ARTICLES

nature publishing group

A novel role for constitutively expressed
epithelial-derived chemokines as antibacterial
peptides in the intestinal mucosa
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Intestinal-derived chemokines have a central role in orchestrating immune cell influx into the normal and inflamed
intestine. Here, we identify the chemokine CCL6 as one of the most abundant chemokines constitutively expressed by
both murine small intestinal and colonic epithelial cells. CCL6 protein localized to crypt epithelial cells, was detected

in the gut lumen and reached high concentrations at the mucosal surface. lts expression was further enhanced in

the small intestine following in vivo administration of LPS or after stimulation of the small intestinal epithelial cell line,
mIC_,,, with IFNy, IL-4 or TNFo. Recombinant- and intestinal-derived CCL6 bound to a subset of the intestinal microflora
and displayed antibacterial activity. Finally, the human homologs to CCL6, CCL14 and CCL15 were also constitutively
expressed at high levels in human intestinal epithelium, were further enhanced in inflammatory bowel disease and
displayed similar antibacterial activity. These findings identify a novel role for constitutively expressed, epithelial-derived
chemokines as antimicrobial peptides in the intestinal mucosa.

INTRODUCTION

Intestinal microbes contribute to the well being of the host in
several important ways including food degradation, vitamin
synthesis, prevention of gut colonization by potential patho-
genic organisms, and immune cell development! (for reviews
see>?). However, intestinal bacteria also represent a potential
risk to the host in compromised epithelial barrier function and
ensuing infection that must be counteracted by innate defense
mechanisms at the mucosal surface. Epithelial-expressed anti-
microbial peptides (AMPs)*-° represent an important compo-
nent of this innate defense. These positively charged peptides are
secreted into the intestinal lumen and bind to negatively charged
microbial membranes;® inducing membrane permeabilization
and leakage of bacterial cell content.>’

The importance of AMPs in maintaining gut homeostasis
is evident from observations in mice that express human o-
defensin HD-5 under an intestinal specific epithelial promotor
that display decreased susceptibility to Salmonella infection.*
Notably, mutations in the NOD-2 gene, that encodes the intra-
cellular receptor for bacterial muramyldipeptide, leads to

reduced expression of epithelial-derived AMPs in vitro and
in vivo.8-19 As approximately a third of all Crohn’s patients harbor
mutations in the NOD-2 gene!! reduced bacterial clearance as a
result of reduced epithelial AMP expression has been implicated
as a contributing factor in this disease.” Based on these findings,
a detailed analysis of intestinal AMPs in health and disease is
clearly warranted.

Chemokines are low molecular weight proteins (7-16kDa)
primarily recognized for their role in the regulation of immune
cell migration, including the recruitment of leukocyte subsets to
intestinal tissues.!?~1® In addition, a subset of chemokines dis-
play antimicrobial properties.!”~1 Several antimicrobial chem-
okines have been shown to be expressed at epithelial surfaces.
Examples include CXCL14 in the skin,?® CXCL9 and CXCL10 in
tonsil fluid?! and CCL28 in salivary glands.??> However, despite
these findings little is known regarding the expression and role
of anti-microbial chemokines in the intestinal mucosa.

Here, we identify a subgroup of chemokines, murine CCL6,
and its human homologs CCL14 and CCL15, that are consti-
tutively and highly expressed by intestinal epithelial cells and
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that display antibacterial activity at concentrations present at the
intestinal surface. These results identify a novel role for epithe-
lial-derived chemokines as AMPs in the gut mucosa.

RESULTS

Chemokine expression by murine intestinal epithelial cells
To identify chemokines that are constitutively expressed by
murine intestinal epithelial cells, RNA was prepared from laser-
captured intestinal epithelial cells from conventional and germ-
free mice as previously described?® and probed to a gene chip.
Intraepithelial lymphocytes, which were readily identified on H
and E sections, were destroyed before capture, to prevent RNA
contamination from these cells. Efficient removal of intraepithe-
lial lymphocytes was confirmed by the absence of CD3, CD8o.
and CD45 transcripts in the array data (data not shown). Ten
chemokine transcripts were identified as present in at least one
of the samples (Figure 1a). Several of these chemokines, includ-
ing CCL25'423:24 and CX,CL1%>?® have been reported to be
constitutively expressed by murine intestinal epithelial cells and
thus serve as valuable controls. Surprisingly, one of the highest
expressed chemokines from both conventional and germ-free
mice was CCL6 (Figure 1a), the expression of which was not
previously reported in intestinal epithelial cells.

Expression of CCL6 in the intestinal mucosa

To confirm CCL6 expression in the intestinal mucosa, CCL6
mRNA levels were determined in intestinal and non-intestinal
tissues by qRT-PCR (Figure 1b). Although CCL6 was expressed
in a number of tissues, including the lung, as reported,?”-?8 high-
est expression was observed in intestinal tissues (Figure 1b).
Similar results were obtained using NCBI’s Unigene expression
database (CCL6 =Mm.137) that quantifies gene expression
based on number of expressed sequence tags (Supplementary
Figure 1A online). When comparing CCL6 transcript level
to that of CCL25 and CX,CL1, CCL25 was the most highly
expressed small intestinal chemokine, followed by CCL6.
Notably, CCL6 mRNA was by far the most abundant chemokine
transcript expressed by colonic epithelial cells (Supplementary
Figure 1B online). Expression of CCL6 protein was confirmed
by western blot (Supplementary Figure 1C online) and immu-
nohistochemical staining showed CCL6 expression primarily
in intestinal crypts (Figure 1c) on the apical side of epithelial
cells, indicating that CCL6 maybe secreted into the lumen.
Consistent with this possibility, CCL6 was readily detected in
luminal washes by ELISA (Figure 1d).

To determine whether epithelial cells are the major source
of intestinal CCL6, CCL6 mRNA expression was compared in
intestinal epithelial and lamina propria (LP) fractions by qRT-
PCR (Figure le). Lack of intestinal alkaline phosphatase mRNA
confirmed the absence of epithelial cells in LP preparations (data
not shown). Although CCL6 mRNA was present at high levels
in epithelial preparations, it was barely detected in the LP, and
was not detected in purified CD8a* intraepithelial lymphocytes
preparations (Figure le, and data not shown). Together these
results show that colonic and small intestinal epithelial cells
express and secrete large amounts of CCL6 into the gut lumen.
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Finally, as homeostatic expression of the antibacterial lectin
RegllIIy in the intestine is dependent on TOLL-like receptor sign-
aling,?® we determined whether constitutive CCL6 expression in
the ileum was TOLL-like receptor dependent. Although RegIII
mRNA levels were reduced 10-fold in the ileum of MyD88~/~
mice CCL6 transcript levels were unchanged in MyD88~/~ and
in the Trif =/~ mice (data not shown). Thus, TOLL-like receptor
signaling is not required to drive the high constitutive expression
of CCL6 in intestinal epithelial cells.

Regulation of CCL6 expression

To examine whether epithelial-derived CCL6 is enhanced by
cytokines, CCL6 mRNA expression was analyzed in the murine
small intestinal cell line, mIC_,,,*" after stimulation with TNFa,
IFNY, or IL-4 for 24 h. All three cytokines induced a signifi-
cant increase in CCL6 transcription (Figure 2a). To determine
whether CCL6 expression is enhanced in response to inflamma-
tory stimuli in vivo, mice were injected with 100 pg LPS i.p. and
CCL6 mRNA expression in the small intestine was assessed over
time (Figure 2b).!3 CCL6 mRNA levels increased significantly
12h after LPS injection and returned to steady-state levels by
30h (Figure 2b). Hence, intestinal CCL6 mRNA levels are fur-
ther enhanced in response to inflammatory stimuli.

Recombinant CCL6 and intestinal-derived CCL6 bind to the
surface of E. coliand a subset of intestinal bacteria

Given the high constitutive expression of CCL6 by crypt epi-
thelial cells and its presence in the gut lumen, we hypothe-
sized that CCL6 may act as an antimicrobial peptide. In initial
studies, we determined whether CCL6 could bind to bacte-
rial surfaces. E. coli were incubated with recombinant CCL6,
washed, stained with anti-CCL6 antibody, and analyzed by
flow cytometry. Anti-CCL6 antibody bound to E. coli that
had been incubated with CCL6, but not to E. coli incubated
with control peptide (CCL20), or no peptide (Figure 3a and b,
data not shown). Recombinant CCL6 also bound to a subset of
freshly isolated intestinal bacteria (Figure 3a and b). To deter-
mine whether intestinal epithelial-derived CCL6 could bind
to E. coli and intestinal bacteria, antimicrobial extracts were
prepared from mouse small intestine and colon as previously
described®! and incubated with the bacteria. Under these con-
ditions E. coli and a subset of intestinal bacteria stained with
anti-CCL6 but not a control isotype antibody (Figure 3c).
The final concentration of CCL6 present in this assay was
3-5nM (data not shown) indicating that low concentrations
of intestinal-derived CCL6 were sufficient to detect binding
to the bacterial surface.

CCL6 displays antibacterial activity at concentrations
approximating those found at the intestinal surface

AMPs fulfill a number of biophysical and biochemical proper-
ties.3> AMPs in general and antimicrobial chemokines in par-
ticular have usually an overall positive charge (pI>7) and display
an amphipathic structure with a positively charged C-terminal
o-helix.?2 CCL6 has a pI value of 9.21 and a positively charged
C terminus, similar to the antimicrobial chemokine CCL20!8
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Figure 1 CCL6 is highly expressed by murine intestinal epithelial cells. (a) Chemokine mRNA levels from microarray analysis of laser capture
microscopy isolated intestinal epithelial cells from WT and germ-free mice. All chemokines identified as present are listed. The absolute fluorescence
intensities are given. (A=absent call). (b) CCL6 mRNA levels in murine tissues were determined by gRT-PCR. Mean (+s.e.m.) of 3—6 mice. s.i.,

small intestine. (¢) Immunohistochemical analysis for CCL6 in murine intestine. Sections were stained with anti-CCL6 or isotype antibody (inlays).
Representative stainings from three mice. Prominent CCL6 staining at the luminal site of the epithelium (enlarged micrograph). (d) CCL6 levels in
intestinal washes (see Methods) as determined by ELISA. Mean (+s.e.m.) of 4—6 mice. (e) Epithelial cells are the major source of CCL6 mRNA in the
murine intestine. CCL6 mMRNA levels were determined in epithelial and lamina propria preparations by gqRT-PCR. Mean (+s.e.m.) of three mice. IEC,

intestinal epithelial cells; LP, lamina propria.

and well above that of CCL3, a chemokine that does not display
antibacterial activity'® (Figure 4a).

To determine whether CCL6 has antibacterial activity, log
phase E. coli were incubated together with recombinant CCL6
(Figure 4b). In viable count assays recombinant CCL6 killed
E. coli with a half maximum killing concentration of approxi-
mately 200 nM (Figure 4b). N-terminal truncation enhances
the chemotactic activity of CCL6,>* however truncated CCL6
displayed similar antibacterial activity (data not shown). In con-
trast, CCL6 (1 uM) bound poorly to and showed limited ability
to kill the pathogenic fungi Candida albicans (Supplementary
Figure 2A-C online).

To examine whether CCL6 displays antibacterial activity to
potential enteric pathogens we tested its activity on 3 wild-type,
virulent Salmonella strains: S. typhimurium SL1344, 14028 and
S. enterica Dublin lane.3*~3¢ CCL6 had similar antibacterial
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activity to S. enterica Dublin lane as toward E. coli but failed to kill
the two S. typhimurium isolates 14028 and SL1344 (Figure 4c).

Finally, to compare the antibacterial activity of CCL6 with
other established AMPs we incubated E. coli with increasing
concentrations of CCL6, CCL20, or the human B-defensin 3
(hBD-3) in a 96-well plate assay.’” The minimal inhibitory
concentrations (MIC) required to prevent any bacterial growth
were determined to be 750 nM for CCL6, 700 nM for human
B-defensin 3 and 608 nM for CCL20 (Figure 4d). Thus, the
observed minimal inhibitory concentrations for CCL6 in this
assay was similar to that of two established AMPs.

The antibacterial assays described above fail to differentiate
between a bacteriostatic or bacteriocidal activity of CCL6. Thus,
to determine whether CCL6 displays bacteriocidal activity, and
whether it can kill bacteria present within the normal intestinal
microflora, E. coli or freshly isolated intestinal bacteria were
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Figure 2 CCL6 expression is enhanced in the intestine by inflammatory
mediators. (a) CCL6 mRNA expression by the murine small intestinal
cell line mIC,, is enhanced after stimulation with cytokines. TNFo.
(30ngml~1), IFNy (300ngmi~1), and IL-4 (20ngmlI-1) were added 24 h
before cell harvest. CCL6 mRNA levels were assessed by gRT-PCR.
Mean (+s.e.m.) of three separate experiments. (b) Small intestinal CCL6
mRNA expression is enhanced by inflammatory stimuli. Mice were
injected with 100 ug LPS i.p. and killed at the indicated time points. Mean
(xs.e.m.) of 3-5 mice/time point. *P<0.05 and **P<0.01. TNFao, tumor
necrosis factor-o; IFNy, interferon-y.

incubated with CCL6 (50 nM-1uM) and depolarization of
bacterial membranes was assessed by staining with DiBAC, as
described.>! CCL6 dose dependently induced membrane depo-
larization of E. coli and intestinal bacteria (Figure 4e). Thus,
CCL6 can bind to the surfaces of certain bacteria and displays
bacteriocidal activity.

To determine whether physiologically relevant levels of CCL6
required for antibacterial activity are present at the small intes-
tinal and colonic mucosal surface, we determined the CCL6
concentration in mucosal scrapings (see Methods) by ELISA
(Figure 4f). CCL6 levels were lower than the observed half-
maximal killing dose observed in viable count assays, and in the
range necessary to induce bacterial membrane depolarization.
We would nevertheless predict that concentrations of CCL6
specifically in crypt regions, in which the majority of CCL6 is
located (Figure 1c), are considerably higher and thus that CCL6
has a significant role as an antibacterial agent in this region.

The human homologs of mouse CCL6,CCL14,and CCL15,
are constitutively expressed in the human intestine and
display antibacterial activity

The closest human homologs to CCL6, based on protein
sequence alignments and as previously suggested,38-40 are
CCL14 and CCL15 (Supplementary Figure 3A online).
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Similar to CCL6, CCL14 and CCL15 have a positive net-charge
and positively charged C terminus (Supplementary Figure 3B
online). qRT-PCR on micro-dissected small intestinal epithe-
lial cells showed high constitutive expression of both CCL14
and CCL15 mRNA (Figure 5a). Importantly, both CCL14 and
CCL15 displayed similar antibacterial activity as CCL6 in viable
count assays (Figure 5b). Thus, CCL14 and CCL15 show a high
degree of sequence similarity to mouse CCL6, are constitutively
expressed by intestinal epithelial cells and share its antibacterial
properties.

CCL14 and CCL15 expression is enhanced in inflammatory
bowel disease

To determine whether CCL14 and CCL15 transcription is
enhanced under inflammatory conditions, the human colonic
epithelial cell line HT-29 was stimulated with IFNy, TNFa, or
IL-4 for 24h and CCL14 and CCL15 mRNA expression assessed
by qRT-PCR (Supplementary Figure 3 online). IFNy and TNFo
significantly enhanced CCL14 mRNA expression, whereas
IL-4 had no significant effect. In contrast, only IFNY significantly
enhanced CCL15 transcription. Finally, given the antibacterial
activity of CCL14 and CCL15 and their constitutive expression
in the small intestine and colon, we determined whether levels
of intestinal CCL14 and CCL15 were altered in patients with
IBD. IBD is classified into two major diseases; ulcerative colitis
affecting primarily the colon and Crohn’s disease that may affect
the entire gut including both the colon and ileum. Therefore,
colonic biopsies derived from control and IBD patients were
analyzed for their expression of CCL14 and CCL15 by quantita-
tive real-time PCR. Both, CCL14 and CCL15 mRNA transcripts
were highly expressed in the colon and levels were significantly
enhanced in Crohn’s and ulcerative colitis patients (Figure 5c).
Together, these results suggest that CCL14 and CCL15 contrib-
ute as AMPs to the innate mucosal immune defense in the steady
state and during chronic intestinal inflammation.

DISCUSSION

Although chemokines have important roles in regulating immune
cell localization to and function within the intestinal mucosa,
12-16.26,41,42 their role as antibacterial peptides in the intestinal
mucosa remains unclear. To fulfill such a function, the chemokine
should not only display antimicrobial activity but also be present
in the mucosa at relevant antibacterial concentrations.

CCLE6 has previously been reported to be expressed by cells
of the monocyte/macrophage lineage, eosinophils, and keratino-
cytes*3~4° and at high levels in lung tissue?”-?8 with minor expres-
sion in testis, heart, and ovary.?® Here, we made the unexpected
discovery that the highest constitutive expression of CCL6 is
observed in the intestine. Even more striking is our finding that
epithelial cells are the major source of intestinal CCL6 and that
CCLE6 is one of the most abundant chemokines expressed by
small intestinal and the most abundant chemokine expressed by
colonic epithelial cells. Given the antimicrobial activity described
for several chemokines, we hypothesized that CCL6 may func-
tion in the crypt region as an antibacterial peptide. In agreement
with this hypothesis, CCL6 contains structural motifs associated
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Figure 3 CCL6 binds to the surface of bacteria. (a and b) E. coli or freshly isolated intestinal bacteria were incubated with recombinant CCL6 at the
indicated concentrations, stained with anti-CCL6 or control antibody and analyzed by flow cytometry. (a) Representative FACS plots. Anti-CCL6 (blank)
or isotype control antibody (filled) (b). Mean (+s.e.m.) results of three independent experiments. *P<0.05; **P<0.01; ***P<0.001. (¢) CCL6 present in
tissue extracts binds to E. coli and intestinal bacteria. Bacteria were incubated with small intestinal or colonic epithelial extracts for 2h and stained with
anti-CCL6 or isotype antibody. Data are representative FACS plots (One representative experiment of 3—4 performed). E.coli, Escherichia coli.

with antibacterial chemokines!®1? and both recombinant- and

tissue-derived CCL6 bound to and displayed antibacterial activ-
ity towards E. coli, Salmonella enterica and a subset of the normal
intestinal bacterial flora. As the bacterial flora is composed of a
wide variety of bacterial species and genera,*® these results sug-
gest that the effect of CCL6 might be restricted to defined bacte-
rial subgroups. Indeed, although CCL6 displayed antibacterial
activity to Salmonella enterica Dublin Lane it showed no activ-
ity against two Salmonella typhimurium strains. Such selective
activity has been observed for other AMPs.?” For example, the
intestinal killing of Listeria monocytogenes completely depends
on the expression of the antibacterial lectin RegIIIr.%" It is inter-
esting to note that CCLG6 failed to bind and kill the eukaryotic
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pathogenic fungus Candida albicans suggesting a correlation
between binding and killing. Nevertheless more work will be
required to determine whether the antibacterial and binding
activity of CCL6 are directly linked.

To our knowledge, AMP concentrations at the intestinal
surface have not been previously assessed; however, a few
studies have determined AMP levels at other mucosal sites.
Human hBD-3 reaches concentrations of 50 nM in saliva sam-
ples,*” whereas levels of hBD-1 and hBD-2 in vaginal fluid
of healthy volunteers reached 10 and 20 nM, respectively.
In vitro half-maximal antibacterial activity has been reported at
500-2,000 nM for hBD-3%° and at 1 uM and 120 nM for hBD-1
or hBD-2, respectively.50 The antibacterial chemokines, CXCL9
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Figure 4 CCL6 displays antibacterial activity. (a) CCL6 share structural
and physicochemical properties similar with the antibacterial chemokine
CCL20 in contrast to CCL3 displaying no antibacterial activity. (b)

CCLS6 displays anti-bacterial activity. Log phase E. coli were incubated
with CCL6 and the bacterial viability is assessed in viable count assay.
Results are from one representative experiment out of four performed.
Mean (+s.e.m.) for n=4-8 agar plates (2—3 agar plate/dilution; three
different dilutions assayed). **P<0.01 and ***P<0.001. (c) CCL6
displays antibacterial activity against Salmonella enterica. Log phase
bacteria were incubated with CCL6 and the viability of bacteria assessed
in a viable count assay. Mean (+s.e.m.) from three experiments. (black
bars, 1,000nM CCLS6; gray bars, 400nM CCL6, open bars, control)
**P<0.01 and ***P<0.001. (d) Comparison of the antibacterial activity
of CCL6 with established AMPs. CCL6, CCL20, or human B-defensin 3
in the minimal inhibitory concentrations assay. Results shown represent
an average of three to four experiments performed (+s.e.m.). (e) CCL6
induces membrane depolarization in E. coli and gut bacteria. Bacteria
were incubated with CCL6 for 2h and depolarization was monitored

by DIBAC, staining. Mean (+s.e.m.) of 3-5 experiments. Results are
percent DIBAC ,-positive (depolarized) bacteria with control (no CCL6)
subtracted. **P<0.01 and ***P<0.001. (f) CCL6 protein concentration

in intestinal scrapings. CCL6 concentrations were determined by ELISA.
Mean (+s.e.m.) of four mice. S.1., small intestine. E.coli, Escherichia coli.
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Figure 5 CCL14 and CCL15 are expressed by human intestinal
epithelial cells, display antibacterial activity, and are enhanced in IBD.
(a) Epithelial cells are the source of CCL14 and CCL15 mRNA. Small
intestinal epithelial cells were isolated from tissue sections and CCL14
and CCL15 mRNA levels were determined by gRT-PCR. Mean (+s.e.m.)
of two experiments (samples from two patients). (b) CCL14 and CCL15
kill bacteria. E. coli were incubated with the indicated chemokines or
control for 2h and antibacterial activity was assessed in viable count
assays. Mean (+s.e.m.) of three experiments (4-6 agar plates/data
point/experiment). *P<0.05, **P<0.01. (¢) CCL14 and CCL15 mRNA
expression is upregulated in the colon in ulcerative colitis (u.c.) and
Crohn’s disease (Crohn’s). CCL14 and CCL15 mRNA levels in human
colonic biopsies were assessed by gRT-PCR. Mean (+s.e.m.) from 10 to
27 biopsies/group. *P<0.05, **P<0.01. E.coli, Escherichia coli.

and CXCL10 reach concentrations of 10-50nM and 1-7nM,
respectively, in patients tonsil fluid during streptococcal pharyn-
gitis?! and the half-maximal antimicrobial activity observed was
30nM for CXCL9 and 200 nM for CXCL10.2! Thus, the reported
levels of acknowledged AMPs at mucosal tissue are lower or
within the range required to induce half-maximal killing in vitro.
In this study CCL6 concentrations in intestinal scrapings were
approximately 30-50 nM (Figure 4f), close to concentrations that
induce bacterial membrane depolarization, and slightly lower
than the concentration required for half-maximal killing in viable
count assays. As CCL6 measurements represented average levels
from the entire intestinal surface it is reasonable to assume that
CCL6 reaches considerably higher levels in the epithelial crypt
region where the majority of CCL6 protein localized. Thus our
findings suggest that CCL6 represents an important epithelial-
derived antimicrobial chemokine in intestinal crypts.

CCL14 and CCL15 are human homologs to CCL6 displaying
36 and 53% amino acid identity to CCL6, respectively. Northern
blot analysis has shown constitutive CCL14 and CCL15 expres-
sion in the human small intestine and colon.>**! Despite this, a
function for CCL14 and CCL15 and the cellular source of these
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chemokines in the intestinal mucosa has yet to be described. Here,
using qQRT-PCR on laser-captured intestinal samples we show that
epithelial cells are a major source of CCL14 and CCL15 mRNA
and that the levels of CCL14 are approximately fivefold higher
than CCL15. Both chemokines displayed biochemical proper-
ties associated with antibacterial chemokines’ and both displayed
similar antibacterial activity to CCL6. Thus CCL14 and CCL15
are both structural and functional homologs to CCL6 and repre-
sent antibacterial chemokines of the human intestinal mucosa.
AMP expression is reportedly enhanced in the colon of ulcerative
colitis patients®>>* and intestinal extracts from these patients dis-
play increased antibacterial activity.>* In colons affected by Crohn's
disease several AMPs are unchanged at the mRNA levels and the
total antibacterial activity in CD colon biopsies has been reported to
be reduced.>* Here, we found significantly enhanced expression of
CCL14 and CCL15 in both inflamed and non-inflamed areas of the
colon in ulcerative colitis and Crohn's patients. Our finding that IFN'y
and TNFo enhanced epithelial production of CCL14 and CCL15,
respectively, suggests that these cytokines, potentially produced by
infiltrating leukocytes, are in part responsible for the upregulation
of these chemokines in IBD. This enhanced expression of CCL14
and CCL15 also suggest that both chemokines likely contribute to
enhancing the antibacterial activity of the intestinal mucosa in IBD.
Although our current study focuses on the role of CCL6,
CCL14, and CCL15 as AMPs, these chemokines also act as
leukocyte chemoattractants, primarily acting on cells of the
monocyte/macrophage lineage.?838:3%:5155.56 [t thus seems pos-
sible that CCL6, CCL14, and CCL15 have additional roles in
regulating immune cell recruitment and/or function in the intes-
tine. Consistent with this possibility a subset of murine CD11b*,
intestinal dendritic cells express CCR1,” a putative CCL6 recep-
tor.>3 Nevertheless, in preliminary experiments we have found
that CCR1~/~ bone marrow is equally efficient at generating
MHCII* CD11c* intestinal dendritic cell subsets in competitive
bone marrow chimeras (authors unpublished observation) indi-
cating that CCR1/CCL6 are not required for intestinal dendritic
cell recruitment in the steady state. Further studies determining
the role of CCR1 in regulating myeloid/dendritic cell recruitment
in the setting of intestinal inflammation are clearly warranted.
In conclusion, we demonstrate that the chemokine CCL6, and
its human homologs CCL14 and CCL15 are highly and consti-
tutively expressed in intestinal epithelial cells, have structural
properties of AMPs and display antibacterial activity. Our results
point to a novel role for a subgroup of intestinal epithelial-
derived chemokines as AMPs that have a potentially important
role in maintaining crypt integrity and intestinal homeostasis.

METHODS

Mice

C57BL/6 mice were housed in the Bio Medical Center animal facility,
Lund University, Sweden. All mice were kept with free access to standard
rodent chow diet and drinking water and were regularly checked by the
animal house operational personal. Germ-free (12 mice) and conven-
tionally reared C57BL/6 control mice were obtained from the Division
of Molecular Pathology, Karolinska Institute. All animal studies were
approved by the Malmé6/Lund Animal Ethics Committee.
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Laser capture microscopy and microarray analysis

Laser capture microscopy was performed as described.?® Total RNA was
extracted from 16,000 catapulted cells (pooled from four individual mice)
using RNA microprep kit (Stratagene, Stockholm, Sweden). Total RNA
(40 ng) was expanded by two rounds of in vitro cRNA amplification and
affymetrix genechip Moe403 were probed at the Swegene Center Lund,
Sweden. Array analysis was performed using dCHIP2004.

Isolation of murine intestinal cell populations
Epithelial cells and intraepithelial lymphocytes were isolated from the
murine intestine as described.!>?3

Quantitative real-time PCR
qRT-PCR was performed as described.?* Plasmids containing cloned
CCL14 and 15 or PCR amplified CCL6 were used as internal standards.
Product identity was confirmed by sequencing. qRT-PCR of laser-cap-
tured samples was performed as described.”® Primer sequences are speci-
fied below. CCL6 forward: 5 ATGAGAAACTCCAAGACTGCC 3';
CCL6 reverse: 5' TTATTGGAGGGTTATAGCGACG 3';
CCLI15 forward 5" TGGATCCCAGGCCCAGTTCATA 3';
CCLI15 reverse 5 GATGCAGAGACAGAGTTAATGAT 3';
CCL15 inner forward 5 TGACACCTGGCTTGGAGCACTC 3';
CCLI15 inner reverse 5’ CCCCTTCTTGGTGAGGAATATG 3';
CCL14 forward 5" ATCTCCGTGGCTGCCATTCCCTT 3';
CCL14 reverse 5" AGGGACCAAGACTGAATCCTCC3';
CCL14 inner forward 5" GGAATGGCCCCTTTTGGTGAT 3';
CCL14 inner reverse 5’ CCACTTGTCACTGGGGTTGGTACA 3';
B-actin forward 5* CCGGGACCTGACAGACTA 3';
B-actin reverse 5 AGAGCCTCAGGGCATCGGAAC 3';
B-actin inner forward 5" CTCATGAAGATCCTGACCGAGC 3';
B-actin inner reverse 5* GTTTCATGGATGCCACAGGAT 3’
Regllly fw 5" GTATAACCATCACCATCATGTCC 3" and
Regllly rev 5 GAAGCTTCAGCGCCACTGAGC 3'.

Immunohistochemistry.

Tissue sections (7 um) were fixed in 4% paraformaldehyde. Endogenous
peroxidase activity was blocked (10 min in 1% H,0,) and sections were
incubated with polyclonal goat anti-mouse CCL6 (R and D Systems,
Abingdon, United Kingdom) or goat IgG (3 ugml~!) O/N at 4°C over-
night. Washed sections were incubated with secondary rabbit anti-goat
horseradish peroxidase-labeled antibody (1:1,000 P0449, Dako, Glostrup,
Denmark) for 2h at RT. Inmunostaining was visualized using DAB perox-
idase-chromogen reaction (Sigma-Aldrich, Stockholm, Sweden). Sections
were counterstained with Mayer’s hematoxylin (5min), dehydrated,
mounted using Mountex (HistoLab Products, Gothenburg, Sweden)
and visualized with a Zeiss Axiovert 200/M microscope using Volocity
software (Improvision, Perkin-Elmer, Upplands Visby, Sweden).

Chemokine induction assays
In vivo: C57BL/6 mice were injected with LPS (100 pig, serotype O55:B5;
Sigma-Aldrich) or PBS, killed at the time point indicated and ileum was
isolated for qRT-PCR analysis. Epithelial cell line stimulation; mIC_, cells*
were grown to confluence and stimulated with the indicated cytokines.??
HT-29 cells (150,000 cells) were seeded into 24-well plates (NUNC)
and grown for 3 days in DMEM containing 10% FBS at 37°C and 5% CO,.
Thereafter, medium was replaced with DMEM containing 2% FBS. One
day later cytokines (R and D Systems) were added to confluent cultures
and cells were harvested after a 24 h incubation for qRT-PCR analysis.

Determination of intestinal CCL6 concentrations. Intestinal washes
(Figure 1d): Mouse intestinal content was collected by flushing through
with 1 ml cold PBS. The flush through was vortexed, centrifuged at 14,000
r.p.m. for 5min and CCL6 concentrations were determined by ELISA.
In intestinal scrapings (Figure 4e): Mouse intestine was flushed through
with 10 ml PBS to remove the luminal content. The intestine was opened
longitudinally and the mucosal surface, including mucus, gently scraped
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with a scalpel blade, as described.*® The scraped volume was diluted 1:1 in
PBS, vortexed, and CCL6 concentrations determined by ELISA.

CCL6 ELISA. Maxisorb ELISA plates (NUNC, Fisher Scintific GTE,
Sweden) were coated with polyclonal goat anti-mouse CCL6 antibody
(0.2mgml~1,) O/N. After washing and blocking, standards and samples
were added to the plate and incubated for 2h at RT. CCL6 was detected
with monoclonal rat-anti-mouse CCL6 (Clone 262016, R and D Sytems)
followed by an anti-rat horse-radish-peroxidase coupled secondary anti-
body (212-036-168, Jackson Laboratories, Newmarket, Suffolk, England)
and visualized using ELISA detection reagent (R and D Systems).

Isolation of antimicrobial extracts

Isolation of intestinal antimicrobial peptides was performed as described.>
Briefly, epithelial cells were isolated as described!>?3 and extracted using
5% acetic acid, supplemented with Complete-mini protease inhibitor
cocktail (Roche Applied Science, Bromma, Sweden). After extraction,
lysates were centrifuged for 15min at 560xg, and the supernatant was
recovered. The supernatant was dried under vacuum at room tempera-
ture and the resulting pellet resolved in 4 ml 0.01% acetic acid. Cationic
peptides were further purified by ion exchange chromatography using
Macroprep CM matrix (Biorad, Sundbyberg, Sweden). Antimicrobial
peptides were subsequently eluted with 2 ml 5% acetic acid, dried under
vacuum and resolved in 200 pl 0.01% acetic acid in Tris-HCI (25 mM,
pH 7.2). Finally, the extract was dialyzed using Spectrapor dialysis tubing
with a pore size of 3.5kDa (Spectrumlabs, Breda, Netherlands).

Purification of intestinal bacteria from the murine intestine
Mouse cecum and colon was removed and luminal contents flushed out
with 20ml PBS. After vortexing, 1 ml of intestinal contents was subjected
to repetitive centrifugation in 20 mM Hepes-HCl pH 7.2 at 240xg for 3 min
(to remove cell debris and food aggregates) and thereafter at 20,800xg for
3min. This procedure was repeated 6-7 times. Purity of the bacterial prepa-
ration was confirmed by ocular inspection under a light microscope.

Staining for surface bound CCL6

E. coli XL10 Gold (Stratagene), intestinal bacteria, or Candida albicans
(ATCC 90028) (~2.5-5x10° microbes) were incubated together with
CCL6 (R and D Systems), control peptide (CCL20) or alone in 20 mM
Hepes-HCl pH 7.2 at 37°C for 2 h. Samples were blocked with 10% nor-
mal mouse serum, and stained with polyclonal goat anti-mouse CCL6 or
control goat IgG (4 pgml~1). After washing, primary antibody binding
was detected with biotinylated mouse anti-goat antibody (no. 205-065-
108, Jackson Laboratories), followed by streptavidin-APC and analyzed
on a FACS Calibur (BD Bioscience, Stockholm, Sweden).

Microbial killing assays

Viable count assay. E. coli XL10 Gold (Stratgene), S. enterica Dublin Lane and
S. typhimurium (14028 and SL1344 strains) were grown to an OD,,=0.4,
washed three times in 20mM Tris—-HCI, pH 7.2 and bacteria (~5x10%) were
incubated with the indicated amounts of peptide in 50 pl Tris—HCl buffer for
2h. Serial dilutions were prepared, plated on LB Agar plates and bacterial
colonies were counted after O/N incubation at 37°C. Minimal inhibitory con-
centration assay. The 96-well based assay to compare antimicrobial activity
of different peptides was performed as previously described.” All peptides
used (CCL6, CCL20, and human [3-defensin 3) were purchased from R and
D Systems. Bacteria were incubated for 2h with the indicated peptides in
20mM Tris-HCI pH 7.2 followed by incubation in Mueller Hinton Broth.
Absorbance at 600 nm was determined using a 96-well plate ELISA reader
(Emax plate reader; Molecular Device, Sunnyvale, CA). Assessment of bac-
terial viability by flow cytometry. To assess bacterial viability, membrane
depolarization was determined using the dye DiBAC, as described.>*

Yeast killing assays
Viable count assay. Candida albicans (ATCC 90028) was grown O/N
in YPD medium (Sigma-Aldrich) at 37°C on a rotary shaker. To obtain
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logarithmically dividing Candida, 10 ml of culture were diluted with new
YPD medium (1:1) and cultured for another 4 h. Twenty thousand fungi
were washed as described above and incubated with the indicated amounts
of CCL6 or control peptide for 2h. Serial dilutions were plated on YPD
agar plates and the number of colonies assessed after culture O/N.

Human colon samples

Samples for analysis in Figure 5a were obtained from patients undergoing
surgery for bladder reconstruction or intestinal cancer in collaboration with
T Davidsson and W Ménsson (Lund University Hospital) after approval
from the Regional Ethics committee in Lund, Sweden and informed patient
consent. Colonic biopsies from healthy individuals (controls) and IBD
patients (ulcerative colitis and Crohn’s disease) in Figure 5¢ were obtained
and processed at the Robert Bosch Hospital (Stuttgart, Germany). The
protocol was approved by the Institutional Review Board. The diagnosis
was based on standard criteria using clinical, radiological, endoscopic, and
histopathological findings. Exclusion criteria included the diagnoses of
indeterminate colitis, concurrent CMV or C. difficile infection. Samples
were immediately snap frozen in liquid nitrogen for subsequent analysis.

Statistical analysis

Significance between groups from all mouse data was assessed by
unpaired Student’s -test (95% confidence interval) using the GraphPad’s
PRISM software. Statistical analyses of QRT-PCR for human samples were
performed non-parametrically using the Wilcoxon, and Mann-Whitney
U-test. Values of P<0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the
paper at http://www.nature.com/mi
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