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Endogenous intracellular cathelicidin enhances TLR9 activation
in dendritic cells and macrophages®
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Abstract

Cathelicidins are a gene family best known for their antimicrobial action, but the diverse mature
peptides they encode also have other host defense functions. The human cathelicidin peptide
LL-37 enhances recognition of nucleic acids, an action whose significance is seen in human
diseases such as psoriasis where it is associated with increased type-1 interferon production. This
function has been attributed to the extracellular action of the peptide to facilitate uptake of nucleic
acids. Here, we demonstrate that the murine mature cathelicidin peptide (CRAMP), encoded by
the mouse gene (Camp), is functionally distinct from the human mature peptide (LL-37), as it does
not facilitate CpG entry. However, mouse cathelicidin does influence recognition of CpG as bone
marrow-derived dendritic cells (BMDCs) from Camp™~ mice have impaired CpG responses and
Camp™~ mice had impaired response to CpG given intravenously or subcutaneously. We show
that cathelicidin concentrates in Lampl positive compartments, is colocalized with CpG in the
endolysosome, can be immunoprecipitated with TLR9, and binds to CpG intracellulary.
Collectively, these results indicate that the functions of cathelicidin in control of TLR9 activation
may include both intracellular and extracellular effects.

Introduction

Recognition of microbial pathogens is an essential element for host defense (1, 2). Toll-like
receptors (TLRs) are family of pattern recognition receptors that play a central role in the
initiation of immune responses against a number of pathogens and also served to recognize a
wide range of molecules released after injury that collectively have been referred to as
Damage Associated Molecular Patterns (DAMPS) (3, 4). TLR9 is a key receptor for the
recognition of DNA, and frequently studied by its response to synthetic CpG-DNA (CpG) to
mimic DNA found more abundantly in microbes (5). TLR9 exits in the endoplasmic
reticulum (ER) and upon stimulation with CpG, it relocates to the endolysosomal
compartments where TLR9 binds to CpG after undergoing proteolytic cleavage by
asparagine endopeptidase and cathepsins (6-9). After CpG binding, TLR9 signaling is
initiated by recruitment of the adaptor molecule, MyD88 and subsequent phosphorylation of
MAPKSs and activation of NF-kB, leading to production of proinflammatory cytokines (1,
10). In plasmacytoid DCs (pDCs), CpG-TLR9 complexes are transported to lysosome-
related organelles (LROs) where MyD88-dependent IRF7 activation is initiated, leading to
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IFN-a production (11, 12). Previous reports have shown that TLR9 responses are enhanced
by accessory molecules such as HMGB1, granulin and LL-37 (13-17). In particular, the
capacity of the cathelicidin peptide LL-37 to bind to DNA has been shown to facilitate
delivery into endosomes and activation of TLR9, thus breaking self-tolerance to endogenous
mammalian DNA released upon cell lysis during injury.

The capacity of the cathelicidin LL-37 to influence TLR9 function is consistent with the
broad host defense functions that have been associated with this family of peptides.
Cathelicidins are one gene family within the highly diverse group of antimicrobial peptides
and proteins that collectively have been referred to as AMPs (18, 19). The human and mouse
cathelicidin peptides, LL-37 and CRAMP respectively, have been directly shown to play a
crucial role in host defense against a wide range of pathogens (20-24). Their essential role
in mammalian host defense is likely due to both their broad-spectrum antimicrobial
functions and their additional immunomodulatory functions. These immunomodulatory
functions appear to depend on the hydrophobicity, charge, and capacity of the mature
peptide to either bind ligands or directly activate membrane bound signaling receptors (25—
30). For example, LL-37 and CRAMP show affinity for nucleic acids such as DNA and
RNA (17, 31-35). LL-37 can aggregate with nucleic acids and protect them from
degradation. LL-37 can also deliver DNA or RNA complexes into human pDCs or human
myeloid dendritic cells (mDCs), leading to TLR9 or TLR7 activation (17, 31). Cathelicidins
can also have an anti-inflammatory role by neutralizing LPS and blocking activation of
TLR4 (28, 29). Thus, cathelicidins such as CRAMP and LL-37 influence host defense
responses through multiple mechanisms, but all of these observations have focused on the
activity of the mature, secreted peptide.

Confirmation of the physiological relevance of cathelicidin has come from several studies of
the effects of expression of the gene for CRAMP (Camp) in mice. These studies have
demonstrated that deletion of Camp results in a change in both infectious and inflammatory
responses of the skin, lung and gut (20, 21, 23). These phenotypes have also correlated well
with human diseases in which cathelicidin is overexpressed or underexpressed (17, 36, 37).
However, these observations in vivo correlate the observed effects with altered expression of
the full-length endogenous cathelicidin precursor protein as well as the mature secreted
peptide. Thus, in contrast to many studies of the mature cathelicidin peptide, the function of
the endogenous cathelicidin protein under physiological conditions is not well understood.
This question may be particularly important as it is the mature cathelicidin domain that is
evolutionarily conserved, not the mature peptide.

In this study, we observed that the endogenous expression of cathelicidin is required for
normal TLR9 signaling in mice, a finding consistent with observations with the mature
human cathelicidin peptide LL-37. However, the mouse peptide CRAMP does not function
similarly to LL-37. In contrast, CRAMP was shown to bind to TLR9 and colocalize with
CpG in endolysosome without affecting CpG entry in dendritic cells and macrophages.
These findings suggest that the endogenous expression of cathelicidin may be a previously
unknown intracellular accessory molecule for TLR9 signaling.

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakagawa and Gallo

Page 3

Materials and Methods

Mice and cell lines

C57BL/6 mice were purchased from Jackson Laboratories. Camp™~ mice on C57BL/6
background or Balb/c background were generated in our laboratory as previously described
(20). Mice were backcrossed onto C57BL/6 mice for 8 generations or Balb/c mice for 7
generations. All mice were bred in specific pathogen-free conditions. All animal
experiments were approved by UCSD’s institutional animal care and use committees and
were conducted in accordance with the guideline for the care and use of laboratory animals.
The mouse keratinocyte cell line Pam 212 and mouse macrophage cell line RAW264.7 was
used for Q-PCR experiments.

Reagents and Abs

Anti-CD11c (N418), MHC class Il (I-A) (NIMR-4), anti-CD40 (HM40-3), Anti-CD80
(16-10A1), Anti-CD86 (GL1) and anti-mTLR9 (M9.D6) were obtained from eBioscience.
Anti-B-actin (AC-74) and thioglycolate were from Sigma-Aldrich. Anti-p44/42 MAPK
(4695), anti-phospho-p44/42 MAPK (9101), anti-p38 MAPK (9212), anti-phospho-p38
MAPK (9216), anti-IkB-a (9242), anti-phospho-1kBa (2859), anti-SAPK/INK (9258), anti-
HA (2367 and 3724) and anti-phospho-SAPK/INK (9255) were from Cell Signaling
Technology. Anti-EEA1 was from Thermo Fisher Scientific. Anti-LAMP1 (1D4B) was
from abcam. Alexa Fluor488 Donkey anti-mouse 1gG, Alexa Fluor488 Donkey anti-rat 1gG
and Alexa Fluor568 Donkey anti-rabbit 1gG were from life technologies. Affinity-purified
rabbit polyclonal anti-CRAMP Ab which recognizes CRAMP peptide domain was
previously generated in our laboratory(38). ODN 1585, ODN 1668, ODN M362, ODN
1668-FITC, ODN M362-FITC, R848, Poly(l:C) HMW, Pam3CSK4, Zymozan, LPS-EB,
PUNO-mMTLR9-HA and pSELECT-puro-mcs were from invivogen. DOTAP liposomal
transfection reagent (DOTAP) was from Roche applied science. Recombinant mouse
CRAMP peptide (NCRAMP) was synthesized by Genemed Synthesis Inc.

Quantitative real-time PCR

RNA was isolated using Trizol (Life Technologies). RNA was reverse transcribed using
iScript (Bio-Rad). Predesigned Tagman probes and primers were used to quantify 116, Tnf,
[112a and Camp mRNA using Tagman Gene Expression Master Mix and a 7300 Real Time
PCR System (Life Technologies) according to manufacturer’s instructions. Custom Tagman
Probes (Life Technologies) were used for Gapdh mRNA quantification. Fold change
normalized to host cell Gapdh levels relative to the control was calculated using the
2(-AACt) method.

Cell purification

To prepare Flt3ligand (FIt3L)-induced bone marrow-derived DCs (BMDCs), BM cells were
cultured for 7 days with 100 ng/ml human FIt3L (PeproTech) in RPMI-1640 medium
supplemented with 10% (vol/vol) FBS (Thermo Fisher Scientific), 50 uM 2-ME, 100 U/ml
of penicillin and 100 pg/ml of streptomycin (VWR). For purification of FIt3L-induced
plasmacytoid DCs (FIt3L pDCs), cells from FIt3L cultures were incubated with anti-B220
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MACS beads and positively separated with MACS sorting (MACS separation column,
Miltenyi Biotec). The resulting purity was >95% for each experiment. Cells in the negative
fraction were used as FIt3L-induced conventional DCs (FIt3L cDCs). GM-CSF-induced
BMDCs (GM-CSF BMDCs) were generated from BM cells by culturing cells with GM-CSF
(20 ng/ml) in complete RPMI as previously described (39). For thioglycollate-elicited
peritoneal macrophage isolation, age and sex-matched WT and Camp ™~ mice were injected
intraperitoneally (i.p.) with 3% thioglycollate. After 72 h, peritoneal macrophages were
collected by peritoneal lavage and were plated onto 96-well plates in DMEM (Lonza)
supplemented with 10% (vol/vol) FBS, 2 mM L-glutamine and 100 U/ml of penicillin and
100 pg/ml of streptomycin and rested for 24 h.

Plasmids and transfection

ELISA

DNA encoding full-length CRAMP (amino acids 1-172, mCAP18) or CRAMP peptide
(amino acids 140-172) with signal peptide (amino acids 1-27) was synthesized using PCRs
and ligated into pSELECT-puro-mcs. Transfection was performed using Fugene HD
(Roche) according to the manufacturer’s instructions. Cells were used for the experiments
48 h after transfection. RAW264.7 cell clone stably overexpressing pUNO-mTLR9-HA
(RAW-TLR9-HA cells) was selected in 4 pg/ml blasticidin and then confirmed the TLR9-
HA expression by Western blotting.

TNF-a, IL-6 and IL-12p40 concentration was determined using an OptEIA ELISA Set (BD
Biosciences). IFN-a was measured by mouse IFN alpha platinum ELISA (eBioscience).
IFN-B was measured by mouse IFN beta ELISA KIT (PBL Assay science).

Western blot analysis

For detection of MAPK and 1kBa, BMDCs (2x10°6 cells) were starved in RPMI without
FCS for 24 h in 12 well. After CpG-B (1 uM) stimulation, protein was isolated by lysing
cells in RIPA buffer containing protease inhibitors (Roche) and 1 mM sodium orthovanadate
(Sigma-Aldrich). Equal volumes of total cell lysates from WT and Camp™~ BMDCs (1x10°
cells/lane) were loaded on a 4-20% agarose gel and transferred to a PVDF membrane (Bio-
Rad). The membranes were immunoblotted with indicated Abs, according to the
manufacturer’s instructions. p-actin was detected using the mouse monoclonal antibody
(1:10,000). For detection of CRAMP, BMDCs were lysed in RIPA buffer containing
protease inhibitors. Equal volumes of total cell lysates from WT and Camp™~ BMDCs
(1x108 cells/lane) were used. For detection of secreted CRAMP protein in the culture
medium, BMDCs (3x107 cells/ml) were cultured and the supernatant was collected at the
indicated time. Equal volumes of supernatant (20 pl/lane) were used. CRAMP protein was
detected using the rabbit polyclonal CRAMP Ab (1:5000). 680nm and 800nm IR-Dye
conjugated secondary antibodies (1:10,000) and an Odyssey imager (LI-COR Biosciences)
were used for 2-color Western blotting to analyze both proteins on the same blot. For
overexpression experiments, RAW-TLR9-HA cells were transfected with mCAP18 plasmid
or control plasmid for 48 h. Cell lysates were immunoblotted with anti-HA Ab, or anti-
CRAMP Ab. For TLR9-CRAMP binding assay, RAW-TLR9-HA cells were transfected
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with mCAP18 plasmid (mCAP18), CRAMP peptide plasmid (CRAMP) or control plasmid
(control). Cells were stimulated with or without 1 pM CpG-C for 90 min and then washed.
Cells were lysed with IP lysis buffer (Pierce) and cell lysates were immunoprecipitated with
anti-CRAMP or anti-HA and blotted with anti-HA or anti-CRAMP, respectively. For
CRAMP-CpG binding assay, 10 yM mCRAMP in PBS was mixed with 1 uM CpG-C or 1
UM biotinylated-CpG-A, -CpG-B or -CpG-C for 1 h at 37°C and then incubated with
streptavidin beads (Dynabeads MyOne, life technologies) for 15 min on ice. Streptavidin
beads were washed five times using DynaMag (Spin Magnet, life technologies).
Biotinylated-CpG-bound mMCRAMP was eluted and immunoblotted with anti-CRAMP Ab.
In another experiment, 1 uM CpG-C or 1 uM biotinylated-CpG-C and various concentration
of MCRAMP were used. In some experiments, WT and Camp~~ GM-CSF BMDCs were
stimulated with CpG-C or CpG-C-biotin for 1 h and then washed and lysed. Cell lysates
were incubated with streptavidin beads and biotinylated-CpG-bound CRAMP was detected
with anti-CRAMP Ab.

Flow cytometry

For staining of TLR9, the cells were fixed and permeabilized using a fixation/
permeabilization kit (eBioscience). To evaluate surface expression levels of MHC Il and co-
stimulatory molecules, WT and Camp™~ GM-CSF BMDCs were cultured in GM-CSF-
containing medium or stimulated with 500 ng/ml LPS overnight and stained with indicated
markers. Data were acquired on a BD FACSCanto Il flow cytometer (BD Bioscience).

CpG uptake experiments

For the CpG uptake assay, WT and Camp™~ GM-CSF BMDCs were cultured with 1 uM
FITC-labelled CpG-C in the presence or absence of 10 yM mCRAMP for 1 h, then washed
three times and analyzed by flow cytometry. For a microscopy experiment, WT and
Camp™/~ GM-CSF BMDCs were seeded into chamberslides and cultured for 1 h, and then
stimulated with 1 uM FITC-labelled CpG-C for 1 h. Cells were washed three times and
examined by an Olympus BX41 fluorescent microscope (Scientific Instrument Co.).

In vitro stimulation assays

WT and Camp™~ GM-CSF BMDCs (5x104 cells/well) were stimulated in 96-well plates
with 1 ug/ml Pam3CSK4, 10 pg/ml zymosan, 10 pg/ml Poly(IC), 500 ng/ml LPS, 0.2 ug/ml
R848 and various concentration of CpG 1558 (0.3 and 1 pM), CpG 1668 (0.01, 0.1 and 1
M) and CpG M362 (0.2 and 1 uM) for 15 h. In some experiments, WT and Camp~/~ GM-
CSF BMDCs were stimulated with CpG-C (0.2 uM) in the presence or absence of various
concentration of MCRAMP. FLT3L pDCs were stimulated with 0.2 pg/ml R848, 1 uM CpG
1558 and 1 uM CpG M362 for 15 h. FLT3L c¢DCs were stimulated with 500 ng/ml LPS and
1 uM CpG M362for 15 h. Thioglycollate-elicited peritoneal macrophages from WT and
Camp~/~ mice were stimulated with 500 ng/ml LPS and CpG M362 (1 uM) for 15 h. In
Figure 6C, WT and Camp~/~ GM-CSF BMDCs were cultured with FITC-labelled CpG-C
for 1 h and washed three times, and then seeded onto a 96-well plate and cultured for 15 h.
In the experiments using DOTAP, WT and Camp™~ GM-CSF BMDCs were stimulated
with various concentration of CpG-C or CpG-C/DOTAP complex for 15 h. DOTAP was
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used according to the manufacturer’s instructions. Briefly, 5 pg of CpG-C in 40 pl of OPTI-
MEM (Life Technologies) was combined with 20 ug of DOTAP in 40 ul of OPTI-MEM.
After 15 min of incubation, the mixture was diluted with 525 pl of complete RPMI to make
1 uM CpG-C/DOTAP complex. To stimulate BMDCs in the exchanged medium, the
conditioned medium from WT and Camp~/~ GM-CSF BMDCs cultured for 24 h in
complete medium was collected and centrifuged to remove debris. WT and Camp™/~
BMDCs in each medium were stimulated with CpG-C (1 pM) and R848 (0.2 pg/ml) for 15
h. RAW264.7-TLR9-HA cells were transfected with mCAP18 plasmid or control plasmid.
Same numbers of cells were seeded on 96 well 48 h after transfection and stimulated with
CpG-C (0.2 pM) and LPS (500 ng/ml) for 15 h.

Immunohistochemistry

WT and Camp™~ FLT3L cDCs were seeded into chamber slides coated with 5 pg/ml
fibronectin (Sigma-Aldrich) for 2 h. Cells were cultured with or without 1 uM CpG-B or
FITC-labelled CpG-B for 90 min. Cells were washed, fixed with 4% formaldehyde in PBS
for 15 min, and blocked with 3% BSA in PBS. Cells were then stained with anti-EEA-1 Ab
or anti-LAMP1 Ab and anti-CRAMP Ab, followed by Alexa Fluor488 Donkey anti-mouse
IgG or Alexa Fluor488 Donkey anti-rat 1gG and Alexa Fluor568 Donkey anti-rabbit 1gG,
respectively. Cells were then stained with DAPI (ProLong Gold antifade reagent with DAPI,
Life Technologies) and examined by an Olympus BX41 fluorescent microscope. In some
experiments, RAW-TLR9-HA cells transfected with mCAP18 plasmid or control plasmid
were stimulated with 1uM CpG-C for 1 h. Cells were stained with anti-HA and anti-
LAMPL.

In vivo experiments

For CpG-induced ear swelling, age and sex matched WT and Camp™~ mice were
subcutaneously injected with 20 pg CpG-C in PBS into the left ear or PBS into the right ear.
After 24 h, ear thickness was measured using a micrometer (Mitsutoyo). Ears from WT and
Camp~/~ mice were harvested 6 h after CpG-C injection for mRNA analyses. For in vivo
CpG injection, WT and Camp~~ mice were administered 25 g CpG-C intravenously.
Serum was collected at 1 h for TNF-a and IL-6 detection and at 3h for 1L-12p40 detection.
For examining IFN-a production, 5 pg CpG was mixed with 20 pg DOTAP in HBS (Hepes-
buffered saline: 20 mM HEPES, pH 7.4, containing 150 mM NacCl) according to the
manufacturer’s instructions. The mixture was administered intravenously (5 pg CpG-C in
DOTAP / mouse). Serum was collected at 3 h for IFN-a detection.

Statistical analysis

Results

Data are presented as mean + SD. P-values were calculated with the two-tailed Student’s t-
test after the data were confirmed to fulfill the criteria.

Camp~~ mice showed impaired CpG responses in vivo

To determine the physiological role of cathelicidin in recognition of CpG, WT and Camp ™/~
mice were administered CpG-C or LPS intravenously. Camp™~ mice showed lower amounts

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakagawa and Gallo

Page 7

of TNF-a, IL-6 and I1L-12p40 production compared to WT controls after CpG-C injection,
although the responses to LPS were comparable between WT and Camp™~ mice (Figure
1A-1D). We next intravenously injected a CpG-C/DOTAP complex into WT and in
Camp~~ mice to initiate an IFN-a response (40) and observed a similar partial dependence
on Camp expression (Figure 1E). Furthermore, Camp™~ mice showed reduced ear swelling
after subcutaneous injection of CpG-C into the ears (Figure 1F). gPCR analysis of ear
tissues after CpG-C injection demonstrated that Camp™~ mice also had reduced IL-6 and
IL-12A induction but comparable level of TNF-a (Figure 1G). Taken together, these results
indicated that cathelicidin enhances CpG responses in vivo. This effect did not appear to be
due to an effect of cathelicidin on overall development of TLR or cytokine responses as the
response to LPS was unaffected. This effect was consistent with prior observations that the
human cathelicidin peptide LL-37 can influence the capacity of dendritic cells to recognize
DNA (35).

Camp~/~ DCs and macrophages show impaired CpG responses

To better understand how CpG recognition was influenced in Camp—/— mice we next
studied the expression and function of the mouse cathelicidin (CRAMP) in dendritic cells
derived from WT and Camp™~ mice. GM-CSF-induced BMDCs (GM-CSF BMDCs)
abundantly expressed both full-length CRAMP protein and CRAMP peptide as seen by
Western blotting (Figure 2A). We next prepared GM-CSF BMDCs from WT and Camp ™/~
mice under identical conditions. GM-CSF BMDCs derived from WT and Camp™~ mice had
similar expression levels of MHC class Il, costimulatory molecules, such as CD40, CD80
and CD86 and TLR9 (Supplemental Figure 1). Furthermore, WT and Camp™~ GM-CSF
BMDCs exposed to LPS and ligands for TLR2, TLR3 and TLR7 had similar responses as
measured by production of IL-6 and IL-12p40. However, similar to the decreased response
seen in vivo, GM-CSF BMDCs derived from Camp ™~ mice had a significantly impaired
response to CpG-C (Figure 2B). A similar impaired response from Camp™~ GM-CSF
BMDCs was seen to various other types of CpGs and at different concentration of the TLR9
ligand (Figure 2C—2E). GM-CSF BMDCs from Camp™~ mice on Balb/c background also
showed impaired CpG-C responses but normal responses to LPS, indicating that the
impaired CpG responses were not due to the strain specific artifacts (Figure 2F-2G). It is
known that myeloid DCs produce IFN-$ dependent on IRF-1 after TLR9 stimulation (41).
Camp™~ GM-CSF BMDCs also produced less IFN-B (Supplemental Figure 2A). These
results indicate that both NF-xB-dependent and IRF-1-dependent pathways are impaired in
Camp™~ GM-CSF BMDCs.

Next, to examine the IRF-7 dependent IFN-a production in pDCs, we generated FIt3L-
induced BMDCs (FIt3L BMDCs), which contains FIt3L pDCs and FIt3L ¢cDCs. qPCR
analysis showed that FIt3L BMDCs and thioglycollate-elicited peritoneal macrophages
express Camp about 100 fold greater than that expressed by the keratinocyte cell line
Pam212 (Figure 3A). We confirmed the expression of both full-length CRAMP protein and
CRAMP peptide by Western blotting in FIt3L pDCs, FIt3L cDCs and peritoneal
macrophages (Supplemental Figure 2B and data not shown). Similar to the observations in
GM-CSF BMDCs, Camp™~ FIt3L pDCs showed reduced IFN-a, 1L-6 and IL-12p40
production to CpG-A and CpG-C, indicating that the IRF-7 dependent pathway is also
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affected (Figure 3B—3D and data not shown). Camp™~ FIt3L cDCs also showed impaired
responses to CpG-C (Figure 3E). However, the responses to R848 and LPS were normal in
Camp™~ FIt3L pDCs and FIt3L cDCs, respectively (Supplemental Figure 2C-2D).
Furthermore, Camp~/~ peritoneal macrophages showed impaired TNF-a and IL-6
production to CpG-C, although the responses to LPS were comparable between WT and
Camp™~~ peritoneal macrophages (Figure 3F-3G). These results indicate that endogenous
cathelicidin affects CpG responses both in cultured cells and in primary cells.

Overexpression of MCAP18 enhances the TLR9 responses in RAW264.7 cells

To further examine the role of CRAMP in TLR9 responses, we generated RAW264.7 cells
stably overexpressing mouse TLR9-HA (RAW-TLR9-HA cells). We overexpressed the full
length cathelicidin mCAP18 plasmid or control plasmid in RAW-TLR9-HA cells. RAW-
TLR9-HA cells transfected with control plasmid didn’t express CRAMP, although RAW
TLR9-HA cells overexpressing mCAP18 plasmid produced full-length CRAMP protein and
processed it into the CRAMP peptide (Figure 4A). Overexpression of mCAP18 didn’t affect
the distribution of TLR9 which exists in the LAMP1 positive endolysosome after CpG
stimulation (Figure 4B). In addition, the amount of full-length TLR9 and cleaved TLR9 was
comparable after CpG stimulation between RAW-TLR9-HA cells transfected with mCAP18
plasmid and control plasmid (Figure 4C), indicating that CRAMP didn’t have influence on
the expression of TLR9. Consistent with the lesser response observed in Camp—/— mice,
overexpression of mCAP18 enhanced responses to CpG-C, and the response to LPS was
normal (Figure 4D). These results indicate that overexpression of mMCAP18 enhances the
CpG responses.

Endogenous cathelicidin facilitates signaling in GM-CSF BMDCs

To define the step at which endogenous cathelicidin works during CpG stimulation we next
studied relative phosphorylation of downstream signaling intermediates. MAPKSs and NF-
kB signaling pathways are both involved in CpG-induced cytokine production (10). After
CpG-B stimulation, Camp™~ GM-CSF BMDCs showed reduced phosphorylation and
degradation of IkBa and reduced phosphorylation of MAPKSs, such as ERK, JNK and p38
(Figure 5). These results were consistent with the diminished cytokine response and suggest
that endogenous cathelicidin is important upstream from these signaling pathways.

Exogenous CRAMP failed to overcome the defects in Camp™~ BMDCs

We next sought to determine if endogenous expression of Camp influenced CpG uptake.
WT and Camp™~ GM-CSF BMDCs were cultured with FITC-labelled CpG-C for 1 h.
Analysis by flow cytometry demonstrated comparable CpG uptake between WT and
Camp™~ GM-CSF BMDCs (Figure 6A). Normal endocytosis of CpG was further confirmed
by immunofluorescence analysis (Figure 6B). These results suggested that CpG uptake is
normal in Camp™~ GM-CSF BMDCs, although cytokine production from Camp™~ GM-
CSF BMDCs was impaired (Figure 6C). To further determine if enhanced uptake could
correct the cytokine response in Camp™~ GM-CSF BMDCs, we added the cationic
transfection reagent DOTAP, a molecule that has been previously shown to enhance CpG
uptake (42). Then, we stimulated WT and Camp™~ GM-CSF BMDCs with CpG-C or CpG-
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C/DOTAP complex. DOTAP significantly increased CpG-induced cytokine production from
both WT and Camp~'~ GM-CSF BMDCs (Figure 6D). However, enhancing CpG entry did
not overcome the defects in Camp™~ GM-CSF BMDCs. These results indicate that CpG
uptake is not the reason for the difference in CpG responses between WT and Camp™~ GM-
CSF BMDCs.

We next evaluated the effects of exogenous administration of mMCRAMP on CpG-induced
cytokine production. Previous reports have shown that the combination of LL-37 and DNA
enhanced the TLR9 response (17). However, 10 yM mCRAMP, which is high concentration
for in vitro experiments, had no influence on CpG uptake in BMDCs (Figure 7A).
MCRAMP did increase the CpG response in WT GM-CSF BMDCs in a dose dependent
manner, however, N"CRAMP failed to rescue the defect in Camp™~ GM-CSF BMDCs
(Figure 7B).

To examine whether BMDCs secrete CRAMP or another factor into the culture medium that
could rescue the defect in Camp™~ BMDCs, WT GM-CSF BMDCs were cultured in
complete medium for up to 24 hrs. Full-length CRAMP protein was observed to accumulate
in this culture medium (Figure 7C). We then added WT and Camp ™~ GM-CSF BMDCs to
this conditioned medium and stimulated with CpG-C or R848. Conditioned media from WT
BMDCs containing the CRAMP protein failed to rescue Camp™~ GM-CSF BMDCs (Figure
7D). In addition, the conditioned medium from WT BMDCs had no effect on CpG-induced
and R848-induced cytokine production. These results indicate that the extracellular release
of endogenous CRAMP is insufficient to overcome the defects in Camp ™.

CRAMP co-localized with CpG in the endolysosome and complexes with CpG and TLR9

BMDC:s secreted full-length CRAMP protein into the culture medium, although they had
more CRAMP peptide than full-length CRAMP protein in whole cell extracts (Figure 2A).
In addition, exogenous CRAMP failed to rescue the defects in Camp™~ GM-CSF BMDCs.
These results led us to hypothesize that intracellular CRAMP is involved in CpG responses.
To explore the intracellular localization of CRAMP, FIt3L cDCs were stained with CRAMP
and early endosomal marker, EEAL or lysosomal marker, LAMP1. CRAMP colocalized
with LAMP1 at steady state but not with EEA1 (Figure 8A-8B). After CpG-B stimulation
for 90 min, CRAMP colocalized with LAMP1 and FITC-labelled CpG-B, indicating that
CRAMP exists with CpG in the endolysosome where TLR9 binds to CpG after its cleavage
(Figure 8B-8C).

We next examined whether CRAMP associates with TLR9. Co-immunoprecipitation
experiments using RAW-TLR9-HA cells transfected with mCAP18 plasmid showed that
TLR9 and CRAMP bind together even in the absence of CpG (Figure 9A-9B). LL-37 has a
net positive charge and is known to bind to DNA. We next examined whether CRAMP
binds to CpGs. mCRAMP was incubated with CpG-biotin and CpG-bound CRAMP was
collected using streptavidin beads. CRAMP bound to various types of CpGs (Figure 9C).
The amount of CRAMP that bound to CpG increased in a dose dependent manner (Figure
9D). Next we examined whether CRAMP peptide binds to TLR9 because only CRAMP
peptide was seen after immunoprecipitation with anti-HA (Figure 9B). RAW-TLR9-HA
cells were transfected with mCAP18 plasmid, CRAMP peptide plasmid or control plasmid.
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Co-immunoprecipitation experiments showed that CRAMP peptide is sufficient to bind to
TLR9 (Figure 9E-9F). Furthermore, in immunoprecipitation experiments with streptavidin,
endogenous CRAMP peptide was seen only in WT GM-CSF BMDCs treated not with CpG-
C but with CpG-C-biotin, indicating that CRAMP peptide binds to CpG intracellularly,
suggesting that CRAMP may bind to CpG in endolysosome.

Discussion

In this report we identified a function for cathelicidin that has not been previously described
but may play an important role in many of the infectious and inflammatory phenotypes
associated with the expression of this gene. Our results suggest cathelicidin has an
intracellular role in activation of TLR9 that acts independently of CpG uptake. This
conclusion is based on observations that the absence of Camp decreased TLR9 responses in
vivo and in vitro and that exogenous CRAMP did not increase CpG uptake. Furthermore, for
the first time to our knowledge CRAMP was shown to be colocalized with CpG in the
endolysosome and co-immunoprecipitated with CpG and TLR9. These findings reveal that
cathelicidin is potentially an important intermediate for TLR9 action.

Cathelicidin has been shown to act by many different mechanisms to modulate immune
responses. For example, one of the best described functions of cathelicidin is neutralization
of LPS (28, 29). Both LL-37 and CRAMP have positive charge and will inhibit LPS by
binding to it. Prior observations have shown that addition of micromolar quantities of
extracellular recombinant cathelicidin, as well as other AMPs, will block the response to
LPS in cultured cells (43). However, Camp™~ GM-CSF BMDCs do not show enhanced
response to LPS when compared to WT GM-CSF BMDCs that abundantly expressed
CRAMP within the cell. These findings suggest that GM-CSF BMDCs do not secrete
enough CRAMP for neutralization of LPS, and that endogenous expression of cathelicidin
does not have this function. Thus, observations from the experiments with recombinant
cathelicidins can not be used to predict the activity of endogenously produced cathelicidin in
vivo, and reflect more the pharmacologic potential of these peptides. The exact functions of
intracellular cathelicidin produced under physiological conditions are not well understood.

In a screen to identify the physiologic function of cathelicidin endogenously expressed in
mice, we did not detect a change in the response to the TLR7 ligand R848 but did observe a
decrease in the response to the TLR9 ligand, CpG. TLR7 and TLR9 share similar signaling
pathways (1). They exist in the ER and are delivered to the endosomes where they encounter
and respond to their cognate antigens (44). After antigen recognition, they recruit MyD88
along with IRK4 and TRAF6, leading to NF-kB dependent inflammatory cytokine
production (45). After CpG stimulation, endogenous cathelicidin affected the degradation of
IxBa and phosphorylation of MAPKSs and subsequent downstream signaling pathways,
leading to IL-6, IL-12 and IFN-a production. Thus, these data imply that endogenous
CRAMP works upstream from these signaling pathways and is specifically involved in
TLR9 responses.

It has been previously shown that some cathelicidin peptides enhance the uptake of
nucleotides into the cell (17, 31). LL-37 is able to form aggregates with self-DNA and self-
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RNA. These aggregates are resistant to enzymatic degradation and can be delivered into
human pDCs and human mDCs, leading to activation of TLR9 and TLRS, respectively. In
addition, it has been shown that LL-37 and CpG complexes are efficiently transferred into
human pDCs or B cells and facilitate their activation (35). However, CpG uptake in GM-
CSF derived BMDCs was not decreased in cells from Camp™~ mice. We also found that
even up to 10 uM mCRAMP did not alter CpG uptake. These results raised the question of
why mCRAMP failed to enhance CpG uptake in contrast to LL-37 which does. This
difference is likely due to the large difference in primary amino acid sequence between
human LL-37 and mouse CRAMP (46). This difference may also be dependent on cell type.
For example, in human cultured keratinocytes, premixed LL-37 and CpG complexes failed
to enhance TLR9 responses (47). Overall these findings with the mature C-terminal
cathelicidin peptides would predict that Camp ™~ mice should not show a diminished
response to CpG. Since we find that they do, this argues that the effects of cathelicidin in
mice are independent of an extracellular effect of the mature peptide. Supporting this
conclusion we also found that enhancing CpG uptake using CpG/DOTAP complexes failed
to overcome defects the activation of Camp™~ BMDCs. Camp ™~ mice also showed
impaired IFN-a production after intravenous injection of CpG/DOTAP complexes.

TLR activation requires accessory molecules that are involved in ligand delivery and
recognition, enzymatic cleavage of TLRs or trafficking of endosomal TLRs (48). Recently,
HMGB1 and granulin were shown to also bind to CpG and help to deliver it into endosomes
(13, 14, 16). Granulin directly also interacts with full length TLR9, although granulin is
readily degraded by cathepsin which is important for TLR9 cleavage in endolysosome
before ligand binding. Thus, after CpG delivery into endolysosomes, the existence of
accessory molecules that affect TLR9 recognition and responses has precedence but is not
well understood. Overexpression of mMCAP18 didn’t alter the distribution and cleavage of
TLR9 or LPS responses but enhanced CpG responses. This also supports the importance of
intracellular CRAMP. Our finding that CRAMP exists in endolysosome with CpG and binds
intracellulary to TLR9 and CpG suggests that CRAMP might affect CpG recognition in the
endolysosome. Due to technical issues and low transfection efficiency we were unable to
determine if overexpression of CRAMP peptide alone enhanced the CpG response or if DCs
derived from Camp~~ mice could be rescued by overexpression of cathelicidin. However,
we could show that CRAMP peptide is sufficient for the binding between CRAMP and
TLR9 and that overexpression of mCAP18 in RAW cell line that lacks CRAMP could
enhance responses to CpG. Taken together with the lack of evidence of an extracellular
effect that would be detected by a decrease in the LPS response, this supports the conclusion
that intracellular cathelicidin acts as a TLR9 adapter molecule.

In conclusion, we show for the first time to our knowledge that endogenous intracellular
cathelicidin is required for normal TLR9 function in vitro and in vivo. We hypothesize that
cathelicidin can act in two ways to modify TLR9 activation. In humans, the mature
cathelicidin peptide LL-37 can enhance nucleic acid uptake from the extracellular space (17,
31). However, CRAMP, the mouse ortholog of LL-37, does not have this function. In
contrast, the presence of either mouse or human cathelicidin within the cell appears to bind
both TLR9 and CpG. Our data support a model suggesting that this binding facilitates the

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakagawa and Gallo

Page 12

interaction between TLR9 and CpG to enhance release of cytokines and interferon alpha.
This agrees with clinical associations of increased inflammation seen in conditions of

en

hanced cathelicidin expression and the prevailing theory that cathelicidin has important

consequences for host defense and autoimmunity in disorders such as psoriasis and rosacea.
The present findings therefore provide new insight into the function of cathelicidin.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Camp‘/‘ mice show impaired CpG response in vivo
Aand B, WT and Camp™~ mice were injected with 25 ug CpG-C (A and B) or 5 g LPS (C

and D) intravenously. Serum was collected 1 h (A and C) and 3 h (B and D) after CpG-C or
LPS injection and the cytokine concentration in the serum was measured by ELISA (n = 7).
E, WT and Camp~'~ mice were injected with 5 ug CpG-C/DOTAP complex intravenously.
Serum was collected 3 h after CpG-C/DOTAP complex injection and IFN-a concentration
in the serum was measured by ELISA (n=7). F and G, WT and Camp™~ mice were injected
PBS or 20 ug CpG-C into the ears subcutaneously. The increase in the ear thickness 24 h
after injection was measured (n = 9) (F). Q-PCR data of the ear skin 6 h after injection (n =
6) (G).

*P < 0.05, ***P < 0.005. Data were representative of three independent experiments.
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Figure 2. GM-CSF- BMDCs from Camp‘/‘ mice show impaired CpG responses
A, GM-CSF- BMDCs express both full-length CRAMP protein and CRAMP peptide by

Western blotting. Cell lysates from WT and Camp™~ GM-CSF BMDCs were prepared and
similar amounts of protein lysates were immunoblotted using Abs against CRAMP and f3-
actin. Synthetic mCRAMP peptide was used for positive control. NB: non-specific band B,
WT and Camp™~ BMDCs were stimulated with Pam3CSK4 (1 pg/ml), Zymozan (10 ug/
ml), PolyIC (10 pg/ml), LPS (500 ng/ml), R848 (0.2 pg/ml) and CpG-C (1 uM) for 15 h.
The cytokine concentration in the supernatants was measured by ELISA. C, D and E, WT
and Camp™~ GM-CSF BMDCs were stimulated with various concentration of CpG-A (C),
CpG-B (D) and CpG-C (E) for 15 h. The cytokine concentration in the supernatants was
measured by ELISA. F and G, GM-CSF BMDCs derived from WT and Camp™~ mice in a
Balb/c background were stimulated with CpG-C (F) and LPS for 15 h. The cytokine
concentration in the supernatants was measured by ELISA.

*P < 0.05, **P < 0.01 ***P < 0.005. Data are representative of at least three independent
experiments.
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Figure 3. Impaired CpG responses in Camp‘/' macrophages and dendritic cells
A, Camp mRNA expression in macrophages and dendritic cells. Real-time PCR was used to

quantify mRNA levels and fold change values are calculated relative to and normalized to
Gapdh expression for Camp. Me: thioglycollate-elicited peritoneal macrophage. B and C,
FIt3L pDCs were stimulated with CpG-A (B) or CpG-C (C) for 15 h. IFN-a in the culture
supernatants was measured by ELISA. D and E, FIt3L pDCs (D) or FIt3L cDCs (E) were
stimulated with CpG-C for 15 h. The cytokine concentration in the supernatants was
measured by ELISA. F and G, Thioglycollate-elicited peritoneal macrophages from WT and
Camp™'~ mice were stimulated with CpG-C (F) or LPS (G) for 15 h. The cytokine
concentration in the supernatants was measured by ELISA.

**p < 0.01 ***P < 0.005. Data are representative of at least three independent experiments.
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Figure 4. Overexpression of mCAP18 enhances TLR9 response
A, CRAMP expression in RAW-TLR9-HA cells which were transiently transfected with

plasmid encoding the full length mouse cathelicidin precursor protein (mCAP18) or control
plasmid (control) was analyzed by Western blotting. B and C, RAW-TLR9-HA cells were
transiently transfected with mCAP18 or control. Cells were stimulated with 1 pM CpG-C for
1 h. Cells were permeabilized and stained for HA (Alexa 568; red) and LAMP1 (Alexa 488;
green). Nuclei were stained with DAPI (blue) (B). Cells were lysed and TLR9-HA
expression was analyzed by Western blotting (C) D, RAW-TLR9-HA cells were transiently
transfected with pSELECT-puro-mCAP18 or pSELECT-puro-mcs. Cells were stimulated
with CpG-C (0.2 uM) and LPS (500 ng/ml) for 15 h. The cytokine concentration in the
supernatants was measured by ELISA. Data are representative of three independent
experiments.
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Figure 5. Camp is required for the activation of TLR9 signaling pathway
WT and Camp™~ GM-CSF BMDCs were stimulated with 1 uM CpG-B. Cell lysates were

prepared at the indicated times. Protein extracts were immunoblotted using Abs against
phospho-1xBa, ERK, JNK or p-38 and total IxBa, ERK, JNK, p-38 or -actin. NB: non-
specific band. Data are representative of three independent experiments.
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Figure 6. CpG uptake is normal in Camp'/' BMDCs
A and B, Camp™~ GM-CSF BMDCs show normal CpG uptake. WT and Camp ™/~ GM-CSF

BMDCs were cultured with 1 pM FITC-labelled CpG-C for 1 h. Cells were washed and
analyzed by flow cytometery (A). Cells were fixed with 4% formaldehyde for 5 min, stained
with DAPI and analyzed by fluorescence microscopy (B). C, WT and Camp™~ GM-CSF
BMDCs were cultured with 1 uM FITC-labelled CpG-C for 1 h. Cells were washed and
same numbers of cells in complete medium were plated in 96-well plates and cultured for 15
h. The supernatants were measured by ELISA (C). D, WT and Camp™~ GM-CSF BMDCs
were stimulated with various concentration of CpG-C or CpG-C/DOTAP complex for 15 h.
The supernatants were measured by ELISA.

**pP < 0.01 ***P < 0.005. Data are representative of three independent experiments.
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Figure 7. Exogenous CRAMP fails to rescue impaired CpG responses in Camp_/_ BMDCs
A, WT GM-CSF BMDCs were cultured with 1uM FITC-labelled CpG-C for 1 h in the

presence or absence of 10 UM mMCRAMP. Cells were washed and analyzed by flow
cytometery. B, WT and Camp™~ GM-CSF BMDCs were stimulated with 0.2 pM CpG-C in
the presence of various concentration of mMCRAMP. The supernatants were measured by
ELISA. C, WT GM-CSF BMDCs (3x107 cells/ml) were cultured in the complete medium.
The conditioned medium was collected at the indicated time. Equal volumes of conditioned
medium and mMCRAMP for positive control were immunoblotted with anti-CRAMP Ab. D,
WT and Camp™~ GM-CSF BMDCs were cultured for 24 h and the conditioned medium was
collected (Camp*/* sups or Camp ™/~ sups). WT and Camp™~ GM-CSF BMDCs were
stimulated with CpG-C (1 pM) and R848 (0.2 pg/ml) in Camp™/* sups or Camp~~ sups for
15 h. The supernatants were measured by ELISA.

**P < 0.01 ***P < 0.005. Data are representative of three independent experiments.
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Figure 8. CRAMP colocalizes with CpG in the endolysosome and associates with TLR9
A, WT and Camp~~ FIt3L cDCs were stimulated with or without 1 uM CpG-B for 90 min.

Cells were fixed, permeabilized and stained for CRAMP (Alexa 568; red) and EEAL (Alexa
488; green, A). Nuclei were stained with DAPI (blue). The localization of CRAMP was
analyzed by fluorescence microscopy. B, WT FIt3L cDCs were stimulated with or without 1
UM CpG-B for 90 min. Cells were fixed, permeabilized and stained for CRAMP (Alexa 568;
red) and LAMP1 (Alexa 488; green, B). C, WT and Camp™~ FIt3L cDCs were stimulated
with 1 pM FITC-labelled CpG-B for 90 min. Cells were fixed and stained for CRAMP
(Alexa 568; red).

J Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakagawa and Gallo

Page 23

A vehicle CpG-C B vehicle CpG-C

control  mCAPI8  control mCAPI3 (kpwy  control  mCAPIS control mCAPIS

IIIII 100
75 — —
s
total lysat
20
—_— —_— e
< & g
5
5 C— - — e
1Bt — — e # — —— — —
mCRAMP (10uM)
c D
6‘““‘\ e‘“&\ ?,\Q\\\‘ CpG-C-Biotin (ImM) CpG-C
Py e
« S C S mCRAMP (M) 10 0 30
o0 D
o m .
o
E F G CpG-C
control  mCAPIS CRAMP kb control  mCAPIS  CRAMP
%) 20 Camp Camp
150 - A
RAMP ’ Voad 15 -
100 = 18: CRAMP
i i sl 5 | s —
< total lysate>
<total lysate> 2 = — <total lysate>
20 15 )
R 5| - 1: CRaMP - =
: fractin — — C—
5 - —— ——
o — —
Bibeste — b o EI

Figure 9. CRAMP binds to CpG DNA
A and B, RAW-TLR9-HA cells transfected with mCAP18 or control were stimulated with

or without 1 uM CpG-C for 90 min. Cells were washed and lysed. Cell lysates were
immunoprecipitated with anti-CRAMP and immunoblotted with anti-HA (A) or
immunoprecipitated with anti-HA and immunoblotted with anti-CRAMP (B). Total cell
lysates were immunoblotted with anti-CRAMP or B-actin for control. C, 10 uM mCRAMP
was incubated with 1 pM CpG-C or 1 pM biotinylated-CpG-A, -CpG-B or -CpG-C for 1 h.
Biotinylated-CpG was recovered by streptavidin beads, and then binding of CRAMP to CpG
was examined by immunoblot with anti-CRAMP. D, Various concentration of mMCRAMP
were incubated with 1 pM CpG-C or 1 pM biotinylated-CpG-C for 1 h. Biotinylated-CpG
was recovered by streptavidin beads, and then binding of CRAMP to CpG was examined by
immunoblot with anti-CRAMP. E and F, RAW-TLR9-HA cells were transfected with
mCAP18, CRAMP or control. Cells were lysed and immunoprecipitated with anti-CRAMP
and immunoblotted with anti-HA, or immunoprecipitated with anti-HA and immunoblotted
with anti-CRAMP. G, WT and Camp™~ GM-CSF BMDCs were stimulated with 1 pM CpG-
C or CpG-C-biotin for 1 h. Cells were washed and lysed. Cell lysates were incubated with
streptavidin beads. CpG-C-biotin-bound CRAMP was immunoblotted with anti-CRAMP.
Data are representative of three independent experiments.
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