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The Cationic Antimicrobial Peptide LL-37 Modulates
Dendritic Cell Differentiation and Dendritic Cell-Induced
T Cell Polarization®

Donald J. Davidson?*" Andrew J. Currie, * Gregor S. D. Reid,* Dawn M. E. Bowdish,
Kelly L. MacDonald,* Rebecca C. Ma,* Robert E. W. Hancock, and David P. Speert®

Dendritic cells (DC) are instrumental in orchestrating an appropriately polarized Th cell response to pathogens. DC exhibit
considerable phenotypic and functional plasticity, influenced by lineage, Ag engagement, and the environment in which they
develop and mature. In this study, we identify the human cationic peptide LL-37, found in abundance at sites of inflammation, as
a potent modifier of DC differentiation, bridging innate and adaptive immune responses. LL-37-derived DC displayed significantly
up-regulated endocytic capacity, modified phagocytic receptor expression and function, up-regulated costimulatory molecule
expression, enhanced secretion of Th-1 inducing cytokines, and promoted Thl responses in vitro. LL-37 may be an attractive

therapeutic candidate for manipulating T cell polarization by DC. The Journal of Immunology, 2004, 172: 1146-1156.

cytes that can capture Ag in the peripheral tissues and

then initiate and orchestrate appropriate primary Th cell
responses (1). This process is critical in generating a successful
defense against harmful microbial nonself while maintaining tol-
erance to self, and is dependent upon the Ag-capturing and -pre-
senting capabilities of DC.

Immature DC (iDC) are highly effective Ag-capturing cells, de-
rived from circulating hemopoietic precursor cells and pre-DC
populations (monocytes and plasmacytoid cells) under the influ-
ence of specific cytokines and growth factors (2, 3). Following Ag
uptake, these DC are activated into Ag-processing and -presenting
mature DC (mDC), causing them to migrate to the secondary lym-
phoid organs and interact with naive T lymphocytes (4). The ac-
tivation characteristics of the mDC define the nature and conse-
quences of this interaction, resulting in proliferation and
differentiation, or deletion of T cells, and determine the polariza-
tion of the Th response (5). Recognition of pathogens by receptors
of the innate immune system is an important activating signal for
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DC maturation, thus directly linking the innate and adaptive im-
mune systems (6).

It has been proposed that, in contrast to the steady-state condi-
tions that maintain tolerance, generation of an effective T cell pro-
liferative response requires the sustained trafficking of large num-
bers of highly stimulatory mDC to the T cell areasin the lymphatic
tissue (5). Extensive, repeated recruitment of circulating pre-DC to
the peripheral tissues, and differentiation to replace the first-line
resident iDC are then required. These second-line DC must be
capable of sustained Ag sampling and highly stimulatory presen-
tation to generate a robust immune response against pathogens.
The host factors and mechanisms involved in the development of
these enhanced second-line DC at a site of inflammation have not
yet been defined. The stimulatory nature of mDC is subject to
dynamic temporal regulation (7) and influenced by lineage, the Ag
captured, the receptors engaged during Ag capture, and the devel-
opmental and maturational microenvironment (2, 3, 8, 9).

Cationic peptides, found in abundance at sites of inflammation,
might represent one factor in second-line DC development. These
naturally occurring cationic peptides with potent, broad-spectrum
antimicrobia activities contribute to the innate host defenses of
animals, insects, and plants (10—-14). LL-37 isahuman (h) cationic
peptide derived from the cathelicidin hCAP-18 (15). hCAP-18 is
constitutively expressed by neutrophils (~630 ug per 10° cells),
lymphocytes, macrophages, and a range of epithelial cells (16—
19), and LL-37 can be detected at 1 uM (~5 pg/ml) in both adult
sweat and bronchoalveolar lavage fluid of healthy infants (20, 21).
Expression is significantly up-regulated in the inflamed skin (22),
with a median concentration of 304 uM (~1.5 mg/ml) in skin
lesions from patients with psoriasis (23) and increased by 2- to
3-fold in bronchoal veolar lavage fluid from infants with either sys-
temic or pulmonary inflammation (21). Expression of LL-37 has
also been reported in the Langerhans cells of infants with erythema
toxicum (24). In addition to its antimicrobial and antiendotoxic
activities, it has been reported to be chemotactic for monocytes, T
lymphocytes, neutrophils, and mast cells (25, 26), and capable of
modulating the expression profile of chemokines, chemokine re-
ceptors, and additional genes in macrophages and other mamma-
lian cells (27).
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Thus, pre-DC recruited to sites of inflammation are likely to be
exposed to high levels of LL-37 that has been produced by re-
cruited neutrophils and resident epithelial cells. We propose that
exposure to this gradient of LL-37 aters the gene expression pro-
file and differentiation of these cells. The consequent phenotypic
modifications of potential second-line DC derived in this inflam-
matory milieu would then alter the nature of the T cell response.
To test this hypothesis, we studied the impact of LL-37 exposure
on the development of monocyte-derived DC morphology, Ag up-
take, maturation, Ag presentation, and T cell-stimulatory capacity.

Materials and Methods
Media and reagents

Monocyte-derived DC were cultured in RPM| 1640 supplemented with
10% v/v heat-inactivated FCS, 2 mM glutamine, 1 nM sodium pyruvate
(@l from Invitrogen, Burlington, Ontario, Canada). Synthetic LL-37 (se-
quence LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) and
Bac2a (sequence RLARIVVIRVAR-NH,; derived from bovine cathelici-
din bactenecin) were synthesized by F-moc (N-(9-fluorenyl)methoxycar-
bonyl) chemistry at the Nucleic Acid/Protein Synthesis Unit at University
of British Columbia. Human recombinant GM-CSF and IL-4 were pur-
chased from Research Diagnostics (Flanders, NJ). Human recombinant
macrophage-inflammatory protein-33 (MIP-3B) was purchased from R&D
Systems (Minneapolis, MN). Salmonella typhimurium LPS was obtained
from Sigma-Aldrich (Oakville, Ontario, Canada) and repurified as previ-
ously described (28). FITC-dextran and Oregon Green 488 phalloidin were
purchased from Molecular Probes (Eugene, OR). FITC-conjugated mAbs
specific for CD40, CD14, and HLA-DR, and PE-conjugated mAb specific
for CD206 were purchased from BD Biosciences (Mississauga, Ontario,
Canada). FITC-conjugated mAb specific for CD86, CD16, CD83, CD54,
and CD11b, and PE-conjugated mAb specific for CD18 and CD32 were
supplied by Caltag Laboratories (Burlingame, CA). FITC-conjugated mAb
specific for CD11c, CD1a, and mouse |gG1 isotype control were obtained
from Serotec (Raleigh, NC). FITC-conjugated mouse 1gG2a isotype con-
trol Ab, PE-conjugated mAb specific for CD209, CD80, mouse 1gG1, and
1gG2aisotype controls, and rat 1gG2a isotype control Abs were purchased
from eBioscience (San Diego, CA). FITC-conjugated mAb specific for
CCR7 was obtained from R&D Systems (Minneapolis, MN) and used in
conjunction with FITC-conjugated F(ab"), rabbit anti-mouse 1gG from Se-
rotec. Pertussis toxin was supplied by List Biological Laboratories (Camp-
bell, CA). Peptide WKYMVM was a kind gift from C. Dahlgren (Phago-
cyte Research Laboratory, Department of Rheumatology and Inflammation
Research, University of Goteborg, Goteborg, Sweden).

Cell purification and culture

Monocyte-derived DC were prepared based upon standard techniques (29).
Briefly, 100 ml of fresh human venous blood was collected in sodium
heparin Vacutainer collection tubes (BD Biosciences) from volunteers ac-
cording to University of British Columbia Clinical Research Ethics Board
protocol C02-0091. The blood was mixed, at a 1:1 ratio, with RPMI 1640
medium (supplemented with 10% v/v FCS, 2 mM glutamine, and 1 nM
sodium pyruvate) in an E-toxa-clean (Sigma-Aldrich)-washed, endotoxin-
free bottle. PBMC were separated using Ficoll-Paque Plus (Amersham
Pharmacia Biotech, Baie D’ Urfé, Quebec, Canada) at room temperature
and washed with PBS. Monocytes were enriched with the removal of T
cells by rosetting with fresh SRBC (PML Microbiologicals, Wilsonville,
OR) pretreated with Vibrio cholerae neuraminidase (Calbiochem Bio-
sciences, La Jolla, CA) as described (30) and repeat separation by Ficoll-
Pague Plus. The enriched monocytes were washed with PBS, and then
cultured (1 X 10° per well) for 1 h at 37°C followed by the removal of
nonadherent cells; monocytes thus purified were >95% pure as determined
by flow cytometry (data not shown). Cells were cultured in Falcon tissue
culture 24-well plates (BD Biosciences) or, for immunohistochemistry, on
0.4-um pore, 24-mm Transwell-Clear culture chamber inserts (Corning
Costar, Cambridge, MA). The adherent monocytes were cultured in 1 ml of
medium supplemented with LL-37 (or other peptides) dissolved in endo-
toxin-free water (Sigma-Aldrich), or the same volume of endotoxin-free
water as acontrol, and incubated for 1 h at 37°C, before the addition of 100
ng/ml 1L-4 and 100 ng/ml GM-CSF to establish differentiation to DC phe-
notype. Unless otherwise stated, LL-37 was used at 50 wg/ml, previously
described as optimal for monocyte chemotaxis (25). For studies using per-
tussis toxin, adherent monocytes were cultured for 1 h at 37°C with 100
ng/ml toxin, and then washed twice with medium before being treated as
described above. For studies using WKYMV M, this synthetic peptide ag-
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onist of FPRL1 and FPRL2 was used at a concentration equimolar to 50
pg/ml LL-37 (10 uM), or a 1 uM, a dose previously shown to induce
maximal neutrophil NADPH oxidase activity (31). No difference was ob-
served between these doses. Cells were cultured at 37°C in a humidified
incubator for 7 days before analysis or stimulation. Adherent cells were
harvested with gentle cell scraping. LL-37-pulsed studies were performed
as above; however, the medium was removed, and the cells were washed
24 h after addition of LL-37, followed by culture in fresh IL-4- and GM-
CSF-supplemented medium (preincubated for 24 h in the absence of cells)
for a further 6 days.

Monocyte-derived macrophages were generated from fresh monocyte-
enriched PBMCs isolated as described and cultured in medium supple-
mented with 10% v/v autologous serum. Adherent cells were cultured for
7 daysin Transwell-Clear culture chamber inserts. Monocyte-derived mac-
rophages were not exposed to antimicrobial peptides in this study.

For the isolation of T lymphocytes, PBMC were isolated as described
above and resuspended at 5 X 107 cells/ml. T cells were then isolated using
StemSep with Human T Cell Enrichment mixture (StemCell Technologies,
Vancouver, British Columbia, Canada). Purified T cells were resuspended
at 2 x 10° cell/ml. T cells were >95% pure as determined by flow cy-
tometry (data not shown).

Analyses of cytotoxicity and cell viability

Peptide cytotoxicity was assessed by collecting culture supernatants after
24 h and 7 days of culture in which the concentration of lactate dehydro-
genase-1 was quantified using a Cytotoxicity Detection kit (Roche Diag-
nostics, Laval, Quebec, Canada) according to the manufacturer’s instruc-
tions. Following the remova of nonadherent cells the number of viable
adherent cells was quantified using the WST-1 assay (Roche Diagnostics)
according to the manufacturer’s instructions.

Cytology and immunohistochemistry

The immunohistochemical analyses of adherent monocyte-derived macro-
phages and DC were performed using cells cultured on semipermeable
Transwell-Clear culture chamber inserts (Corning Costar) as described.
After 7 days of culture, adherent cells were washed twice in PBS at 4°C,
submerged in blocking buffer (PBS, 0.1% w/v sodium azide, 0.1% v/v
mixed human serum, 10% v/v FCS), stained with FITC-labeled mAb, ac-
cording to the manufacturer’s instructions, washed, and fixed with 2%
formaldehyde solution at 4°C. For labeling of filamentous actin (F-actin),
nonadherent DC were harvested, washed, cytospun onto glass slides, fixed
with a1:1 mix of acetone and methanol at —20°C, and labeled with Oregon
Green 488 phalloidin according to manufacturer’s instructions. Specimens
were all mounted in Vectashield (Vector Laboratories, Burlington, Ontario,
Canada) with 1 ug/ml 4,6-diaminido-2-phenylindole. Imaging was per-
formed using an Axioplan 2 fluorescent microscope (Carl Zeiss, Thorn-
wood, NY), DXC-390P digital camera (Sony, Tokyo, Japan), and Northern
Eclipse, version 6.0, software. To assess cell size, nonadherent DC were
harvested, washed, cytospun onto glass slides, fixed, stained with Diff-Quik
(Dade Behring, Newark, DE), and examined by light microscopy. Imaging
was performed as described above; 30 cells per sample were measured
adong an identical axis using Northern Eclipse, version 6.0, software.

Scanning electron microscopy

DCs cultured in 24-well plates or on 0.4-um pore, 24-mm Transwell-Clear
culture chamber inserts were washed with PBS, fixed in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) for 1 h, and washed three times
in phosphate buffer. Nonadherent cells were syringe filtered onto 0.4-um
nuclepore filters (Whatman, Clifton, NJ), which were transferred to petri
dishes, while adherent samples on culture chamber inserts were processed
directly. Samples were fixed using 1% osmium tetroxide in 0.1 M phos-
phate buffer for 1 h, washed three times in distilled water, and dehydrated
through a graded ethanol series. Following critical-point drying, the spec-
imens were mounted on aluminum stubs, sputter coated with gold/palla-
dium, and examined with a Hitachi (Tokyo, Japan) S4700 scanning elec-
tron microscope.

FACS

Cells were harvested, counted by hemocytometer, washed twice in PBS at
4°C, and resuspended in FACS buffer (PBS, 0.1% w/v sodium azide, 0.1%
v/v pooled human serum, and 10% v/v FCS). Aliquots of 1 X 10° cells
were |labeled with fluorescently labeled mAb or the appropriate isotype
controls, according to the manufacturer’s instructions, in the dark at 4°C
for 1 h, washed twicein PBS and resuspended in 2% formaldehydein PBS.
Analysis was performed based on a minimum of 10,000 cells for each
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condition using a FACSCalibur system and CellQuest, version 3.1, soft-
ware (BD Biosciences). Data were analyzed using WinMDI 2.8 software.
The mean fluorescence intensity (MFI) was established and corrected by
subtraction of the MFI for the appropriate isotype control.

Endocytosis and phagocytosis assays

For guantitative analysis of the endocytic activity of both LL-37-derived
and control monocyte-derived DC, 1 X 10° cells were resuspended in
HBSS and incubated with 1 mg/ml FITC-labeled dextran (molecular mass,
40,000 Da) for 1 h at either 37 or 4°C. The reaction was stopped by
washing with ice-cold PBS, and mean FITC fluorescence intensity was
determined by flow cytometry. CD11b-mediated and FcyR-mediated ad-
hesion and phagocytosis were assessed using complement-coated SRBC
(IgMC SRBC) and 1gG-coated sheep erythrocytes (IgG SRBC), respec-
tively, prepared as previously described (32). DC were suspended in HBSS
as above, with 0.1% wi/v gelatin. IgMC SRBC or 1gG SRBC were added
at aratio of 20:1 and incubated, gently rotating, at 37°C for 1 h. PBS at 4°C
was added to stop the reaction, and the cells were washed and resuspended
in 200 ul of PBS. Three drops of distilled water were added rapidly to half
of each sample, to lyse the exposed erythrocytes, followed immediately by
5 ml of PBS to prevent DC lysis. Samples were washed, fixed in 2%
formaldehyde solution, cytospun onto glass dides, and stained with Diff-
Quik (Dade Behring). The number of particles associated with each DC
were counted by light microscopy for 60 cells per sample and performed in
triplicate for every condition.

Induction of DC maturation

Monocyte-derived DC were stimulated at day 7 of culture. Cells were
harvested, washed twice with PBS, resuspended in fresh medium (without
IL-4, GM-CSF, or peptides), and counted. A total of 1 X 10° cells per well
were incubated for 24 h in Teflon vials (Savillex, Minnetonka, MN) in
medium containing 200 ng/ml S. typhimurium LPS (repurified as previ-
ously described (28)) or the same volume of endotoxin-free water as a
control. Alternatively, 5 X 10* cells per well were incubated in 24-well
tissue culture plates for 48 h for ELISA analysis of supernatants.

Chemotaxis assays

DC chemotaxis to recombinant human chemokine MIP-33 was performed
using a Transwell chemotaxis assay with cells preincubated for 24 h with
S. typhimurium LPS or endotoxin-free water as described above. A total of
5 X 10 cells was added in 100 ul of RPMI 1640 medium, supplemented
with 0.5% wi/v filtered BSA, to the apical compartment of a 5-um pore,
24-mm Transwell polycarbonate culture chamber insert (Corning Costar).
A volume of 600 ul of the same medium, additionally containing 100
ng/ml MIP-3, or the same volume of 0.1% w/v BSA in PBS (as a carrier
control) was added to the basal compartment. After 2-h incubation at 37°C,
the inserts were removed, their basal surfaces were washed, and the num-
ber of cellsin the lower chamber was assessed by light microscopy, count-
ing five defined fields of view per well. Studies were performed in triplicate
for each condition.

DC-derived cytokine analysis

Following 7 days of culture, 5 X 10* monocyte-derived DC per well were
exposed to S. typhimurium LPS or endotoxin-free water in triplicate as
described above. Supernatants were collected after 48 h and stored at
—70°C for andysis by ELISA. Supernatants were analyzed using com-
mercial ELISA kits for IL-12 p70, IL-4, IL-6, TNF-«, and IL-10 (BD
Biosciences) performed according to the manufacturer’s instructions and
read using a Model 3550 Microplate reader (Bio-Rad Laboratories, Mis-
sissauga, Ontario, Canada).

T cell proliferation assays

Assays were set up in triplicate using round-bottom 96-well plates con-
taining 200 ul of complete medium (RPMI 1640 (Biofluids, Rockville,
MD) supplemented with 10% FBS (Invitrogen), 20 mM HEPES, and 2 mM
L-glutamine). A total of 1 X 10* DC in each well was coincubated with T
cells over arange of ratios, performed in triplicate with additional T cell-
adone and DC-alone negative controls. Plates were incubated for 96 h at
37°C; [*H]thymidine was added to each well at a final concentration of 1
wnCi/ml; and incubation was continued for a further 18 h. DNA was har-
vested, using aMach |11 M harvester (Tomtec, Hamden, CT), and [®H]thy-
midine incorporation was counted on a 1450 Microbeta liquid scintillation
counter (Wallac Trilux, Turku, Finland) using Wallac 1450 Microbeta
Windows workstation software (version 2.70.004).

LL-37 MODULATES DC DIFFERENTIATION

T cell-derived cytokine analysis

T cells (1 X 10° and DC (1 X 10% were coincubated in each well as
described above. A volume of 100 ul of supernatant was removed from
each well of the proliferation assay plates immediately before the addition
of [*H]thymidine and stored at —70°C for analysis by cytometric bead
aray (BD Biosciences) following the manufacturer's recommended
protocol.

Satistical analysis

All data were expressed as mean = SEM. Statistica significance of dif-
ferences between groups was established using paired Student’s t tests
comparing matched control and treated DC populations generated simul-
taneously from the same donors. A value of p < 0.05 was taken to denote
statistical significance.

Results
LL-37 modifies iDC morphology

Freshly purified human monocytes were cultured for 7 days with
IL-4 and GM-CSF (29) to derive iDC, in the presence or absence
of 50 ug/ml LL-37 or Bac2a (a related cationic peptide derived
from the bovine cathelicidin bactenecin (33)). No cytotoxicity re-
sulted from peptide exposure under these conditions, as measured
using a lactate dehydrogenase-1 detection assay (data not shown).
As expected, control cells differentiated into nonadherent iDC
(Fig. 1a). In contrast, a proportion of LL-37-derived iDC were
strongly adherent, with confluency of ~30% at day 7, after the
removal of nonadherent cells (Fig. 1b). This phenotype was ob-
served with cellsfrom all 11 donors evaluated. Bac2a-derived iDC
did not develop the adherent phenotype. A WST-1 tetrazolium salt
cleavage assay confirmed the viability of adherent LL-37-derived
iDC and the absence of viable adherent cells on washed wells of
control iDC, and Bac2a-derived iDC (data not shown).

Monocytes from the same donors were cultured to generate ei-
ther LL-37-derived adherent iDC or untreated monocyte-derived
macrophages (cultured in autologous serum). Adherent LL-37-de-
rived iDC were strongly positive for cell surface CD1a, but neg-
ative for CD14, whereas those cultured in autologous serum were
strongly positive for cell surface CD14, but negative for CDla
(Fig. 1, ). This suggested that the former were indeed DC, and
that LL-37 was not inducing the development of macrophages.
Scanning electron microscopy revealed LL-37-derived iDC to be
larger cells with more numerous surface filopodia (Fig. 1, j and k),
in contrast to the control iDC on which small lamellae were more
prominent (i). F-actin labeling al so demonstrated the increased size
of LL-37-derived iDC, with punctate staining that could represent
the filopodia observed by scanning electron microscopy (Fig. 1, g
and h). The mean cell size by light microscopy of stained cytospins
of pooled harvested adherent and nonadherent LL-37-derived iDC
was significantly greater than control iDC (p = 0.008) with a
mean difference of 33 + 6% (16.9 £ 1.8 and 12. 9 = 1.7 um,
respectively; n = 4 donors). FACS analysis of these cells aso
clearly demonstrated a significant increase in both forward scatter
(FSC) (p = 7 X 10~ %; Fig. 2, aand b) and side scatter (SSC) (p =
2 X 1075 a and b) in comparison with controls, with mean in-
creases of 20 = 9 and 75 = 8%, respectively (n = 13 from 6
donors). These effects were dose dependent, with cell size (asin-
dicated by FSC) significantly increased by exposure to as little as
5 pg/ml LL-37 and maximally increased by 50 wg/ml, whereas
SSC (perhaps representing the increased surface structure com-
plexity) increased significantly in a dose-dependent manner over
the range of 25-100 ug/ml LL-37 (Fig. 2c).
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FIGURE 1. Morphology of LL-37-derived and control iDC. Monocyte-derived iDC were generated in the presence or absence of 50 pug/ml LL-37 as
described. a and b, Following the removal of nonadherent cells at day 7 of culture, adherent LL-37-derived iDC displayed ~30% confluency (b), but
negligible numbers of control cellswere adherent (a). Magnification, X 200. ¢, Adherent LL-37-derived iDC (c and d) and monocyte-derived macrophages
(e and f) from the same donor were FITC labeled with mAb specific for CD1a (c and €) and CD14 (d and f). Left panels show positive signal in green,
and right panels show 4,6-diaminido-2-phenylindole nuclear staining in blue. Magnification, X200. g and h, Representative images of Oregon Green 488
phalloidin F-actin-labeled cytospins, showing smaller control iDC (g) and increased punctate staining on LL-37-derived iDC (h). White bar represents 5
wm; n = 4 donors. i—k, Representative scanning electron microscopic images showing the surface lamellae on control iDC (i), more numerous filopodia
on nonadherent LL-37-derived iDC (j), and an adherent LL-37-derived iDC (k). White bar represents 5 um; n = 4 donors.

Cell surface receptor expression is altered on LL-37-derived
iDC

To further characterize LL-37-derived iDC and confirm their ex-
pression of surface markers characteristic of iDC, FACS analysis
was performed using a panel of specific mAbs (Table I, Fig. 3b).
As previously reported, control iDC expressed CD1a, but little, if
any, CD14, CD83, or CCRY7 (3). The level of expression of these
surface markers on LL-37-derived iDC was not significantly dif-
ferent from controls, suggesting that these were indeed iDC. In
contrast, LL-37-derived iDC expressed significantly enhanced sur-
face levels of CD86, CD11b, CD11c, and CD18, and significantly
decreased surface expression of CD209, CD16, and CD32 (Table
1). No significant differences were observed in the expression of
CD80, CD40, CD206, HLA-DR, or CD54. Changes in surface
marker expression were dose dependent over the range of 1-100
ng/ml LL-37, with significant effects observed for some markers
even at 5 wg/ml (Fig. 3a). Surface expression of the costimulatory

molecule CD86 in LL-37-derived iDC increased dramatically with
increasing LL-37 concentration. The increases in expression of
CD11b and CD18 (cocomponents of complement receptor (CR)3)
were observed to be proportional when comparing the percentage
change in individual donors. The percentage decreases in CD16
closely replicated those in the more highly expressed CD32, with
the maximal effect upon these FcyRs observed at 25 ug/ml.

Ag uptake is altered in LL-37-derived iDC

To address the functional significance of the altered receptor ex-
pression on LL-37-derived iDC, the Ag uptake capabilities of these
cells was studied. The majority of both control and LL-37-derived
iDC associated with at least one complement-coated SRBC (IgMC
SRBC); however, the proportion of LL-37-derived iDC associated
with =5 or =10 particles was significantly greater than for control
iDC (p = 0.01 and 0.03, respectively; Fig. 4a). No significant
internalization of IgMC SRBC was observed for either control or
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FIGURE 2. Comparative FACS plots of LL-37-derived and control
iDC. Monocyte-derived iDC were generated in the presence or absence of
50 pwg/ml LL-37 as described, harvested at day 7, and analyzed by FACS.
a and b, Representative dot plots depicting 10,000 events are shown for
control iDC (a) and LL-37-derived iDC (b), demonstrating increased FSC
and SSC in the latter. ¢, Dose-dependent increases were observed in both
parameters following culture with LL-37 over the range of 1-100 wg/ml.
Values represent mean = SEM; n = 5 donors. Significance of changes was
determined vs control DC; *, p < 0.05; #*, p < 0.01.

LL-37 iDC, confirming that LL-37 did not activate these iDC. In
contrast to this increased IgMC SRBC binding, the proportion of
LL-37-derived iDC associated with at least 1, or =5, IgG-coated
SRBC (IgG SRBC) was significantly reduced in comparison to
control iDC (p = 0.02 and 0.01, respectively; Fig. 4b). Although
the percentage of LL-37-derived iDC that had internalized 1gG
SRBC was lower than that of control iDC (23 = 11 and 38 =+ 13%,
respectively), this did not reach statistical significance. In addition,
the endocytic capacity of these cells was studied by examining the
binding and uptake of FITC-labeled dextran. A significantly
greater uptake was observed in LL-37-derived iDC (p = 0.005),
with a 105 = 15% increase in mean FITC-labeled dextran inter-
nalization in comparison with control iDC (Fig. 4, ¢ and d). A
trend toward greater binding of FITC-labeled dextran was also
observed (at 4°C), but did not reach statistical significance. Thus,
these data indicate that LL-37-derived iDC have a functionally
modified profile of Ag uptake as predicted by the alterations ob-
served in their surface receptor expression.

Cell surface receptor expression is altered on LL-37-derived
mDC

To examine the maturation of LL-37-derived DC, iDC were stim-
ulated with LPS. Both the control and LL-37-derived mDC thus
generated had a normal maturation profile by FACS, with in-
creased expression of CD86, CD80, CD83, HLA-DR, CD54, and

LL-37 MODULATES DC DIFFERENTIATION

CCRY7 in comparison with iDC (Table I, Fig. 3c). However, LL-
37-derived mDC displayed significantly greater expression of
CD11b, CD86, and CD83 in comparison with controls. No signif-
icant differences were observed in the expression of CD80, HLA-
DR, CD54, or CCR7.

Chemotaxis of LL-37-derived mDC is normal

In response to maturation, DC alter their expression profile of che-
mokine receptors, down-regulating expression of CCR5 and
CCR®6, but up-regulating expression of CCR7 (4). No surface ex-
pression of CCR7 was observed on control iDC or LL-37-derived
iDC by FACS analysis (Table I, Fig. 3b). A significant increase in
expression was observed following maturation (p < 0.05; n =5
donors), with no significant difference between control mDC and
LL-37-derived mDC (Table I, Fig. 3c). CCR7 up-regulation was
also demonstrated functionally in both LL-37-derived and control
mDC as chemotaxis across a gradient of the chemokine MIP-38.
Chemotaxis was induced by MIP-33 in mDC, but not in iDC. No
significant difference was observed between LL-37-derived and
control mDC or iDC (Fig. 5a).

LL-37-derived mDC produce a characteristic Th-1-inducing
cytokine profile

The release of cytokines following maturation with LPS was quan-
tified by ELISA (Fig. 5, b—f). LL-37-derived mDC secreted sig-
nificantly more IL-12 and IL-6 (p < 0.05; n = 10 donors) and
significantly less IL-4 (p < 0.05; n = 10 donors), than paired
control mDC from the same donors. In addition, assessed on an
individual donor basis, LL-37-derived mDC secreted significantly
more TNF-a (p < 0.05) in 9 of the 10 donors evaluated; however,
considerable variation in absolute levels of cytokine expression
was observed between different donors, as previously reported (7).
No consistent relationship between 1L-10 secretion and LL-37 der-
ivation was observed. In contrast to these LPS-matured DC, LL-
37-derived and control immature cells did not demonstrate sub-
stantial expression of any of the cytokines studied.

LL-37-derived mDC stimulate enhanced proliferation of
IFN-y-secreting T cells

The capacity of LL-37-derived mDC to activate and induce the
proliferation of T lymphocytes, and the functional significance of
their altered cytokine and CD86 expression were studied using
allogenic T cells. Both LL-37-derived and control DC induced
proliferation, but no significant difference was observed over a
range of DC/T cell ratios (Fig. 6a). However, T cells stimulated
with LPS-matured LL-37-derived mDC produced significantly
more |FN-+y than controls (p = 0.03; Fig. 6b). This difference was
observed for all five donors tested. No significant T cell IL-4 pro-
duction was detected. No significant IFN-y was detected from
mDC &one.

LL-37-induced DC modulation occurs early in differentiation,
via a G; protein-coupled receptor

To establish the temporal contribution of LL-37 to the modulation
of DC development, monocytes were exposed to a pulse of LL-37
for only the first 24 h of culture. These LL-37-pulse-derived iDC
displayed the same adherent phenotype and significant cell size
increase (p = 1 X 10~ °) comparable with LL-37-derived iDC,
with intermediate SSC, significantly greater than controls (p =
2 X 1078), but less than LL-37-derived iDC (p = 0.01). Signif-
icantly enhanced expression of CD86 (Fig. 7) and CD11b (data not
shown) were also replicated using this pulse exposure with almost
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Mean Surface Marker Expression

Number of
LL-37-derived iDC/mDC Repeats
Marker Control iDC/mDC Net change over control (%) (Donors)
iDC

CD86 (B7.2) 8.1(x1.2) 29 (=6)*** 26 (10)

CD11b (ay, integrin) 100 (+=16) 211 (£36)*** 24 (11)
CD11c (ay integrin) 72 (*+11) 117 (= 25)** 13(7)
CD18 (B, integrin) 210 (%£18) 378 (=70)* 8 (6)
CD209 (DC-SIGN) 79 (+24) 45 (£ 9)*** 8(5)
CD16 (Fc,RIII) 5.3(%=0.9) 1.7 (£0.4)** 13 (8)

CD32 (Fc,RIl) 57 (+13) 17 (£3.3)** 15 (10)
CD80 (B7.1) 6.5(*=0.8) 7.8(%=0.9) 20(9)
CD40 22 (£3) 25(x0.4) 6 (5)
CD206 (MMR) 87 (£35) 65 (*£11) 6 (4)
CD1la 137 (*=48) 196 (*=73) 6 (6)
CD14 1.4(x0.2) 0.6 (x0.2) 5(5)

CD83 0.02 (+0.2) 0.6 (x0.2) 21 (14)
HLA-DR 101 (£16) 97.8 (+16) 8 (6)
CD54 (ICAM-1) 122 (£22) 140 (£22) 7 (4)
CCR7 0.6 (+0.3) 0.6 (+0.3) 5(5)

LPS-matured DC (mDC)

CD11b (ay, integrin) 70 (x£15) 164 (=34)** 10 (5)
CD86 (B7.2) 55 (£7) 99 (£17)** 10 (5)
CD83 10(=2) 15 (+=2.0)* 11 (7)
CD80 (B7.1) 10(*2) 10 (+4.0) 8(6)
HLA-DR 249 (£69) 208 (=43) 4(3)
CD54 (ICAM-1) 249 (£69) 222 (*=26) 5(@3)
CCR7 2.7(=0.5) 2.9(*=0.9) 6 (5)

2DC were derived from monocytes over 7 days in the presence or absence of 50 ng/ml LL-37, fluorescently labeled with
specific mAb and analyzed by flow cytometry. The MFI was determined for LL-37-derived and control DC from the same donor
as described. Surface marker expression is demonstrated in the table by mean MFI.

#,p < 0.05, x*, p<0.01, *#x, p < 0.005, from the n value tabulated (derived from the specified number of different donors).

Statistical comparison of the MFI was by paired t test.

identical magnitude. These data suggest that many of the modifi-
cations observed in LL-37-derived DC result from peptide inter-
action with the pre-DC in the first day of differentiation. To begin
dissecting the mechanism underlying these observations, mono-
cytes were pretreated with pertussis toxin to inhibit G, protein-
coupled receptor activity before a 24-h LL-37 pulse. Pertussis
toxin inhibited L L-37-dependent up-regulation of both CD86 (p =
0.04) and CD11b (p = 0.02) significantly, but incompletely, with
a significant degree of up-regulation still observed in comparison
to pertussis toxin-treated control cells (p = 0.04 and 0.005, re-
spectively; Fig. 7 and data not shown). LL-37-induced changesin
FSC and SSC were aso partialy, but significantly inhibited (data
not shown). There were no significant changes in any of these
markers in cells treated only with pertussis toxin in comparison
with control cells. A previous study implicated formyl peptide re-
ceptor-like (FPRL)1 as a G; protein-coupled receptor for LL-37
(25). However, a synthetic peptide activator of FPRL1 and FPRL2
(WKYMVM; Ref. 31) substituted for LL-37 had no significant
effects on iDC expression of CD86 (Fig. 7) or CD11b, nor on FSC
or SSC (data not shown). Finaly, characterization of Bac2a-de-
rived iDC suggests peptide specificity, with no significant increase
in CD86 (Fig. 7) or CD11b expression nor SSC (data not shown),
but cells were larger, with significantly increased FSC (p = 0.03).
These data suggest that the development of iDC can be specifically
modulated by the interaction of pre-DC with LL-37, and that at
least some of these modifications result from the activation of an
as-yet-undefined G; protein-coupled receptor.

Discussion

The ability of DC to perform their physiological role is dependent
upon appropriate development from pre-DC, Ag capture, matura-
tion, chemotaxis, and Ag presentation to T cells. We have dem-
onstrated that LL-37-derived DC had significantly up-regulated
endocytic capacity, modified expression of phagocytic receptors,
enhanced costimulatory molecule expression and secretion of Th-1
inducing cytokines, and generated an enhanced Thl response in
vitro. These modifications were superimposed upon retention of
basic DC phenotype and appropriate maturational modifications,
including changes in chemokine receptor expression that facilitate
mDC migration to the T cell areas. Thus, we have demonstrated
that the cationic peptide LL-37 is a multipotent, tissue microenvi-
ronmental modifier of DC differentiation, capable of affecting all
temporal stages of the DC life cycle.

Endocytic and phagocytic Ag capture are crucia sentinel func-
tions of iDC. We found that LL-37 significantly and selectively
altered the processes of endocytosis and phagocytosis and the ex-
pression of phagocytic receptors by iDC. The endocytic capacity
of LL-37-derived iDC was significantly enhanced. This is thought
to increase the density of Ag presentation, which will enhance T
cell stimulation (7). Thus, iDC differentiation in the presence of
high concentrations of LL-37 at sites of inflammation may directly
impact on the Ag loading and presentation capabilities of DC.

LL-37 profoundly affected the expression and function of sev-
eral phagocytic receptors. The decreased expression of DC-spe-
cific ICAM-3-grabbing nonintegrin (CD209) on LL-37-derived
iDC may have important consequences for pathogen clearance.
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FIGURE 3. Comparative FACS andysis of LL-
37-derived and control iDC. Monocyte-derived iDC
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This DC-specific lectin has been implicated as a receptor used by
various microorganisms associated with chronic infection, includ-
ing HIV and Mycabacterium tuberculosis (34). Thus, LL-37-in-
duced down-regulation at sites of inflammation might be advan-
tageous to the host, by denying pathogens a protected niche within
mononuclear cells. We also demonstrated marked LL-37-induced
alterations in the expression and function of CR3 and CR4, and
FcyRIl and -111. Both CR3 and CR4 are important cell adhesion
molecules and also function as competent opsonic and honopsonic
phagocytic receptors (35). The dramatic enhancement of 3, inte-
grin expression by LL-37 could substantially impact upon DC mi-
gration (36). It may also enhance their capacity to phagocytose
complement-opsonized and unopsonized pathogens with conse-
quences for maturation and activation of such cells in vivo. In
contrast to CR3 and CR4, FcyR expression and activity was sig-
nificantly reduced. However, the consequences of Ag recognition
by FcyRIl, the predominant FcyR on iDC, depends on the relative
contributions of the activating and inhibitory cytoplasmic regions
(37). Thus, further studies are required to assess the functional
implications of this decrease.

The effective Ag-presenting function of mDC requires the es-
tablishment of an immunological synapsewiththe T cell, and three
primary signals asfollows: 1) cognate presentation of Ag by MHC
class || molecules, 2) expression and engagement of costimulatory
molecules, namely CD80 (B7.1) and CD86 (B7.2), amplifying the
signaling processes by up to 100-fold (5), and 3) the production of

specific polarizing cytokines predisposing to a Thl, Th2, Th3, or
regulatory T (Tr) cell response (1, 38). LL-37-derived iDC dis-
played normal maturation in response to LPS, with an increase in
HLA-DR expression on LL-37-derived mDC comparable with
control cells. This suggests that the capacity of these cells to
present Ag, and hence provide signal 1, was normal. In contrast,
the expression of CD86 (signal 2) was significantly altered.
Whereas control iDC normally only express high levels of CD86
upon maturation (4), LL-37-derived iDC showed a dramatic, dose-
dependent enhancement of CD86 expression in all donors, without
changes to other markers associated with maturation. CD86 ex-
pression by these cells was further up-regulated by exposure to
LPS, confirming that these DC were immature before activation.
This also resulted in the enhanced CD86 phenotype observed in
LL-37-derived iDC being carried across to maturation. These ob-
servations are in marked contrast to the recently described activity
of another cationic peptide, murine B-defensin-2, reported to di-
rectly mature DC in a Toll-like receptor-4-dependent manner (39),
although it should be noted that this peptide was studied in the
form of fusion proteins constructed from murine B-defensin-2 and
tumor Ags and does not represent an endogenous ligand. Thus,
LL-37 constitutes a modifier of DC differentiation but does not
alter maturation, nor directly activate and mature iDC.

Enhanced CD86 expression on mDC would be expected to con-
fer amplified T cell stimulatory capacity to these cells (5) and
possibly favor a Th2 response (40). However, LL-37-derived mDC
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FIGURE 4. Ag uptake by LL-37-derived and control iDC. In compar-
ison with control iDC, LL-37-derived iDC demonstrated significantly in-
creased associ ation with complement-coated SRBC (IgMC SRBC) (a), sig-
nificantly decreased association with Ab-coated SRBC (IgG SRBC) (b),
and significantly increased uptake of FITC-labeled dextran (c and d). The
percentage of cells associated with IgMC SRBC or 1gG SRBC after a 1-h
incubation was assessed by counting 60 cells per sample by light micros-
copy and performed in triplicate for every condition. The x-axis indicates
the proportion of cells categorized as associated with a specified minimum
number of particles. The uptake of FITC-labeled dextran was performed at
37°C to establish total cell association and internaization, and at 4°C, at
which temperature internalization will not occur. Uptake was determined
by flow cytometry (d shows arepresentative FACS plot; the solid gray area
represents control iDC at 37°C, the black line represents LL-37-derived
iDC at 37°C, the gray line represents control iDC at 4°C, and the broken
gray line represents LL-37-derived iDC at 4°C) and displayed as the mean
percentage increase in LL-37-derived iDC compared with control iDCinc.
Vaues represent mean = SEM. #, p < 0.05; *#, p < 0.01; n = 4 donors
for each study.

stimulated the proliferation of T cells secreting significantly higher
levels of IFN-vy. This most likely relates to the enhanced secretion
of Th-1 inducing cytokines (signa 3), particularly IL-12, by the
LL-37-derived DC in response to LPS-induced maturation. DC-
derived IL-12 has been demonstrated to be a critical component in
promotion of a Thl response (1). This is in contrast to IL-4, a
cytokine antagonistic of Thl responses and down-regulated in LL-
37-derived mDC, and IL-10, a cytokine involved in the generation
of aTr cell response and capable of acting on iDC to prevent full
maturation (1, 38, 41). Although the balance of IL-12 vs IL-4
levelsislikely to be critical in determining Th cell polarization, the
expression of other polarizing cytokines, such asIL-18 and 1L-23,
remains to be determined. In addition to enhanced I1L-12, LL-37-
derived mDC consistently produced increased levels of IL-6. This
cytokine is known to enhance B cell proliferation and might block
the suppressive effects of Tr cells (42). Furthermore, LL-37-de-

1153

rived mDC had consistently enhanced production of TNF-«, a
proinflammatory cytokine known to influence many innate im-
mune responses including the induction of DC maturation. En-
hanced expression of these cytokines might therefore provide ad-
ditional mechanisms for LL-37-derived DC modulation of
adaptive immune responses.

Thus, LL-37-derived DC exhibited enhancement of costimula-
tory molecule expression and Th1-promoting cytokine release, two
of the three primary signals required for Ag presentation and stim-
ulation of a Thl response. These effects of LL-37 are in marked
contrast to the various developmental modifiers previously de-
scribed, including PGE, and IL-10, which all inhibit iDC matura-
tion and IL-12 production, and consequently promote tolerogenic
or Th2 responses (43, 44). That the up-regulation of MHC class |1
molecules (signa 1) in LL-37-derived mDC was not significantly
different from that observed in control, suggests that the process
may function independently of Ag, and LL-37 may therefore con-
stitute a novel adjuvant.

It should be noted that, although L L-37-derived DC significantly
enhanced T cell IFN-vy responses, they did so only after exposure
to a LPS maturation signal. Thus, differentiation in the presence of
LL-37 augments DC-induced Thl responses but does not initiate
them. The consequences of LL-37-induced modifications to the
critical DC signals remain to be determined in the context of a
broader range of Ag-dependent responses. This will establish
whether LL-37-derived DC amplify the expression of polarizing
cytokines of a nature defined by the maturing stimulus, or are
primed to skew the magnitude and the nature of the cytokine re-
sponse, and consequent T cell polarization. In addition, the T cell-
polarizing capacity of DC is temporally controlled. LPS-ma-
tured DC produce an initial 1L-12, IL-6, and TNF-« response
with Thl-generating capacity, but over time, this IL-12 release
has been shown to diminish, with an increased IL-10 response,
and these same exhausted mDC then promote Th2 polarization
(7). In our study, DC supernatants were collected 48 h after LPS
stimulation to assess patterns of change in total cytokine pro-
duction over that period, and the temporal control of DC cyto-
kine release remains to be established. Finally, the role of T
cell-DC interactions in stimulating LL-37-derived DC cytokine
production, and thus the Th polarization, remains to be ex-
plored, including the effects of CD40 ligation and IFN-vy. Nev-
ertheless, it is evident from our study that this innate host de-
fense peptide, LL-37, has the capacity to influence adaptive
immunity via modulation of DC differentiation. Further studies
are required to develop this model in vivo.

The recruitment of pre-DC to sites of inflammation is likely to
be a rapid event, and thus, any potential DC modulator must also
act quickly. We demonstrated that LL-37 modulation of DC re-
quired only a short exposure at an early stage of differentiation
from pre-DC to manifest a wide spectrum of phenotypic changes.
Furthermore, the concentrations of LL-37 at which we observed
these effects were consistent with those observed in vivo during
inflammation (21-23), probably produced predominantly by neu-
trophils and epithelial cells (16, 19, 22). Although LL-37 expres-
sion has also been reported in Langerhans cells, which might also
contribute (24), no LL-37 expression was evident at the protein or
RNA level in monocyte-derived DC in the immature or mature
state (data not shown). It seems likely that this can be attributed
to differences between Langerhans cells and monocyte-derived
DC, and the cellular milieu. Modulation of DC differentiation
was not a nonspecific consequence of exposure to a cationic
peptide, but rather was mediated, at least partly, by a specific
G;-coupled receptor or receptors. This suggested a role for
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FIGURE 6. T cell stimulatory capacity of LL-37-derived mDC and con-
trol cells. a, Coincubation of DC with alogenic T cells performed over a
range of DC/T cell ratios, for 96 h, with assessment of [*H]thymidine
incorporation over an additional 18 h, revealed no significant difference in
DC-induced T cell proliferation between LL-37-derived and control DC. b,
Analysis of supernatants from T cell proliferation assays demonstrated sig-
nificantly increased production of IFN-y by cells stimulated with LL-37-
derived mDC, in comparison with control mDC, but no significant differ-
ences in low-level 1L-4 production. For both studies, bars represent mean
values = SEM for LL-37-derived and control iDC and mDC. Studies were
performed in triplicate; n = 5 donors; *, p < 0.05.

monocytes over 7 days in the presence of 50 ug/ml LL-37, 50 pg/ml
Bac2a, or the FPRL1 agonist WKYMVM (10 uM), or over 7 days with a
50 pg/ml LL-37 pulse exposure for the first 24 h, with or without pertussis
toxin (PTx) pretreatment. iDC were fluorescently labeled with specific
mAb and analyzed by flow cytometry. Mean CD86 surface expression is
shown and compared with the appropriate matched control iDC prepared in
parallel from the same donors. Statistical comparison of the MFI was by
paired t test. *, p < 0.05; **, p < 0.005; n = 11 from 6 donors (control,
LL-37 pulse, and LL-37 study); n = 4 from 4 donors (control, LL-37 pulse,
PTx, PTx LL-37 pulse study); n = 5 from 3 donors (control, Bac2a study);
and n = 3 from 3 donors (control, WKYMVM study).
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GM-CSF in DC differentiation and the similarity between LL-37-
derived DC and this murine DC subset, it seems likely that LL-37
impacts upon the GM-CSF pathway. Indeed, recent data demon-
strate that LL-37 and GM-CSF act synergistically to induce phos-
phorylation and activation of the mitogen-activated protein kinases
extracellular signal-regulated kinase 1/2 and p38 in human periph-
eral blood-derived monocytes.®

In conclusion, we propose that L L-37-derived DC may represent
highly stimulatory second-line DC, generated in an LL-37-rich in-
flammatory milieu in vivo. This modification of DC differentiation
may enhance DC production of Thl cytokines in response to mat-
urational stimuli, establish prolonged T cell stimulation, and gen-
erate a more robust Thl response to harmful Ags. Our data impli-
cate LL-37 as a potent modifier of DC differentiation. Thus, it
appears to function as a bridge between the innate and adaptive
immune systems, indirectly facilitating the generation of an en-
hanced Th1 response. This endogenous host modification could be
very valuable in defending against potential pathogens, particu-
larly at sites where LL-37 has shown to be concentrated in inflam-
mation. LL-37 has tremendous therapeutic potential in the devel-
opment of DC-based immunotherapies for infectious diseases and
cancer.
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Beata Polgar, Gyula Kispal, Margit Lachmann, Gabriella Paar, Eszter Nagy, Peter Csere, Eva Miko, Laszlo Szereday,
Peter Varga, and Julia Szekeres-Bartho. Molecular Cloning and Immunologic Characterization of a Novel cDNA Coding
for Progesterone-Induced Blocking Fact®he Journal of Immunology 2003;171:5956-5963.

The fourth author’s first name is incorrect. The correct first name is Christian.

Donald J. Davidson, Andrew J. Currie, Gregor S. D. Reid, Dawn M. E. Bowdish, Kelly L. MacDonald, Rebecca C. Ma,
Robert E. W. Hancock, and David P. Speert. The Cationic Antimicrobial Peptide LL-37 Modulates Dendritic Cell
Differentiation and Dendritic Cell-Induced T Cell Polarizatidrne Journal of Immunology 2004;172:1146—-1156.

In Results, the heading for the third column of Table I, “Mean Surface Marker Expression,” is incorrect. The heading
for column three should read “LL-37-derived iDC/mDC.” All the data are correct in the table ledatdrials and
Methods, and Results as originally published.
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Michel, Renate E. Gay, Steffen Gay, and Diego Kyburz. Chemokine Secretion of Rheumatoid Arthritis Synovial Fibro-
blasts Stimulated by Toll-Like Receptor 2 Ligand&e Journal of Immunology 2004;172:1256—-1265.

In Results, Figure 4 was printed in error in place of Figure 5. The figure legend is correct as originally published. The
correct Figure 5 is shown below.
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