bottom microtiter plate in triplicate, and two to three biological replicates were
run. The optical density was monitored every 30 min for 24 hr, shaking the plate for 90 sec
before each reading, in a Tecan plate reader inside an anaerobic chamber. A growthcurver
package in R was used to fit growth data into a non-linear least-squares Levenberg-
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Marquardt algorithm to summarize growth dynamics of clinical C. difficile strains without
that addition of SBAs. Table 2 displays the growth rates and doubling times of each strain in
BHI alone and in BHI supplemented with ethanol [35].

Vero cell cytotoxicity assay

This protocol is modified from Winston et a/[36]. Vero cells were grown and maintained in
DMEM media (Gibco Laboratories, 11965-092) with 10% fetal bovine serum (Gibco
Laboratories, 16140-071) and 1% Penicillin streptomycin solution (Gibco Laboratories,
15070-063). Cells were incubated with 0.25% trypsin (Gibco Laboratories, 25200-056)
washed with 1X DMEM media and harvested by centrifugation 1,000 RPM for 5 min. Cells
were plated at 1 x 104 cells per well in a 96-well flat bottom microtiter plate (Corning, 3596)
and incubated overnight at 37°C / 5% CO». Growth plates described above (24 hr) were
defrosted on ice and then centrifuged at 1,750 RPM for 5 min to pellet vegetative C.
difficile. Supernatants were collected from each well and 10-fold dilutions, to a maximum of
1075, were performed. Sample dilutions were incubated 1:1 with PBS (for all dilutions) or
antitoxin (performed for 101 and 10~ dilutions only, TechLabs, T5000) for 40 min at room
temperature. Following incubation, these admixtures were added to the Vero cells and plates
were incubated overnight at 37°C / 5% CQO2. Vero cells were viewed under 200X
magnification for rounding after overnight incubation. The cytotoxic titer was defined as the
reciprocal of the highest dilution that produced rounding in 80% of Vero cells for each
sample. Vero cells treated with purified C. difficile toxins (A and B) and antitoxin (List
Biological Labs, 152C and 155C; TechLabs, T5000) were used as controls.

Statistical methods

Statistical tests were performed using Prism version 7.0a for Mac OS X (GraphPad
Software, La Jolla California USA). One-way analysis of variance test followed by Tukey’s
Multiple Comparison Test was used to calculate significance in growth rate and doubling
time between C. difficile strains in Table 3, and differences between strains for TCA
mediated spore germination and outgrowth, and toxin activity in Figure 2. Significance
between positive controls and treatment groups for each strain in spore germination and
toxin activity assays were calculated by Student’s parametric t-test with Welch’s correction
(Figure 2-9). Statistical significance was set at a p value of < 0.05 for all analyses (*, p<
0.05; **, p<0.01; ***, p< 0.001; ****, p<0.0001). Spearman’s rank correlation
coefficients (r) were calculated for all pairs of terminal OD and toxin activity at 24 hr for
each strain (Figure 10).

Results

Diverse C. difficile clinical strains vary in TCA mediated spore germination and outgrowth,
growth kinetics, and toxin activity

In this study all bile acids were dissolved in 100% ethanol, so positive controls include the
addition of ethanol without the addition of SBAs to ensure that ethanol alone does not
inhibit C. diifficile, Figure 2A (+TCA, red bar), Figure 2B (solid lines), and Figure 2C
(EthOH, red bar). There was no significant difference in germination rates between spores
supplemented with and without ethanol with TCA (data not shown). All C. difficile strains
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exhibit more than 70% spore germination and outgrowth with the addition of 0.1% TCA
except for strain 630, which exhibited less than 20% germination and was significantly
different from all other strains (R20291, p< 0.001; CD196, p < 0.001; M68, p< 0.001; CF5,
p<0.001; BI9, p<0.0001; and M120, p< 0.001,in Figure 2A). A potent inhibitor of TCA
mediated spore germination, CDCA, significantly inhibited germination of all strains in
Figure 2A (+TCA+0.04% CDCA, grey bar). In order to assess if spore germination was
possible in the absence of 0.1% TCA, we incubated spores in BHI media without TCA
(Figure 2A, -TCA). Five of the seven strains tested did not show germination and outgrowth,
however CD196 and M120 spores were able to germinate and outgrow without the addition
of TCA.

For C. difficile growth experiments, differences in growth kinetics were observed between
strains as seen in Figure 2B. Again ethanol was supplemented in BHI media to mimic the
same concentrations with the addition of SBAs. The growth rates and doubling times
differed between C. difficile strains (Table 3, One-way ANOVA followed by Tukey’s
Multiple Comparison Test, p < 0.0001). Increased growth rate correlated with a decrease in
doubling time. C. difficile culture supernatants after 24 hr of incubation with (EthOH, gray
bar) and without the addition of ethanol (no EthOH) were used to determine the toxin
activity using the Vero cell cytotoxicity assay. Toxin titers for all strains ranged between 4-7
logyq reciprocal dilution toxin per 100 pl of C. difficile culture supernatant (Figure 2C). The
addition of ethanol to growth media only affected the toxin activity of CD196, which
showed significantly higher toxin activity compared to no ethanol. The toxin activity of
R20291 and CD196 (red bar) was significantly greater than the toxin activity of all other
strains (M68, p< 0.0001; CF5, p< 0.001; BI9, p< 0.0001; and M120, p< 0.0001).
Interestingly, the toxin activity of M120 (red bar) was significantly less than all other C.
difficife strains (R20291, p< 0.0001; CD196, p< 0.0001; M68, p < 0.001; CF5, p< 0.0001,
and 630, p< 0.0001).

Secondary bile acids alter TCA mediated spore germination and outgrowth, growth
kinetics, and toxin activity of clinically relevant C. difficile strains

Deoxycholate—As presented in Figure 3A, spore germination and outgrowth with the
addition of 0.2% DCA was significantly lower for all strains compared to controls without
the addition of DCA. The lower concentration of DCA (0.02%) significantly inhibited
CD196, but did not inhibit other strains. Although the lower concentration did not reach
significance, there was a decrease in germination compared to controls, suggesting a dose
response. At a concentration of 0.002%, DCA did not significantly alter TCA mediated
spore germination in all strains (data not shown). We further evaluated the differences in the
growth Kinetics of C. difficile strains with the addition of DCA (Figure 3B). Deoxycholate at
0.002% did not affect the growth of any strains (Supplemental Figure 1A). In contrast, with
the addition of 0.02% DCA, strains 630 and BI9 were unable to grow. The growth kinetics
of other strains was altered and overall growth was diminished by the additional 0.02% DCA
compared to the ethanol control. The toxin activity measured from culture supernatants of
strains, M68, CF5, B19, and 630 treated with 0.002% DCA were comparable to the ethanol
controls. However, at this DCA concentration R20291 and CD196 toxin activity was
significantly decreased compared to the ethanol control despite unaltered growth kinetics
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(Figure 3C). Strain M120 displayed a significant increase in toxin activity at this
concentration of DCA. At the higher concentration of DCA (0.02%), all strains except for
M68 and M120 had significantly less toxin activity. Although 0.02% DCA diminished
growth Kinetics, the toxin activity was not reduced for M68, and M120 toxin activity was
significantly increased (Figure 3C).

Isodeoxycholate—R20291 and M120 were resistant to both concentrations of iDCA
(0.01% and 0.1%) and therefore did not exhibit any differences in spore germination and
outgrowth when compared to the ethanol controls (Figure 4A). Spore germination for
CD196, M68, CF5, BI9, and 630 were significantly inhibited by 0.1% iDCA. Addition of
0.01% iDCA minimally altered growth (Figure 4B). The growth kinetics of the higher iDCA
concentration (0.1%) is not presented due to interference with OD. The toxin activity of the
different C. difficile strains also varied in response to iDCA (Figure 4C). R20291, CD196,
CF5, and BI9 had significantly decreased toxin activity when exposed to 0.01% iDCA,
despite normal growth kinetics. At 0.1% iDCA toxin activity was significantly decreased in
all strains except M68 and M120. Toxin activity of M68 was unaffected by exposure to
either concentration of iDCA. For strain M120, toxin activity was significantly increased at
both concentrations of iDCA compared to its ethanol control.

Lithocholate—Spore germination and outgrowth of two, CD196 and M68, out of the
seven strains were significantly inhibited at 0.001% LCA (Figure 5A). Spore germination of
R20291 decreased with both concentrations of LCA, although it did not reach statistical
significance. In the remaining strains, CD196, M68, CF5, BI19, M120, and 630, spore
germination was significantly inhibited with the addition of a higher concentration of LCA
(0.01%). Altered and diminished growth kinetics were present for all strains exposed to
0.001% LCA, except in strain 630 (Figure 5B). The growth kinetics of the higher
concentration of LCA (0.01%) is not presented due to interference with OD. At the lower
concentration of LCA, toxin activity was significantly decreased only in strains R20291,
CD196, CF5, and BI9. However, toxin activity was significantly decreased in all strains
exposed to the higher concentration of LCA (0.01%), except for strain M120. For strain
M120, 0.001% LCA resulted in a significant increase in toxin activity compared to the
ethanol control. Growth kinetics were not evaluated at 0.01% LCA due to interference with
optical density, although the toxin is still active.

Isolithocholate—Isolithocholate at 0.01% did not inhibit spore germination and
outgrowth of CF5 and M120, but it significantly inhibited at the higher concentration (0.1%
iLCA) (Figure 6A). Spore germination in all other strains was sensitive to both
concentrations of iLCA. The spore germination of all strains was resistant to 0.0003% iLCA
(data not shown). As presented in Figure 6B, growth of CD196, M68, CF5, 630, and BI9
was prevented with the addition of 0.0003% iLCA to media. Although strain R20291
exposed to 0.0003% iLCA is able to grow, its growth kinetics were altered. At 0.00003%
iLCA, strains CF5, BI19, M120, and 630 have a significant decrease in toxin activity (Figure
6C). At this concentration, growth was inhibited for strains R20291, B19, and 630
(Supplemental Figure 1B). The growth of CF5 and M120 was unaffected, yet toxin activity
was significantly decreased. At the higher concentration of iLCA (0.0003%), all strains
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displayed a significant decrease in toxin activity, except for R20291 and M120. For these
strains, growth was altered, however toxin activity was not significantly different from
ethanol controls (Figure 6C).

Ursodeoxycholate—Spore germination and outgrowth of CD196 was significantly
inhibited at 0.004% UDCA (Figure 7A). All other strains were resistant at this
concentration. However, the higher concentration of UDCA (0.04%) significantly inhibited
spore germination of five strains, R20291, CD196, M68, CF5, and 630. Spore germination
of strains M120 and BI9 were resistant to both concentrations of UDCA. The growth of all
strains was unaffected by exposure to 0.004% UDCA (Supplemental Figure 1C). However,
0.04% UDCA diminished growth and altered growth kinetics in all strains (Figure 7B). The
lower concentration of UDCA (0.004%) did not significantly impact toxin activity for any
strains tested (Figure 7C). Toxin activity was significantly inhibited for R20291, CD196,
CF5, B19, and 630 when exposed to 0.04% UDCA. Interestingly, toxin activity for M68 and
M120 was unaffected by exposure to UDCA despite impaired growth at the higher
concentration (0.04%).

Omega-muricholate—Spore germination and outgrowth of all strains except M120 was
significantly inhibited by both concentrations of @MCA (Figure 8A). The lower
concentration of ®MCA (0.004%) had no effect on growth for any of the strains
(Supplemental Figure 1D). The higher concentration of oMCA (0.04%) minimally altered
the growth kinetics of all strains tested (Figure 8B). Additionally, cgMCA did not diminish
toxin activity in any strain, except strains CF5 and 630, which displayed a significant
decrease in toxin activity when exposed to the lower (0.004%) and higher (0.04%)
concentration of @MCA respectively (Figure 8C). Interestingly, for strains M68 and 630,
0.004% wMCA resulted in a significant increase in culture supernatant toxin activity
compared to the ethanol controls. BI9 exposed to 0.04% wMCA also resulted in a significant
increase in toxin activity compared to the ethanol control. Toxin activity for R20291 and
M120 was unaffected by either concentration of ®MCA evaluated.

Hyodeoxycholate—Hyodeoxycholate at 0.002% significantly inhibited spore germination
and outgrowth for CD196 and all other strains were resistant (Figure 9A). When the
concentration of HDCA was increased to 0.02%, CF5, and M120 were still resistant,
however, spore germination was significantly inhibited in all other strains. Growth was
unaffected at 0.002% HDCA (Supplemental Figure 1E), but 0.02% HDCA altered growth
kinetics of all strains (Figure 9B). Toxin activity was significantly inhibited at 0.002%
HDCA for strain CF5, despite normal growth of this strain at this concentration of HDCA
(Figure 9C). For strain 630, toxin activity was significantly increased when exposed to
0.002% HDCA compared to the ethanol control. The higher concentration of HDCA
(0.02%) resulted in significant suppression of toxin activity in strains R20291, CD196, M68,
CF5, BI19, and 630 in accordance with diminished growth. For strain M120, the toxin
activity was unaffected by either concentration of HDCA.

Anaerobe. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thanissery et al. Page 9

Discussion/Conclusion

Seven different gut microbial derived secondary bile acids (DCA, iDCA, LCA, iLCA,
UDCA, ®MCA, and HDCA) were tested at physiologically relevant concentrations /n vitro
for their ability to differentially impact spore germination and outgrowth, growth kinetics,
and toxin activity of seven clinically relevant and diverse C. difficile strains (R20291,
CD196, M68, CF5, BI9, M120, and 630). Comparisons of the effects of individual SBAs
between strains was not presented due to substantial differences in the baseline physiology
of each strain tested (Figure 2). The results revealed that the three stages of the C. difficile
life cycle assayed were impacted by the different SBAs; however, the sensitivity varied by
strain and SBA. Spore germination and outgrowth, as well as growth kinetics were either
inhibited or comparable to controls, however toxin activity in some strains increased in the
presence of specific bile acids. For instance, all seven SBASs significantly decreased spore
germination and outgrowth of CD196, but only five of the seven SBAs inhibited R20291
spore germination. Addition of LCA or iDCA did not enhance or inhibit TCA mediated
spore germination of R20291. We also saw that CD196 and M120 spores were able to
germinate and outgrow without the addition of TCA during the initial 30 min incubation in
BHI or subsequent germination on the BHI plate during the 24 hr incubation.

Growth kinetics for all C. difficile strains were affected by the addition of SBAs when
compared to growth curves without the addition of SBAs. Decreased growth or low optical
densities correlated with low toxin activity (Figure 10). However, in strain M68 though
growth was diminished by DCA, iDCA, and UDCA toxin activity was not affected. More
interestingly, when M68, 630, and BI9 were exposed to @MCA, and 630 was exposed to the
low concentration of HDCA (0.002%), significantly higher toxin activity was reported.
Toxin activity was always detected, even when the cells did not reach exponential phase in
response to SBAs. wMCA differentially inhibits different stages of the C. difficile lifecycle.
It significantly inhibits spore germination and outgrowth, whereas it minimally alters growth
and increases toxin activity in M68, BI9, and 630.

It is clear that bile acids play a dynamic role in the life cycle of C. difficile. It is well
established that the primary bile acid TCA and other cholic acid derivatives trigger C.
difficile spore germination via the germinant receptor, CspC, /n vitro[37, 38]. In contrast,
certain microbial derived SBAs are able to inhibit spore germination [27]. In particular, TCA
mediated spore germination is inhibited by the secondary bile acids ®MCA, LCA, and
UDCA in non-epidemic C. difficile strains [11, 28, 29]. Our results corroborate and expand
on this by demonstrating that DCA, iDCA, iLCA, and HDCA can also inhibit spore
germination and outgrowth. Inhibition of spore germination and outgrowth by SBAs was
strain dependent. It is unknown how SBAs inhibit TCA mediated spore germination,
however the primary bile acid CDCA inhibits germination via the germinant receptor, CspC
[37]. Additional studies to investigate the mechanism of action of SBAs on C. difficile
germination are needed as they are outside the scope of this study.

C. difficile anaerobic growth is also impacted by SBA exposure. The SBAs «MCA, HDCA,
UDCA, LCA, and DCA all alter the growth of C. difficile in vitro[11, 25, 29, 38-40]. In the
present study, the impact of the SBAs on growth kinetics varied and in some instances was
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strain dependent. Additionally, the mechanism of how SBAs impact C. difficile growth is
currently unknown. The effect of SBAs on C. diifficile viability or initiation of sporulation
was not assessed in this study, but could provide additional information about how SBAs can
affect another stage of the C. difficile life cycle.

Toxin production is essential to the virulence of C. difficile and mediates clinical disease /in
vivo [41]. The impact of microbial derived SBAs on C. difficile toxin expression,
production, and/or activity is unknown. A single publication assessed the effects of a
primary bile acid TCA on C. difficile toxins [42]. Based on their results, TCA inhibited
toxin B and A mediated cytotoxicity in an epithelial cell line but had no effect on C. difficile
growth or overall toxin production. The mechanism of TCA mediated inhibition of toxin
activity remains unknown. In the present study, we demonstrated that SBAs affect toxin
activity in a variety of C. difficile strains. In general, inhibition of toxin activity by SBAs
significantly correlated with SBA induced alteration in C. difficile growth; meaning that if
the SBAs diminished C. difficile growth (measured as terminal OD at 24 hr), then toxin
activity was subsequently reduced (Figure 10). However, exceptions were noted in particular
for strains M120 and M68. For strain M120, there was no significant correlation between
terminal OD and toxin activity (data not shown). When M68 was exposed to higher
concentrations of DCA, iDCA, and UDCA its growth kinetics were diminished; however,
the toxin activity in M68 was unaffected and paralleled its control (Figure 10C). These
results support that toxin activity is not solely dependent on growth of C. difficile.

C. difficile toxin synthesis has been linked to increasing cell density as part of the accessory
gene regulator quorum signaling system; specifically involving a novel thiolactone that acts
as an extracellular autoinducer peptide [43]. However, quorum sensing is only one pathway
that affects C. difficile toxin synthesis (recently reviewed in [44]). Nutrient limitations and
environmental stressors also play a major role in regulation of toxin synthesis in C. difficile,
but in our study the nutrients were controlled, suggesting differences in strains and SBAs
[44]. Although the exact mechanism of how SBAs modulate toxin production and/or activity
is unknown, our data provide evidence that its effects can be independent of growth in some
C. difficile strains (Figure 10).

Recent characterization of the biosynthetic pathway used to convert DCA into iDCA, by the
gut commensal Ruminococcus gnavus, reveals that gut microbes can also derive bile acid
iso-forms [18]. The iso-forms of DCA and LCA are abundant in the human Gl tract, [16]
however their effects on the lifecycle of C. difficile has not previously been investigated. We
demonstrated that iDCA and iLCA could inhibit spore germination, alter growth, and inhibit
toxin activity in seven strains of C. difficile. Interestingly, these bile acid isoforms do not
affect spore germination, growth, or toxin activity exactly the same as their parent bile acids.
This is likely related to the unique and distinct chemical structures of these bile acids. Since
iso-bile acids are thought to be less toxic to host cells [18], the effectiveness of iDCA and
iLCA against C. difficile in vivo should be evaluated.

Although this paper focuses on the effects of individual SBAs on the life cycle of C.
difficile, in reality this enteric pathogen /n vivo is exposed to a combination of host derived
primary bile acids and microbial derived SBAs at varying concentrations [11, 40]. It is
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unknown how exposure to a variety of bile acids will impact the sensitivity of C. difficile
strains to SBASs. Investigating the potency of physiologically relevant cocktails of SBAs on
C. difficile in vitro may reveal additional information about the therapeutic potential of
SBAs in C. difficile infection.

All seven SBAs evaluated in this study had distinct impacts on the life cycle of recent
epidemic strains (R20291, M68, and M120) of C. difficile in vitro (summarized in
supplemental Table 1). Although each strain responded differently to SBAs, this provides
evidence that further investigation into SBAs as a therapeutic option for C. difficile infection
is warranted and clinically relevant. Additionally, two SBAs evaluated in this study are
murine specific (i.e. ®«MCA and HDCA derived from muricholate) [19]. Although these
SBAs are not observed in humans, their therapeutic potential in humans has recently been
discussed [45]. The results of this study support further investigation into the murine specific
SBAs, ®MCA and HDCA, as a novel therapeutic option for patients with CDI.

Finally, the protocols used in this study do have some limitations. Our germination and
outgrowth assay assesses the ability of dormant spores to return to vegetative cells following
incubation in the presence of bile acids. Therefore, the assay reads not only initiation of
germination, but also outgrowth. For growth kinetic assays, the ODgqg for certain bile acids
was altered over the 24-hour incubation due to decreased solubility at higher concentrations.
These bile acids were used at lower concentrations for measuring growth kinetics and toxin
activity. Another limitation was that Vero cell cytotoxicity assay is semi-quantitative, hence
other techniques such as gRT-PCR and immunoblotting will be helpful to quantify the exact
amount of toxin in the samples.

Since SBAs are able to alter the C. difficile life cycle in many different ways, it is interesting
to think about their use as a potential therapeutic against CDI. Before this can happen, future
research is needed to investigate the effect of SBAs on sporulation, and also understand the
mechanism by which SBAs are able to modulate germination, growth, toxin activity, and
sporulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The impact of gut microbial derived secondary bile acids (SBAs) on the life
cycle (spore germination and outgrowth, growth kinetics, and toxin activity)
of seven clinically diverse Clostridium difficile strains varies by strain and
SBA.

TCA mediated spore germination and outgrowth, and growth kinetics of
multiple C. difficile strains were either inhibited or resistant to SBAs.

For some C. difficile strains the presence of specific SBAs altered growth
kinetics, yet toxin activity was similar to controls or higher.
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Microbial Derived
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Figure 1. Production of gut microbial derived secondary bile acids
Primary bile acids, chenodeoxycholate (CDCA) and cholate (CA) are synthesized from

cholesterol by hepatocytes in humans and rodents. In rodents, a portion of CDCA is further
converted into a-muricholate (aMCA) and B-muricholate (8MCA), which are not
recognized in humans (represented in gray). Primary bile acids can be unconjugated or
further modified via conjugation to taurine or glycine within the liver. Once synthesized,
host derived primary bile acids (represented in darker shades) enter into bile. Bile is stored
in the gallbladder until release in the duodenum following ingestion of a meal. Once within
the gastrointestinal tract, the gut microbiota can convert host derived primary bile acids into
secondary bile acids (represented in lighter shades). Microbial derived secondary bile acids
can also be unconjugated or conjugated to taurine or glycine. Image modified from Winston
et al., [27]. Abbreviations: CA, cholate; CDCA, chenodeoxycholate; DCA, deoxycholate;
iDCA, iso-deoxycholate; HCA, hyocholate; HDCA, hyodeoxycholate; LCA, lithocholate;

Anaerobe. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thanissery et al.

Page 17

iLCA, iso-lithocholate; MDCA, murideoxycholate; UDCA, ursodeoxycholate; aMCA, a-
muricholate; BMCA, B-muricholate; @MCA, w-muricholate
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Figure 2. Diverse C. difficile strains vary in TCA mediated spore germination and outgrowth,
growth Kinetics, and toxin activity

(A) In vitro spore germination and outgrowth assay of C. difficilein 0.1% TCA with ethanol
(+TCA, positive control), with 0.04% CDCA (+TCA+0.04% CDCA, negative control), and
without TCA (-TCA). (B) Growth curves of C. difficile strains in BHI media supplemented
with ethanol without SBAs (EthOH, solid lines). (C) Culture supernatants after 24 hr growth
were used for a Vero cell cytotoxicity assay. Toxin titer is expressed as log;g reciprocal
dilution toxin per 100 1 of C. difficile culture supernatant. C. difficile strains grown in BHI
media supplemented with ethanol (EthOH, positive control), and without ethanol (No
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EthOH) are shown. Data presented represents mean + SEM of triplicate experiments in A,
and duplicate experiments done in triplicate in B and C. Statistical significance between
positive controls and treatment groups was determined by Student’s parametric t-test with
Welch’s correction for A and C (*, p< 0.05; **, p< 0.01; ***, p< 0.001; **** p<0.0001).
Differences between strains for TCA mediated spore germination and outgrowth (red bars in
2A), and toxin activity (red bars in 2C) was determined by One-way analysis of variance test
followed by Tukey’s Multiple Comparison Test. Bars bearing different letters (a—d) are
significantly different (p < 0.0001).
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Figure 3. Effect of DCA on TCA mediated spore germination and outgrowth, growth kinetics,
and toxin activity of C. difficile strains

(A) In vitroassay to assess if the addition of DCA (0.02% and 0.2%) will inhibit TCA
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0.02% DCA (dotted lines). The data presented represents ODggg = SEM for
positive controls and ODgpg mean for DCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay. Toxin titer is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with DCA (0.002% and 0.02%). Data presented represents mean + SEM of triplicate
experiments in A, and duplicate experiments done in triplicate in B and C. Statistical
significance between positive controls and treatment groups was determined by Student’s
parametric t-test with Welch’s correction for A and C (*, p< 0.05; **, p< 0.01; ***, p<
0.001; **** p<0.0001) in Figures 3-9.
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Figure 4. Effect of iDCA on TCA mediated spore germination and outgrowth, growth kinetics,
and toxin activity of C. difficile strains

(A) In vitro assay to assess if the addition of iDCA (0.01% and 0.1%) will inhibit TCA-
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0.1% iDCA (dotted lines). The data presented represents ODggg £ SEM for
positive controls and ODggg mean for iDCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay and the data is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with iDCA (0.01% and 0.1%).

Anaerobe. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Thanissery et al.

Page 24
A 140+
120+
=
£ 1004
(1]
£
E 80+
g) = +TCA
= 60~ == +TCA+0.001% LCA
S a0 m=m +TCA +0.01% LCA
@
o
20+
0..
R20291 CD196 M68 CF5 BI9 M120 630
B 1
— R20291
""" | — CD196
g SeiT — Mes
8 e CF5
..... - 530
— B9
o1 Vel — M120
B 0.001% LCA
0 4 8 12 16 20 24
Time (hr)
C 84
=
=
E
£ m— EthOH
é == 0.001% LCA

== (.01% LCA

R20291 CD196 M&8 CF5 Bl

9 M120 630

Figure 5. Effect of LCA on TCA mediated spore germination and outgrowth, growth Kinetics,
and toxin activity of C. difficile strains

(A) In vitroassay to assess if the addition of LCA (0.001% and 0.01%) will inhibit TCA-
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0. 001% LCA (dotted lines). The data presented represents ODggg £ SEM for
positive controls and ODggg mean for LCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay and the data is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with LCA (0.001% and 0.01%).
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Figure 6. Effect of iLCA on TCA mediated spore germination and outgrowth, growth Kinetics,
and toxin activity of C. difficile strains

(A) In vitroassay to assess if the addition of iLCA (0.01% and 0.1%) will inhibit TCA-
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0. 0003% iLCA (dotted lines). The data presented represents ODggg £ SEM for
positive controls and ODggg mean for iLCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay and the data is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with iLCA (0.0003% and 0.00003%).
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Figure 7. Effect of UDCA on TCA mediated spore germination and outgrowth, growth Kinetics,
and toxin activity of C. difficile strains

(A) In vitroassay to assess if the addition of UDCA (0.004% and 0.04%) will inhibit TCA-
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0.04% UDCA (dotted lines). The data presented represents ODggpg + SEM for
positive controls and ODggp mean for UDCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay and the data is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with UDCA (0.004% and 0.04%).
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MCA on TCA-mediated spore germination and outgrowth, growth kinetics, and toxin
activity of C. difficilestrains. (A) /n vitro assay to assess if the addition of wWMCA (0.004%
and 0.04%) will inhibit TCA-mediated spore germination and outgrowth compared to
positive controls, 0.1% TCA with ethanol (+TCA, red bar). All treatment groups were
supplemented with 0.1% TCA. (B) Growth curves of C. difficile strains in BHI media with
ethanol alone (solid lines), and the addition of 0.04% wMCA (dotted lines). The data
presented represents ODggg £ SEM for positive controls and ODggg mean for oMCA from
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triplicate experiments. (C) Culture supernatants after 24 hr growth were used for a Vero cell
cytotoxicity assay and the data is expressed as logiq reciprocal dilution toxin per 100 ul of
C. difficile culture supernatant. C. difficile strains grown in BHI media with ethanol without
SBAs (EthOH, positive control) and with @«MCA (0.004% and 0.04%).
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Figure 9. Effect of HDCA on TCA-mediated spore germination and outgrowth, growth kinetics,
and toxin activity of C. difficile strains

(A) In vitroassay to assess if the addition of HDCA (0.002% and 0.02%) will inhibit TCA-
mediated spore germination and outgrowth compared to positive controls, 0.1% TCA with
ethanol (+TCA, red bar). All treatment groups were supplemented with 0.1% TCA. (B)
Growth curves of C. difficile strains in BHI media with ethanol alone (solid lines), and the
addition of 0.02% HDCA (dotted lines). The data presented represents ODggpg + SEM for
positive controls and ODggp mean for HDCA from triplicate experiments. (C) Culture
supernatants after 24 hr growth were used for a Vero cell cytotoxicity assay and the data is
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expressed as logqg reciprocal dilution toxin per 100 pl of C. difficile culture supernatant. C.
difficile strains grown in BHI media with ethanol without SBAs (EthOH, positive control)
and with HDCA (0.002% and 0.02%).
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Figure 10. Positive correlation of C. difficile growth with toxin activity measured at 24 hr
Using Spearman’s correlation (r) the terminal OD and toxin activity at 24 hr were correlated

for C. difficile strains in the presence and absence of SBAs. C. difficile (A) R20291, (B)

CD196, (C) M68, (D) CF5, (E) BI9, and (F) 630 had a significant positive correlation
between terminal OD and toxin activity at 24 hr (p < 0.0001). M120 had no significant

correlation between C. difficile growth and toxin activity (data not shown). Positive controls

include C. difficile strains in the absence of SBAs (circles); lower concentration of SBAs
(down triangles), and higher concentration of SBAs (up triangles). The color code are as
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follows: ethanol only (red), without ethanol (black), DCA (blue), iDCA (brown), LCA
(purple), iLCA (pink), UDCA (orange), @MCA (teal), and HDCA (lime green).
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Table 2
C. difficile strains used in this study
Strain Ribotype  Strain isolation source/place/date  Reference
R20291 027 Human/ London/ 2006 31
CD196 027 Human/ France/ 1985 31
M68 017 Human/ Dublin/ 2006 32
CF5 017 Human / Belgium/ 1995 32
630 012 Human/ Zurich/ 1982 33
BI9 001 Gerding Collection 32
M120 078 Human/ UK/ 2007 32
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Table 3

Growth rate and doubling times for C. difficile strains

Strain  Ribotype  Growth rate BHI + EthOH (hr)"t  Doubling time BHI + EthOH (hr)
R20291 027 0.65 + 0.0965¢ 0.83+0.116%
CD196 027 0.60 + 0.1062¢ 1.08 +0.186%
M68 017 0.96 + 0.20052 0.89 +0.1032
CF5 017 0.64 + 0.036¢ 1.01 £ 0.090?
630 012 0.31 + 0.019¢ 1.95 + 0.0094
BI9 001 0.81 + 0.009% 0.85 + 0.2002
M120 078 1,40 + 0.0592 0.72 £0.2870

Values are expressed as mean + SEM for 7= 9 from three independent experiments.

a_cMeans in a column bearing different superscript letters are significantly different (P < 0.0001).

BHI: Brain heart infusion, EthOH: Ethanol.
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