A waan | INfection and
SOCIETY FOR G
— MICROBIOLOGY Immunlty

MOLECULAR PATHOGENESIS

L)

Check for
updates

Murine Intrarectal Instillation of Purified Recombinant
Clostridioides difficile Toxins Enables Mechanistic Studies of

Pathogenesis

Nicholas O. Markham,>® Sarah C. Bloch,c John A. Shupe, Erin N. Laubacher,>® Audrey K. Thomas,© Heather K. Kroh,¢

Kevin O. Childress, F. Christopher Peritore-Galve,© M. Kay Washington,© Robert J. Coffey,>

aDivision of Gastroenterology, Vanderbilt University Medical Center, Nashville, Tennessee, USA
bEpithelial Biology Center, Vanderbilt University School of Medicine, Nashville, Tennessee, USA

D. Borden Lacy®<d

<Department of Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, Nashville, Tennessee, USA

dDepartment of Veterans Affairs Medical Center, Nashville, Tennessee, USA

Nicholas O. Markham, Sarah C. Bloch, and John A. Shupe contributed equally to this study. N.O.M. prepared drafts of manuscript and figures, S.C.B. performed over 100 intrarectal

instillations and dissections, and J.AS. performed and coordinated animal experiments and tissue analysis.

ABSTRACT Clostridioides difficile is linked to nearly 225,000 antibiotic-associated diar-
rheal infections and almost 13,000 deaths per year in the United States. Pathogenic
strains of C. difficile produce toxin A (TcdA) and toxin B (TcdB), which can directly kil
cells and induce an inflammatory response in the colonic mucosa. Hirota et al. (S. A.
Hirota et al., Infect Immun 80:4474-4484, 2012) first introduced the intrarectal instillation
model of intoxication using TcdA and TcdB purified from VPl 10463 (VPI 10463 refer-
ence strain [ATCC 43255]) and 630 C. difficile strains. Here, we expand this technique by
instilling purified, recombinant TcdA and TcdB, which allows for the interrogation of
how specifically mutated toxins affect tissue. Mouse colons were processed and stained
with hematoxylin and eosin for blinded evaluation and scoring by a board-certified gas-
trointestinal pathologist. The amount of TcdA or TcdB needed to produce damage was
lower than previously reported in vivo and ex vivo. Furthermore, TcdB mutants lacking
either endosomal pore formation or glucosyltransferase activity resemble sham negative
controls. Immunofluorescent staining revealed how TcdB initially damages colonic tissue
by altering the epithelial architecture closest to the lumen. Tissue sections were also im-
munostained for markers of acute inflammatory infiltration. These staining patterns were
compared to slides from a human C. difficile infection (CDI). The intrarectal instillation
mouse model with purified recombinant TcdA and/or TcdB provides the flexibility
needed to better understand structure/function relationships across different stages of
CDI pathogenesis.
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lostridioides difficile infection (CDI) is a potentially life-threatening cause of antibi-
otic-associated diarrhea and is the most common nosocomial disease in the
United States (1, 2). The incidence of recurrent CDI, or repeat infection in the same
patient, is increasing at an alarming rate and has contributed to the Centers for Disease
Control and Prevention (CDC)’s designation of CDI as an urgent threat (3, 4). Widespread
infection control and antibiotic stewardship programs have helped reduce the burden of
hospital-acquired CDI, but community-acquired infections are becoming more common
(5, 6). A better fundamental understanding of CDI pathogenesis is needed to formulate
new preventive and therapeutic strategies (7).
C. difficile is a Gram-positive, spore-forming bacterium with obligate anaerobic me-
tabolism (8). CDI is a toxin-mediated disease primarily driven by C. difficile toxin A
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(TcdA) and toxin B (TcdB) with less potent contribution by the binary transferase toxin
(CDT) (9-11). TcdA and TcdB have intracellular glucosyltransferase activity targeting
RhoA, Rac1, and CDC42 (12, 13). This inhibitory modification of Rho family GTPases
leads to actin depolymerization and disruption of cell-cell junctions (14, 15). Although
TcdA and TcdB share 49% amino acid sequence identity and 69% similarity, they have
different potencies and mechanisms in multiple animal models (16). When directly
compared in porcine explants, both TcdA and TcdB caused glucosyltransferase-de-
pendent apoptosis, but only TcdB could induce a glucosyltransferase-independent cell
necrosis at higher concentrations (17-19).

Here, we describe how purified recombinant TcdA and TcdB affect mouse colon after
intrarectal instillation. Importantly, our optimized methodology reveals acute inflammatory
colitis with low concentrations of either TcdA or TcdB. Whereas these low concentrations
induce mild colitis, more aggressive pathology mimicking severe human CDI is observed
at higher concentrations of TcdB. The instillation of TcdB mutant toxins reveals the critical
roles of endosomal pore formation and glycosylation for initiating in vivo mucosal injury in
the mouse. Immunofluorescent images reveal how wild-type TcdB disrupts the luminal
surface epithelium. Combinations of low-quantity TcdA and TcdB induce acute inflamma-
tory infiltration that is detected using Ly6G (lymphocyte antigen 6G [murine myeloid cell
marker]) immunohistochemistry (IHC) more accurately than by hematoxylin and eosin
(H&E) staining.

RESULTS

Purified recombinant TcdB reproduced human pathology. To test whether intra-
rectal instillation of purified recombinant C. difficile toxin results in pathology similar to
infection with C. difficile bacteria, we compared colonic mucosa from this mouse model
to the spore gavage infection mouse model and human CDI. Separate blocks of
archived formalin-fixed, paraffin-embedded tissue were obtained from four patients
with CDI-induced pseudomembranous colitis. At 4 h after instillation of 50 ug of TcdB,
the distal mouse colon was removed and prepared for H&E staining, which showed
focal acute inflammation, edema, and apoptosis similar to the severity seen in human
CDI (Fig. 1A, left column). Pseudomembrane formation, a hallmark of CDI pathology,
was seen even at this early time point in the TcdB instillation model but not the
R20291 infection (spore-gavage) model (black arrowheads, Fig. 1A). The 4-h instillation
was chosen to evaluate the initial impact of toxin-mediated epithelial damage. The
mice develop severe tissue pathology at this time point without observable morbidity
or mortality.

To highlight the neutrophil infiltration for comparison to human CDI, sections of tis-
sue were stained with IHC using anti-myeloperoxidase (MPO) antibodies (Fig. 1A, right
column). In focal areas of TcdB-instilled mouse colon tissue, MPO* cells infiltrated the
lamina propria and epithelium similarly to the human CDI tissue (Fig. 1A, right column).
Across the whole distal colon, there appeared to be fewer total MPO™* cells per crypt,
which may reflect the larger range and patchy distribution of immune infiltration in
human colitis (Fig. 1B). The histopathological damage and immune infiltration seen
here support intrarectal instillation of 50 g of TcdB as a model for human CDI.

TcdB induced colitis and was concentration dependent. We chose to focus pri-
marily on TcdB because preclinical models of CDI with isogenic knockout strains have
shown how TcdB is required for inducing wild-type levels of tissue damage and mortal-
ity (10, 11, 20). Furthermore, clinical epidemiological data have revealed a worldwide
emergence of C. difficile strains with only TcdB and not TcdA or transferase toxin
(21-24). Hirota et al. first developed the C. difficile intrarectal intoxication model using
toxins purified from laboratory culture supernatants through dialysis tubing (25). Using
recombinant, chromatography-purified TcdB, we performed intrarectal instillations in
C57BL/6J mice with a total volume of 200 ul. Notably, we instilled a higher total vol-
ume than the original model (100 wl) because the potential pipetting error or anal leak-
age of 10% would result in a lower absolute amount of toxin lost. A blinded, board-cer-
tified gastrointestinal pathologist scored the edema, inflammation, and epithelial injury
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FIG 1 Intrarectal instillation of purified recombinant TcdB recapitulates the histopathology of human CDI. (A) Images
from H&E staining and MPO IHC of distal colon epithelium. Distal mouse colon 4h after instillation of recombinant
TcdB (50 49/200 wl) exhibits acute inflammatory infiltration and edema (blue arrowhead), epithelial cell apoptosis
(arrows), and pseudomembrane formation (black arrowhead). Infection with R20291 C. difficile spore gavage exhibited
similar histopathology 4 days postinoculation with notably less edema. Human colonic epithelium from a patient with
CDI and pseudomembranous colitis shows severe acute inflammatory infiltration and edema (blue arrowhead),
epithelial cell apoptosis (arrows), and pseudomembrane formation (black arrowhead). Scale bars, 700 um. (B)
Quantification of MPO™ cells per crypt, n* = 0.714 (large effect size for Kruskal-Wallis test), n=4 mice/group. Error
bars show standard errors of the mean (SEM), and each open circle represents the average MPO" cells per crypt from
10 fields of view at x20 magnification for a single mouse. Significantly different groups as determined by Dunn'’s test
are shown in brackets (*, P < 0.05; **, P<0.01).

according to published criteria (26). In contrast to Hirota et al., we saw significant edema
and inflammation with 5 wg of TcdB (Fig. 2). This quantity also appeared to induce epithe-
lial injury, but this histopathological subscore did not reach statistical significance com-
pared to vehicle control (P = 0.07). Even 0.5 ug of TcdB instillation appeared to induce
edema and inflammation, but again the histopathological scores were not significantly dif-
ferent from control (P = 0.14 and P = 0.08, respectively). Increasing the quantity of TcdB
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FIG 2 Purified recombinant TcdB induces colitis at low doses and is dose dependent. (A) At 4 h after
intrarectal instillation of TcdB (total ©g/200 ul shown as an inset), mouse colons were prepared for
H&E as in Fig. 1. Vehicle negative control was either PBS or HBSS. Representative images are shown
from each group. Pseudomembrane formation (black arrowhead), edema (blue arrowheads). Scale
bar, 100 um. (B) Histopathological scoring by an expert gastrointestinal pathologist blinded to the
conditions was recorded as mean score per group. Error bars indicate the SEM (n=5 to 18 mice/
group, each open circle is one animal). All three subscores were significant as determined by the
Kruskal-Wallis test with large effect size: edema, P = 9.4 x 107° and 7?2 = 0.373; inflammation, P =
5.7 x107° and 02 = 0.75; and epithelial injury, P = 9.4 x 1078 and n? = 0.643. Post hoc analysis with
Dunn’s test generated P values (¥, P = 0.05; **, P = 0.01; ***, P = 0.001), as indicated. Not all
significant comparisons are shown in order to avoid overplotting.
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induced increased damage in all three subscores, with 25and 50 ng of TcdB having had
the largest effect (Fig. 2). These two treatments resulted in similar histopathological scores,
but only mice in the 50-ug TcdB group developed early pseudomembrane formation
(12.5%, n=2/16) composed of sloughed epithelial cells, neutrophils, and fibrin debris in
the lumen (Fig. 2A, black arrowhead). With regard to the edema score, it was frequently
difficult to differentiate mild edema from tissue sectioning artifact when space was seen
between the lamina propria and muscularis mucosa. None of the mice had physiological
changes, such as hunched posture or diarrhea, at the 4-h time point used in this study.
The edema and inflammation observed with 5 ug of TcdB and its dose-dependent effect
highlight the robustness of this model for studying mild to severe disease.

Mutant TcdB instillation revealed structure/function relationship. To determine
the functional impact of specific TcdB components, we performed intrarectal instilla-
tion with 50 ug of either wild-type, L1106K (a mutant lacking pore-forming function),
or D286/288N (referred to here as DxD [D286/288N mutant lacking glucosyltransfer-
ase]) TcdB. The L1106K mutation ablates a hydrophobic region in the TcdB transloca-
tion domain, thus prohibiting pore formation in intracellular endosomes and the sub-
sequent release of the glucosyltransferase domain into the cytosol (27, 28). The DxD
motif mutation blocks the TcdB glucosyltransferase catalytic site from binding UDP-
glucose and manganese cosubstrates, therefore inhibiting the enzymatic activity of the
glucosyltransferase domain (17, 29-31). Histopathological scoring of H&E-stained tis-
sue showed L1106K and DxD mutant TcdB toxins giving similar damage scores com-
pared to vehicle control (Fig. 3A). Although not statistically different than vehicle con-
trol (P = 0.43), the DxD mutant did appear to induce mild acute inflammation (Fig. 3A
and B). In the course of these experiments, we directly compared phosphate-buffered
saline (PBS) and Hanks’ buffered salt solution (HBSS) as diluents for the purified toxins.
Unpublished work from our lab suggested there might be a buffer-dependent differ-
ence in TcdB potency in vitro; however, with 5 ug of TcdB, either diluent resulted in the
same effect (Fig. 3C). Similarly, cefoperazone pretreatment, which is commonly used in
the C. difficile spore gavage mouse model, did not cause any significant difference in
histopathology compared to water-only controls (Fig. 3D).

Histopathological damage occurred near the lumen without crypt base changes.
In a CDI mouse model using oral gavage of infectious spores, adherens junction insta-
bility was described throughout the crypt axis from base to lumen (32). We used immu-
nofluorescent staining to examine adherens junctions and the apical brush border af-
ter intrarectal intoxication. In Fig. 4A, E-cadherin and Villin immunofluorescence were
used to highlight TcdB-induced alterations at the colonic epithelial luminal border.
Specifically, the luminal invaginations appeared more numerous and larger in size, and
the staining intensity within individual cell membranes appeared to vary. Qualitative
changes in the amount of membrane protein sodium-potassium ATPase (Na*/K*-ATP)
and sodium-potassium-chloride channel (NKCC) were also observed (Fig. 4B). However,
the mean pixel intensity throughout the distal colonic epithelium was unchanged
across mouse groups (Fig. 4C). In addition to comparing TcdB from the VPI 10463 refer-
ence strain, we also performed instillations with the L1106K mutant. As we showed in
Fig. 3, the L1106K mutant has the same histopathological and epithelial cell membrane
effect as the vehicle negative control (Fig. 4C). These data illustrate how the more lumi-
nally located epithelial cells are first affected in the colonic epithelium.

TcdA and TcdB combination induced subtle acute inflammation. To continue lev-
eraging our ability to see tissue damage with low quantities of toxin, we sought to
describe the effect of combining TcdA and TcdB in this model. Recombinant wild-type
TcdA from the VPI 10463 reference strain gene was prepared and purified similarly to
TcdB. Both were instilled either separately or together for 4 h, and tissues were proc-
essed by H&E staining and IHC for the Ly6G mouse antigen to identify myeloid-derived
cells (33) (Fig. 5A). The IHC staining shows more Ly6G™ cell infiltration after TcdB alone
than with an equivalent quantity of only TcdA (Fig. 5A and C). Moreover, 5 ug of TcdB
added to either 1or 5 ug of TcdA increased the number of Ly6G™ cells per crypt (Fig.
5C). These findings suggest TcdB has a greater impact than TcdA on recruitment of
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FIG 3 Mutant TcdB toxins lacking pore formation or glucosyltransferase activity fail to induce damage.
Recombinant wild-type TcdB from the VPI 10463 reference strain (WT) was produced in B. megaterium in
parallel with mutant versions L1106K and DxD, which lack endosomal pore formation and glucosyltransferase
activity, respectively. (A) Histopathological scores for each group. Error bars indicate the SEM (n=5 to 13 mice/
group instilled with 50 ug of toxin). Each open circle represents one animal. All three subscores achieved
significance by the Kruskal-Wallis test with a large effect size: edema, P = 7.2x107° and 72 = 0.553;
inflammation, P = 5.8 x 1077 and n? = 0.847; and epithelial injury, P = 3.7 x 107> and 7? = 0.594. Post hoc
analysis with Dunn'’s test generated P values (**, P = 0.01; ***, P =< 0.001; ****, P =< 0.0001), as indicated. Not all
significant comparisons are shown with brackets to avoid overplotting. (B) Representative H&E images from
each group. Scale bars, 100 um. (C) Histopathological scores of mouse colonic tissue 4 h after TcdB (5 ug) was
intrarectally instilled using either HBSS or PBS as diluent (n=3 to 5 mice/group; error bars indicate the SEM).
Mann-Whitney testing showed no significant differences between conditions. (D) Histopathological scores
comparing mice pretreated with either cefoperazone (0.5 mg/ml) or water control for 5days prior to intrarectal
instillation with TcdB (5xg) in HBSS for 4h (n=5 mice/group, each black circle is one mouse; error bars
indicate the SEM). Mann-Whitney testing showed no significant differences between conditions.
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FIG 4 TcdB intoxication affects epithelial architecture but not staining intensity of epithelial cell markers at 4h. (A) Representative
immunofluorescence images of mouse colon showing altered epithelial architecture with more luminal irregularities and invaginations than
the vehicle control. TcdB mice were instilled with 50 ug of wild-type TcdB from the VPI 10463 reference strain (WT), and vehicle controls
were instilled with PBS only (n=5 mice/group). (B) Representative immunofluorescence images showing no changes in crypt base structure
as shown by sodium-potassium-chloride channel (NKCC) and sodium-potassium ATPase (Na*/K*-ATPase). Scale bars, 100 um. (C)
Immunofluorescence quantification of mean pixel intensity in distal colon epithelium. Error bars indicate the SEM (n=3 to 5 mice per
group); each open circle represents one animal. No comparisons were statistically different by the Kruskal-Wallis test for P < 0.05.

neutrophils and macrophages in the mouse colon. We also observed how the histo-
pathological scoring for edema, inflammation, and epithelial injury did not clearly dif-
ferentiate the groups as well as measuring Ly6G™ cells/crypt (Fig. 5B and C).

DISCUSSION

Here, we present results from an in vivo model for C. difficile toxin exposure using
purified, recombinant TcdA and TcdB. One benefit of using in vivo models compared
to tissue explants or organoid cultures is the ability to measure neutrophil infiltration
during a fully intact acute inflammatory response. Colonic infiltration of neutrophils is
a hallmark of CDI, but the effective role of neutrophils is unclear with regard to their
beneficial bacterial containment versus their detrimental escalation of cytokine release
(34). We observed MPO™ cell infiltration after intrarectal instillation in mice to be simi-
lar to the lower range of MPO* cells/crypt in human CDI (Fig. 1B). Adding 5 g of TcdA
to 5 ug of TcdB together did not significantly increase the number of MPO™* cells/crypt
or cells/field in the mouse (data not shown), nor did this combination increase the
Ly6G™ cells/crypt compared with 5 g of TcdB alone (Fig. 5C). Ly6G is a marker of mu-
rine myeloid derived cells and has been used to measure neutrophil recruitment in CDI
models (33, 35, 36). It is a sensitive marker for the acute colitis observed with low quan-
tities of TcdA and/or TcdB and is able to differentiate groups better than histopatho-
logical scoring (Fig. 5). These observations suggest TcdB induces more acute inflamma-
tory infiltration than TcdA on a per molecule basis.

To directly compare our toxin instillations with C. difficile infection, mice were
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FIG 5 Combination of purified recombinant TcdA and TcdB induces subtle colitis. (A) Representative images of H&E and IHC
Ly6G-stained distal mouse colon. Inset labels indicate the g of TcdA and/or the ug of TcdB intrarectally instilled in the same
total volume of 200 ul. Scale bar, 100 um. (B) Histopathological scoring as in Fig. 2 and 3. Kruskal-Wallis test was significant
with a large effect size for all three subscores: edema, P = 0.0028 and 7?2 = 1; inflammation, P = 0.023 and 12 = 0.615; and

epithelial injury, P = 0.035 and n? = 0.541. Brackets indicate significance (*, P= 0.05;

** P=0.01 [determined by post hoc

analysis with Dunn’s test]). Error bars indicate the SEM (n=3 mice per group); each open circle represents one animal. Not all
significant comparisons are shown with brackets to avoid overplotting. (C) Ly6G* cells/crypt are shown as the means * the
SEM (n=3 mice per group; each open circle represents one animal). An average of 13.7 crypts were counted per 20x field of
view, and 10 fields were counted per mouse. Kruskal-Wallis test was significant with P = 0.0081 and 7? = 0.811 indicating a

large effect size.

pretreated with cefoperazone. The pretreatment did not have a significant impact on
histopathological scores compared with water controls (Fig. 3). Compared to R20291
spore gavage, intrarectal instillation of 50 ug of TcdB caused a similar degree of distal
inflammation (Fig. 1). The distal colon is most often affected in human disease, but the

April 2021 Volume 89 Issue4 e00543-20

Infection and Immunity

jaiasm.org 8

Downloaded from https://journals.asm.org/journal/iai on 09 November 2025 by 136.29.137.56.


https://iai.asm.org

Intrarectal Instillation of Recombinant TcdA and TcdB

largest amount of inflammation in spore-gavaged mice is in the cecum (37, 38).
Therefore, another strength of intrarectal instillation is to model distal colitis.

Hirota et al. first published the murine intrarectal instillation model using TcdA and
TcdB purified from cultured C. difficile (25). In their report, intrarectal instillation of 10 ug of
TcdB alone did not produce significantly more inflammation or epithelial damage than
control (25). Here, we showed 5ug of purified recombinant TcdB induced significant
edema and inflammation (Fig. 2 and 5). Recombinant expression allows for rapid protein
purification and may account for the increased potency. Both studies illustrate MPO* cell
infiltration and tissue damage in the distal colon. The Hirota study observed animals up to
10 h postinstillation, while we were focused on the initial effect of toxins. We assessed tis-
sue at 4h postinstillation because we could see histopathological differences without
causing morbidity or mortality in the animals. As performed here, intrarectal instillation
appears best suited as a model for acute intoxication. Perhaps repeated instillations in the
same animal and/or multiday time points could model chronic disease or mucosal
restitution.

The ability of TcdB alone to produce a range of histopathological severity from
subtle neutrophil infiltration to pseudomembrane formation is valuable for studying
CDI pathogenesis and testing therapeutic or preventive interventions. Perhaps the
most significant aspect of this recombinant toxin approach is the ability to interrogate
easily how changes in toxin structure affect its function. As an example, we have previ-
ously shown how a TcdB mutation ('***VNFLQS—'5°GFE) abolishing Frizzled binding
induces the same histopathological response as wild type (32). Others have used puri-
fied recombinant toxin via systemic injection or on explants to show the L543A muta-
tion renders TcdB unable to undergo cysteine protease cleavage while retaining the
capacity to induce histological damage (39, 40). In this report, we more thoroughly
characterize intrarectal instillation and further illustrate its capabilities using the
L1106K and DxD mutant TcdB toxins (Fig. 3 and 4). Neither of these mutant forms were
able to induce significantly greater damage than the vehicle control. The L1106K TcdB
has been shown concordantly to lack cell rounding or cell killing effects in vitro (27,
28). On the other hand, the DxD TcdB has been used in vitro and ex vivo to demon-
strate the glucosyltransferase-independent mechanism for TcdB-induced necrotic cell
death (17-19). It is unclear how 50 wg of DxD TcdB failed to produce significant epithe-
lial injury in the present model, but a recently published report shows isogenic spores
lacking glucosyltransferase activity have minimal, if any, colonic inflammation in C. dif-
ficile infected mouse and hamster models (41). This could be the result of species-specific
differences. Published comparisons of human and murine colonic explants exposed to
TcdB show mouse tissue having decreased tissue damage (39). Other reasons could
include the toxin concentration in colonic tissue being below the threshold for the ne-
crotic effect and/or technical differences in the models. For example, protocols for explant
models use reducing agents to degrade mucus prior to TcdB incubation, thus removing a
potential protective effect that could permit larger amounts of toxin to contact the epithe-
lial cells than in vivo.

C. difficile toxins have been shown to directly affect cell-cell junctions and intestinal
permeability (14, 42-44). Other gastrointestinal pathogens, such as Bacillus fragilis,
Escherichia coli, Klebsiella pneumoniae, and Salmonella enterica serovar Typhimurium,
disrupt junctional proteins (45, 46). Using the VPl TcdB and L1106K mutant (both
50 ng) for intrarectal instillation, we evaluated the epithelial injury by immunofluores-
cence. The increased luminal invaginations seen by E-cadherin and Villin immunofluo-
rescence illustrate how wild-type TcdB disrupts the epithelial architecture without
broadly affecting the intercellular abundance and localization of apical and basolateral
proteins NKCC and Na*/K*-ATP (Fig. 4A and B). This effect is similar to colonic damage
induced by diarrheagenic Escherichia coli colonization in mice (46). The E-cadherin
staining representing adherens junctions and Villin representing the brush border are
largely intact (Fig. 4C). Previously, we showed E-cadherin and B-catenin mislocalization
in the spore gavage mouse model occurs after 24h (32). Surprisingly,
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pseudomembrane formation can occur at 4h postinstillation without dramatically
affecting adherens junctions in more basally located cells. This observation suggests
top-layer cells closest to the lumen are sloughed from the mucosa initially without sig-
nificant disruption of the underlying cells, which has implications for how host defense
mechanisms function during CDI. Future studies will determine these mechanisms by
comparing intrarectal instillations to the C. difficile spore gavage mouse model of CDI.

MATERIALS AND METHODS

Animals and housing. The Institutional Animal Care and Use Committee at Vanderbilt University
Medical Center approved this study. Our laboratory animal facility is AAALAC-accredited and adheres to
guidelines set forth in the Guide for the Care and Use of Laboratory Animals. The animals’ health was assessed
daily, and moribund animals were humanely euthanized by CO, asphyxiation followed by cervical disloca-
tion. C57BL/6J mice (all females, age 8 to 10 weeks) were purchased from Jackson Laboratories (Bar Harbor,
ME) and allowed to assimilate for 1 week to the new facilities, thus avoiding stress-associated responses.
Mice were kept in a pathogen-free room with clean bedding and free access to food and water. Cage
changes were performed biweekly. Mice had 12-h cycles of light and dark.

Recombinant C. difficile toxin purification. TcdA and TcdB were expressed and isolated as previ-
ously described (47, 48). Plasmids encoding His-tagged TcdA (pBL282) or TcdB (pBL377) were trans-
formed into Bacillus megaterium according to the manufacturer’s protocol (MoBiTec). Six liters of Luria-
Bertani medium supplemented with 10 mg/liter tetracycline was inoculated with an overnight culture to
an optical density at 600 nm (ODy,,) of ~0.1. Cells were grown at 37°C and 220 rpm. Expression was
induced with 5 g/liter of p-xylose once cells reached an ODy,, of 0.3 to 0.5. After 4 h, the cells were cen-
trifuged and resuspended in 20 mM Tris (pH 8.0), 500 MM NaCl, and protease inhibitors. An EmulsiFlex
C3 microfluidizer (Avestin) was used at 15,000 Ib/in? twice to generate lysates. Lysates were then centri-
fuged at 40,000 x g for 20 min. Supernatant containing toxin was passed through a Ni-affinity column
(HisTrap FastFlow Crude; GE Healthcare) initially. Further purification was performed using Q-Sepharose
anion-exchange chromatography (GE Healthcare) and gel filtration chromatography in 20 mM HEPES
(pH 6.9)-50 mM NaCl.

Expression and purification of mutants were performed as for wild-type TcdB. L1106K (pBL682) and
DxD (pBL765) mutant TcdB toxins were produced as previously described (19, 27). Q5 High-Fidelity PCR
polymerase (M0491) and NEBuilder HiFi DNA Assembly Master Mix (E2621) were used for PCRs and clon-
ing, respectively.

Intrarectal instillation and sample collection. Toxins were prepared in a total volume of 200 ul per
instillation. Mice were anesthetized with isoflurane and confirmed to be sedated by toe pinch. The 200-
wl instillation was performed over 30s with a flexible plastic gavage applicator (20 gauge x 30 mm)
while lightly pinching closed the anus, which was held for an additional 30's, as previously described
(25). Mice were recovered in their cages. After 4 h, mice were humanely euthanized by CO, inhalation.
The colon was isolated and dissected away from surrounding visceral tissue. The whole colon was
flushed and washed in chilled, sterile 1x phosphate-buffered saline (PBS) before rolling into a Swiss-roll
and fixing in 10% formalin at 4°C for 16 h. Tissue was then washed in 1x PBS and stored in 70% ethanol
prior to paraffin embedding by the VUMC Translational Pathology Shared Resource. IHC staining with
antibodies against Ly6G (Novus, NBP1-06691) and MPO (Agilent, A039829-2) was performed as previ-
ously described (32). Samples of human C. difficile-infected colon tissue were obtained by the
Cooperative Human Tissue Network from consented, deidentified donors under the Vanderbilt
Institutional Review Board-approved protocol 031078.

Spore preparation and infection. C. difficile strain R20291 was obtained from Nigel Minton
(Nottingham, UK) and cultured at 37°C in an anaerobic chamber (90% nitrogen, 5% hydrogen, 5% car-
bon dioxide). Spores were prepared as previously described (26). Briefly, a single colony was picked to
inoculate liquid brain heart infusion medium supplemented with 0.5% yeast extract and 0.1% cysteine
(BHIS), followed by incubation overnight at 37°C. The next day, 100 ul of that culture was inoculated
into 50 ml of Clospore medium, followed by growth for 5 days (49). The culture was centrifuged and
washed five times in cold sterile water. Spores were suspended in 1 ml of sterile water and heat treated
at 65°C for 20 min to eliminate vegetative cells. Viable spores were enumerated by CFU on BHIS plus tau-
rocholate (0.1%) plates. Spore stocks were stored at 4°C until use. C57BL6/J female mice (8 to 10 weeks
old) were treated with cefoperazone (0.5 mg/kg) in sterile drinking water for 5 days, followed by 2 days
of untreated water (26). Then, the mice were given a transoral gastric gavage of 100 ul of sterile PBS con-
taining 1 x 10° CFU/ml spores. Mice were monitored daily for morbidity, and daily stool samples were
plated on TCCFA (taurocholate, b-cycloserine, cefoxitine, fructose agar) selective media to confirm the C.
difficile load (26). Mice were humanely euthanized by CO, inhalation 4 days postinoculation. The colon
was harvested, fixed, and embedded as described above.

Statistical analysis. Statistical testing and graphical representations of the data were performed
using the following packages: ggplot2, ggpubr, ggsignif, rstatix, and tidyverse in R version 3.6.3 (50-55).
For image quantification, at least 10 fields of view at x20 magnification were averaged per animal.
Statistical significance was set at a P =< 0.05 for all analyses (*, P = 0.05; **, P=<0.01; ***, P=0.001; ****,
P=0.0001). The Mann-Whitney-Wilcoxon rank sum (Mann-Whitney) test was used to compare two
groups, or the Kruskal-Wallis test was used to calculate significance with post hoc analysis using Dunn’s
test when two groups were compared within multiple comparisons.
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