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New Role for Human «a-Defensin 5 in the Fight against Hypervirulent
Clostridium difficile Strains
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Clostridium difficile infection (CDI), one of the most common hospital-acquired infections, is increasing in incidence and sever-
ity with the emergence and diffusion of hypervirulent strains. CDI is precipitated by antibiotic treatment that destroys the equi-
librium of the gut microbiota. Human a-defensin 5 (HD5), the most abundant enteric antimicrobial peptide, is a key regulator
of gut microbiota homeostasis, yet it is still unknown if C. difficile, which successfully evades killing by other host microbicidal
peptides, is susceptible to HD5. We evaluated, by means of viability assay, fluorescence-activated cell sorter (FACS) analysis, and

electron microscopy, the antimicrobial activities of a-defensins 1 and 5 against a panel of C. difficile strains encompassing the
most prevalent epidemic and hypervirulent PCR ribotypes in Europe (012, 014/020, 106, 018, 027, and 078). Here we show that
(i) concentrations of HD5 within the intestinal physiological range produced massive C. difficile cell killing; (ii) HD5 bacteri-
cidal activity was mediated by membrane depolarization and bacterial fragmentation with a pattern of damage peculiar to C.
difficile bacilli, compared to commensals like Escherichia coli and Enterococcus faecalis; and (iii) unexpectedly, hypervirulent
ribotypes were among the most susceptible to both defensins. These results support the notion that HD5, naturally present at
very high concentrations in the mucosa of the small intestine, could indeed control the very early steps of CDI by killing C. diffi-
cile bacilli at their germination site. As a consequence, HD5 can be regarded as a good candidate for the containment of hyper-
virulent C. difficile strains, and it could be exploited in the therapy of CDI and relapsing C. difficile-associated disease.

lostridium difficile, a Gram-positive, spore-forming anaerobic

bacterium, is considered the major known cause of health
care-associated infectious diarrhea in Western countries (1). The
disease spectrum caused by C. difficile infection (CDI) ranges from
mild diarrhea to severe pseudomembranous enterocolitis, sepsis,
and death (2). Hospitalization and old age are major risk factors,
and recent reports reveal an alarming association of pediatric CDI
with increased mortality in hospitalized children (3).

In the past decade, increasing rates of CDI have been reported
in North America and Europe, with a larger proportion of severe
and recurrent cases of C. difficile-associated disease (CDAD) than
previously reported (4). The most frequently reported toxigenic
isolates belong to PCR ribotype 001 (RT001), RT012, RT014/020,
RTO017, RT106, RT027, RT078, and RT018 (5). In particular, PCR
ribotypes 027 and 078 and the more recently described ribotype
018 (6,7) are referred to as hypervirulent. Each of them carries one
or more virulence factors, such as production of binary toxin,
mutation in regulatory toxin genes tcdC and fcdD, or fluoroquin-
olone (FQ) resistance, and all are strongly associated with in-
creased severity of CDI and higher attributable mortality (4, 5, 8).

C. difficile is transmitted via endospores that resist the acidity of
the stomach and germinate in the small intestine; the resulting
vegetative cells colonize the colon and can reside there asymptom-
atically for a long time (9). Disruption of the normal gut micro-
flora by broad-spectrum antibiotics (10) allows C. difficile to pro-
liferate and cause disease through the production of cytotoxic
toxins A and B (11). Host protection against bacterial pathogens
in the intestinal environment is largely mediated by a number of
gene-encoded antimicrobial proteins and peptides (AMPs) (12).
In mammals, defensins are the major group of AMPs (13); my-
eloid a-defensins 1 to 3 (HNP1 to HNP3) are expressed predom-
inantly by neutrophils and kill pathogens at the sites of inflamma-
tion, while enteric a-defensins 5 and 6 (HD5 and HD6) are
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released by Paneth cells in the small intestine and patrol the intes-
tinal mucosa (14). HD5 is the most abundant enteric AMP: it has
been estimated that up to 450 pg/cm? is stored in the ileal mucosa,
with concentrations of 14 to 70 uM (15). Both HNP1 and HD5
have documented microbicidal activity against bacteria, fungi,
and viruses (13, 16), as well as enhancing activity on certain adap-
tive immune responses (17). Such a broad spectrum of activity is
based on their distinctive 6-cysteine motif, which results in a char-
acteristic 3-sheet structure and a net positive charge which allow
a-defensins to target the negatively charged outermost leaflet of
most pathogens (13, 18).

Intestinal microbiota homeostasis is maintained by the dy-
namic interplay between AMPs, mainly HD5, and commensal
bacteria (19). HD5 controls the enteric microbiota composition
by selective killing of bacterial pathogens while preserving com-
mensals (20, 21); in turn, resident bacteria stimulate HD5 produc-
tion via Toll-like receptor (TLR)-MyD88 signaling (22). In mice,
oral antibiotic treatment results in a dramatic drop of HD5 gene
transcription, which is correlated with loss of commensal micro-
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TABLE 1 Molecular characterization of C. difficile strains”

a-Defensin Killing of Hypervirulent C. difficile

Main virulence factors

PCR FQ MLSB
Strain ribotype tedAltedB Binary toxin® Variations in tcdC resistance* resistance? Source®
C. difficile
N1 (NCTC 11204) 001 +/+ - - - - NCTC
CD630 (ATCC BAA-1382) 012 +/+ - - - + ATCC
CD496 014/020 +/+ - - - - OSR
CD501 014/020 +/+ - - - - OSR
UP106 106 +/+ - - - Parthenope University
of Naples, Italy
CD1470 017 —/+ + — — — University of Maribor,
Slovenia
CD369 018 +/+ - - + - OSR
CD483 018 +/+ - - + - OSR
CD498 018 +/+ - - + - OSR
R20291 (NCTC 13366) 027 +/+ + A18 bp/A117 + - NCTC
CD349 027 +/+ + A18 bp/A117 + - OSR
CD513 027 +/+ + A18 bp/A117 + - OSR
CD683 027 +/+ + A18 bp/A117 + - OSR
CD524 078 +/+ + A39 bp/C184T + - OSR
CD740 078 +/+ + A39 bp/C184T + - OSR
CD528 078 +/+ + A39 bp/C184T - + OSR
CD731 078 +/+ + A39 bp/C184T - - OSR
Human commensals
E. coli ATCC 25922 ATCC
E. faecalis ATCC 29212 ATCC

“ +, present; —, absent.

" PCR detection (cdfA and cdtB).

€ C245T mutation in gyrA.

@ Presence of ermB.

¢ OSR, Ospedale San Raffaele, Italy.

biota diversity (23). Reduction or absence of HD5 release in the
intestinal mucosa has been associated with Crohn’s disease (24),
susceptibility to enteric pathogens (25), changes in composition
of the microbiota, and disruption of intestinal immune homeo-
stasis (19). On the other hand, excess HD5 accumulation in the
intestinal mucus of cystic fibrosis patients has been associated
with resistance to CDAD (26). In addition, HD5 at concentrations
commonly found in the small intestine efficiently neutralizes C.
difficile toxin B, one of the most potent virulence factors of C.
difficile (27).

In the course of CD], the interaction of C. difficile toxins with
colonic cells triggers a significant inflammatory response and neu-
trophil accumulation at the site of epithelial damage, with massive
release of HNP1 (12, 28). Several recent studies have demon-
strated that neutrophils are critical for defense against C. difficile
infection (29, 30).

Despite considerable evidence suggesting an influence of a-de-
fensins on C. difficile intestinal colonization, it is still unknown if
C. difficile vegetative cells, which are responsible for toxin produc-
tion, are susceptible to bactericidal activity of a-defensins (28). As
a matter of fact, bacteria have evolved numerous mechanisms to
resist AMPs (31), and C. difficile has exploited different strategies,
including alteration of surface charge and secretion of proteases,
to evade bacterial and host-derived cationic AMPs (32, 33). This
scenario prompted us to investigate the susceptibility of the vege-
tative morphotype of C. difficile to a-defensins 1 and 5. We also
addressed the issue of different efficacies for a panel of clinical
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isolates characterized by different virulence and epidemic fea-
tures.

Here we report for the first time that human a-defensins exert
potent dose-dependent damage to the vegetative isoform of C.
difficile, resulting in plasma membrane depolarization and bacte-
rial fragmentation. All strains tested were highly susceptible to the
microbicidal activity of both a-defensins, with epidemic hyper-
virulent isolates being among the most sensitive to the microbici-
dal activity of a-defensins.

MATERIALS AND METHODS

Bacterial strains and antimicrobial peptides. As summarized in Table 1,
three reference strains of C. difficile were used in this study: CD630 (PCR
ribotype 012, ATCC BAA-1382), obtained from LGC Standards (Ted-
dington, United Kingdom), and R20291 (PCR ribotype 027, NCTC
13366) and N1 (PCR ribotype 001, NCTC 11204), obtained from the
National Collection of Type Cultures (NCTC, Health Protection Agency,
United Kingdom). Clinical isolates CD1470 and UP106 were kind gifts
from M. Rupnik (University of Maribor, Slovenia) and from V. Pasquale
(Parthenope University of Naples), respectively. All the other clinical iso-
lates were collected at the Ospedale San Raffaele, Italy, and selected for the
presence of toxins A and B by VIDAS assay (bioMérieux). C. difficile
strains were characterized by standard PCR ribotyping (7) and detection
of enterotoxin genes fcdA and fcdB, binary toxin (cdtA and cdtB) genes,
and variations in the #cdC gene (7). The presence of the determinant for
resistance to macrolide/lincosamide/streptogramin B (MLSB), ermB, was
determined according to the method of Sutcliffe et al. (34), while the
C245T mutation in gyrA, which confers high-level resistance to fluoro-
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quinolones, was detected according to the method of Carman et al. (35).
Escherichia coli ATCC 25922 and Enterococcus faecalis ATCC 29212 were
both from the American Type Culture Collection (ATCC; Rockville,
MD). All the experiments were conducted under anaerobic conditions
(Concept 400 anaerobic chamber; Ruskinn Technologies, Leeds, United
Kingdom) for C. difficile under both aerobic and anaerobic conditions for
E. coli and E. faecalis for comparison purposes.

Recombinant human a-defensin HNP1 and HD5 were from Peptides
International, Inc. (Louisville, KY). The synthetic peptide RL26495 was
used as control peptide since it shares with a-defensins similarities of
molecular weight, isoelectric point, and net charge. Both a-defensins and
control peptide were reconstituted in 0.01% acetic acid as recommended
by the manufacturer and stored as single-use aliquots at —80°C.

CFU antimicrobial assay. According to previous reports showing that
high ionic strength of bacterial broths is a major inactivation factor for the
microbicidal activity of a-defensins (12, 36) and to match the low ionic
strength and pH of the intestinal mucous layer, we used Schaedler broth
diluted 1:6 (SB6 medium) in sterile distilled water. This medium does not
compromise bacterial growth, as previously reported (37-39). Bacteria
(1 X 10°) from late logarithmic (C. difficile) and mid-logarithmic (E. coli
and E. faecalis) growth phase suspensions were incubated in the presence
or absence of increasing concentrations of HNP1, HD5, or RL26495 for 2
h at 37°C in a final volume of 100 pl of SB6 medium. Each incubation
mixture (treated and untreated) was serially diluted, spread in triplicate
on Columbia blood agar plates (Becton Dickinson), and incubated at
37°C for 72 h for C. difficile and 18 h for E. coli and E. faecalis, followed by
determination of CFU count. Each assay was repeated at least three times
independently. The percentage of surviving bacteria was calculated as 100
X (1 = r/c), where c is the number of CFU in untreated controls (SB6
medium alone) and r is the number of CFU in treated samples. The con-
centration of defensin that caused 50% bacterial growth inhibition (ICs,)
was calculated from a plot of percent inhibition versus the logarithm of
defensin concentration.

Flow cytometric antimicrobial assay. Flow cytometric antimicrobial
assay for measuring membrane depolarization of bacteria was carried out
on all strains listed in Table 1 as previously described, with minor modi-
fications (38). Briefly, after 2 h of incubation with defensins, RL26495, or
SB6 medium only, DiBAC,(3) [bis-(1,3-dibutylbarbituric acid) trim-
ethine oxonol; Sigma-Aldrich, St. Louis, MO], a dye sensitive to mem-
brane potential, was added at a concentration of 1 mg/ml and incubated
for 10 min at room temperature. Cell damage leads to the uptake of the
dye in the bacterial cells and an increase in fluorescence. Bacterial suspen-
sions were then centrifuged for 10 min at 4,500 X g, and the bacterial
pellets were resuspended in 300 p.l of phosphate-buffered solution (PBS)
filtered through a 0.22-pm filter. Samples were kept on ice until fluores-
cence-activated cell sorter (FACS) acquisition. For each sample, 40,000
events were analyzed on a Gallios 775016 flow cytometer (Beckman
Coulter, Brea, CA). The percentage of depolarized fluorescent bacteria
and the percentage of bacterial cell fragments were determined by evalu-
ation of forward scatter and fluorescence 1 parameters. The antimicrobial
activity of defensins was expressed as percentage of depolarized bacteria in
defensin- or RL26495-treated samples compared to medium-only-
treated controls. Data obtained were analyzed using FlowJo software
(Treestar, Ashland, OR).

Transmission electron microscopy studies. Approximately 2 X 10*
CFU of C. difficile strain CD630 was incubated anaerobically for 2 h at
37°C in SB6 medium in the presence or absence of 7 uM HNP1, HD5, or
control peptide RL26495. For transmission electron microscopy, bacteria
were fixed at 4°C for 15 min in 125 mM cacodylate buffer containing 4%
paraformaldehyde and 2.5% glutaraldehyde. After centrifugation, the pel-
let was postfixed for 1 h in 2.0% osmium tetroxide in 125 mM cacodylate
buffer, washed, and embedded in Epon resin (Sigma). Ultrathin sections
(30 nm) were cut using an Ultracut microtome (Reichert, Austria),
mounted on copper grids, double contrasted with uranyl and lead citrate,
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and analyzed using a LEO912 electron microscope (Leo Electron Micros-
copy Ltd., Cambridge, United Kingdom).

Statistical analysis. We used the Wilcoxon Mann-Whitney rank sum
2-tailed test to determine statistical significance for experiments on the
susceptibilities of C. difficile strains belonging to different PCR ribotypes
to a-defensins (see Fig. 4). Gaussian distribution was determined using
the Kolmogorov-Smirnov test. Fisher’s exact test was used for the com-
parison of categorical variables for experiment of dose-dependent bacte-
rial damage (see Fig. 3B). Results are presented as means * standard
errors. P values of <0.05 were considered statistically significant. Data
were analyzed using GraphPad Prism 5.0 software (San Diego, CA).

RESULTS

Selection and characterization of C. difficile clinical isolates. In
this study, we compared the sensitivities to HD5 and HNP1 of
eight of the most common PCR ribotypes in Europe (001, 012,
014/020, 106, 017, 018, 027, and 078), including three PCR ri-
botypes (018,027, and 078) associated with more severe outcomes
and greater attributable mortality and therefore considered hy-
pervirulent (4, 5, 40). As illustrated in Table 1, all isolates were
toxigenic, i.e., tested positive for the presence of toxins A and B.
CD1470 belongs to PCR ribotype 017 and, as expected, tested
singly positive for toxin B (41). PCR ribotype 027 included
R20291, a reference strain entirely sequenced and characterized
phenotypically (42, 43), and three clinical isolates (CD349,
CD513, and CD683) from the stools of CDI patients. All these
strains were positive for several virulence factors at the same time:
FQ resistance (C245T mutation in gyrA), deletions in tcdC (18-bp
deletion and point deletion in 117), and the presence of binary
toxin genes (cdtA and cdtB) (Table 1). Similar to the PCR ribotype
027 strains, the four clinical isolates belonging to PCR ribotype
078 (CD524, CD740, CD528, and CD731) were positive for C.
difficile binary toxin genes and for variation in tcdC (point muta-
tion C184T and 39-bp deletion), but not all were FQ resistant. In
addition, CD528, which is not FQ resistant, carried resistance to
MLSB (mutation in ermB). PCR ribotype 018 is highly diffused in
Italy and has been significantly associated with complicated out-
comes (5); isolates CD369, CD483, and CD498 were all positive
for FQ resistance, but none of them had the genes for the binary
toxins or mutations in fcdC. PCR ribotypes 001, 014/020, and 106,
which are common but not considered epidemic, were negative
for all considered virulence factors and lacked the determinants
associated with resistance to FQs and MLSB.

C. difficile bacilli are highly susceptible to a-defensins 1 and
5. As the first step, we investigated the effects of HNP1 and HD5
on the viability of C. difficile reference strain CD630 PCR ribotype
012 in comparison with the effects on E. coli and E. faecalis, two
prominent species of the intestinal flora. We used the reference
strains E. coli ATCC 25922 and E. faecalis ATCC 29212 (Fig. 1B),
which were previously shown to be, respectively, susceptible and
partially resistant to several defensins (37, 44, 45). Preliminary
studies on a-defensin bactericidal activity indicated that the max-
imal effect occurred within 2 h (data not shown), consistent with
previously reported data (37).

Although reported to be resistant to several cationic AMPs
(46), C. difficile CD630 (RT012) was highly susceptible to both
defensins, with IC;s in the nanomolar range, 224 nM for HNP1
and 131 nM for HD5. These values were in the same range as those
obtained with E. coli (HNP1,1C5,0f 473 nM, and HD5, IC,, of 168
nM), which is described to be highly susceptible to a-defensins
(37,45). E. faecalis showed a lower sensitivity to a-defensins, with
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FIG 1 HD5 and HNP1 inhibit C. difficile growth in vitro. (A) C. difficile refer-
ence strain CD630 (RT012) and clinical epidemic strains CD369 (RT018) and
CD349 (RT027). (B) Comparison with a-defensin activity against E. coli
ATCC 25922 and E. faecalis ATCC 29212. All strains were exposed for 2 h at
37°C to HD5, HNP1, or unrelated control peptide RL26495 at concentrations
ranging from 0.1 to 14 uM. The number of CFU was determined in triplicate
and expressed as percentage of the initial inoculum. The means = SEMs for at
least three independent experiments are shown.

ICs4s of 685 nM and 548 nM, respectively, consistent with its
lower susceptibility to enteric antimicrobials (38) (Fig. 1). No ef-
fect was seen with the control peptide, indicating the specificity of
the activities of the defensins (Fig. 1). HD5 was slightly more ef-
fective than HNP1 against all bacteria tested, but the difference did
not reach statistical significance.

Next, we extended the study to two epidemic strains of C. dif-
ficile: R20291 (RT027) and CD369 (RT018). As shown in Fig. 1A,
both strains showed a much higher susceptibility to killing by
a-defensins: HNP1 had an IC,, 0402 nM and HD5 had an IC;, of
218 nM for CD369, and HNP1 had an IC;, of 83 nM and HD5 had
an IC,, of 56 nM for R20291.

a-Defensins induce severe and widespread damage to the C.
difficile cell wall and plasma membrane. To gain insight into the
mechanism of inhibition of C. difficile by a-defensins, we analyzed
by transmission electron microscopy C. difficile CD630 (RT012)
bacilli incubated in the presence or absence of 7 wM HNP1, HD5,
or control peptide RL26495. a-Defensins used at concentrations
that can be normally found in the small intestine (15) caused
severe and widespread morphological changes in treated samples.
As illustrated in Fig. 2A, both defensins caused strong damage of
the bacterial cell wall, which appeared to be detached or missing in
the majority of bacterial cells analyzed. Several breaches were vis-
ible in the plasma membrane, with leakage of cytoplasmic content
(arrowheads). Spherical double-layered mesosome-like struc-
tures and fibers extending from the cell surface were also fre-
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quently detected (arrows). Mesosomes are produced by the lateral
expansion of the membrane area occurring upon binding and
insertion of the AMPs (47). In contrast, control peptide
RL26495 did not cause any morphological damage of bacterial
cells (Fig. 2A).

a-Defensins cause dose-dependent plasma membrane depo-
larization and bacterial cell fragmentation. The bactericidal ac-
tivity of AMPs is mainly based on the attachment of cationic pep-
tides to the negatively charged bacterial cell surface. This results in
electrostatic charge-based depolarization and disruption of the
plasma membrane (12). Thus, to further characterize and quan-
tify the bactericidal activity of a-defensins against C. difficile, we
analyzed by flow cytometry at the single-cell level the effects of
increasing concentrations of HNP1 and HD5 on four C. difficile
strains of different ribotypes (CD630 [RT012], CD369 [RT018],
R20291 [RT027], and CD524 [RT078]) by evaluating the simul-
taneous uptake of the membrane potential-sensitive dye
DiBAC,(3) (48) and the change in bacterial cell size. As shown in
Fig. 2B, in a representative experiment with reference strain
R20291, this assay enabled us to discriminate intact nonfluores-
cent bacteria (gate A; low fluorescence and medium particle size),
depolarized fluorescent bacteria and aggregates of damaged bac-
teria (gate B; high fluorescence and medium to large particle size),
and bacterial fragments (gate C; variable fluorescence and very
small particle size). Figure 2B illustrates that the percentage of
depolarized bacteria (green fluorescence channel, FL1, gate B) and
the amount of bacterial fragments (forward scatter [FS], gate C)
increased proportionally to the defensin concentration. Smaller
particles (gate C) also carried bound DiBAC,(3), thus indicating
their bacterial origin. The minimal active concentration of a-de-
fensins was 0.3 uM, and the maximal effect was observed at 7 uM.
HD5 demonstrated higher bactericidal activity than HNP1 in the
range of concentrations between 0.3 M and 3 wM, while maxi-
mal concentrations of both defensins resulted in similar bacteri-
cidal activities. This was consistent with CFU data (Fig. 1A).
Treatment with control peptide RL26495 resulted in minimal
physiological depolarization and fragmentation levels (Fig. 3A).

We then compared by FACS analysis the morphological
changes produced by HNP1, HD5, and control peptide RL26495
in strain R20291 (RT027) in comparison with E. coli ATCC 25922
and E. faecalis ATCC 29212. As shown in representative plots (Fig.
3A) and quantified in dose-dependent assays (Fig. 3B), both de-
fensins caused dose-dependent killing, i.e., decreased numbers of
viable cells (Fig. 3B, gate A) in all the species considered. However,
while a-defensin treatment of E. coli and E. faecalis mainly in-
duced a shift of the bacterial cell population toward higher green
fluorescence, i.e., depolarized bacteria (Fig. 3A, gate B), the C.
difficile cell population was mostly fragmented, as indicated by a
dramatic decrease in particle size (Fig. 3A, gate C). These differ-
ences were statistically significant, as shown in quantitative dose-
dependent assays (Fig. 3B).

Broad-spectrum inhibitory activity of a-defensins 1 and 5 on
C. difficile strains belonging to different PCR ribotypes. In order
to understand the potential roles of HD5 and HNP1 in the host
protection against C. difficile epidemic strains with different viru-
lence features, we quantified by flow cytometry the susceptibilities
to a-defensin-mediated killing of a panel of C. difficile strains rep-
resentative of the most diffuse epidemic PCR ribotypes (Fig. 4 and
Table 1). We found that both HD5 and HNP1, used at 7 uM,
exhibited broad-spectrum antimicrobial activity against all the C.
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FIG 2 Bactericidal effects of HD5 and HNP1 on C. difficile. (A) Transmission electron micrographs of a-defensin-treated C. difficile. Suspensions of C. difficile
CD630 (RT012) bacilli were incubated in the absence or in the presence of 7 puM HD5, HNP1, or control peptide RL26495. Arrowheads indicate cell wall
detachment or severe leakage of cytoplasmic contents; arrows indicate mesosome-like structures and fibers extending from the cell surface. (B) Dose-dependent
bactericidal effects of HD5 and HNPI against C. difficile R20291 (RT027). Bacteria were incubated in the presence or absence of increasing concentrations of
a-defensins, and the degrees of membrane depolarization [DiBAC,(3) binding (FLI)] and bacterial fragmentation (FS) were quantified by FACS analysis. Gate
A, undamaged bacteria; gate B, depolarized bacteria; gate C, bacterial cell fragments. All plots are representative of at least four independent experiments.

difficile strains tested, with percentages of killed bacteria ranging
from 67.5% * 4.6% to 87.5% * 2.2% for HNP1 and from
67.3% =+ 4.3% to 82.4% = 2.8% for HD5. Both of them resulted in
significantly more damage to C. difficile than for E. faecalis (HNP1,
P < 0.05, and HD5, P < 0.01) but also than for the susceptible
control bacterium, E. coli (HNP1 and HD5 P < 0.001), as shown
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in Fig. 4. As a group, hypervirulent PCR ribotypes 027, 078, and
018 and epidemic ribotypes 017 and 020 were the most susceptible
to HNPI1 (82.0% * 3.7% to 87.5% = 2.2%) and HD5 (73.8% +
1.7% to 80.4% = 2.3%). Interestingly, among all the C. difficile
PCR ribotypes studied, strains N1 (RT001), CD630 (RT012), and
UP106 (RT106) (Fig. 4) showed the lowest susceptibilities, al-
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FIG 3 Killing of C. difficile by a-defensins results in a peculiar pattern of damage. (A) Dot blots of C. difficile CD630 (RT012), E. coli ATCC 25922, and E. faecalis
ATCC 29212 populations after incubation with 7 wuM HD5, HNP1, or control peptide RL26495. Membrane depolarization and cell size were recorded by FACS
analysis. (B) Quantification of dose-dependent bacterial damage. Percentages of undamaged bacteria (gate A), depolarized fluorescent bacteria (gate B), and
bacterial cell fragments (gate C) were obtained by treatment with increasing concentrations of a-defensins (open symbols) or control peptide RL26495 (solid
symbols) and analyzed by FACS. Circles, CD630; squares, E. coli ATCC 25922; triangles, E. faecalis ATCC 29212. Each data point is representative of 4 to 6
independent experiments. Error bars show mean values = SEMs. *, P < 0.05; ***, P < 0.001 (compared to C. difficile) according to Fisher’s exact test.
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FIG 4 Susceptibility to a-defensins of C. difficile strains belonging to different
PCR ribotypes. Bacterial suspensions were tested against 7 uM HD5 (A) and
HNP1 (B) or control peptide (data not shown) for 2 h at 37°C. Values are
means * SEMs for C. difficile hypervirulent and other epidemic PCR ri-
botypes, E. coli ATCC 25922, and E. faecalis ATCC 29212. P values were cal-
culated by the Wilcoxon Mann-Whitney rank sum 2-tailed test.

though the susceptibilities were greater than those of E. coli and E.
faecalis. The commensal E. faecalis, in agreement with CFU data
(Fig. 1B) and with previously published studies (49), showed very
low susceptibility to a-defensins (HNP1, 43.7% = 3.9%, and
HDS5, 33.8% = 3.2%), thus confirming itself as a partially resistant
species. All tested strains were unaffected by treatment with con-
trol peptide RL26495 tested at 7 pM (data not shown).

DISCUSSION

The mechanisms underlying the ability of C. difficile to colonize
the intestine and to evade host innate immune responses are still
poorly understood. Here we report for the first time that neutro-
phil HNP1 and enteric HD5 exert potent inhibitory activities
against C. difficile epidemic strains belonging to PCR ribotypes
characterized by different virulence features.

The observation that C. difficile can reside asymptomatically in
the intestines of immunocompetent individuals, whereas severe
CDAD occurs mainly in immunocompromised or elderly subjects
(2), strongly suggests that host immune responses are important
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determinants of disease pathogenesis (11). HD5 not only restricts
C. difficile colonization by maintaining microbiota homeostasis
and inactivating C. difficile toxin B (27) but also, as described here,
directly kills C. difficile bacilli. This was not an obvious finding:
cationic AMPs share a mechanism of action, and C. difficile has
evolved numerous strategies to evade their attack (28). C. difficile
has been described to be resistant to bacterially derived AMPs, like
bacitracin, nisin, gallidermin, vancomycin, and polymyxin B, but
also to host-derived AMPs, like lysozyme (46, 50). Furthermore,
resistance to mammalian SMAP-29 and LL-37 was reported for
epidemic-associated PCR ribotype 027 isolates (33). We found
that C. difficile is susceptible to both HD5 and HNP1, with ICss in
the nanomolar range; thus, HD5, which in the small intestine can
reach concentrations of 70 wM (15), is likely to largely block the
replication of clostridia at the site of germination (9), suggesting a
protective role against C. difficile colonization. Indeed, proof of
principle for HD5-associated antimicrobial activity in vivo has
been obtained with transgenic mice by showing a direct cause-
effect relation between the presence or absence of HD5 expression
and survival of infection with the enteric pathogen Salmonella
enterica serovar Typhimurium (51). Most importantly, all strains
belonging to PCR ribotype 027 were shown to be twice as suscep-
tible to both HNP1 and HD5 as reference strain CD630 and al-
most 10 times more susceptible to HD5 than was E. faecalis (Fig.
1). These results clearly suggest that a-defensins can circumvent
the mechanisms of evasion adopted by C. difficile to resist cathe-
licidin LL-37 (33). A plausible explanation relies on cationic pep-
tide structure: LL-37 is characterized by an extended a-helical
structure and can be cleaved and inactivated by bacterial proteases
(31), while mature HD5 and HNP1, due to their tightly folded
structure, are inherently resistant to proteolysis (52, 53).

Our findings also address the notion of a peculiar mechanism
of interaction between a-defensins and C. difficile bacilli. Indeed,
transmission electron microscopy analysis showed morphological
alterations of the bacterial cell wall and cytoplasmic membrane
consistent with the cationic, amphiphilic nature of a-defensins,
which are electrostatically attracted by the negatively charged bac-
terial surface layers and get embedded into the hydrophobic re-
gions of the lipid membranes (54, 55). However, we did not ob-
serve blisters, protruding bubbles, and overall moderate damage
to the bacterial wall as reported for other Gram-positive bacteria
(47, 56, 57); rather, we found massive damage of the bacterial cell
wall and plasma membrane, with leakage of cytoplasmic content
and widespread cell fragmentation. Accordingly, data from FACS
analysis showed a pattern of damage peculiar to C. difficile: bacte-
rial fragmentation was completely absent in E. coli, consistent with
its Gram-negative nature (38, 57), but was also absent in E. faeca-
lis, a Gram-positive organism also characterized by a thick pepti-
doglycan wall. HD5 was more potent than HNP1 at a lower range
of concentrations, i.e., 0.3 and 3 WM, whereas maximal concen-
trations of these two defensins resulted in similar bactericidal ac-
tivities, with slightly more strength for HNP1. This agrees with the
propensity of HD5 to form aggregates at high concentrations, thus
losing available sites to interact with the cell membrane (58). Fur-
thermore, such a different range of activities is compatible with
the different physiological roles of HD5 and HNP1. Indeed, HD5,
which is secreted at high concentrations in the intestinal crypts,
gets diluted in the mucous layer and still maintains its bactericidal
activity (52, 59). On the other hand, HNP1, whose role is to inter-
vene once the inflammatory process is initiated and a massive
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bacterial invasion has to be tackled, is more active at the highest
levels of the range (7 uM). Accordingly, physiological concentra-
tions of HNP1 are very high, both in neutrophils (above 10 mg/
ml) and in neutrophils nets, where it kills, respectively, engulfed
and trapped bacteria (12), thus indicating that levels of HNP1
microbicidal for C. difficile bacilli can be easily reached in the
extracellular milieu in the vicinity of activated neutrophils.

Variable susceptibilities to a-defensins have been reported
among different strains of the same species (38, 49); thus, we ex-
ploited FACS analysis to quantify the effect of defensins on C.
difficile strains belonging to different PCR ribotypes. Very recent
studies have investigated the relationships among strain types,
biomarkers, other risk factors, and mortality and demonstrated
unequivocally that RT027, RT078, and RT018 strains are associ-
ated with a worse prognosis and/or greater mortality (4, 5). HD5
and HNP1 exhibited broad-spectrum antimicrobial activity
against all C. difficile strains tested, independently from their epi-
demic and virulence features. As a matter of fact, the strains be-
longing to hypervirulent ribotypes 027, 078, and 018 were among
the most susceptible to a-defensins, while the least sensitive were
represented by ribotypes 001, 012, and 106, which are character-
ized by lower virulence (5). This moderate resistance suggests that
the interaction between a-defensins and C. difficile could follow
distinctive mechanisms related to differences in the molecular
wall composition, i.e., the presence of a bacterial capsule or of an
S-layer (60, 61). We observed that bacterial susceptibility to a-de-
fensins quantified by CFU assays was consistently higher than
quantification of damaged cells by FACS analysis, nonetheless
maintaining a good correlation. This was consistent with previ-
ously published observations (38, 48) and further validated in our
experimental system using E. faecalis, E. coli, and C. difficile strains
CD630 (RT012), CD369 (RT018), and CD349 (RT027).

Hence, we can speculate that in immunocompetent individu-
als, C. difficile spores germinate in the small intestine, where bacilli
encounter HD5 at concentrations more than 50 times higher than
their IC5s (15). Then the surviving bacilli travel to the colon car-
ried by the mucous flow, rich with HD5 and other AMPs (62),
which constrains their replicative capacity and protects the host
from C. difficile colonization. This hypothesis is supported by ex-
periments showing that HD5 persists in an intact and functional
form throughout the all intestinal tract, including the colon (52),
and is active throughout a broad pH range (pH 5.5 to 8.0) (36).
Upon oral antibiotic treatment, the expression of HD5 and other
AMPs is downregulated (23) and pathogenic C. difficile can thrive
and produce large quantities of cytotoxic toxin A and B, leading to
CDI and CDAD (9). In immunodeficient patients or in the ab-
sence of a proper bacterial repopulation, HD5 deficiency persists
and leads to recurrent CDAD (11). Concurrently, during early
stages of CDI, neutrophil infiltration and release of HNP1 at the
site of infection (30) play a beneficial role for the clearance C.
difficile bacilli, whereas in the case of advanced stages of CDAD,
massive neutrophil infiltration enhances the inflammatory re-
sponse and leads to host damage (28). Notably, neutrophils, un-
like macrophages and lymphocytes, are also resistant to C. difficile
toxin A-mediated apoptosis (11).

From this point of view, the fact that C. difficile, especially
highly virulent epidemic strains like ribotypes 018, 078, and 027, is
highly susceptible to both HD5 and HNP1 could be exploited to
prevent and/or treat CDI. From a therapeutic perspective, HD5
used in combination with fecal microbiota transplant therapies
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(63) would contribute, with its antitoxin, bactericidal, and immu-
nostimulatory actions, to the treatment of detrimental forms of
recurrent CDAD (64).
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