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Biologie; Hôpital Europ�een Georges Pompidou; AP-HP; Paris, France; 13Karolinska Institute; Department of Women’s and Children’s Health; Karolinska University Hospital;

Stockholm, Sweden

yThese authors contributed equally to this work.

Keywords: anticancer immunity, apoptotsis, necrosis, LTX-315

The oncolytic peptide LTX-315 has been designed for killing human cancer cells and turned out to stimulate anti-
cancer immune responses when locally injected into tumors established in immunocompetent mice. Here, we
investigated the question whether LTX-315 induces apoptosis or necrosis. Transmission electron microscopy or
morphometric analysis of chromatin-stained tumor cells revealed that LTX-315 failed to induce apoptotic nuclear
condensation and rather induced a necrotic phenotype. Accordingly, LTX-315 failed to stimulate the activation of
caspase-3, and inhibition of caspases by means of Z-VAD-fmk was unable to reduce cell killing by LTX-315. In addition, 2
prominent inhibitors of regulated necrosis (necroptosis), namely, necrostatin-1 and cycosporin A, failed to reduce LTX-
315-induced cell death. In conclusion, it appears that LTX-315 triggers unregulated necrosis, which may contribute to its
pro-inflammatory and pro-immune effects.

Introduction

Antimicrobial peptides typically have a cationic amphiphilic
structure in which hydrophobic and positive charged amino acids
are located on opposite surfaces. Several de novo designed antimi-
crobial peptide have been based on a sequence motif resembling
the peptide KLAKLAK (K = lysine, L = leucine, A = alanine).1

Such peptides can be fused with plasma membrane transducing
domains2 and targeted to specific tumor cell antigens3-6 the
tumor-associated endothelium 7 or white adipose cells8 with the
scope of generating agents that selectively ablate specific cell types
in vivo, upon their systemic administration. Such peptides have
been reported to induce apoptosis due to their capacity to induce
mitochondrial membrane permeabilization, followed by the
release of cytochrome c and activation of caspases.3-11

Recently, an optimized antimicrobial peptide, LTX-315 has been
designed based on the structure of bovine lactoferricin, which is one
of the most studied antimicrobial peptides.12 LTX-315 has the par-
ticularity to cause the regression of B16 melanomas in vivo when it
is administered into the tumor.12,13 This effect involves infiltration
of the tumor by T lymphocytes and the stimulation of an anticancer
immune response that protects immunocompetent mice cured from

melanoma against subsequent rechallenge with B16 cells.12 Based
on these observations, it has been suggested that LTX-315 may
induce immunogenic cell death,12,13 a type of cell death that is able
to improve the efficacy of anticancer therapies.14-24

Intrigued by these findings, we wondered which particular cell
death modality would be induced by LTX-315, knowing that
there is a constant debate on the question whether apoptosis or
necrosis would constitute a more immunogenic type of cellular
demise.15,25,26 Here, we report that LTX-315 fails to activate cas-
pases and causes classical necrosis that is refractory to necroptosis
inhibitors including necrostatin-1 and cyclosporine A. We also
present ultrastructural evidence in favor of the hypothesis that
LTX-315 induces a necrotic cell death phenotype.

Results and Discussion

Failure of LTX-315 to induce hallmarks of apoptosis
The major morphological and biochemical hallmarks of apo-

ptosis are nuclear condensation (pyknosis) with fragmentation
(karyorhexis) and the activation of effector caspases, in particular
caspase-3.27-29 Transmission electron microscopic observation of
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U2OS osteosarcoma cells treated with LTX-315 (6 h) did not
reveal any morphological signs of nuclear apoptosis since nuclei
appeared largely intact and major chromatin condensation was
absent (Fig. 1). At low concentrations of LTX-315 (12.5 to 50
mg/ml), which do not cause immediate cell death defined by
plasma membrane permeabilization (see below), the only major
morphological change consisted in the dilatation of mitochondria
that often manifested a hollow appearance. At higher concentra-
tions (100 mg/ml), the vast majority of cells adopted a necrotic
morphology with absent plasma membranes and vacuolated cyto-
plasms. Frequently, cellular remnants remained attached to the
culture substrate while manifesting a ’ghost’-like appearance
(Fig. 1).

We further analyzed the capacity of LTX-315 to induce
chromatin condensation by means of fluorescence microscopy
after Hoechst 33342 staining. This method was combined
with the detection of activated, proteolytically mature cas-
pase-3 (Casp3a) by immunofluorescence staining of fixed and
permeabilized cells.30 The positive control, the pan-tyrosine
kinase inhibitor staurosporine, induced a significant degree of
caspase-3 activation (detectable as a positive immunofluores-
cence signal) and nuclear shrinkage (detectable by morpho-
metric analysis of the surface area of the Hoechst 33342
staining). As an additional control, the pan-caspase inhibitor

Z-VAD abolished the activation of caspase-3 and reduced
chromatin condensation induced by staurosporine and the
uncoupling agent CCCP while necrostatin-1, an inhibitor of
the RIP1 kinase,31 did not interfere with these parameters
(Fig. 2). In contrast, LTX-315 failed to induce both signs of
apoptosis (Fig. 2). This result was obtained over a range of
LTX-315 concentrations (from 12.5 to 200 mg/ml) and at
several time points (6 h, 24 h). Hence, LTX-315 is unable to
induce the major morphological and biochemical signs of
apoptosis.

LTX-315-induced cell death is not affected by major
inhibitors of apoptosis and necrosis

In the next step, we stained LTX-315-treated cells with a
combination of the vital dye propidium iodide (PI, which is
usually excluded from live cells, yet incorporates into necrotic
cells via the permeabilized plasma membrane) and Hoechst
333342 (which incorporated into both live and dead cells,
although the intensity of the staining tends to increase with
cell death). At concentrations of 100–200 mg/ml, LTX-315
caused rapid (6 h) cell death as indicated by the PI-detectable
loss of plasma membrane integrity. While low concentrations
(12.5–25 mg/ml) did not affect cellular viability even upon
protracted culture (24 h), the intermediate concentration (50

mg/ml) caused a mixed phenotype
in which half of the cells were dead
by 6 h (while half remained viable)
and some cells were still alive at
24 h (Fig. 3). These results indi-
cate that the dose response of cell
death induction has been fully cov-
ered from absent through partial
until complete cytotoxicity of
LTX-315. Over this dose response
range, Z-VAD-fmk failed to pre-
vent cell killing induced by LTX-
315. Moreover, necrostatin-1 was
unable to interfere with the loss of
viability induced by LTX-315
although it did have a partial, sig-
nificant cytoprotective effect on
staurosporine-induced cell loss
(detectable at 3 mM staurosporine
at 6 h and at 0.3, 1 and 3 mM
staurosporine at 24 h) (Fig. 3).
Similarly, cyclosporine A, an
inhibitor of mitochondrial perme-
ability transition that can prevent
some instances of regulated necro-
sis,32,33 failed to interfere with
LTX-315-induced cell death
(Fig. 4). Images obtained from vid-
eomicroscopic studies underline
the cytotoxicity of LTX-315 that
manifests with cellular disintegra-
tion and morphological traits of

Figure 1. Ultrastructural characteristics of LTX-315-induced cell death. U2OS cells were either left
untreated (control, Ctr) or treated with the indicated dose of LTX-315 for 6 hours followed by osmium
tetroxide staining and transmission electron microscopy. Note the presence of dilated mitochondria in
cells treated with 12.5 or 50 mg/ml of LTX-315.
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necrosis (Fig. 5). Altogether these
results indicate that LTX-315 medi-
ated cytotoxic effects do not involve
any of the major biochemical path-
ways associated with regulated
necrosis.

Concluding remarks
At differences with other amphi-

pathic cationic peptides designed to

Figure 3. LTX-315-induced cell death is
refractory to inhibition by Z-VAD and
necrostatin 1. U2OS cells were treated for
the indicated period with LTX-315, staur-
osporine (STS) or 100 mM carbonyl cya-
nide m-chlorophenyl hydrazine (CCCP) in
the absence or presence of the pan-cas-
pase inhibitor Z-VAD or the necroptosis
inhibitor necrostatin-1 (Nec), followed by
staining with the vital dye propidium
iodine (PI) and the chromatin dye
Hoechst 33342. Representative fluores-
cence microphotographs (images
obtained in the absence of Z-VAD and
Nec) are shown in A, and quantitative
results are show in B. Asterisks indicate
significant differences (unpaired Student
t test) in Hoechstdim PI- cell number with
respect to untreated controls, for a given
co-treatment. *p < 0.05; **p < 0.01; ***p
< 0.001. Sharps indicate significant differ-
ences, for a given drug treatment, com-
pared to control without co-treatment.
#p < 0.05; ##p < 0.01.

Figure 2. Failure of LTX-315 to induce cas-
pase-3 activation and nuclear shrinkage.
U2OS cells were treated for the indicated
period with LTX-315, staurosporine (STS) or
100 mM carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) in the absence or pres-
ence of the pan-caspase inhibitor Z-VAD or
the necroptosis inhibitor necrostatin-1
(Nec), followed by fixation and permeabili-
zation of the cells, immunofluorescence
staining for the detection of active caspase
3 (Casp3a) and counterstained with the
chromatin dye Hoechst 33342. Representa-
tive images are shown in A (images
obtained in the absence of Z-VAD and
Nec). Quantitative results (means § SD of
triplicates) are shown in B and C. In B, the
frequency of Casp3aC cells is shown for
each treatment, while in C, the frequency
of cells with normal morphology (not
shrunken) is displayed. Asterisks indicate
significant differences (unpaired Student t
test) with respect to untreated controls.
*p < 0.05; **p< 0.01; ***p< 0.001.
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kill cells,3-8 LTX-315 fails to activate caspases through the intrin-
sic (mitochondrial) pathway and hence fails to activate classical
apoptosis. Rather, LTX-315 appears to activate a direct pro-
necrotic pathway that, however, is neither inhibited by necrosta-
tin-1 nor by cyclosporine A. LTX-315-induced necrosis was pre-
ceded by major changes in mitochondrial morphology, as this
may be expected from this kind of agent, and then culminated in
rapid disintegration of the plasma membrane, vacuolization of
the cytoplasmic remnant and ghost-like appearance of the
nucleus, which failed to exhibit consistent signs of chromatin
condensation. LTX-315 has recently been shown to act on
mitochondrial membranes to cause cell death.34 This fact
may explain why LTX-315 has a relatively low toxicity on
cells lacking mitochondria, such as erythrocytes.34 Moreover,
the intrinsic aberration of mitochondrial function in cancer
cells may predispose them to the cytotoxic action of

LTX-315,35,36 a possibility that is cur-
rently explored in a phase I clinical
trial in Europe. Given the particular
capacity of LTX-315 to stimulate
an anticancer immune response
if injected locally into melanomas
implanted in immunocompetent, hap-
loidentical hosts,12,13 it is tempting to
speculate, yet remains to be demon-
strated, that LTX-315 is inducing a
new modality of immunogenic cell
death. Hence, the capacity of LTX-
315 to lyse tumor cells in a non-phys-
iological (and unconventional) fashion
might contribute to its pro-immune
effects. Further studies are required to
understand the particular mechanisms
through which LTX-315 achieves
these properties and which danger-
associated molecules are liberated by
LTX-315 to provoke local inflamma-
tion and immune reactions in tissues.

Materials & Methods

Chemicals and cell cultures
Media and supplements for cell

culture were obtained from Gibco-
Life Technologies (Carlsbad, CA,
USA), chemicals from Sigma-Aldrich
(St. Louis, MO, USA) with the excep-
tion of LTX-315 that was provided
by Lytix Biopharma (Tromsø, Nor-
way); Z-VAD FMK from Bachem
(Bubendorf, Switzerland), Hoechst
33342, DAPI, DIOC6(3), and plastic
ware from Greiner Bio-One (Monroe,
CA, USA). Primary antibodies
(cleaved caspase-3; #9661) were pur-

chased from Cell Signaling (Danvers; MA; USA) and second-
ary Alexa Fluor-labeled antibodies came from Life
Technologies. Human osteosarcoma U2OS cells were cul-
tured in Glutamax

�
-containing DMEM medium supple-

mented with 10% fetal calf serum (FCS), and 10 mM
HEPES buffer. Cells were grown at 37�C in a humidified
incubator under a 5% CO2 atmosphere.

High-throughput assessment of cell death
Five £ 103 U2OS cells were seeded into black 96-well

mclear imaging plates (Greiner Bio-One) and allowed to
adapt for 24 hrs. Thereafter the cells were treated with the
LTX-315 compounds and respective controls and incubated
for additional 6 or 24 hrs before either 1 mM of DAPI or a
mixture 1 mM Hoechst and 1 mM propidium iodide were

Figure 4. Failure of cyclosporine A to inhibit LTX-315-induced cell death. U2OS cells were treated for 6
hrs with LTX-315 in the absence or presence of 100 nM of the mitochondrial permeability transition
inhibitor cyclosporine A (CsA), followed by staining with the vital dye propidium iodine (PI) and the
chromatin dye Hoechst 33342. Representative fluorescence microphotographs are shown in A, and
quantitative results are shown in B. Asterisks indicate significant differences (unpaired Student t test)
in Hoechstdim PI- cell number with respect to untreated controls, for a given co-treatment. *p < 0.05;
**p < 0.01; ***p< 0.001.
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added upon treatment immediately before monitoring the
uptake of the exclusion dye in a minimum of 4 view fields
per well by means of an ImageXpress micro XL automated
bioimager (Molecular Devices) equipped with a PlanApo
20X/0.75 NA objective (Nikon).

Live cell imaging
Five £ 103 U2OS cells were seeded into black 96-well

mclear imaging plates (Greiner Bio-One) and allowed to
adapt for 24 hrs. Thereafter the cells were treated with LTX-
315 and respective controls and DAPI was added at a final
concentration of 1 mM. The cells were placed in an ImageX-
press micro XL automated bioimager (Molecular Devices)
equipped with an environmental control unit and an IBIDI
gas mixer (Munich, Germany) providing 37�C and 5% CO2

humidified atmosphere. A minimum of 4 view fields per well
were acquired using transmitted light and DAPI filters with a
PlanApo 20X/0.75 NA objective (Nikon).

Immunostaining
Five£ 103 U2OS cells were seeded into black 96-well

mclear imaging plates (Greiner Bio-One) and allowed to adapt
for 24 hrs. Thereafter the cells were treated with LTX-315 com-
pounds and respective controls and incubated for additional 6
or 24 hrs before fixation in 3.7 % (w/v) paraformaldehyde in
PBS supplemented with 1 mM Hoechst 33342 for 20 min.37-
39 Upon fixation cells were permeabilized with 0.1 % Triton in
PBS for 10min at RT. Unspecific binding was blocked with 2
% BSA in PBS for 10 min at RT followed by primary antibody
diluted in BSA 2 % following the manufactures recommenda-
tions over night on shaker at 4�C. The cells were rinsed twice
and stained with AlexaFluor-coupled secondary antibodies for
1 h at RT, rinsed twice and subjected to imaging using an
ImageXpress micro XL automated bioimager (Molecular Devi-
ces) equipped with a PlanApo 20X/0.75 NA objective (Nikon).

Transmission electron microscopy
For ultrastructural studies, human osteosarcoma U2OS cells were

fixed in 1.6 % glutaraldehyde (v/v in 0.1 M phosphate buffer) for
1 h, collected by scraping, centrifuged and the pellet was post�fixed
1 % osmium tetroxide (w/v in 0.1 M phosphate buffer). Following
dehydration through a graded ethanol series, cells were embedded in
EponTM 812 and ultrathin sections were stained with standard uranyl
acetate and lead citrate. Images were taken using a Tecnai 12 electron
microscope (FEI, Eindhoven, the Netherlands).

Data processing and statistical analyses
Unless otherwise specified, experiments were performed in

triplicate parallel instances and repeated at least once, and data
were analyzed with the R software (http://www.r-project.org/).
Microscopy images were segmented and analyzed by means of
the MetaXpress (Molecular Devices) software and numerical data
was further processed with R. Unless otherwise specified, data are
presented as means § SD. Thresholds for the minimum number
of events in each analysis necessary to apply further statistics were

Figure 5. Videomicroscopy of cellular disintegration. U2OS cells were
treated for the indicated period with LTX-315 in the presence of 1 mM
DAPI. Morphological changes and the uptake of the exclusion dye were
monitored by videomicroscopy. Representative image galleries from
U2OS cells treated with 50 mg/ml LTX-315 or left untreated are depicted.
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calculated based on a medium effect size (according to Cohen’s
conventionnal criteria) using the pwr package for R with a tar-
geted value of 0.95. Samples that did not match the requirements
were marked ND and were excluded from the analysis.
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