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Abstract Immunogenic cell death is characterized by

damage-associated molecular patterns, which can enhance

the maturation and antigen uptake of dendritic cells.

Shikonin, an anti-inflammatory and antitumor phyto-

chemical, was exploited here as an adjuvant for dendritic

cell-based cancer vaccines via induction of immunogenic

cell death. Shikonin can effectively activate both receptor-

and mitochondria-mediated apoptosis and increase the

expression of all five tested damage-associated molecular

patterns in the resultant tumor cell lysates. The combina-

tion treatment with damage-associated molecular patterns

and LPS activates dendritic cells to a high maturation status

and enhances the priming of Th1/Th17 effector cells.

Shikonin-tumor cell lysate-loaded mature dendritic cells

exhibit a high level of CD86 and MHC class II and activate

Th1 cells. The shikonin-tumor cell lysate-loaded dendritic

cell vaccines result in a strong induction of cytotoxic

activity of splenocytes against target tumor cells, a retar-

dation in tumor growth, and an increase in the survival of

test mice. The much enhanced immunogenicity and effi-

cacy of the current cancer vaccine formulation, that is, the

use of shikonin-treated tumor cells as cell lysates for the

pulse of dendritic cells in culture, may suggest a new ex

vivo approach for developing individualized, dendritic

cells-based anticancer vaccines.
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Abbreviations

Bax Bcl-2–associated X protein

Bcl-2 B-cell lymphoma 2

CRT Calreticulin

DAMPs Damage-associated molecular patterns

DC Dendritic cell

DX Doxorubicin

DX-TCL Doxorubicin-treated tumor cells as cell lysates

ER Endoplasmic reticulum

GM-CSF Granulocyte/macrophage-colony stimulatory

factor
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GRP Glucose-related protein

HMGB1 High-mobility group protein box 1

HSP Heat shock protein

MHC Major histocompatibility complex

MG MG-132

MG-TCL MG-132-treated tumor cells as cell lysates

RORct Retinoic acid receptor-related orphan nuclear

receptor gamma t

SK Shikonin

SK-TCL Shikonin-treated tumor cells as cell lysates

Tbet Th1-specific T box transcription factor

TCL Tumor cell lysate

TLR4 Toll-like receptor 4

TNFa Tumor necrosis factor alpha

TX Paclitaxel

TX-TCL Paclitaxel-treated tumor cells as cell lysates

XIAP X-linked inhibitor of apoptosis protein

Introduction

Shikonin (SK) and its derivatives, as well-studied bio-

active phytochemicals, are the primary active components

isolated from root tissues of a traditional medicinal herb,

Lithospermum erythrorhizon. We and others have shown

that shikonin can confer a broad spectrum of anti-inflam-

matory activities [1], including the inhibition of promoter/

transcriptional activities of pro-inflammatory cytokines

TNF-a [2] and GM-CSF [3], the blockade on splicing of

TNF-a pre-mRNA [4], and a differential effect on cyto-

kine/chemokine expression in human monocytes [5]. Pre-

vious studies have also shown that shikonin can possess

multiple pharmacological properties such as antitumor [6],

antioxidant [7], antiplatelet [8], and anti-atherosclerosis [9]

effects. The antitumor effects of shikonin were suggested

to be mediated via induction of reactive oxygen species

[10], inhibition of proteasome activity [11], and circum-

vention of cancer drug resistance through induction of

necroptosis [12].

Mechanisms for immunogenic cell death have been

characterized by concomitant changes of damage-associ-

ated molecular patterns (DAMPs) associated with immu-

nogenicity, including glucose-related protein (GRP), heat

shock proteins (HSP), calreticulin (CRT), HMGB1 and

others. DAMPs are a group of natural endogenous adju-

vants normally hidden within living cells and become

stimulatory to the adaptive immune system in response to

danger signals [13]. DAMPs may then operate on a series

of receptors expressed by dendritic cells (DCs), facilitate

the process of antigen uptakes and trigger a sequence of

molecular events that link with activation of DCs [14],

leading to the priming of an antigen-specific effector T cell

response and robust T cell immunity [15]. A ‘‘key-lock’’

paradigm of the DAMPs (key) and antigen-presenting cells

(lock) has therefore been proposed to describe the recog-

nition of immunogenic cell death by the immune system

[16, 17]. DCs can also detect the conserved pathogen-

associated molecular patterns (PAMPs) through pattern-

recognition receptors (PRRs) [18] such as Toll-like

receptors [19]. Both PAMPs and DAMPs can indepen-

dently provide stimulatory signals to DCs, possibly in a

synergistic manner [20–22]. The recent development of

DC-based cancer vaccines has emerged as a compelling

approach for tumor immunotherapy. Effective boosting of

the immunogenicity of tumor cells for recognition by DCs

has been suggested to be critically important to subvert the

immune escape mechanisms evoked by tumor cells.

Therefore, a minimally or none immunogenic B16 mela-

noma model was employed to address this issue in the

present study.

Four specific and distinguishable cell death patterns have

been characterized: the receptor-, mitochondria-, nuclear-,

and endoplasmic reticulum (ER) stress-mediated cell death

[23, 24]. How lethal pathways and apoptotic molecules are

involved in the mechanisms of immunogenic cell death is

still largely elusive. Doxorubicin (DX) has been shown to be

an excellent immunogenic cell death inducer [25]. Paclitaxel

(TX) exerts an antitumor response via suppression of spindle

microtubule dynamics [26]. MG-132, as a proteasome

inhibitor, involved in mitochondrial perturbation, proteo-

toxicity and ER stress-mediated cell death [27–29], may also

contribute to the induction of immunogenic cell death [30].

Cumulative evidence shows that shikonin can confer a strong

tumor-killing effect [11, 31, 32]; however, the mechanisms

through which shikonin induces cell death and affects cas-

pase cascades remain unclear.

In this study, we evaluated the antitumor effects of

shikonin, in parallel with the effects of DX, TX, and MG,

with regard to the possible involvement of immunogenic

cell death, including the mechanisms on the activation of

caspase cascade activities and their downstream molecules

(Bax, active Bax 6A7, Bcl-2, cytochrome c and XIAP) in

apoptosis pathways. The adjuvant effects of test com-

pounds in tumor cell lysate-loaded DC-based cancer vac-

cines were then evaluated by their impact on the

maturation of test DCs and the derived development of T

cells. Our findings show that shikonin can induce all five

tested DAMPs (GRP78, HSP70, HSP90, CRT, and

HMGB1) as effectively as DX and MG-132, culminating in

strong induction of immunogenic cell death in test tumor

cells. Like tumor cell lysate from DX or MG-132-treated

B16 tumor cells (DX-TCL or MG-TCL), the resultant

tumor cell lysate from shikonin-treated B16 tumor cells

(SK-TCL) can enhance the maturation of DCs and initiate

the differentiation of Th1/Th17 cells. With additional
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stimulation from LPS, these DCs can prime a strong tumor

antigen-specific effector T-cell response. This SK-TCL-

loaded DC vaccine can effectively elicit a strong thera-

peutic antitumor immunity in test animals. We hence

suggest that this cancer vaccine approach warrants future

studies for clinical applications.

Materials and methods

Animals

Female C57BL/6JNarl mice (6–8 weeks old) were pur-

chased from the National Laboratory Animal Breeding and

Research Center, Taipei, Taiwan. All mice were main-

tained in a laminar airflow cabinet in a room kept at

24 ± 2 �C and 40–70 % humidity with a 12-h light/dark

cycle under specific pathogen-free conditions. All facilities

were approved by the Academia Sinica Institutional Ani-

mal Care and Utilization Committee (IACUC), and all

animal experiments were conducted under the institutional

guidelines established for the Animal Core Facility at

Academia Sinica, Taipei.

Compounds

Shikonin and its derivatives—isovalerylshikonin (IVS),

acetylshikonin (AS), (2-methylbutyryl) shikonin (MBS), and

isobutyrylshikonin (IBS)—were purchased from Tokyo

Chemical Industry (Tokyo, Japan). Doxorubicin (DX), pac-

litaxel (TX), and MG-132 were purchased from Sigma (St.

Louis, MO, USA).

Antibodies

Primary antibodies used for Western blot experiments were

the following: rabbit anti-mouse HSP70 antibody (Cell

Signaling Technology), goat anti-mouse GRP78 antibody

(Santa Cruz Biotechnology), rabbit anti-mouse HSP90

antibody (Millipore), rabbit anti-mouse HMGB-1 antibody

(Abcam), rabbit anti-mouse CRT antibody (Abcam), rabbit

anti-mouse survivin antibody (Cell Signaling Technology),

rabbit anti-mouse glypican-3 antibody (Abcam), rabbit

anti-mouse gp100 antibody (Cell Signaling Technology),

and rabbit anti-mouse actin antibody (Abcam). Antibodies

against caspase 8, caspase 9, Bax, cytochrome c (all from

Santa Cruz Biotechnology), XIAP, Bcl-2 (Cell Signaling

Technology) and active Bax 6A7 (Axxora) were used to

proteins of the caspase cascades by Western blotting. All

antibodies against caspases recognize both the pro- and

cleaved forms of the corresponding caspase. Donkey anti-

goat, antibody biotin-labeled mouse anti-rabbit IgG anti-

body and biotin-labeled goat anti-mouse IgG antibody

(Santa Cruz Biotechnology) were used as secondary

antibodies.

Cell lines

The mouse B16F10 (B16) melanoma cell line was obtained

from American Type Culture Collection (ATCC; Manas-

sas, VA, USA). Tumor cell cultures were maintained in

Dulbecco’s modified Eagle’s medium supplemented with

1.5 g/l sodium bicarbonate, 10 % fetal bovine serum,

100 lg/ml streptomycin and 100 unit/ml penicillin, and

2 mM L-glutamine.

Mouse bone marrow-derived dendritic cells (BMDCs)

Bone marrow-derived DCs were modified and generated

as described previously [33]. Briefly, bone marrow cells

were collected from the femorae and tibiae of C57BL/6

mice. The bone marrow cells were depleted of RBCs with

ACK lysis buffer and plated in DC culture medium

(RPMI 1640 medium supplemented with 20 ng/ml GM-

CSF, 10 % fetal bovine serum, 50 lM 2-mercaptoethanol,

100 lM non-essential amino acids and 100 unit/ml peni-

cillin and 100 lg/ml streptomycin in a humidified 5 %

CO2 incubator at 37 �C. On day 3, non-adherent granu-

locytes and T and B cells were gently removed and fresh

media that contained additional cytokine IL-4 (20 ng/ml)

was added. On day 7, the non-adherent and loosely

adherent DCs cells were harvested. The DCs generated in

this manner were immature DCs and displayed typical

morphologic features of DCs. The purity of the DC

population was determined by flow cytometry analysis of

CD11c? cells. This procedure routinely resulted in 3

90 % CD11c? DCs.

Cytotoxic killing effect

B16 cells (1 9 105 cells/ml) dispensed in 96-well plates

were incubated with vehicle or test compounds for 24 h in

basal medium in a 5 % CO2 incubator. All treatments were

performed in triplicate cell cultures. Cell viability was

assayed using the 3-(4, 5-dimethythiazol-2-yl)-2,5-diphe-

nyl tetrazolium bromide (MTT) colorimetric method. The

absorbance at 570 nm (A570) was measured by a multiwell

scanning spectrophotometer. The percentage of cytotoxic

killing effect of test compounds on B16 tumor cells was

calculated using the following formula:

cytotoxic killing effect ð%Þ ¼ ½A570 ðuntreated control cellsÞ
�A570 ðtreated cellsÞ�
�A570 ðuntreated control cellsÞ
� 100
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Preparation of tumor cell lysate

B16 melanoma cell lysates were prepared as described

previously [34]. Briefly, cells were grown to *90 %

confluence and then treated with test compounds. After

24 h of treatment, cells were trypsinized, pelleted, resus-

pended in PBS at a concentration of 5 9 107 cells/ml, and

stored at -80 �C before using. After sufficient numbers of

cells had been collected, cells were subjected to the fol-

lowing freeze–thaw cycles. The cell suspension was first

frozen in liquid nitrogen for 1.5 min, then thawed and

sonicated for 4 min in a 4 �C water bath. The freeze–thaw

cycles were repeated four times in rapid succession. After

the final thaw, cell lysate suspensions were sonicated with

three 30-s pulses to further disrupt the cell suspension.

The cell viability was evaluated by trypan blue exclusion,

and no viable cells were detected at the completion of 4

cycles. Prior to use, lysates were thawed and centrifuged

at 12,000 rpm for 30 min, and the supernatant was used

as the source of tumor antigen. Tumor lysate concentra-

tions were determined using the BCA assay (Pierce,

Rockford, IL, USA). Lysates were frozen at -80 �C until

use.

Western blot analysis

Tumor cell lysate samples were prepared as previously

described. In order to determine the expression levels of

caspases and their downstream molecules, B16 tumor cells

were harvested after treatment with indicated test com-

pounds, followed by isolation of total protein. Subcellular

fractionation of cytosolic fraction and mitochondrial

extracts were prepared using a mitochondria extraction kit

from Pierce (Rockford, IL) according to the manufacturer’s

instructions. Samples were subsequently resolved by SDS-

PAGE using 8, 10 or 15 % gels. The resolved proteins were

transferred to a PVDF membrane (Novex, San Diego, CA,

USA), and the membrane was blocked with 5 % non-fat

dry milk in PBST buffer [phosphate-buffered saline (PBS)

containing 0.1 % Tween 20] for 60 min at room tempera-

ture. The membranes were then incubated overnight at

4 �C with commercially available antibodies (1:1,000

dilutions). Loading of equal amounts of protein was

assessed using mouse b-actin. The blots were rinsed three

times with PBST buffer for 5 min each. Washed blots were

incubated with HRP-conjugated secondary antibody

(1:100,000 dilution) and then washed again three times

with PBST buffer [35]. The transferred proteins were

visualized with an enhanced chemiluminescence (ECL)

detection kit (Amersham Pharmacia Biotech, Bucking-

hamshire, UK). Quantification of bands was performed

using Image J software.

Dendritic cells and T cell co-cultivation

Bone marrow-derived DCs (1 9 106) were loaded with

tumor lysates containing a concentration of 200 lg protein/

500 ll and then incubated in 48-well plates for 12 h. LPS

was added to the culture medium, and DCs were incubated

for another 12 h and used as stimulators. Splenic T cells to

be used as responders were isolated by MACS selection of

splenocytes, following red blood cell lysis using NH4Cl

lysing buffer, with CD4 microbeads (Miltenyi Biotech;

[98 % purity and[98 % viability). The co-cultured DC-T

cell system was previously described [36]. A total of

3 9 105 T cells/well were co-cultured with BMDCs in a

V-bottom 96-well plate in a final volume of 200 ll at the

ratio of 1:4 for 4 days. BMDC-induced T cell proliferation

was determined by BrdU incorporation at the ratio of 1:10

for 4 days. The supernatants were harvested assayed for

cytokines production. The supernatants were harvested

assayed for cytokine production by ELISA (eBioscience

and R&D Inc.).

Flow cytometry analysis of surface and intracellular

cell markers

Test BMDCs were stained with fluorescent Abs for 30 min

at 4 �C following a 10-min Fc blocking step with purified

anti-CD16/32 (Pharmingen, San Diego, CA, USA). Test

B16 cells were stained with specific antibodies (goat anti-

mouse gp100, goat anti-mouse GRP78, rabbit anti-mouse

HSP70, and rabbit anti-mouse CRT) for 30 min. Cells were

washed twice, fixed, and resuspended in a 1 % parafor-

maldehyde solution and analyzed with a FACScan flow

cytometer (Becton–Dickinson, Franklin Lakes, NJ, USA).

The Abs used were a-CD16/CD32, FITC-conjugated

CD80, CD86, CD40, APC-conjugated CD11c and PE-

conjugated MHC class II with corresponding isotype

controls (Pharmingen, San Diego, CA, USA). FITC-con-

jugated mouse anti-rabbit IgG antibody and biotin-labeled

anti-goat IgG antibody (Santa Cruz Biotechnology, CA,

USA) were used as secondary antibodies for staining B16

cells. For biotin-conjugated antibodies, streptavidin-FITC

was used to visualize cells. Splenic T cells were harvested,

fixed and permeabilized using BD Cytofix/Cytoperm buffer

(Pharmingen, San Diego, CA, USA), stored overnight, and

then stained for the presence of transcriptional factors

using APC-conjugated RORct, FoxP3 and PerCP-Cy5.5-

conjugated Tbet (Pharmingen, San Diego, CA, USA).

Cytotoxic T lymphocyte (CTL) assay

CTL assay was performed as described [37]. Splenocytes of

test mice were collected 10 days after the last booster and used
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as effector cells. The target cells, B16 tumor cells, were

labeled with BATDA reagent (DELFIA, Perkin Elmer, MA,

USA) for 30 min at 37 �C. Then, target cells were co-cultured

with effector cells at the indicated ratios of effector/target

(E:T) from 5:1 to 80:1 for 2 h at 37 �C. The percentage

of specific lysis was calculated as: ½experimental release

ðcountsÞ� spontaneous releaseðcountsÞ�=½maximum release

ðcountsÞ� spontaneous releaseðcountsÞ��100:

B16 melanoma tumor model

For challenge, B16 tumor cells were collected at 80 %

confluency, washed, resuspended in PBS, and injected

subcutaneously (1 9 105 cells/100 ll/mouse) into the right

flank of mice. On days 7 of post-tumor cell inoculation

(when the tumor volume reached 80 mm3), test mice were

vaccinated with different preparations of TCL-loaded DCs.

C57BL/6 mice were divided into six experimental groups

(eight mice/group). The six treatments were: (1) PBS

(control), (2) mature DC, (3) vehicle-TCL, (4) SK-TCL, (5)

DX-TCL, and (6) MG-TCL. The above six vaccination

groups were used for priming and booster vaccination of

mice. Two boosters were performed, one on day 10 and

one on day 13. Ten days after the second booster (on day

23), splenocytes were harvested from immunized mice and

assayed for cytotoxic T lymphocyte (CTL) activity. Tumor

volumes were determined from the length (a) and width

(b) of test tumors, as measured with calipers in a blinded

manner, by the formula V = a 9 b2/2. In addition, the

survival time of mice was observed.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism

5. 0 (San Diego, CA, USA). Differences in survival time

and rate were evaluated by a log-rank (Mantel-Cox) test of

the Kaplan–Meier survival curves.

Results

Both receptor- and mitochondria-mediated apoptotic

signalings are involved in the cytotoxic effect

of shikonin

SK has been reported to confer antitumor activity via

proteasome inhibition and induction of apoptosis [11, 12].

We investigated here the effect of SK on cytotoxic killing

and expression of apoptotic molecules in B16 melanoma

cells. The effects of the proteasome inhibitor MG-132

(MG) and two chemotherapeutic agents, DX and TX, were

comparatively studied in parallel. Figure 1a shows that DX

and SK induced substantial cell death (52 and 37 %,

respectively) within 6 h of treatment at 5 lM, whereas MG

and TX induced only limited killing in test B16 cells (8 and

3 %, respectively). At 24-h post-treatment (Fig. 1b), DX

already killed nearly 61 % of tumor cells at a concentration

of only 0.625 lM. By contrast, even at 20 lM, TX caused

only 21 % cell death. The time course experiments indicate

that SK can generate acute lethal signals to B16 cells as

effectively as DX and that SK can confer a similar dose-

dependent cytotoxic profile as MG. Our results also

showed that all SK, DX, TX, and MG can significantly

induce the activation of caspase 8 and expression of Bax,

suggesting that they can activate the receptor-mediated

apoptotic pathway and also have the potential to activate

the mitochondria-mediated apoptotic pathway [38, 39]. In

addition, SK and MG, but not DX and TX, can substan-

tially activate caspase 9 (Fig. 1c). Our results further

showed that the expression of XIAP, the X-linked inhibitor

of apoptosis protein, can be dose-dependently inhibited by

DX and SK, but instead be augmented by TX and MG.

From the aspect of pro and antiapoptotic molecules for the

regulation of apoptosis, we also evaluated the expression

levels of active Bax 6A7 and Bcl-2 in mitochondrial

fraction and the level of cytochrome c in cytosolic fraction.

Several studies have previously indicated that Bax activa-

tion can result in Bax oligomerization, pore formation, and

membrane permeabilization [40, 41] on the mitochondrial

outer membrane, leading to the release of cytochrome

c [42, 43] and caspase activation. Bcl-2 can prevent the

Bax oligomerization and its insertion into the mitochon-

drial membrane [43]. As we can see in Fig. 1d, Bcl-2

expression was decreased in all treated B16 cells. On the

contrary, significantly increased expressions of active Bax

6A7 accompanied with an increase in cytochrome c were

observed in different subcellular fractions of treated B16

cells, especially via DX and SK treatment. Taken together,

these results strongly suggest that, at 24-h post-treatment,

the SK- and DX-induced lethal stimulation was contributed

mainly by activation of both the extrinsic and intrinsic

apoptotic pathways (activation of caspase 8 and Bax), and

the augmentation on expression of pro-apoptosis molecules

(active Bax 6A7 and cytochrome c). On the other hand,

MG and TX appeared to act as a poor B16 cell death

inducer, due to the effect on increased XIAP expression

and a weaker activity on activation of caspases and pro-

apoptotic molecules.

Increased expression of DAMPs and tumor-associated

antigens (TAAs) in shikonin- and doxorubicin-treated

B16 cells

Expression profiles of DAMPs and the target TAAs—survi-

vin, mouse gp100 and glypican-3—in conditioned TCL of

B16 cells following treatment with SK, DX, TX or MG

Cancer Immunol Immunother (2012) 61:1989–2002 1993
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(abbreviated as SK-TCL, DX-TCL, TX-TCL and MG-TCL,

respectively) were obtained as shown in Fig. 2. Figure 2a

shows that expression levels of glypican-3 and gp100 were

increased in SK-, DX- or TX-treated B16 cells. By contrast,

MG treatment increased gp100 expression but decreased the

expression of glypican-3. Treatments with increasing but low

doses of SK (1.25–2.5 lM) were concomitant with an

increase in survivin expression; however, a further increase in

SK concentration (5–20 lM) led to the inhibition of survivin

expression. DX, TX, and MG-132 drastically inhibited sur-

vivin expression. A differential impact of test compounds on

expression of TAAs was observed. SK augmented the

expression of all five test DAMPs in a dose-dependent

manner. At 24-h post-treatment, all tested compounds

increased the expression of HSP70 and HMGB1. DX and TX

effectively induced a high-level expression of HSP70,

HSP90, CRT, and HMGB1, even at 1.25 lM. At the con-

centration of 5 lM, TX decreased the expression of GRP78

and HSP90 and slightly increased the expression of CRT

(Fig. 2b). MG-132 had only a minor suppressive effect on

CRT expression and a variable effect on GRP78 expression.

Since SK strongly and consistently induced the expression of

all tested DAMPs at 10 lM, this concentration was employed

as the ‘‘optimal dose’’ in subsequent experiments. Several

studies have shown that high level of GRP78 [44, 45], CRT

[46, 47] and HSP70 [48] on the cell surface are highly

Fig. 1 Both receptor- and

mitochondria-mediated

apoptotic signalings are

involved in the cytotoxic effect

of shikonin. B16 tumor cells

were treated with test

compounds at 5 lM for

indicated time points (a), or at

various doses for 24 h (b). Cell

viability was determined by

MTT assay. c Expression of

caspase 8, caspase 9, Bax and

XIAP. Results are

representative of three

independent experiments.

d Expression of active Bax 6A7

and Bcl-2 at the mitochondrial

fraction and the expression of

cytochrome c at the cytosolic

fraction
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immunogenic. In addition to DAMP expressions in the B16

tumor cell lysates, we observed that the cell surface exposure

of HSP70, GRP78, and CRT on the SK- or DX-treated B16

tumor cells were significantly increased, as seen in Fig. 2c.

Combinational treatment with DAMPs and LPS

activates DCs to full maturation and enhances

development of TCL-loaded DC-activated Th1/Th17

cells

To investigate the effect of TCL and/or LPS on the mat-

uration of DCs, we assayed the phenotypic change of

surface markers (CD40, CD80, and CD86) of MHC class

II? CD11c? DCs. LPS is a TLR4 ligand and served as a

positive control for DC maturation in this study. Figure 3a

shows that TCL alone increased the expression of

co-stimulatory molecules (CD80 and CD86), but had little

effect on the expression of CD40. When combined with

LPS stimulation, TCL-loaded DCs exhibited high-level

expression of CD80, CD86, and CD40. The combination of

TCL and LPS stimulation also significantly increased the

expression of IL-12p70, TGFb, and IL-6, but not IL-23, in

conditioned media of co-cultured DC and T cells. In terms

of T cell activation, after LPS stimulation, the populations

Fig. 2 Increased expression of

DAMPs and tumor-associated

antigens (TAAs) in shikonin-

and doxorubicin-treated B16

cells. B16 cells were treated for

24 h with the indicated

compounds. Tumor cell lysates

were obtained and assayed as

described in ‘‘Materials and

methods’’. a Expression of

gp100, glypican-3 and survivin.

b Expression patterns for

DAMPs in TCLs. c Expression

of surface exposure of CRT,

HSP70, and GRP78 on test B16

tumor cells treated with DMSO

(black open histogram),

SK (gray-filled histogram),

DX (black heavy line open
histogram), TX (black-dashed
line open histogram) and MG

(black-doted line open
histogram). The results shown

are representative of three

independent experiments
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of CD4?CD25?RORct? and CD4?CD25?Tbet? T cells

activated by TCL-loaded DCs were increased from 12.7 to

38.2 % and from 6.8 to 12.4 %, respectively (Fig. 3c, d).

However, without LPS stimulation, the TCL-loaded DCs

only increased the population of CD4?CD25?RORct? but

not CD4?CD25?Tbet? T cells. Most importantly, the

population of CD4?CD25?FoxP3? T cells, as a typical

Treg cell phenotype, remained low under all indicated

treatments (See Supplementary Fig. S2). Consistent with

our finding in the expression of transcriptional factors

(Fig. 3c, d), the expression of IFNc and IL-17A were

substantially augmented in DC-T co-culture supernatants

(Fig. 3e, f). Taken together, our data show that co-treat-

ment with LPS and TCL can strongly activate DCs to a

fully phenotypically and functionally maturated stage and

thus drastically enhance the subsequent development of

antigen-specific Th1/Th17 cells.

SK-TCL-loaded mature DCs exhibit high levels

of CD86 and MHC class II and activate Th1 cells

We then further investigated the effect of TCLs condi-

tioned with different agents and exhibiting different

expression profiles of DAMPs on the maturation of

Fig. 3 Treatment with TCL in

combination with LPS activates

DCs to full maturation and

enhances the development of

TCL-loaded DC-activated Th1/

Th17. a Expression of cell

surface markers (CD40, CD80,

and CD86) on untreated DCs

(gray-filled histogram), TCL-

loaded DCs (black line open
histogram), LPS-stimulated

DCs (black-dashed line open
histogram), and TCL-loaded

plus LPS-stimulated DCs (gray
line open histogram) were

analyzed by flow cytometry and

are presented as overlay

histogram plot. An isotype-

matched control mAb was used

as control in all experiments

(data not shown). b Expression

of IL-12p70, TGFb, and IL-6 in

conditioned media from the co-

culture of DCs and T cells was

analyzed by ELISA. The effect

of indicated DCs on the

development of Th1/Th17 cells

was evaluated by determining

the levels of transcription

factors RORct (c) and Tbet

(d) and of intracellular

cytokines IL-17 (e) and IFNc
(f). * P \ 0.05, between two

indicated test groups. The

results are representative of

three independent experiments
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dendritic cells in the presence or absence of LPS. Figure 4a

shows that SK-TCL and DX-TCL can significantly

increase, in the absence of LPS, the MHC class IIhiCD86hi

population in CD11c? DCs. However, with LPS stimula-

tion, populations of MHC class IIhiCD86hi cells in all tested

CD11c? DCs were much more increased, especially for

SK-TCL, DX-TCL, and MG-TCL groups. Expression of

IL-12p70 was closely correlated to the maturation status of

conditioned TCL-loaded DCs (Fig. 4b). Subsequently, we

investigated the effect of different TCL-loaded DCs, at

co-stimulation with LPS, on the development of Th1/Th17.

Figure 4d shows that DX-TCL-, MG-TCL-, as well as SK-

TCL-loaded mature DCs significantly increased the

expression of IFNc, however, no significant differences in

expression of IL-17A in all indicated treatments (Fig. 4c).

Interestingly, expression of IL-10 in these supernatants was

effectively increased in TX-TCL and MG-TCL-loaded

DCs (Fig. 4e). The high expression of IL-10 is favorable

for tolerogenic immune responses. The SK-TCL- and DX-

TCL-loaded DCs had little or no effect on the expression of

IL-10. As shown in Fig. 4f, SK-TCL-, DX-TCL- and MG-

TCL-loaded mature DCs, as stimulators, can significantly

activate T cell proliferation, in contrast to TX-TCL and

vehicle-TCL-loaded mature DCs.

Fig. 4 SK-TCL-loaded mature

DCs exhibit high levels of

CD86 and MHC class II and

activate Th1 cells. a Flow

cytometric analysis of MHC

class II and CD86 expression on

test DCs. b IL-12p70 expression

in conditioned media of

indicated TCL-loaded plus LPS-

stimulated DC-T co-cultures.

The expressions of IL-17A (c),

IFNc (d) and IL-10 (e) in

conditioned media of indicated

TCL-loaded plus LPS-

stimulated DC-T co-cultures.

Results are representative of

three independent experiments.

* P \ 0.05, when compared

with the control vehicle-TCL
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Therapeutic immunity of tumor lysate-loaded DC

vaccines against B16 melanoma

The above mechanistic studies suggest that SK-TCL, DX-

TCL or MG-TCL have the potential to effectively activate

DC maturation and induce a strong T cell immune response.

We therefore investigated possible therapeutic immunities

in DX-TCL-, SK-TCL- and MG-TCL-loaded DC-based

cancer vaccines against primary B16 melanoma (see

schema in Fig. 5a). For mice receiving mature vehicle-

TCL-loaded DCs, mature but unloaded DCs, or the PBS

control treatment, no significant CTL activity in splenocytes

was detected (Fig. 5b). However, the MG-TCL-loaded DC

vaccine triggered a good CTL activity that elicited

approximately 40 % of specific lysis at effector/target (E:T)

ratios ranging from 20:1 to 80:1. CTL activities in spleno-

cytes of mice vaccinated with SK-TCL- or DX-TCL-loaded

DC vaccines were increased with increasing E/T ratios,

reaching statistical significance at the E/T ratio of 80:1.

Figure 5c and d show that tumor growth was strongly

retarded and survival of mice greatly improved by the use of

these two vaccines as compared to PBS control or other

reference vaccine sets. The tumor sizes in MG-TCL-treated

mice and especially in SK-TCL- and DX-TCL-treated mice

were significantly smaller on day 21 (Fig. 5e) as compared

to that in mice of the TCL-vehicle control group.

Fig. 5 Therapeutic immunity

of tumor lysate-loaded DC

vaccines against B16

melanoma. a The vaccination

scheme employed in this study.

Mice were challenged s.c. with

1 9 105 B16 cells and

vaccinated with different

preparations of tumor cell

lysate-loaded DCs. b CTL

activities in splenocytes on

target tumor cells after

vaccination with DCs loaded

with SK-TCL, MG-TCL, DX-

TCL, or vehicle-TCL (control).

PBS-treated mice did not

receive any DC vaccines. The

mice in the mature DC group

were subjected to vaccination

with unloaded mature DCs.

Tumor growth (c) and survival

rates (d) in treated mice.

* P \ 0.05, when compared

with the control vehicle-TCL.

e Typical examples of tumor

appearance (in size and

morphology) in mice on day 31
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Discussion

Our present study was aimed at designing a therapeutic

cancer vaccine approach that effectively combines the

potent cytotoxic killing effect of the phytochemical

shikonin with the augmentation of immunogenicity

resulting from the stressed/dying tumor cells in the host.

Shikonin with its naphthazarin structure has been repeat-

edly shown to confer a spectrum of cytotoxic and antitumor

activities under various in vitro and in vivo experimental

conditions [6, 11, 32]. Recent studies showed that the

suppressive activity of shikonin on the proteasome involves

the interaction between C1 and C4 of the shikonin mole-

cule and the b5 subunit of proteasome, leading to tumor

growth inhibition [11]. Recently, the proteasome inhibitor

bortezomib was shown to increase the immunogenicity of

treated cells [49]. Our current study supports our hypoth-

esis that shikonin can effectively induce immunogenic cell

death. Interestingly, all six tested shikonin-derived phyto-

chemicals, which are known to confer antitumor activities,

differentially induce the expression of DAMPs (Supple-

mentary Fig. S1).

In the present study, we also investigated the mechanism

by which the dying cells modulate the immunity. As shown

in Fig. 6, the activation of caspase 8 and oligomerization of

Bax may in turn lead to mitochondria perturbation and

activation of caspase 9, leading to caspase-dependent cell

death. XIAP is known as one of the most potent apoptotic

inhibitors suppressing the activities of various caspases

[50]. The increased expression of XIAP and decreased

expression of active Bax 6A7 molecule in mitochondria

may have contributed to the relative resistance of B16

tumor cells to the cytotoxic activities of TX and MG-132

(Fig. 1c, d). Within 24 h of exposure to TX or DX, the

receptor-mediated apoptosis pathway in treated B16 cells is

activated to a greater extent than the mitochondria-medi-

ated pathway. In contrast to TX, shikonin increased the

expression of caspase 8, Bax, and caspase 9. These results

are similar to previous findings showing that the protea-

some inhibitor MG-132 can activate both caspase 8 and

caspase 9 [51]. Therefore, we conclude that the acute

cytotoxic effect of SK on B16 tumor cells may result from

a strong activation of both receptor- and mitochondria-medi-

ated apoptosis pathways. In addition, SK can significantly

activate Bax and suppress Bcl-2 expression, indicating

that SK may be prone to induce mitochondria-dependent

apoptotic pathway. The result that SK can induce a high-

level activity in releasing cytochrome c into the cytosolic

fraction is also supportive of our hypothesis. We believe

that these proposed mechanisms are useful for future tech-

nical applications of shikonin-treated tumor cell lysates as

DC-based cancer vaccines.

Dying cells undergoing infectious or non-infectious

stress may alert the immune system through receptors

recognizing DAMPs and PAMPs [21, 22]. These molecules

are known as active ingredients for adjuvants and can

confer pro-inflammatory properties [52, 53]. Although

antigen pooling of dying/stressed tumor cells may be

changed upon exposure to various test compounds in our

observation (Fig. 2a), based on previous findings [13, 54,

55], we believe that the augmented DAMPs may form a

complex with tumor antigens and thus facilitate the process

of antigen uptake. In addition, upon recognition of such

molecules, DCs are stimulated to express high levels of

CD80, CD86, and CD40 that ensure priming of effector T

cells [56]. In the present study, we hence combined

DAMPs and PAMPs signals to activate DCs to express all

the signals required for further activation of naive T cells.

The different stimuli that can drive the Th1/Th17 polari-

zation were shown to be correlated with their capacity to

trigger cytokine expression by treated DCs [56]. From the

results of DC-T co-culture experiments (Fig. 3), TCL

treatment can increase the expression of TGFb and IL-6 in

supernatants as well as the expression of RORct in T cells,

suggesting that TCL may be more favorable for promoting

Th17-mediated immune response. However, the deficiency

of IL-23 secretion, a critical factor for the survival and/or

expansion of Th17 cells, may result in restraining the

differentiation of RORct-expressing T cells to become
Fig. 6 Hypothetical model depicting key molecular mechanisms

through which shikonin may induce immunogenic cell death
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IL-17-producing T cells (Fig. 3b). On the other hand, after

LPS stimulation, TCL-loaded DCs were fully activated to

express co-stimulatory molecules and secrete cytokines,

leading to initiate both Th1/Th17 differentiations. More

interestingly, LPS stimulation seemed to preferentially

drive Th1 development with high IFNc production. How-

ever, even in the presence of low IL-23 expression, mod-

erate production of IL-17A can be also detected, which

may be supported by a previous study that high antigen

concentration in synergy with PRR-mediated activation of

DCs has been reported to drive the differentiation of IL-17-

producing CD4 T cells by mediating the CD40-CD40L

cross-talk [56]. In the presence of IL-12, Th17 cells can

convert to a Th1-like phenotype with the capacity to

secrete IFNc [57]. Both Th1-polarized and Th17-polarized

T cell clones can be armed to destroy advanced B16 tumors

[58]. In this study, the population of CD4?CD25? FoxP3?

Treg remained low under all of the conditions tested,

although an increased level of TGFb was detected in the

CD4? T cell compartment (Supplementary Fig. S2). LPS

itself can increase DC maturation, however, TCL can

provide antigenic messages to DCs, and thus generate

antigen-specific responses. Therefore, both SK-TCL- and

DX-TCL-loaded mature DCs may not only activate anti-

gen-specific Th1 cells but also augment the activity of

cytotoxic T lymphocytes, and these effects may further

result in retardation of tumor growth and a prolonged

survival rate (Fig. 6).

Based on our current findings, we propose a hypothetical

model to describe the possible molecular mechanisms by

which shikonin induces immunogenic cell death in non-

immunogenic B16 tumor cells (Fig. 6). We conclude

briefly here that shikonin can effectively induce the

expression of specific DAMPs, which in turn activate

cascade caspases in treated tumor cells. In combination

with PAMPs, shikonin-induced TCL can activate DCs to a

full level of phenotypic and functional maturation, which

in turn can increase the Th17 cell population, in particular

for the development of Th1 cells and induction of cytotoxic

T lymphocyte activity contributes to efficacious retardation

of tumor growth and prolonged the survival of test mice.

Our results hence lead us to suggest that shikonin exhibits

good potential for further development as an adjuvant for

use in tumor cell lysate-loaded DC vaccines against cancer

or other immunotherapeutic applications. The present study

may also suggest a general strategy for the screening of

phytochemicals as potential adjuvants of DC-based vac-

cines against malignancies.
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