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The Journal of Infectious Diseases i

Therapeutic Mechanism of Macrophage Inflammatory
Protein 1 a Neutralizing Antibody (CCL3) in Clostridium
difficile Infection in Mice

Jiani Wang,"* Christina Ortiz,' Lindsey Fontenot,' Riya Mukhopadhyay,' Ying Xie,* Xinhua Chen,2 Hanping Feng,* Charalabos Pothoulakis,' and
Hon Wai Koon'
"Vatche and Tamar Manoukian Division of Digestive Diseases, David Geffen School of Medicine at the University of California Los Angeles, Los Angeles, California, USA, “Division of

Gastroenterology, Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts, USA, *Department of Gastroenterology, First Affiliated
Hospital, China Medical University, Shenyang City, Liaoning Province, China, and “Department of Microbial Pathogenesis, School of Dentistry, University of Maryland, Maryland, Baltimore, USA

Background. Clostridium difficile infection (CDI) causes diarrhea and colitis. We aimed to find a common pathogenic pathway
in CDI among humans and mice by comparing toxin-mediated effects in human and mouse colonic tissues.

Method. Using multiplex enzyme-linked immunosorbent assay, we determined the cytokine secretion of toxin A- and B-treated
human and mouse colonic explants.

Results. Toxin A and toxin B exposure to fresh human and mouse colonic explants caused different patterns of cytokine se-
cretion. Toxin A induced macrophage inflammatory protein (MIP) 1la secretion in both human and mouse explants. Toxin A re-
duced the expression of chloride anion exchanger SLC26A3 expression in mouse colonic explants and human colonic epithelial
cells. Patients with CDI had increased colonic MIP-1 a expression and reduced colonic SLC26A3 (solute carrier family 26, member
3) compared with controls. Anti-MIP-1 o neutralizing antibody prevented death, ameliorated colonic injury, reduced colonic in-
terleukin 1B (IL-1p) messenger RNA expression, and restored colonic SLC26a3 expression in C. difficile-infected mice. The anti-
MIP-1 a neutralizing antibody prevented CDI recurrence. SLC26a3 inhibition augmented colonic IL-1 B messenger RNA expression

and abolished the protective effect of anti-MIP-1 a neutralizing antibody in mice with CDI.

Conclusion.

MIP-1 a is a common toxin A-dependent chemokine in human and mouse colon. MIP-1 a mediates detrimental

effects by reducing SLC26a3 and enhancing IL-1  expression in the colon.

Keywords. Infection; biologic; therapy.

Clostridium difficile infection (CDI) is a common nosocomial
infection after antibiotic exposure. Toxigenic C. difficile bac-
teria produce toxins A and B [1] , which mediate intestinal
inflammation, tissue damage, and clinical symptoms in CDI
in animals and humans. C. difficile-infected patients experi-
ence watery diarrhea, bloody stool, abdominal pain, fever, and
weight loss. Antibiotics such as vancomycin, metronidazole,
and fidaxomicin are effective against many primary CDI cases.
However, some CDI cases are refractory to antibiotic treatment,
leading to multiple relapses. These patients may eventually re-
quire surgical resection of the involved tissue, which adversely
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affects their quality of life [2]. Moreover, the high cost of
fidaxomicin has limited its clinical use, despite its effectiveness
against relapsing CDI [3]. Anti-toxin B monoclonal antibodies,
together with standard antibiotic care, are also associated with
fewer recurrent CDI episodes [4]. Despite this progress, it is still
necessary to develop new medications against both acute and,
particularly, relapsing CDI-associated colitis.

Over the last several years, our group and others have gen-
erated preclinical data associated with the use of several thera-
peutic approaches against CDI, including antibiotics, probiotics,
and monoclonal antibodies [5-9]. The use of preclinical CDI
research approaches includes the use of fresh human colonic
explants, cultured cells, and animal models (mice and ham-
sters). However, each model has its advantages and disadvan-
tages. Moreover, humans and mice have different responses to
C. difficile toxins. To circumvent these difficulties, comparisons
of gene expression in human and mouse colon using a systems
biology approach may help identify common targets of toxin
A- and B-mediated responses in animals and humans.

We hypothesize that cytokines commonly regulated by
toxins A and B in human and mouse colon may be important
targets for developing CDI therapy. This study used a systems
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biology approach, including multiplex enzyme-linked im-
munosorbent assay (ELISA) and whole-transcriptome next-
generation sequencing (NGS), to compare gene expression
responses of human and mouse colonic tissues exposed to
toxins A and B. Our results elucidate the mechanistic roles of
a chemokine (macrophage inflammatory protein [MIP] 1 a [or
CCL3]), a chloride anion exchanger (solute carrier family 26,
member 3 [SLC26a3]), and a cytokine (interleukin 1 p [IL-1 8 ])
in mediating toxin-associated downstream immune responses
and colonic injury in CDI. The results of the current study il-
lustrate the therapeutic potential of anti-MIP-1 a neutralizing
antibodies against CDL

MATERIALS AND METHODS

C. difficile Culture and Toxin Purification

C. difficile strain A"B" VPI 10463 (American Type Culture
Collection stock 43255) and A"B* Ribotype 017 (American
Type Culture Collection stock 43598) were cultured in Difco
cooked meat medium (no. 226730 BD; Fisher Scientific) at
37°C in anaerobic conditions [10]. Wild-type toxins A and B
and a mutant noncleavable toxin B (TcdB-L543A) were puri-
fied and validated as described elsewhere [10, 11]. The cyto-
toxicity of the toxins was determined by cell rounding in 3T3
fibroblasts [5].

Human and Mouse Colonic Explants

Formalin-fixed human colonic samples embedded in par-
affin blocks, with or without CDI, were obtained from Ciaran
P. Kelly at the Beth Israel Deaconess Medical Center of Harvard
Medical School. Fresh human colonic explants were obtained
from the UCLA Surgical Pathology Department. Fixed non-
CDI colonic tissues and fresh human colonic explants were col-
lected from noncancerous regions of patients with colon cancer,
as described elsewhere [6].

Inclusion criteria were detection of C. difficile by polymerase
chain reaction tests, with confirmation of CDI diagnosis by
board-certified gastroenterologists. Pregnant women, pris-
oners, or minors (age <18 years) were excluded. Detailed pa-
tient information is provided elsewhere [12].

Mice were euthanized with carbon dioxide gas. Fresh mouse
colonic explants were obtained from male and female normal
C57BL/6] mice. Fresh human and mouse colonic explants were
cut into 3 X 3-mm pieces. The explants were placed in cell cul-
ture medium and treated with phosphate-buffered saline (PBS),
toxin A, or toxin B for 5 hours. The experiments were divided
into 2 cohorts.

The human colonic explants in the exploratory cohort were
placed in serum-free Roswell Park Memorial Institute 1640 me-
dium and treated with PBS (1 u L/mL), toxin A (0.1 p g/mL),
and toxin B (0.1 p g/mL). The mouse colonic explants in the ex-
ploratory cohort were placed in serum-free Dulbecco modified
Eagle medium and treated with PBS, toxin A (10 pu g/mL), and

toxin B (10 p g/mL). In the validation cohort, the human and
mouse colonic explants were placed in serum-free Roswell Park
Memorial Institute 1640 medium (human) or Dulbecco modi-
fied Eagle medium (mouse) and treated with PBS (1 u L/mL),
toxin A (0.01-10 p g/mL), or toxin B (0.01-10 u g/mL).

RESULTS

MIP-1 o and IL-1 3 as Common Cytokines Expressed in Human and Mouse
Colonic Explants Exposed to Toxin A

We compared the responses of human and mouse colonic ex-
plants to C. difficile toxins. In the exploratory cohort, human
colonic explants from 4 control subjects and mouse colonic ex-
plants from 4 mice were exposed to toxins A and B (0.1 p g/
mL). Low concentrations of toxins were sufficient to mediate
histological damage (Figure 1A) and increase histology scores
(Figure 1C) and cytokine expression (Figure 1E) in human co-
lonic explants [8]. Mouse colonic explants required a high toxin
A concentration (10 pu g/mL) to mediate histological damages
(Figure 1B) and increase histology score (Figure 1D). The
same high toxin A concentration was also needed to produce
enteritis in mice [5, 12]. Toxin B (10 p g/mL) produced only
a mild increase in histology score in mouse colonic explants
(Figure 1D).

The multiplex ELISA results showed that toxins A and B in-
duced different patterns of cytokine secretion in human and
mouse colonic explants (Figure 1E). Notably, toxin A induced
MIP-1 o and IL-1 P secretion in both human and mouse co-
lonic explants (Figure 1E). This finding suggests that MIP-1 a
and IL-1 B are common toxin A-mediated cytokines in human
and mouse colons.

Whole-Transcriptome NGS Identification of Toxin A-Dependent Genes in
Fresh Mouse Colonic Explants

We used NGS to search for downstream targets of toxins A and
B in fresh mouse colonic explants. Toxins A and B caused dif-
ferent patterns of gene expression in fresh colonic explants,
as shown by the principal component analysis and heat map
(Supplementary Figure 1A and 1B). Sample identifier interpre-
tation is shown in Supplementary Figure 1C. Full lists of toxin
A- and toxin B-mediated differentially expressed genes in each
set of mouse colonic explants are shown in Supplementary
Figure 1D and 1E. NGS identified SLC26a3 as a toxin A-me-
diated differentially expressed gene in the exploratory cohort
(Figure 1F). No toxin B-mediated differentially expressed genes
were found.

Increased Colonic MIP-1 o and Reduced Colonic SLC26A3 Expression in
Patients With CDI

Our study also included a validation cohort of human and
mouse colonic explants for assessing toxin dose-effect relation-
ship. Toxin A induced MIP-1 a secretion at 0.1 p g/mL in human
and at 10 p g/mL in mouse colonic explants (Figure 2A and 2B).
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Figure 1. Macrophage inflammatory protein (MIP) 1 a and interleukin (IL) 13 are common toxin A-mediated cytokines in fresh human and mouse colonic explants. A, Fresh
human colonic explants were treated with phosphate-buffered saline (PBS), toxin A, or toxin B for 5 hours (hematoxylin-eosin [HE] staining of fresh human colonic explants
in the exploratory cohort, x100 magnification). B, Fresh mouse colonic explants were treated with PBS, toxin A, or toxin B for 5 hours (HE staining of fresh mouse colonic
explants in the exploratory cohort, x100 magnification). C, Histology score of fresh human colonic explants in the exploratory cohort. Both toxins increased histology scores
significantly. [, Histology scores of fresh mouse colonic explants in the exploratory cohort. Only toxin A increased histology scores significantly. £, Cytokine levels in the
human and mouse colonic explant-conditioned media in the exploratory cohort. The cytokine levels were measured with multiplex enzyme-linked immunosorbent assay. The
exploratory cohort included 4 human tissue donors and 4 mice. £, Consistently altered messenger RNA (mRNA) expression in toxin A— or toxin B—treated fresh mouse colonic
explants, determined with next-generation sequencing (NGS). Toxin A consistently decreased expression of SLC26a3 (solute carrier family 26, member 3) mRNA in fresh
mouse colonic explants. No consistently altered genes were found in the toxin B—treated fresh mouse colonic explants. Abbreviations: FGF, fibroblast growth factor; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IP-10, interferon gamma inducible protein 10kDa; KC,
chemokine (C-X-C motif) ligand 1; MCP, monocyte chemoattractant protein; NS, not significant; PDGF-BB, platelet-derived growth factor BB; RANTES, regulated on activation,
normal T-expressed, and presumably secreted; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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At all tested concentrations, toxin B failed to increase MIP-1 a
secretion in the mouse validation cohort (Figure 2A and 2B).
In the same cohort, toxin B inhibited SLC26A3 messenger
RNA (mRNA) expression in fresh human colonic explants
(Figure 2C), whereas toxin A, but not toxin B, significantly

reduced SLC26a3 mRNA expression (Figure 2D) and signifi-
cantly increased IL-1 P secretion (Supplementary Figure 2A4) in
fresh mouse colonic explants. The toxin B-mediated induction
of IL-1 P secretion in fresh human colonic explants had been
shown in our group’s previous study [8], and another group
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Figure 2.  Clostridium difficile infection (CDI) increased macrophage inflammatory protein (MIP) 1 o and decreased SLC26A3 (solute carrier family 26, member 3) protein
expression in the colonic mucosa. Fresh human and mouse colonic explants were treated with toxin A or B for 5 hours. Conditioned media were collected for enzyme-linked
immunosorbent assay, and tissues were collected for real-time reverse-transcription polymerase chain reaction testing. The validation cohort included 5 human tissue donors
and 5 mice. A, MIP-1 o secretion in fresh human colonic explants in the validation cohort. B, MIP-1 o secretion in fresh mouse colonic explants in the validation cohort. C,
SLC26A3 messenger RNA (mRNA) expression in fresh human colonic explants in the validation cohort. D, SLC26a3 mRNA expression in fresh mouse colonic explants in the
validation cohort. £, Upper panel, Immunohistochemistry of MIP-1 a in the colonic tissues of patients with or without CDI. Lower panel, Inmunohistochemistry of MIP-1 c.in
the mouse colonic tissues with or without CDI. MIP-1 o -positive signals were identified as brown spots in the colonic mucosa (arrows). £ Upper panel, Immunohistochemistry
of SLC26A3 in the colonic tissues of patients without or with CDI. Lower panel, Inmunohistochemistry of SLC26a3 in the mouse colonic tissues with or without CDI. SLC26A3-
positive signals were identified as brown spots in the colonic mucosal epithelial layer (arrows).
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Figure 3. Colonic expression of SLC26a3 (solute carrier family 26, member 3) is reduced at the late stage of Clostridium difficile infection (CDI). A, Hematoxylin-eosin
staining of mouse colonic tissues on days 0, 1, 2, and 3 of CDI. The colonic mucosal integrity deteriorated progressively (x100 magnification). B, Histology score. C, Colonic
tumor necrosis factor (TNF), interleukin 1 3 (IL-1 3 ), CXCI1, CCL3, and SLC26a3 expression from day 0 to day 3. SLC26a3 messenger RNA (mRNA) expression was significantly
reduced on day 3. IL-1 3 mRNA expression had the most dramatic increase on day 3 after infection, compared with TNF, CXCI1, and CCL3 (5 mice per group). O, £, Serum-
starved NCM460 cells were treated with toxin A, toxin B, or macrophage inflammatory protein (MIP) 1 o for 5 hours. Relative MIP-1 o and SLC26A3 mRNA expression was
determined by means of real-time reverse-transcription polymerase chain reaction. Toxin A or B, but not MIP-1 a,, significantly reduced SLC26A3, but not MIP-1 oo mRNA
expression in human colonocytes. £ Serum-starved mouse macrophages were treated with toxin A, toxin B, or MIP-1 a. for 2 hours. Inflammasome activity was measured
by means of luminescence assay. Toxins A and B, but not MIP-1 @, significantly increased inflammasome activity in macrophages. Results are pooled from 3 independent
experiments.
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reported increased serum IL-1 B levels in C. difficile-infected
patients [13].

In the colonic tissues of patients without CDI, baseline
levels of MIP-1 o and SLC26A3 immunoreactivity were found
throughout the colonic mucosa (Figure 2E and 2F). Colonic tis-
sues of patients with CDI, however, showed increased MIP-1 a
and decreased SLC26A3 immunoreactivity (Figure 2E and 2F).
Mice with CDI also showed increased MIP-1 a and decreased
SLC26A3 immunoreactivity in the colon (Figure 2E and 2F).
Consistent with our findings, another group demonstrated that
colons of patients with CDI had reduced SLC26A3 protein ex-
pression [14].

Alteration of Colonic MIP-1 o (CCL3), IL-1 3, and SLC26a3 mRNA Expression
in Later-Stage CDI

To understand the correlation of colonic gene expression and
disease development in CDI, the time-dependent change of co-
lonic gene expression was determined in C. difficile-infected
mice. CDI caused progressive deterioration of histological in-
jury in the colon, with increasing histology score from day 0 to
day 3 after infection (Figure 3A and 3B). CDI moderately in-
creased colonic CCL3, tumor necrosis factor (TNF), and CXCI1
mRNA expression (Figure 3C). Notably, colonic IL-1 B mRNA
expression was sharply increased, whereas colonic SLC26a3
mRNA expression began to decrease on day 3 after infection
(Figure 3C). Therefore, the most severe phenotypes of CDI oc-
curred on day 3 after infection.

Exposure to either toxins or MIP-1 a did not affect MIP-1 a
mRNA expression in NCM460 colonocytes, suggesting that
colonic epithelial cells may not be the source of MIP-1 «
(Figure 3D). Consistent with findings of a previous study [14],
toxins A and B, but not MIP-1 a, inhibited SLC26 A3 mRNA ex-
pression in human colonic epithelial NCM460 cells (Figure 3E).
On the other hand, toxins A and B, but not MIP-1 q, increased
inflammasome activity in mouse macrophages (Figure 3F).
Because inflammasome mediates pro-IL-1  cleavage [15], this
finding suggests that C. difficile toxins, but not MIP-1 a, can in-
duce IL-1 B production.

Effectiveness of Systemic Neutralization of MIP-1 o. Against Primary CDI
in Mice

We next determined the functional importance of MIP-1 o in
mice with CDI (Figure 4A). After C. difficile inoculation, diar-
rhea developed as early as 6 hours and showed a 20% mortality
rate in mice on day 3 (Figure 4B). Intraperitoneal injection of
anti-MIP-1 a neutralizing antibody prevented death of the
infected mice (Figure 4B) but did not affect colonic histo-
logical structure or body weight in normal uninfected mice
(Figure 4C and 4D). Although anti-MIP-1 a neutralizing anti-
body treatment did not affect body weight loss in the infected
mice (Figure 4C), it still improved survival through day 10
after infection (Supplementary Figure 2B and 2C). CDI caused

moderate disruption of colonic epithelial layer, accumulation of
immune cells in colonic mucosa, and increase in histology score
(Figure 4D and 4E). These effects were partially reversed by an
anti-MIP-1 a neutralizing antibody injection provided 6 hours
after C. difficile inoculation (Figure 4D and 4E), suggesting its
therapeutic potential.

In mice with CDI, colonic IL-1 B and MIP-1 a mRNA ex-
pression was increased, whereas colonic SLC26a3 mRNA ex-
pression was reduced (Figure 4F). These changes were reversed
by the injection of the anti-MIP-1 « antibody (Figure 4F). CDI
also increased colonic proinflammatory cytokine (TNF-a and
CXCI1) mRNA expression in mice, but their expression was not
affected by the anti-MIP-1 o antibody treatment (Figure 5A).

Multiplex ELISA indicated that circulating MIP-1 o and
IL-1 B protein levels in mice were low in all groups (Figure 5B).
Circulating MIP-1 a, TNF-a, IL-1 B, and chemokine (C-X-C
motif) ligand 1 (KC) levels did not differ between infected mice
with or without anti-MIP-1 a neutralizing antibody treatment
(Figure 5B). The anti-MIP-1 o antibody treatment significantly
reduced elevated circulating interleukin 6 (IL-6) and granulo-
cyte colony-stimulating factor (G-CSF) levels in C. difficile-
infected mice (Figure 5C). Neither CDI nor anti-MIP-1 «
neutralizing antibody treatment affected IL-1 f and MIP-1 a
mRNA expression in circulating blood cells of mice, suggesting
that the intestine, but not circulating blood cells, may be the
source of these 2 cytokines (Figure 5D). SLC26a3 mRNA signal
was undetectable in the circulating blood cells in all groups
(data not shown).

Anti—-MIP-1 o Antibody Reversal of Colonic SLC26a3 Down-Regulation in
Mice With CDI

Immunohistochemical findings indicate that SLC26A3 protein
expression was primarily localized in the colonic mucosa of
control and C. difficile-infected mice (Figure 5E). Consistent
with colonic SLC26a3 mRNA expression (Figure 4F), CDI
significantly reduced colonic SLC26a3 protein expression in
mice, which was restored by anti-MIP-1 a antibody treatment
(Figure 5E). Toxins A and toxin B caused cell rounding in fibro-
blasts; however, toxin-mediated cell rounding was not affected
by SLC26A3 overexpression (Figure 5F). Because cell rounding
often occurs before cell death [16], this finding suggests that
SLC26A3 is not directly involved in toxin-mediated cytoskeletal
disruption and cell death.

Role of SLC26a3 Restoration in Inhibiting IL-1 3 Expression and Mediating
the Therapeutic Effects of Anti-MIP-1 o, Antibody in Mice With CDI

To determine the functional role of SLC26a3 in mice with
CDI, we inhibited its expression using SLC26a3 short hairpin
RNA (shRNA) lentivirus and increased its expression using
SLC26a3-overexpressing lentivirus (Figure 6A). Inhibition of
SLC26a3 did not alter the survival or change in body weight up
to day 10 after infection (Figure 6B and 6C and Supplementary
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Figure 4. Neutralization of macrophage inflammatory protein (MIP) 1 o ameliorated acute colitis associated with Clostridium difficile infection (CDI) in mice. A, Experimental
plan of the CDI primary infection model. B, Survival rate at day 3. C, Body weight change. [, Hematoxylin-eosin staining of mouse colons and histology score. Colonic mu-
cosal injury was characterized by damaged epithelial layer and neutrophil infiltration (black bars represent 200 um). £, Histology score. £ Colonic MIP-1 o, SLC26a3 (solute
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colonic SLC26a3 mRNA expression in mice. These effects were reversed by anti-MIP-1 a neutralizing antibody (NAb) treatment. Each group included 8 mice. Abbreviation:
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Figure 2B and 2C), but it did worsen the colonic injury with in- ~ anti-MIP-1 a antibody treatment against survival (Figure 6B),
creased histology score in these mice (Figure 6D). Importantly,  body weight loss (Figure 6C), and colonic injury (Figure 6D)
SLC26a3 shRNA lentivirus reversed the protective effects of the in the infected mice, while lentiviral SLC26a3 overexpression
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ameliorated CDI by minimizing body weight loss (Figure 6C) deaths beyond day 3 after infection (Supplementary Figure
and reducing colonic injury and histology scores in the infected ~ 2B), suggesting that SLC26A3 is necessary for mediating detri-
mice (Figure 6D). SLC26a3 overexpression prevented further =~ mental effects during the late stage of CDIL
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SLC26a3 shRNA lentivirus further reduced colonic SLC26a3
mRNA expression in mice with CDI, whereas SLC26a3-
overexpressing lentivirus significantly increased colonic
SLC26a3 mRNA expression in these mice (Figure 6E). The
lentiviral SLC26a3 inhibition augmented the increased colonic
IL-1 p mRNA expression and serum IL-1 f levels in C. difficile-
infected mice with or without anti-MIP-1 a neutralizing anti-
body treatment (Figure 6E and 6F). SLC26a3 overexpression
significantly reduced IL-1 B mRNA expression and serum
IL-1 B levels in the infected mice (Figure 6E and 6F).

Administration of Anti—-MIP-1 o. Neutralizing Antibody and Restoration of
SLC26A3 to Prevent Vancomycin-Associated CDI Recurrence in Mice
Vancomycin is associated with CDI recurrence [17]. We treated
the infected mice with vancomycin and an anti-MIP-1 a anti-
body at the early stage (day 0) of CDI (Figure 7A). CDI caused
a high mortality rate rapidly, with a final 50% survival rate by
day 10 after infection (Figure 7B). Twenty percent of mice died
during vancomycin treatment, and an another 30% had CDI
relapse and died after vancomycin withdrawal (Figure 7B).
Administration of anti-MIP-1 « antibody after C. difficile in-
oculation prevented vancomycin-dependent relapse and death
(Figure 7B). These results suggest that the anti-MIP-1 a anti-
body prevents CDI recurrence in mice.

Interestingly, lentiviral inhibition of SLC26a3 markedly in-
creased the mortality rate in vancomycin-treated infected
mice (Figure 7B). Most of the mice died within the first 3 days.
SLC26a3 overexpression did not affect survival in the first
4 days, but it improved survival after vancomycin withdrawal,
which suggests that SLC26a3 restoration reduced CDI re-
lapse (Figure 7B). After vancomycin withdrawal, body weight
changes of individual relapsing mice did not significantly affect
the average values of the groups’ body weight, because relapse
occurred randomly (Figure 7C).

DISCUSSION

We report that MIP-1 aand IL-1  are common toxin A-targeted
cytokines in both human and mouse colonic tissues (Figure 1).
Our study is the first to explore their mechanistic relationship to
the MIP-1 a —-SLC26A3-IL-1 B pathway. The therapeutic effects
of anti-MIP-1 a antibody in protecting survival rates, amelior-
ating colonic tissue damage, and minimizing body weight loss
in mice with primary CDI (Figure 4) were consistent with find-
ings from Jose and colleagues [18]. Importantly, our results also
demonstrate that anti-MIP-1 a antibody successfully prevented
relapse and death in a mouse model of recurrent CDI. Taken
together, these results suggest that MIP-1 o may represent a po-
tential therapeutic target in both first episodes and recurrent
CDI in humans.

MIP-1 a mediates immune cell chemotaxis, which promotes
inflammatory responses. In the current study, we observed re-
duced immune cell infiltration in the colons of anti-MIP-1 a

antibody-treated mice with CDI (Figure 4D), in line with
previous results using MIP-1 a deficient mice in the toxin A-
treated ileal loop model [19]. Because MIP-1 a binds to the
CCRI1 receptor [20], genetic deficiency of CCR1 protects mice
against toxin A-mediated enteritis [19]. CCR1 seems to have
multifaceted roles in injury, including significant input in
reepithelialization during the wound healing process [21].

We found that neutralization of MIP-1 a reduced circulating
levels of IL-6 and G-CSF during CDI in mice (Figure 5C). The
anti-MIP-1 a antibody-mediated modulation of circulating
IL-6 levels during CDI in mice may reflect CDI disease activity
in humans and animals [22]. Although the role of G-CSF in
CDI is unknown, it may be associated with activation of neu-
trophils [23] that play a crucial role in the pathogenesis of CDI
in both animals and humans [24, 25]. Along these lines, Wang
et al [9] have observed activation of circulating neutrophils in
C. difficile-infected mice.

SLC26A3 is involved in chloride absorption in intestinal ep-
ithelial cells. Thus, SLC26a3-deficient patients experience con-
genital chloride diarrhea [26, 27]. The reduced colonic SLC26A3
mRNA and protein expression in mice with CDI (Figures 4F
and 5E) is a typical phenotype in colitis and diarrhea, as ob-
served in the colons of patients with CDI and ulcerative co-
litis, as well as in human colonic epithelial cells treated with
toxin A, toxin B, and TNF- a [14, 28]. Deficiency of SLC26a3
causes reduction of fluid absorption and loss of intestinal bar-
rier, which mimics colitis [29]. Overexpression of SLC26a3 also
prevents dextran sulfate-mediated colitis in mice [30]. To our
knowledge, our group is the first to demonstrate that SLC26A3
regulates IL-1 [ expression as SLC26a3 overexpression reduced
colonic IL-1 B mRNA expression and circulating IL-1 B levels,
whereas SLC26a3 inhibition reversed anti-MIP-1 a antibody-
mediated suppression of IL-1  expression in CDI (Figure 6E
and 6F). Therefore, SLC26A3 mediates the pathogenic effects of
MIP-1 a via IL-1 P expression in CDIL

We believe that SLC26A3 does not mediate early-stage
CDI because colonic SLC26a3 mRNA expression was re-
duced only in late-stage CDI (Figure 3C). At the early stage,
C. difficile toxins lead to progressive colonic injury and trigger
MIP-1 a production (Figures 1E and 3A). Increased MIP-1 a
expression promotes immune cell infiltration that drives var-
ious inflammatory responses and tissue injury indirectly. In
late-stage CDI (day 3), increasing levels of C. difficile toxins
are associated with the down-regulation of colonic epithelial
SLC26A3 expression [14, 28, 30]. SLC26a3 seems to be cru-
cial for survival at the late stage of infection because SLC26a3
overexpression prevented additional deaths only beyond day
3 after infection, whereas SLC26a3 inhibition did not affect
the mortality rate before day 3 (Supplementary Figure 2B).
SLC26A3 down-regulation is associated with damage to the
intestinal barrier, which may allow more toxin molecules to
enter the colonic mucosa.
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Figure 7.

Neutralization of macrophage inflammatory protein (MIP) 1 o reduced vancomycin-associated Clostridium difficile infection (CDI) recurrence in mice. A,

Experimental plan of the CDI recurrence model. Lentiviral vectors were injected into mice before CDI infection. Anti—-MIP-1 o neutralizing antibody (NAb) was injected into
mice at 6 hours after infection. Vancomycin was injected daily from day 0 to day 4. B, Survival rate. C, Body weight change. Anti—-MIP-1 o neutralizing antibody or SLC26a3
(solute carrier family 26, member 3) overexpression prevented CDI recurrence. SLC26a3 inhibition caused rapid death even with vancomycin treatment. Each group included

8 mice. Abbreviations: CFUs, colony-forming units; shRNA, short hairpin RNA.

Although MIP-1 a does not directly activate inflammasome
activity in macrophages (Figure 3F), the increased levels of toxins
activate macrophage production of inflammasome and IL-1
[15]. This response may be associated with the dramatically high
colonic IL-1 p mRNA expression in late-stage CDI (Figure 3C).
Exposure to toxins A and B did not induce IL-1 P secretion in
human colonic epithelial NCM460 cells (data not shown), sug-
gesting that both toxins do not activate inflammasome activity in
human colonic epithelial cells. Toxin A- and toxin B-mediated
intestinal epithelial cell death is independent of inflammasome
[31]. Therefore, the anti-MIP-1 a neutralizing antibody treat-
ment diminishes the positive feedback loop of IL-1  production.

IL-1 B is a crucial pathogenic mediator in CDI in humans,
because they have significantly increased circulating levels of
IL-1 B [13]. Cowardin et al [13] demonstrated interleukin 1 re-
ceptor-dependent interleukin 23 (IL-23) expression. The same
research group showed that inhibition of IL-23 by genetic defi-
ciency or neutralizing antibody prevented death in mice with
CDI [32]. Inhibition of the IL-1 B pathway shows therapeutic
effects against CDI, as treatment with the recombinant inter-
leukin 1 receptor antagonist anakinra protects mice from CDI-
associated colitis [15], whereas inhibition of toxin B-mediated
IL-1 B secretion is associated with the anti-inflammatory ef-
fect of fidaxomicin in fresh human colonic explants [8]. Thus,
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anti-MIP-1 a antibody treatment may prevent initiation of the
IL-1 B —dependent IL-23 signaling cascade.

One goal of the current study was to compare the responses
of human and mouse colonic explants to C. difficile toxins. Key
findings from human studies are not fully reflected in mouse
models. For example, exposure to toxin B failed to cause sig-
nificant histological injury or MIP-1 a secretion in mouse co-
lonic tissues (Figures 1 and 2B). CDI with a toxin A"B" strain
did not cause death in mice (Supplementary Figure 3A). The
difference in CDI responses among humans and mice could be
explained by several factors, including host responses and pos-
sibly intestinal microbiota. A 2017 study demonstrated that a
recombinant toxin B-based nanoparticle vaccine protects mice
from CDI, suggesting that toxin B mediates immune responses
in mice [33].

Interestingly, exposure of mouse colonic explants to a mutant
toxin B caused severe histological damage, increased MIP-1 a
and IL-1 P secretion, and reduced SLC26a3 mRNA expression
in mouse colonic explants (Supplementary Figure 3B and 3E).
This mutant toxin B (TcdB-L543A) is noncleavable by cysteine
protease [11]. This result was consistent with the recent finding
that autoprocessing of the toxins regulates their inflammatory
activities [34]. Although these ex vivo experiments could only
be performed within 24 hours and immune cell infiltration
could not be demonstrated using fresh colonic explants, this
model mimicked the toxin B-mediated increased MIP-1 a and
IL-1 P secretion and decreased SLC26A3 mRNA expression in
human colonic explants (Figures 1E, 2A, and 2C). We speculate
that the MIP-1 o —-SLC26A3-IL-1 B pathway can mediate the
pathogenic effects of toxin B in human colon.

In summary, MIP-1 a and IL-1 B are common toxin A-
mediated cytokines in human and mouse colonic tissues.
Neutralization of MIP-1 a is effective in inhibiting primary and
recurrent CDI in mice. SLC26A3 regulates IL-1  expression
and detrimental effects in late-stage CDI. Inhibition of MIP-1 a
restored colonic SLC26a3 expression and reduced colonic
IL-1 B expression in C. difficile-infected mice, which is relevant
to the reversal of CDI colitis.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
the authors to benefit the reader, the posted materials are
not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corre-
sponding author.
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