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Role of Leptin-Mediated Colonic Inflammation in Defense against

Clostridium difficile Colitis
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The role of leptin in the mucosal immune response to Clostridium difficile colitis, a leading cause of nosocomial infection, was
studied in humans and in a murine model. Previously, a mutation in the receptor for leptin (LEPR) was shown to be associated
with susceptibility to infectious colitis and liver abscess due to Entamoeba histolytica as well as to bacterial peritonitis. Here we
discovered that European Americans homozygous for the same LEPR Q223R mutation (rs1137101), known to result in decreased
STAT3 signaling, were at increased risk of C. difficile infection (odds ratio, 3.03; P = 0.015). The mechanism of increased suscep-
tibility was studied in a murine model. Mice lacking a functional leptin receptor (db/db) had decreased clearance of C. difficile
from the gut lumen and diminished inflammation. Mutation of tyrosine 1138 in the intracellular domain of LepRb that mediates
signaling through the STAT3/SOCS3 pathway also resulted in decreased mucosal chemokine and cell recruitment. Collectively,
these data support a protective mucosal immune function for leptin in C. difficile colitis partially mediated by a leptin-STAT3
inflammatory pathway that is defective in the LEPR Q223R mutation. Identification of the role of leptin in protection from C.
difficile offers the potential for host-directed therapy and demonstrates a connection between metabolism and immunity.

Clostridium difficile is a Gram-positive, spore-forming, and
toxin-producing anaerobic bacterium that causes antibiotic-
associated diarrhea, a leading cause of health care-associated in-
fections (1-3). In the last decade, the incidence of C. difficile in-
fection has markedly increased (4). The epidemic strain of C.
difficile (BI/NAP1) predominantly responsible for this increase is
associated with an ~15% 30-day mortality and high rates of re-
currence and relapse (5-9). While C. difficile typically causes dis-
ease in individuals who are hospitalized or reside in long-term-
care facilities (10), there has recently been an increase in
community-acquired cases (11). Disruption of the indigenous gut
microbiome by antimicrobial or chemotherapeutic agents creates
a niche for C. difficile colonization and infection; however, colo-
nization does not always translate to disease (12, 13). The spec-
trum of clinical disease is wide and ranges from mild diarrheal
illness to fulminant colitis and death, suggesting a role for the host
immune response in disease pathogenesis.

C. difficile disease is characterized by an intense inflammatory
response, including recruitment of neutrophils to the colon (14),
peripheral leukocytosis (15), and increased inflammatory cyto-
kine (interleukin-23 [IL-23], IL-6, IL-8, tumor necrosis factor al-
pha [TNF-a]) (16, 17) and chemokine (CCL5, CCL2) production
(16). Leukocytosis is a key feature seen during C. difficile infections
with severe colitis, characterized by pseudomembranes composed
of neutrophilic exudates and cellular debris (15, 18, 19). The role
of this intense innate inflammatory response in providing protec-
tion is not clear. Blocking of neutrophil infiltration in mice (14),
induction of neutropenia in rats (20), or the use of mice deficient
in mast cells (21) was shown to lead to decreased inflammation
after toxin A injection. Similarly, blocking of neuroinflammatory
mediators (neurotensin and substance P) led to decreased toxin
A-induced enteritis (22). Mice that lack inflammatory IL-23 sig-
naling (IL-23p19-knockout mice and anti-IL-23p19 monoclonal
antibody-neutralized mice) were protected from C. difficile infec-
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tion (17). However, some degree of inflammation may be protec-
tive, as evidenced by increased gut bacterial translocation and
increased mortality upon depletion of neutrophils (24), enhanced
protection after treatment with Toll-like receptor 5 (TLR5) ago-
nists (25), and increased disease severity in mice lacking innate
immune receptors (TLR4 deficiency and NOD-1 deficiency) (23,
26).

Leptin is an adipocytokine and member of the IL-6 family that
was initially discovered because of its role in regulation of metab-
olism and satiety (27). It is now known that leptin is important in
defense against infectious diseases (28-30). Humans with leptin
deficiency have an increased incidence of infection (28), and mice
with leptin deficiency (0b/ob) or leptin receptor deficiency (db/db)
have increased susceptibility to pneumonia, listeriosis, and ame-
biasis (29, 30, 32, 33). Leptin is also expressed in the colon of
patients with Crohn’s disease and ulcerative colitis (34, 35). Leptin
has been demonstrated to induce inflammatory cytokine and
chemokine production, neutrophil chemotaxis, and NK cell cyto-
toxicity, in part due to its effects on T regulatory cells (36-39).
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Leptin actions in the gut include stimulation of mucin secretion
and maintenance of intestinal barrier function (40, 41).

We previously studied the role of leptin in Entamoeba histo-
Iytica infection, demonstrating that a Q-to-R mutation at position
223 in the leptin receptor cytokine receptor homology 1 (CRH1)
domain was associated with the increased susceptibility of hu-
mans to both amebic colitis and liver abscess (31). Mice lacking a
functional leptin receptor (db/db) were susceptible to amebic coli-
tis, and targeted deletion of the leptin receptor from the intestinal
epithelium replicated that phenotype (29). Leptin was protective
in the murine model via activation of STAT3/SOCS3 and SHP2/
mitogen-activated protein kinase (MAPK)-extracellular signal-
regulated kinase (ERK) signaling pathways downstream of the
leptin receptor (29). Other investigators have shown an associa-
tion of the Q223R mutation with the increased susceptibility of
patients to bacterial peritonitis (42), and in murine models, leptin
has been shown to protect from bacterial pneumonia (30, 32).

The impact of leptin in C. difficile was first studied in a mouse
model of toxin A-induced enteritis, where both leptin-deficient
(ob/ob) and leptin receptor-deficient (db/db) mice lacked toxin
A-induced ileal fluid secretion (43). We hypothesized that leptin
enhancement of inflammation would protect from C. difficile in-
fection. Here we show that the leptin receptor 223R mutation in
humans is associated with an increased risk of C. difficile infection.
In a murine model, we further show that leptin signaling is pro-
tective and the LepRb-STATS3 signaling pathway enhances the in-
flammatory response.

MATERIALS AND METHODS

Leptin receptor polymorphism. Cases were identified from patients with
C. difficile, and controls were race and sex matched. This list was cross-
referenced from the archives of the University of Virginia Health System,
and patients with any available tissue sample (for example, tissue biopsy
samples, skin specimens) were included. Samples were not linked to pro-
tected health information. DNA was extracted from 54 cases of C. difficile
colitis and 141 controls using a QIAamp DNA formalin-fixed, paraffin-
embedded (FFPE) tissue kit (Qiagen) according to the manufacturer’s
instructions, with minor modifications. In brief, tissue samples were first
removed from FFPE tissue blocks using a sterile needle, and the tissues
were then deparaffinized by xylene and washed by ethanol. After remov-
ing the residual ethanol, the pellet was resuspended in buffer ATL and
proteinase K solution and incubated at 56°C overnight, followed by incu-
bation at 90°C for 1 h to reverse formaldehyde cross-linking. RNase A was
then added, and the mixture was incubated for 2 min at room tempera-
ture. Buffer AL and 95% ethanol were subsequently added to the samples,
and the components were mixed thoroughly. The lysate was transferred to
a QIAamp MinElute column and centrifuged. The column was then
washed with buffers AW1 and AW2. DNA was finally eluted from the
column using buffer ATE. To measure the LEPR Q223R (rs1137101) ge-
notype, the LEPR region was amplified via PCR and an Eclipse assay (Ep-
och Biosciences) was utilized. PCR was performed on Bio-Rad Tetrad
thermal cyclers, and subsequent melt curves were performed on an ABI
7900 apparatus. The research study was approved by the University of
Virginia Institutional Review Board Committee.

Statistical analysis. Associations with C. difficile and the LEPR poly-
morphism were done using logistic regression adjusted for sex. The sta-
tistical package STATA (v.12.0) was used, and a P value of <0.05 was
considered significant. Hardy-Weinberg equilibrium was determined us-
ingan exact test (P << 0.0001). Statistical analysis for all murine studies was
performed using GraphPad Prism software (v.5.0a; GraphPad Software
Inc., La Jolla, CA). A paired 2-tailed Student’s ¢ test was used to compare
the means of two groups, and a P value of <0.05 was considered statisti-
cally significant.
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Animals. Six- to 8 week-old leptin receptor-deficient (db/db) male
C57BL/6.BKS-Lepr™/] mice (stock number 000697) and respective
C57BL/6] control mice were purchased from The Jackson Laboratory, Bar
Harbor, ME. S1138 mice, in which the tyrosine 1138 residue in LepRb was
changed to serine, resulting in a specific disruption in LepRb — STAT3
signaling, were generated by Bates et al. (44) and were bred and main-
tained in the University of Virginia vivarium. Mice were bred as heterozy-
gous pairs, and 8- to 14-week-old homozygous mutant and wild-type
(WT) littermate control mice were used for infection. Mice were main-
tained under strict pathogen-free conditions at the University of Virginia,
and all protocols were approved by the Institutional Animal Care and Use
Committee.

Clostridium difficile culture. Clostridium difficile strain VPI 10463
(ATCC 43255) was incubated at 37°C for 18 to 20 h in anaerobic chopped
meat medium (Anaerobe Systems, Morgan Hill, CA). Bacteria were then
subcultured under the same conditions for 5 h, centrifuged at 10,000 rpm
for 2 min, and washed with brain heart infusion (BHI) medium two times.
Bacteria were resuspended in BHI medium and quantified by spectropho-
tometry. An optical density value of 1.0 at 490 nm was equivalent to 5 X
10”7 CFU/ml bacteria, as described previously by Li et al. (45). For sham
infection, mice were challenged with BHI medium alone.

Mouse model of C. difficile infection. The mouse model of C. difficile
colitis was as previously described by Chen et al. (46). Briefly, mice were
treated with an antibiotic mixture in the drinking water for 3 days (gen-
tamicin, 0.035 mg/ml; colistin, 850 U/ml; vancomycin, 0.045 mg/ml; met-
ronidazole, 0.215 mg/ml). After 3 days, mice were switched to regular
water for 2 days. On the day prior to infection, mice were injected once
with 32 mg/kg of body weight clindamycin via intraperitoneal injection.
Mice were then infected with 10* or 10> CFU/mouse C. difficile VP 10463
by orogastric gavage. Mice were weighed daily and every 12 h during the
peak of infection. The clinical signs of inflammation (clinical score) were
assessed by measuring diarrhea, piloerection, activity, posture, and ocular
discharge daily and every 12 h during the peak of infection on a scale of
from 0 to 4 for activity and a scale of from 0 to 3 for the other parameters,
as described previously (45, 47). Animals judged to be in a moribund state
on the basis of a total score of =14 were euthanized.

Measurement of C. difficile pathogen burden. C. difficile pathogen
burden was quantified by measuring C. difficile toxins and C. difficile-
specific glutamate dehydrogenase (GDH) antigen in the cecal contents of
mice using a modified protocol for the TechLab C. difficile toxin A/B II
and C. diff Chek-60 enzyme-linked immunosorbent assay (ELISA) kits,
respectively (TechLab, Blacksburg, VA). After the mice were sacrificed,
each cecal stool sample was put in preweighed tubes and stored at —80°C
prior to analysis. The samples were thawed, weighed, and diluted with
assay diluent. The amount of diluent per sample was normalized to pro-
vide the same stool mass-to-diluent ratio for each sample. This normal-
ized diluent-sample mixture was vortexed, and then 1:10, 1:100, and
1:1,000 dilutions were added to precoated wells provided in the kit. In
order to generate a standard curve, 2-fold dilutions of the toxin A-B mix-
ture or C. difficile GDH antigen provided in the kit were made with assay
diluent, and 100 pl of the undiluted sample and various dilutions was
used. One hundred microliters of assay diluent was used as a negative
control. One drop of conjugate was added to each well, and the plate was
incubated at 37°C for 50 min. Each well was washed four times with the
wash buffer provided in the kit, and 2 drops of substrate was added to each
well. After 10 min, 1 drop of stop solution was added to each well and the
plates were read at 450 nm in an ELISA reader.

Histopathologic scoring. At 2 days after infection, mice were sacri-
ficed and ceca were harvested. Tissue was fixed for 24 h in Bouin’s solu-
tion, washed, and then stored in 70% ethanol prior to processing for
hematoxylin-eosin (H&E) staining at the University of Virginia Research
Histology Core. The histological severity of colonic inflammation was
graded in a blinded fashion by scoring for inflammatory cell infiltration,
mucosal hyperplasia, epithelial cell destruction (ulceration, disrupted
architecture, or loss of integrity), submucosal edema, and vascular con-
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gestion, as previously described (45, 47, 48). A score of 0 to 3 was assigned
to each of these parameters. The overall score was the sum of each com-
ponent score.

Flow cytometry. Single-cell leukocyte suspensions of lamina propria
cells were generated from mouse colons as described by Rivollier et al.
(49). Briefly, the resected mouse cecum and proximal colon were rinsed
by washing in a buffer consisting of Hank’s balanced salt solution (HBSS),
5% fetal calf serum (FCS), 25 mM HEPES. The pieces of intestine were
then weighed and incubated with prewarmed buffer consisting of HBSS,
15mM HEPES, 5 mM EDTA, 10% FCS, and 1 mM dithiothreitolina 37°C
water bath with shaking for 15 min (and with vortexing every 5 min) to
remove the epithelial cell layer. The colon was then cut into small pieces
and digested in prewarmed Iscove’s complete medium containing Lib-
erase TL (0.17 mg/ml; Roche) and DNase (30 pg/ml; Roche) for 60 min in
a 37°C water bath with shaking. The cells were pelleted and then passed
through a 100-pm-mesh-size followed by a 40-pm-mesh-size nylon cell
strainer (BD Falcon) and washed with fluorescence-activated cell sorting
buffer (phosphate-buffered saline, 2% FCS).

Cell viability was assessed using trypan blue exclusion, and the per-
centage of live cells ranged from 14 to 40% in all samples. A minimum of
10° live cells were stained for each sample. After blockade of Fc receptors
with CD16/32 blocking antibody (eBioscience), leukocytes were stained
using monoclonal antibodies to the following cell surface markers: CD45-
fluorescein isothiocyanate (FITC), CD45-allophycocyanin (APC)-Alexa
750, CD11b-eflour450, F4/80-APC, SiglecF-phycoerythrin (PE), Ly6G-
PE, and Ly6C-FITC (eBioscience and BD Biosciences). Data were ac-
quired using a BD FACSCanto II flow cytometer and BD FACSDiva
(v.6.1.2) software (BD Biosciences). A total of 10> events were acquired
per sample. Data analysis was done using FlowJo (v.9.2) software (TreeS-
tar Inc., Ashland, OR). Dead cells were excluded on the basis of forward
scatter/side scatter (SSC) gating, and data are shown as the number of live
cells per gram of tissue.

Tissue chemokine and cytokine levels. Colonic tissue was weighed
and then homogenized by bead beating for 1 min in a buffer consisting of
1 M HEPES and Halt protease inhibitor cocktail (Thermo-Fisher Scien-
tific Inc., Rockford, IL) and then further incubated for a period of 30 min
on ice with buffer containing Triton X-100, HEPES, and Halt protease
inhibitor cocktail. The lysates were pelleted by centrifugation, and the
supernatants were harvested and stored at —80°C until they were analyzed
by Luminex assay (leukemia inhibitory factor [LIF], CCL3, CCL4,
CXCL10, CXCL1, CXCL2, IL-17A, IL-6, IL-1B, gamma interferon [IFN-
v], and TNF-a;; EMD Millipore, St. Charles, MO) and ELISA (mouse
IL-23 ELISA; eBioscience). Data were normalized to tissue weight.

RESULTS

The leptin receptor 223R mutation is associated with an in-
creased risk of C. difficile colitis. We previously studied the asso-
ciation between different single nucleotide polymorphisms
(SNPs) present in the leptin receptor (LEPR) gene and suscepti-
bility to amebic colitis. Children with the ancestral A allele at SNP
rs1137101 located at amino acid position 223 encoding glutamine
(223Q) had a lower risk of amebiasis than children with a muta-
tion to arginine (223R) (31). The homozygous 223R mutation was
also associated with susceptibility to amebic liver abscess in an
independent cohort of adults (31). Other studies have shown that
the same mutation (223R) is linked to an increased risk of death in
patients with nonappendicular secondary peritonitis (42). In or-
der to study the association of the LEPR Q223R polymorphism,
DNA was extracted from pathology specimens of 54 patients with
a diagnosis of C. difficile colitis and 141 healthy controls at the
University of Virginia and genotyped for SNP rs1137101. The ge-
notypic distribution of the polymorphism in the control popula-
tion was in Hardy-Weinberg equilibrium (P = 0.17); however,
there was variability in the minor allele frequency on the basis of
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TABLE 1 The leptin receptor 223R mutation is associated with an
increased risk of C. difficile colitis”

No. (%) of

subjects with

the following

Group with rs1137101 w
polymorphism QQ/QR  RR Odds ratio 95% CI P value
European Americans
(n=141)
Controls 89 (86) 14 (14) 1.0
C. difficile colitis 26(68)  12(32) 3.03 12,75 0.015
African Americans
(n=52)
Controls 28 (76) 9(24) 1.0
C. difficile colitis 8 (53) 7(47) 347 0.9,13.4 0.07

@ Individuals with C. difficile colitis were 3 times more likely to have two copies of the
arginine (R) allele than controls. The logistic regression model was adjusted for sex. CI,
confidence interval.

self-reported ethnic ancestry (African Americans = 0.55, Euro-
pean Americans = 0.40), as expected (see Table S1 in the supple-
mental material). Thus, we stratified by ethnicity. European
Americans with two copies of the 223R mutation were at an in-
creased risk of C. difficile colitis after adjustment for sex (odds
ratio, 3.03; P = 0.015) (Table 1). This association trended in the
same direction for African Americans; however, it did not reach
statistical significance (odds ratio, 3.47; P = 0.07) (Table 1).

Leptin is protective during acute C. difficile infection. The
role of leptin in C. difficile infection was further explored in the
mouse model of C. difficile colitis. Leptin receptor-deficient (db/
db) and C57BL/6 WT mice were treated with an antibiotic cocktail
for 3 days, followed by intraperitoneal injection of clindamycin
and challenge with the VP 10643 strain of C. difficile by orogastric
gavage (46). Disease severity was assessed by survival and clinical
measures of inflammation (45). WT mice had greater weight loss
and earlier onset of clinical signs and symptoms of inflammation
than db/db mice but no significant difference in survival from
db/db mice (Fig. 1A and B and data not shown). This heightened
response to infection was associated with better control of the
pathogen burden during acute infection, as measured by the levels
of C. difficile toxin A/B and C. difficile-specific glutamate dehydro-
genase (GDH) in the cecal contents (Fig. 1C and D).

Abrogation of LepRb-STAT3 signaling partially recapitu-
lates the phenotype of a complete lack of leptin signaling. Bind-
ing of leptin to its receptor (LepRb) leads to activation of multiple
signaling pathways via phosphorylation of different conserved
tyrosine residues in the intracellular domain (50, 51). In mouse
models of Gram-negative bacterial pneumonia, leptin signaling
via the STAT3 pathway (Y1138S-STAT3 mutant mice [S1138
mice]) was protective (32). Studies from our laboratory have also
shown that S1138 mice had worse disease in a mouse model of
amebic colitis (29). In this study, we were particularly interested to
examine the STAT3 pathway because the LEPR 223R polymor-
phism is associated with lower STAT3 signaling in vitro (52).

In order to define the contribution of LepRb-STAT3 signaling
to leptin-mediated protection from C. difficile infection, S1138
and littermate WT control mice were pretreated with antibiotics
as described above and then infected with the VPI 10643 strain of
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FIG 1 Leptin receptor-deficient (db/db) mice have diminished pathogen clearance, weight loss, and clinical scores after C. difficile infection. Age-matched male
WT mice and leptin receptor-deficient (db/db) mice were pretreated with antibiotics for 3 days, followed by intraperitoneal treatment with clindamycin, and then
infected with 10* CFU C. difficile VPI 10643 by orogastric gavage. (A) Percent weight loss depicted as a percentage of the day 0 weight. Data are from 2 different
experiments with a combined 11 to 28 mice. (B) Clinical measure of inflammation assessed by quantifying piloerection, ocular discharge, diarrhea, activity, and
posture on a scale of 0 to 4. Data are from 2 different experiments with a combined 11 to 28 mice. (C) Toxin A/B levels determined by ELISA (arbitrary toxin units)
for 7 mice. (D) C. difficile-specific GDH levels determined by ELISA (ng/ml) for 7 mice. Two db/db mice had no detectable infection, no detectable toxin or GDH
by ELISA, and no histopathologic changes in the colon and were excluded from the analysis. All data shown as the mean = SEM. **, P < 0.005; ***, P < 0.001
(Student’s ¢ test).

C. difficile by orogastric gavage (46). Weight loss and clinical mea-
sures of inflammation were quantified during the course of infec-
tion. WT mice had greater weight loss and higher clinical scores
than S1138 mice during acute infection (Fig. 2A and B). It should
be noted that, perhaps due to differences in the origins of the mice,
the WT control mice for db/db mice lost an average of about 16%

of their weight by day 3 of infection (Fig. 1A), while the weight loss
of the WT littermate controls of S1138 mice was lower (6.8% to
10.6%). The WT control mice (and db/db mice) for all db/db ex-
periments were from The Jackson Laboratory, while the WT lit-
termate controls for S1138 mice were bred at the University of
Virginia.
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FIG 2 Decreased inflammation from C. difficile infection in the absence of LepRb-STAT3 signaling. Age-matched WT and leptin receptor STAT3 mutant
(S1138) mice were pretreated with antibiotics for 3 days, followed by intraperitoneal treatment with clindamycin, and then infected with 10> CFU C. difficile VPI
10643 by orogastric gavage. (A) Percent weight loss depicted as a percentage of the day 0 weight. Data are from 4 different experiments with a combined 22 to 34
mice. (B) Clinical measure of inflammation assessed by quantifying piloerection, ocular discharge, diarrhea, activity, and posture on a scale of 0 to 4. Data are
from 2 different experiments with a combined 8 to 19 mice. (C) Percent colon length shortening (compared to the colon lengths for sham-infected mice) at day
2 after infection for 10 to 11 mice. All data shown as the mean = SEM. *, P < 0.05; ***, P < 0.001; #, P = 0.06 (Student’s f test).
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FIG 3 Leptin receptor-STAT3 signaling enhances colonic inflammation during acute C. difficile infection. Age-matched WT mice (open symbols) and leptin
receptor STAT3 mutant (S1138) mice (closed symbols) were pretreated with antibiotics for 3 days, followed by intraperitoneal treatment with clindamycin, and
then infected with 10°> CFU C. difficile VP1 10643 by orogastric gavage. Ceca were harvested 2 days after infection, and inflammation was assessed by scoring for
5 histological criteria, inflammatory cell infiltration, mucosal hypertrophy, luminal exudate and vascular congestion, submucosal edema, and epithelial disrup-
tion, in a blinded fashion. (A) Overall histopathology; (B) extent of inflammatory cell recruitment, exudate, submucosal edema, mucosal thickness, and epithelial
disruption; (C) representative slide sections for WT and S1138 mice showing inflammatory cell recruitment and submucosal edema. All data are shown as the

mean * SEM for 10 to 11 mice. *, P < 0.05; **, P < 0.005 (Student’s ¢ test).

The LepRb-STAT3 signaling axis increases inflammation,
colonic chemokine expression, and cellular recruitment. Colon
length shortening is a measure of colonic inflammation (53). At
baseline, antibiotic-treated, sham-challenged S1138 mice had lon-
ger colonic lengths than WT mice of the same age (data not
shown). WT mice had higher levels of inflammation, as evidenced
by a significant shortening of the colon compared to the length of
the colon of S1138 mice on day 2 after infection (Fig. 2C) (data
were normalized to those for sham-challenged mice). Microscop-
ically, on day 2, S1138 mice had less inflammatory cell recruit-
ment, submucosal edema, and epithelial cell disruption (Fig. 3A to
C). To further define the infiltrating cells recruited to the gut dur-
ing acute C. difficile infection, the lamina propria cells were har-
vested and analyzed by flow cytometry. WT mice had an increased
number of infiltrating macrophages (CD45" CD11b* F4/80%
SiglecF ™), neutrophils (CD45" CD11b™ Ly6G" Ly6C™), and
monocytes (CD45" CD11b* Ly6C" Ly6G™?) per gram of tissue
(Fig. 4A). While leptin has been shown to act as a survival factor
for human eosinophils in vitro (54), we did not see any differences
in eosinophil (SSC™ SiglecF") numbers between WT and S1138
mice during acute infection (Fig. 4A). Reflective of increased in-
flammation, WT mice had higher levels of the chemokines leuke-
mia inhibitory factor (LIF), CXCL9, CXCL10, CCL3, and CCL4
(Fig. 4B and C). Of interest because of the pathogenic role of IL-23
in C. difficile (17), the levels of colonic IL-23 were elevated in the
absence of LepRb-STAT3 signaling. There was no difference in the
levels of the other proinflammatory cytokines, suggesting a poten-
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tially protective negative regulation of IL-23 by leptin-STAT?3 sig-
naling (Fig. 4D).

DISCUSSION

The most important findings of this study are that a mutation
(Q223R) in the leptin receptor present in up to 50% of humans
was associated with susceptibility to C. difficile, with mouse studies
demonstrating that a leptin-mediated inflammatory response de-
creased the burden of C. difficile in the gut. Previously, the leptin
receptor mutation had been shown to affect susceptibility to ame-
bic colitis and liver abscess and to bacterial peritonitis (31, 42).
Here, studies in mice demonstrated that the protective leptin-
mediated inflammation was in part via STAT3 signaling from the
wild-type leptin receptor. This was of interest because the Q223R
leptin receptor mutation is known to diminish leptin-mediated
STATS3 signaling (52).

Leptin is produced by adipose tissue (small amounts are pro-
duced from placenta and gastric epithelium), while the leptin re-
ceptor is expressed not only in the hypothalamus but also on im-
mune and epithelial cells (27). It is thus postulated that leptin acts
both as a sensor of metabolism and as a regulator of the inflam-
matory response on the basis of the nutritional status of the host
(39, 55). A lack of leptin signaling or lower leptin levels (as seen in
starvation) are associated with an increased risk of infection and
decreased immune responses (28, 39). We therefore tested the
hypothesis that leptin is protective in C. difficile infection.

The LEPR 223Q allele is protective in amebiasis (31) and is
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FIG 4 Leptin receptor-STAT3 signaling enhances inflammatory cell recruitment and colonic chemokine expression during acute C. difficile infection. Age-
matched WT mice (open symbols) and leptin receptor STAT3 mutant (S1138) mice (closed symbols) were pretreated with antibiotics for 3 days, followed by
intraperitoneal treatment with clindamycin, and then infected with 10° CFU C. difficile VPI 10643 by orogastric gavage. On day 2 after infection, colonic lamina
propria cells were harvested and stained with monoclonal antibodies to identify the infiltrating cell populations. Chemokine levels were measured in tissue lysates
using a Luminex assay. (A) CD45" CD11b" F4/80" SiglecF~ macrophages, CD45" CD11b* Ly6G™ Ly6C™ neutrophils, CD45" CD11b" Ly6C™ Ly6G™¢
inflammatory monocytes, and SSC™ SiglecF* eosinophils; (B) CC chemokines; (C) CXC chemokines; (D) proinflammatory cytokines. All data are shown as the

mean * SEM for 10 to 11 mice. *, P < 0.05; ***, P < 0.001 (Student’s t test).

associated with a decreased risk of death in patients with second-
ary peritonitis (42). This study provides further support for the
role of a LEPR polymorphism in controlling susceptibility to in-
fectious colitis due to C. difficile. The LEPR position 223 polymor-
phism is located in the cytokine receptor homology 1 (CRH1)
domain of the leptin receptor. CRH1 is not the ligand-binding
domain of the receptor, and at this time its function is unclear.
However, we have previously shown in vitro that the LEPR 223Q
isoform had higher levels of downstream STAT3 signaling (52).
Thus, the role of the LepRb-STAT3 pathway in leptin-mediated
inflammation was further investigated using a murine model.
WT mice had an early onset of inflammation and better con-
trol of the pathogen burden. The mechanism of leptin-mediated
protection was in part by downstream STAT3 signaling. Similar to
db/db mice, S1138 mice, which have disrupted leptin-mediated
STATS3 signaling, had less weight loss and better clinical scores.
Consistent with lower inflammation, S1138 mice also had lower
levels of the chemokines LIF, CXCL9, CXCL10, CCL3, and CCL4
and fewer infiltrating neutrophils, macrophages, and monocytes.
It is interesting to note that leptin-STAT3 signaling enhances the
production of CXCR3 ligands (CXCL9 and CXCL10) and CCR5
ligands (CCL3 and CCL4), which are preferentially expressed on
Th1 cells and enhance Th1 inflammation (reviewed in references
56 and 57). This would suggest that leptin-STAT3 signaling en-
hances Th1 cell recruitment by increasing chemokine secretion.
While our current focus has been on the study of polymorphonu-
clear leukocytes, T cell responses could be playing a role in the
leptin-mediated inflammatory response during C. difficile infec-
tion, and this can be further examined using our mouse model.
Note that while, on the one hand, leptin-mediated inflamma-
tion is manifest as worse disease symptoms (increased weight loss
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and higher clinical scores in WT mice), on the other hand, this
inflammation seems to be beneficial and bactericidal in nature,
leading to a better control of the pathogen. One of the possible
mechanisms of leptin-mediated bactericidal inflammation could
be increased cellular recruitment mediated by the leptin-STAT3
axis; however, other known mechanisms of leptin actions, like
increased oxidative species production in neutrophils (36), in-
creased mucin glycoprotein and antimicrobial peptide secretion
(41, 58, 59), and maintenance of epithelial integrity (40), could
also contribute to leptin-mediated bactericidal inflammation dur-
ing acute C. difficile infection and will need further investigation.
While our study does not directly quantify the numbers of C.
difficile CFU, toxin A/B levels are an accurate measure of the crit-
ical C. difficile virulence factors and, in combination with C. diffi-
cile-specific GDH levels, are a reliable surrogate to monitor bacte-
rial clearance.

Signaling downstream of LepRb leads to activation of
multiple signaling pathways, including the JAK2/PI3K-Akt, STAT3/
SOCS3, SHP2/mitogen-activated protein kinase (MAPK)-ERK,
and STATS5 pathways (51). It is important to note that SOCS3,
downstream of STAT3, acts as a negative regulator of the JAK2/
PI3K-Akt and SHP2/MAPK-ERK pathways and S1138 mice,
which have decreased expression of downstream SOCS3, have en-
hanced ERK1/2 activation (32, 51). The phenotype of diminished
inflammation in S1138 mice could thus be due to a combination
of interrupted STAT3-mediated signaling and a lack of SOCS3-
mediated negative regulation of other signaling pathways. Studies
using inhibitors of the JAK-STAT pathway show that leptin-me-
diated chemokine production is dependent on activation of the
JAK-STAT pathways (60), suggesting that the chemokine expres-
sion is likely controlled by STAT3 signaling.
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We have recently shown that IL-23 is induced in the colons of
humans with C. difficile colitis and causes mortality in the mouse
model of C. difficile (17). IL-23 is also implicated in the pathogen-
esis of inflammatory bowel disease (61). Colonic IL-23 was in-
creased in S1138 mice that lacked the protective function of lep-
tin-mediated STATS3 signaling. Thus, leptin protection may be
mediated in part via repression of IL-23. The mechanism of leptin
suppression of IL-23 production could be direct, as dendritic cells
express leptin receptors and are a major source of IL-23 (62, 63),
or indirect via maintenance of intestinal barrier function (dimin-
ishing exposure of dendritic cells to C. difficile and/or commensal
bacteria).

Leptin can induce chemokine production from both immune
(60, 64) and nonimmune cells, including colonic epithelium (65)
and endometrial cells (66). The chemokine/cytokine induction
and inflammatory cell recruitment seen in our studies thus could
be mediated by direct effects of leptin on immune cells or via
effects on nonimmune, epithelial, or neuronal cells. Definition of
the cellular subsets that lead to leptin-mediated inflammation af-
ter C. difficile infection will be enlightening and could be accom-
plished in future studies by the use of reciprocal bone marrow
chimeras between WT and db/db mice and/or S1138 mice, as well
as the use of cell type-specific LepRb-deficient mice.

In conclusion, our observations in humans and mice indicate
that the LepRb-STAT3 axis has a regulatory role in the inflamma-
tory response to C. difficile infection, with more robust leptin-
mediated STAT3 signaling promoting resistance via an enhanced
inflammatory response. The study of the role of genetic polymor-
phisms in defining the susceptibility to infectious diseases in this
case not only gives insight into leptin’s role in mucosal defense but
also provides a potential tool for genetic risk stratification of pa-
tients with C. difficile infections as well as a potential avenue for
host-targeted therapy.
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