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LL-37 is a human cationic host defense peptide (antimicrobial peptide) belonging to the cathelicidin
family of peptides. In this study, LL-37 was shown to kill stimulated CD8+ T cells (Cytotoxic T
lymphocytes; CTLs) via apoptosis, while having no cytotoxic effect on non-stimulated CD8+ or CD4+

T cells or stimulated CD4+ T cells. Of interest, the CD8+ cells weremuchmore sensitive to LL-37 than
many other cell types. LL-37 exposure resulted in DNA fragmentation, chromatin condensation, and
the release of both granzyme A and granzyme B from intracellular granules. The importance of
granzyme familymembers in the apoptosis of CTLs following LL-37 treatmentwas analyzed by using
C57BL/6 lymphocytes obtained frommice that were homozygous for nullmutations in the granzyme

Bgene, the granzymeAgene, or both granzymesAandB.GranzymesAandBwereboth shown toplay
an important role in LL-37-induced apoptosis of CTLs. Further analysis revealed that apoptosis
occurred primarily through granzyme A-mediated caspase-independent apoptosis. However,
caspase-dependent cell death was also observed. This suggests that LL-37 induces apoptosis in
CTLs via multiple different mechanisms, initiated by the LL-37-induced leakage of granzymes from
cytolytic granules. Our results imply the existence of a novel mechanism of crosstalk between the
inflammatory and adaptive immune systems. Cells such as neutrophils, at the site of a tumor for
example, could influence the effector, activity of CTL through the secretion of LL-37.

© 2010 Elsevier Inc. All rights reserved.
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Introduction

Cationic host defense peptides are evolutionarily conserved
throughout the animal and plant kingdoms where they play an
important role in innate immunity [1]. Many of these peptides
display immunomodulatory functions, influencing processes such as
cytokine and chemokine release, and cell proliferation [2]. LL-37 is a
cationic, amphipathic host defense peptide released by proteinase 3
proteolytic processing of the C-terminal domain of the cathelicidin,
human cationic antimicrobial protein (hCAP)-18 [3]. It is endoge-
nously expressed by a variety of cells, including keratinocytes,
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epithelial cells, and neutrophils [4], being released in response to
multiple inflammatory stimuli [5,6]. Upon release, LL-37 acts as an
effector molecule of innate immunity, displaying anti-infective and
immunomodulatory activities, including the enhancement of neu-
trophil survival [7,8] and the induction of neutrophil, CD4+ T cell,
and monocyte chemotaxis [9]. However, a concentration of
100 μg/mL of LL-37 resulted in the death of 60% untransformed
human airway epithelial cells [10], while other studies have shown
that LL-37 can induce secondary necrosis in neutrophils [11,12].
These variations on the cytotoxic nature of LL-37may potentially be
related to peptide-mediated augmentation of innate immunity [8].
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The significance of lymphocyte-mediated cytotoxicity in immune
regulation, defense against foreign pathogens, and the elimination of
transformed cells are well-known [13,14]. CTLs utilize two distinct
methods of target cell elimination, engagement of cell surface death
receptors and the granule exocytosis pathway [15–17 for review].
Granule-mediated cell death involves a family of granule-associated
serine proteases, known as granzymes. Granzymes A (grA) and B
(grB) are stored within cytotoxic granules as active enzymes. When
a CTL binds to a target cell, the granzymes are released and taken up
by the targetwhere they activate twodistinct deathpathways.GrA is
a tryptase that triggers death in a caspase-independent manner by
acting on a number of substrates, including poly ADP ribose
polymerase-1 (PARP-1) [16], Ku70 [18], andNDUFS3 [19]. Following
substrate cleavage, grA exposure leads to the induction of reactive
oxygen species (ROS) and nuclear translocation of the SET complex
[20], resulting in DNA single-strand breaks, p53 activation, and loss
of cell membrane integrity [20,21]. In contrast, grB is a serine
protease that cleaves pro-apoptotic substrates, including caspase-3
and Bid, after aspartate residues [22–25], resulting in caspase-
mediated apoptosis.

Caspases are a family of intracellular cysteine proteases that are
normally found in an inactive, zymogen form in healthy cells. During
apoptosis, the proteolytic activation of initiator and subsequent
effector caspase family members often results in the degradation of
molecules that leads to the characteristic morphology associated
with apoptosis, including inhibitor of caspase activated DNase
(ICAD), PARP, and proteins involved in membrane stability (i.e.
gelsolin), cellular shape (i.e. fodrin), and nuclear structures [26–28].

Our previous work on LL-37 demonstrated peptide-induced cell
death in Jurkat cells. The mechanism involved the activation of a
pro-apoptotic member of the Bcl-2 family, Bax, and its translocation
to the mitochondria. This step appeared to be dependent on calpain
and resulted in the release of AIF frommitochondria. Knockdown of
AIF significantly reduced death after LL-37 treatment [29].

In a survey of different cell types, we were surprised to discover
that CD8+ T lymphocytes were appreciably more sensitive to LL-37
than Jurkat cells. Using lymphocytes obtained from granzyme
knockout mice, we have determined that LL-37 induces apoptosis
in CTLs through the release and consequent actions of grA and grB,
resulting in death through caspase-independent and -dependent
mechanisms. LL-37does not kill non-stimulated T cells or stimulated
CD4+ T cells, which infers a selective cytotoxic effect. This points to
the potential use of LL-37 as a treatment option in conditions where
CTL involvement becomes detrimental, such as that found in various
autoimmune diseases.
Materials and methods

Cell culture and reagents

Themouse lymphocyteswere generated from controlmice (strain ID:
C57BL/6 12953/SV1mJ; background: C57BL/6 and 129; obtained from
Dr T. J. Ley, Washington University, St Louis, MO) and mice
homozygous for null mutations in the grB gene (strain ID: B6.129S
Gzmb [Tm1 Ley]; background: B6/129; obtained from Dr T. J. Ley), the
grA gene (strain ID: C57.129SGzmA; background: C57/129; obtained
fromDrT. J. Ley), or bothgranzymeAandBgenes (129/SUJ-GzmABKO
line 64/18 CRE). Cellsweremaintained at 37 °C in a 5% CO2 humidified
atmosphere in RPMI 1640 medium (Sigma-Aldrich Canada, Oakville,
ON, Canada) supplemented with 10% (vol./vol.) heat-inactivated fetal
calf serum (FCS) (Hyclone, Logan, UT), 100 μg/mL streptomycin,
100 U/mL penicillin, 2 mmol/L L-glutamine, and 5 mmol/L HEPES
buffer (pH 7.4) (Invitrogen, Burlington, ON, Canada), from this point
on referred to as RHF.

Synthetic LL-37 (amino acid sequence: NH2-LLGDFFRKSKEKIG-
KEFKRIVQ-RIKDFLRNLVPRTES-COOH) was synthesized by F-moc
(N-(9-fluorenyl)-methoxycarbonyl) chemistry at the Nucleic Acid/
Protein Synthesis Unit at the University of British Columbia (Vancou-
ver, Canada). Lyophilized peptide was resuspended in endotoxin-free
water (Sigma-Aldrich) and aliquots were stored at −20 °C. Bovine
serum albumin (BSA), paraformaldehyde (PFA), saponin, Ac-LLnL-
CHO (calpain inhibitor 1), staurosporine, and Hoechst 33342
trihydrochloride dye were purchased from Sigma-Aldrich. Caspase
inhibitors (Q-VD-OPh and Z-VAD-fmk) were purchased from Kamiya
Biomedical Company (Seattle, WA). TUNEL in situ cell detection kits
(fluorescein) were from Roche Diagnostics (Laval, PQ). PE-Cy7-
conjugated rat anti-mouse CD4 (L3T4), FITC-conjugated rat anti-
mouse CD8 (Ly-2), and PE-conjugated rat anti-mouse CD25
(BD Bioscience)were from BD Biosciences (Mississauga, ON). Purified
anti-mouse CD28 and purified anti-mouse CD3ewere from Cedarlane
Laboratories Ltd. (Burlington, Ontario,). Goat anti-mouse granzyme A
(D-15) and goat anti-mouse granzyme B (C-19)were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor® 488 donkey
anti-goat IgG (H+L) secondary antibody was from Invitrogen.

T cell isolation

CD8+ and CD4+ T cells were isolated from mouse spleen cell
suspension using the MACS™ CD8+ or CD4+ T cell isolation kits
(Miltenyi Biotec, Auburn, CA) and aMidiMACS™ separator. Briefly,
spleens were passed through 30 μM nylon mesh, followed by RBC
depletion using RBC lysis buffer (10 mM KHCO3, 150 mM NH4Cl,
and 0.1 mM EDTA (pH 8.0) in distilled H2O) (5 min, 4 °C). Cells
were washed 2 times with ice-cold isolation buffer (0.5% BSA and
2 mM EDTA in PBS, pH 7.2), counted, and resuspended in ice-cold
isolation buffer (40 μL/107 total cells) containing biotin-antibody
cocktail (10 μL/107 total cells, 10 min, 4 °C), followed by the
addition of isolation buffer (30 μL/107 total cells) and anti-biotin
microbeads (20 μL/107 total cell, 15 min, 4 °C). Cells were then
washed with isolation buffer and centrifuged at 300g (10 min,
4 °C). Supernatant was removed; cells were resuspended in
isolation buffer (500 μL/108 cells) and loaded onto a pre-rinsed
LS MACS separator column. The enriched CD8+ or CD4+ T cell
fraction was collected following column passage and washes.
CD4+ 25+ T cells were then removed by further enrichment. The
purity of the enriched T cell fractions was analyzed by flow
cytometry using anti-CD8–FITC or anti-CD4–PE and was deter-
mined to be greater than 90% and 95 %, respectively (data not
shown). Cell debris, dead cells, and non-CD8+ cells were excluded
from analysis based on scatter signals and PI fluorescence.

T cell activation

Six-well plates (Becton Dickinson Labware, Franklin Lakes, NJ) were
coated with 5 μg/mL hamster anti-mouse α-CD3e/αCD28 in 1 mL
PBS (overnight, 4 °C). Cells were stimulated (1×106 cells/well) in a
5% CO2 humidified atmosphere with plate-bound hamster anti-
mouse α-CD3e/anti-CD28 monoclonal antibodies in RHF supple-
mented with 60 U/mL IL-2 for 48 h (37 °C).
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DNA fragmentation assay

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) assay was used to measure DNA fragmentation in cells
undergoing cell death [30]. Briefly, cells (2×105 cells/well) were
exposed tomediaor LL-37 (10, 20, and40 μg/mL) in triplicatewells of
a 96-well round-bottom tissue culture plate (Becton Dickinson
Labware, Franklin Lakes, NJ) for 4 h at 37 °C. At the end of the
experimental time point, cells were resuspended in 2% PFA in
phosphate-buffered NaCl solution (NaCl, KCl, Na2HPO4×2H2O
and KH2PO4) (PBS) (o/n, 4 °C). Following fixation, cells were
permeabilized by exposure to 0.1% saponin for 15 min at room
temperature. Cells were then resuspended in 20 μL of TUNEL–FITC
pre-mix and incubated for 1 h at 37 °C. Cells were then washed
(2 times), resuspended in IF buffer (1% BSA in PBS), and analyzed by
flow cytometry.

Variations of this experiment were performed. Initial analysis of
apoptosis in CD4+ and CD8+ T cells was performed using TUNEL–
FITC and antibodies against CD4, CD8, and CD25. The addition of
broad-spectrum caspase inhibitors (Q-VD-OPh, 20 μM or Z-VAD-
fmk, 50 μM) 1 h prior to LL-37 addition was used to determine the
requirement of caspase involvement in LL-37-mediated cell death.
The addition of a specific calpain inhibitor (1 μM)was performed 2 h
prior to LL-37 exposure to determine the requirement for Ca2+-
dependent calpain in LL-37-mediated apoptosis. Analysis of the
effect of high serum concentration on LL-37-induced apoptosis was
performed using FCS at “high” (10%) and “low” (0.5%) serum
concentrations. Total cell counts were performed prior to and
following LL-37 treatment; cells were not lost due to washes or lysis
in control or LL-37 treated samples (data not shown). Media control
values were negligible and were subtracted from treatment values
prior to graphing.

Hoechst staining

Murine CD4+ and CD8+ T cells (5×104 cells/treatment) were
treated with media or LL-37 (20 and 40 μg/mL, 37 °C, 5% CO2) for
2 h. Cells were washed with PBS following LL-37 treatment,
resuspended in 50 μL of 4% PFA in PBS, and placed on microscope
slides to air dry overnight (Corning, Corning, NY). Stainingwas then
performed for 10 min at room temperature with Hoechst 33342
trihydrochloride dye (10 μg/mL in PBS). Slides were washed 4 times
with distilled water and allowed to air dry in the dark. Confocal
microscopywas used to assess chromatin condensation and nuclear
fragmentation by counting 500 cells from non-overlapping fields.
Total cell counts were performed prior to and following LL-37
treatment; cells were not lost due to washes or lysis in control or
LL-37 treated samples (data not shown).

Confocal microscopy

Coverslips were treated with poly-L-lysine (1:5 in sterile distilled
water, 30 min, room temperature). CTLs (5×104 cells/coverslip)
were pipetted onto coverslips in combination with media or LL-37
(20 μg/mL, 30 min, 37 °C). Following incubation, cells were washed
3 times with PBS and fixed overnight (2% PFA, 4 °C). Cells were then
permeabilized by treatment with 0.1% saponin (15 min, room
temperature), then exposed to media alone, or stained with goat
anti-mouse granzymeA(D-15, 1:50) or goat anti-mousegranzymeB
(1:500) for 1 h at 37 °C. Cells were washed 3 times with PBS and
exposed to Alexa Fluor 488 donkey anti-goat secondary antibody
(1:300, 1 h, 37 °C) in the dark. Analysis of granzyme A and B release
was performed at room temperature on a LSM510 laser scanning
confocal microscope mounted on a Zeiss Axiovert 100Mmicroscope
fitted with a Plan Neofluar objective 60/1.4 and analyzed with LSM5
software (Zeiss).

Statistical analysis

One-way analysis of variance (ANOVA) and the Tukey–Kramer
multiple comparisons test were performed for dose response
analysis using the Instat statistics program (Graphpad Software,
CA). The Student's t-test was used to compare differences between
test and control groups. Results are considered statistically signifi-
cant if the p-value is less than 0.05.
Results

LL-37 induces apoptosis in stimulated CD8+ T cells

Apoptosis is a form of cellular death that is characterized by specific
morphological features, including DNA fragmentation and chroma-
tin condensation. Fig. 1A shows that stimulatedmurine CD8+ T cells
(CTLs) exposed to increasing concentrations of LL-37 (10, 20, and
40 μg/mL, equivalent to 2.2, 4.4, and 8.8 μM, respectively, 4 h)
displayed significant DNA fragmentation as assessed by TUNEL–FITC
DNA staining. The CTLs are activated as they kill target cells in both
chromium release and H3Tdr assays (data not shown). Since DNA
fragmentation is an indicator of apoptotic cell death, this data
supported the premise that the cells were undergoing apoptosis
following LL-37 exposure. Interestingly, we saw significant frag-
mentation at 10 μg/mLwith activated CD8+ cells. In other cell types,
this level of fragmentation required 100–200 μg/mL [29]. Both
stimulated and non-stimulated CD4+ T cells were not affected by
LL-37,which suggests that the apoptosis-inducing activity of LL-37 is
specific to CD8+ T cells. LL-37 treatment also led to apoptosis in
non-stimulated CD8+ T cells, but only at the higher LL-37 treatment
concentrations, and not to the same extent as in activated CTLs. This
points to the importance of the stimulated state in LL-37-induced
apoptosis of CD8+ T cells, which will be discussed later in the text.
Hoechst 33342 staining (Fig. 1B and C) revealed chromatin
condensation and apoptotic body formation in CTLs treated with
LL-37 (53%±3 and 73%±1, respectively, 20 and 40 μg/mL, 2 h) but
not in stimulated CD4+ T cells (0±0.6, 40 μg/mL, 2 h), further
confirming that LL-37 is specifically targeting CTLs versus CD4+ T
cells and inducing an apoptotic form of cell death in CTLs, indicated
by chromatin condensation and apoptotic body formation.

CTLs from granzyme A and AB knockout mice are resistant
to LL-37-induced apoptosis

Apoptosis in wild type (wt), grA−/−, grB−/−, and grAB−/− CTLs was
analyzed using TUNEL–FITC staining in the absence or presence of
LL-37 (10, 20, and 40 μg/mL, 4 h) (Fig. 2). CTLs that were knockout in
the grA and grAB genes were significantly less sensitive to apoptosis
induced by LL-37, while grB−/− CTLs displayed modest resistance to
LL-37-induced cell death. These data suggest that grA, and thus
caspase-independent apoptosis, which is activated by grA [31,32], is
primarily involved in LL-37-induced killing of CTLs. At the same time,



Fig. 1 – LL-37 induces apoptosis in CD8+CTLs (A) Stimulatedandnon-stimulated CD8+ andCD4+CD25− T cells (2×105/treatment)were
treatedwith increasing concentrations of LL-37 (10, 20, and 40 μg/mL) for 4 h. Cells were then stainedwith TUNEL–FITC (1 h, 37 °C) and
analyzed by flow cytometry. Data are shown asmean % cell death±SD, n=3 (*** denotes p<0.001 when compared tomedia control).
(B) Stimulated CD8+ (CTLs) andCD4+CD25− T cells (5×104 cells/treatment)were exposed toLL-37 (20 and40 μg/mL) for 2 h. Cellswere
then fixed with 2% PFA, mounted on silinated microscope slides and air dried o/n. Staining with Hoechst 33342 trihydrochloride dye
(10 μg/mL)was performed (10min, room temperature) and slideswere analyzed by confocalmicroscopy, 400×magnification. (C) The
percentage of cells showing chromatin condensation was determined by Hoechst staining and counting (500 cells/slide). Data are
shown as mean % chromatin condensed cells±SD, n=3 (*** denotes p<0.001 when compared to media control).

Fig. 2 – Granzyme A−/− and granzyme AB−/− CTLs are resistant
to LL-37-induced apoptosis. Wild type (wt), grA−/−, grB−/−, or
grAB−/− CD8+ CTLs (2×105/treatment) were exposed to LL-37
(10, 20, and 40 μg/mL) for 4 h at 37 °C. At this time, cells were
stained with TUNEL–FITC (1 h, 37 °C) and flow cytometric
analysis was performed. Data are shown as mean % cell death±
SD, n=3 (* and *** denote p<0.01 and p<0.001, respectively,
when compared to media control).
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grB knockout CTLs showed moderate resistance to LL-37 (Figs. 2
and 3), and grA−/− cells were not completely resistant to LL-37-
induced apoptosis; therefore, LL-37 may elicit death in CTLs through
more than one apoptotic pathway.

Caspase family members are not required for, but do
contribute to, LL-37-induced CTL apoptosis

Apoptosis was analyzed using TUNEL–FITC staining in the absence
or presence of the pan-caspase inhibitors, Q-VD-OPh (20 μM, 1 h
pre-treatment) or Z-VAD-fmk (50 μM, 1 h pre-treatment). Both
Q-VD-OPh (Fig. 3) and Z-VAD-fmk (data not shown) had an
inhibitory effect on LL-37-induced apoptosis in wt, as well as gr−/−

CD8+ CTLs (LL-37 20 μg/mL, 4 h). However, caspase-independent
apoptosis is decidedly predominant, as confirmed by both the
apoptosis occurring in wt cells in the presence of Q-VD-OPh, as
well as the inhibitory effect of grA−/− on LL-37-induced apoptosis.
Staurosporine (STS, 2.5 μM, 4 h), a known inducer of caspase-
dependent apoptosis, was used as a positive control for caspase
inhibitor function [33]. Caspase inhibitorswere dissolved in DMSO.
Vehicle control analysis showed no cytotoxic effect on T cells
(vehicle control values were deducted from treatment values prior
to graphing).

image of Fig.�2


Fig. 3 – Caspase-independent and caspase-dependent pathways
are involved in LL-37-mediated apoptosis of CTLs. Wt, grA−/−,
grB−/−, or grAB−/− CD8+ CTLs (2×105/treatment) were set up in
the absence or presence of broad-spectrum caspase inhibitor,
Q-VD-OPh (20 μM,1 hpre-treatment) or calpain inhibitor 1 (1 μM,
2 h pre-treatment). At this time, cells were exposed to LL-37
(20 μg/mL, 4 h) or STS (2.5 μM, 4 h), stainedwith TUNEL–FITC (1 h,
37 °C), and flow cytometric analysis was performed. Data are
shownasmean%cell death±SD,n=3(***denotesp<0.001when
compared to DMSO vehicle control).
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Calpains arenot required for LL-37-mediatedapoptosis inCTLs

The Ca2+-dependent calpains are a family of cysteine proteases that
can orchestrate apoptosis by cleaving various cellular substrates,
including Bax, which results in ΔΨm and AIF release from the
mitochondria [34,35]. LL-37 requires calpain activation in order to kill
Jurkat T leukemia cells in vitro [29]. Therefore, the involvement of
calpains in LL-37-induced CTL apoptosis was analyzed. Pre-treatment
with the calpain inhibitor, Ac-LLnL-CHO (1 μM), had no effect on
apoptosis induced by LL-37 (20 μg/mL) in CTLs fromwt, or gr−/−mice
(Fig. 3). These data suggest that calpain is not required for LL-37-
mediated CTL apoptosis. Calpain inhibitor was dissolved in DMSO and
diluted to a concentration that had no cytotoxic effect on T cells
(vehicle control values were deducted from treatment values prior to
graphing).

Granzymes A and B are released from intracellular cytotoxic
granules in CTLs exposed to LL-37

The previous results clearly pointed to a key role for granzymes in the
demise of the CD8+ cells. Normally, these enzymes are sequestered in
cytosolic granules and thus do not initiate apoptosis in the cells that
produce them.However, itwaspossible that theactionof LL-37 caused
the release of the granzymes into the cytosol of the producing cell. The
releaseof grAandgrB fromcytotoxicgranulesofCTLsexposed toLL-37
(20 μg/mL, 1 h) was assessed using anti-grA or -grB antibodies and
confocal microscopy (Fig. 4). When untreated CTL cells were stained
with antibodies against either grA or grB, granules were observed in a
predicted punctuated pattern (Fig. 4A i). This phenotype changed to a
diffused signal phenotype when cells were treated with LL-37
(Fig. 4A ii). LL-37 treatment resulted in the release of both grA and
grB (82%±3, 72%±6, respectively) from cytotoxic granules into the
cytosol, as observed by diffuse granzyme positive staining within the
cell, supporting the role of grA and grB in LL-37-induced apoptosis of
CTLs (Figs. 4B and C).

In vitro serum concentration has no inhibitory effect on
LL-37-induced apoptosis of CTLs

Stimulated and non-stimulated CD8+ T cells were exposed to LL-37
under high (10%) and low (0.5%) serum concentrations (Fig. 5). T
cells cultured in high and low serum conditions were similarly
sensitive to LL-37-induced apoptosis. These data suggest that LL-37
would be effective at higher serum levels, suchas those found in vivo.
Future investigations will analyze the in vivo effects of LL-37 in
various disease models involving CTLs.
Discussion

In this study, themechanism of cell death induced by LL-37 in CD8+

CTLs was characterized. It was determined that CTLs exposed to
LL-37 died through the induction of apoptosis, characterized byDNA
fragmentation and chromatin condensation (Fig. 1A, B, and C).
Apoptosis was observed as early as 4 h post-LL-37 treatment. This
time point was used for subsequent experiments as apoptosis was
not significantly greater at a later time point. Of interest, LL-37
specifically killed CD8+ CTLs, while having no cytotoxic effect on
stimulated CD4+ cells (Fig. 1A). In addition, LL-37 had no effect on
non-stimulated CD4+ andminimal effect on non-stimulated CD8+ T
cells (Fig. 1A). We believed that LL-37 was killing CTLs through
granzyme activation and that the selective cytotoxicity displayed by
LL-37 was due to a variance in granzyme expression by the CTLs.
Previous studies have shown that naïve T cell populations display
minimal tonogranzymeexpression [36]. Therefore, the involvement
of granzymes in LL-37-induced CTL apoptosis was investigated.

GrA and grB are the two best characterized pro-apoptotic
granzymes, leading to caspase-independent and caspase-dependent
apoptosis, respectively. The requirement for grA and/or grB in LL-37-
inducedCTL apoptosiswas analyzedusing lymphocytes obtained from
grA−/−, grB−/−, and grAB−/− mice. GrA−/− and grAB−/− CTLs were
significantly less sensitive to LL-37-induced apoptosis, while grB−/−

had a lesser effect on cell death following LL-37 exposure (Fig. 2).
These results suggest that grA and downstream grA-mediated
caspase-independent apoptosis is activated following LL-37 exposure.
Recent reports have indicated that in many cases purified grA is not
cytotoxic in vitro [37,38]. If this is accurate, then grA-mediated
CTL-induced killing may depend on additional molecules present in
intracellular granules of the cytotoxic cells (such as other granzymes
and/or cathepsins) or a distinctive quality of CTL-delivered grA [38].
The lack of grA expression in stimulated CD4+ T cells may be why
these cells were not susceptible to LL-37 cytotoxicity. While
significantly more resistant to death, grA−/− and grAB−/− cells are
killed at higher LL-37 peptide concentrations (Fig. 2). Thismay be due
to a calpain-dependent mechanism previously described [29].
The broad-spectrum caspase inhibitor, Q-VD-OPh, minimally but
significantly inhibited apoptosis in wt CD8+ CTLs treated with LL-37
(Fig. 3). These experiments were conducted at 20 ug/mL LL-37. At
higher doses [above 40 ug/mL], the calpain-induced mechanism may
become relevant. The caspase-dependent apoptosis observed may be
due to the activity of caspase-activating granzymes other than grB.
Similarly, the caspase-dependent cell death observed in grB−/− and

image of Fig.�3


Fig. 4 – LL-37 treatment resulted in the release of grA and grB from intracellular cytotoxic granules. (A) CD8+ CTLs were stained
against grA and grB to monitor subcellular localization of these proteins. A punctuated granular pattern (A i) was interpreted as
signal within the CTL granules, whereas diffused signals obtained as a result of LL-37 treatment (A ii) were interpreted as cytosolic
localization of grA or grB. (B) Wt CD8+ CTLs (5×104 cells/treatment) were set up with media or LL-37 (20 μg/mL, 30 min, 37 °C) on
coverslips pre-treated with poly-L-lysine. Cells were then exposed to media alone or stained with goat anti-mouse grA (D-15, 1:50)
or goat anti-mouse grB (1:500, 1 h, 37 °C), followed by Alexa Fluor 488 donkey anti-goat secondary antibody (1:300, 1 h, 37 °C).
Confocal microscopy was performed at 600× magnification. Data are representative of 3 independent experiments. (C) The
percentage of cells showing grA or grB release was determined by counting (500 cells/slide). Data are shown as mean % granzyme
release±SD, n=3 (*** denotes p<0.001 when compared to media control).
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grAB−/− cellsmay be due to other caspase-activating granzymes, such
as grK, which is expressed in both in vivo-derived and in vitro-
propagated CTLs [39]. LL-37 has similar cytotoxic effects on un-
stimulatedwild type andmutant cells. Thus, the peptide can kill these
cells in a grA/B independentmanner also. However, the specific mode
of cell death in the un-stimulated cells was not assessed.

Apoptosis was observed to be independent of calpains as a
specific calpain inhibitor had no effect on LL-37-induced death
(Fig. 3). This result was in contrast to our previous analysis of LL-37
cytotoxicity, which showed that LL-37 kills Jurkat T leukemia cells
through a calpain-dependent pathway [29]. These data suggest that
LL-37 activates diverse apoptotic pathways depending on the target
cell involved. Thus, in Jurkat cells, the major mechanism involves
calpain activation, although a minor contribution due to cathepsin
release from lysosomeswas observed [29]. In contrast, the leakage of
potently cytotoxic enzymes, such as granzymes, from intracellular
granules becomes the predominant mode of cell death in cells that
contain these enzymes, including CTL.
Exposure to LL-37 resulted in the significant release of grA and
grB from intracellular cytotoxic granules (Fig. 4). During target cell
attack by CTLs, the trafficking of granzymes to the target is designed
to minimize cytosolic granzyme leakage. In contrast, LL-37 treat-
ment leads to the release of granzymes directly into the CTL cytosol,
where they can then initiate apoptosis. The release of the powerful
apoptotic enzyme grB would be expected to have a major death-
inducing effect, yet it appears to be less important than grA.
However, PI-9, a potent grB inhibitor belonging to the serpin family,
has been found in the cytosol of CTL [40]. Thus, it is likely that this
protein may significantly dampen the cytolytic activities of grB. In
contrast, no intracellular inhibitors are known to inactivate grA.
Therefore, the release of grA into the cytosol following LL-37
exposure and the subsequent activation of caspase-independent
apoptosis is most likely unconstrained by intracellular inhibitors.

LL-37 is a cationic host defense peptide that has both anti-
infective and immunomodulatory activity [9,41]. It is expressed
at ~5 μg/mL in bronchoalveolar lavage (BAL) of healthy infants and is

image of Fig.�4


Fig. 5 – High serum concentration has no effect on LL-37-induced
apoptosis in CD8+ CTLs. Stimulated and non-stimulated CD8+ T
cells (2×105/treatment) were treated with increasing concentra-
tions of LL-37 (10, 20, and 40 μg/mL) for 4 h in the presence of low
(0.5%) and high (10%) serum concentrations. Cells were then
stained with TUNEL–FITC (1 h, 37 °C) and analyzed by flow
cytometry. Data are shown as mean % cell death±SD, n=3
(ns denotes not significant when compared to media control).
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upregulated by inflammation to ~30 μg/mL in BAL from infants with
pulmonary infections [10]. Peptide expression is also upregulated in
other inflammatory conditions, such as psoriatic skin lesions where
levels are ~1.5 mg/mL due to in vivo processing [42] or increased
PMN influx and degranulation. Therefore, the concentrations of
LL-37 used in this study are believed to be physiologically relevant.
Fig. 6 – LL-37-induced CTL apoptosis; potential applications:
(A) LL-37 may be used to treat autoimmune diseases that have
prevalent CTL involvement. (B) Anti-LL-37 antibody treatment at
the tumor site may block LL-37-induced CTL death.
LL-37 induces apoptosis in CTLs in the presence of high (10%)
serum concentrations (Fig. 5). This result is important for prospec-
tive in vivo analysis of the anti-CTL activity of LL-37. Future studies
will look to determine whether LL-37 could be used to specifically
kill CTLs to treat conditions where CTLs are detrimental to the host,
such as that observed inmanyautoimmunediseases [43–45] (Fig. 6).
The specific anti-CTL activity of LL-37 is advantageous in that the
majority of therapies used to treat chronic autoimmune diseases
have employed nonspecific immunosuppression, which results in a
large number of adverse side effects. Amost interesting ramification
of our results is that they suggest a novelway inwhich inflammatory
cells, such as neutrophils, could attenuate the killing activity of CTL.
This would represent a novel level of crosstalk between inflamma-
tory and adaptive immune responses. Thus, another potential
application for our results could be to construct and administer an
anti-LL-37 antibody at the tumor site. Both CTLs and LL-37-
producing neutrophils are often abundant at tumor sites. Therefore,
blocking the cytotoxic activity of LL-37may be ameans of increasing
anti-tumor CTL effects (Fig. 6).
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