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ABSTRACT

Programmed necrosis, necroptosis, is considered to be a highly immunogenic activity, often mediated via
the release of damage-associated molecular patterns (DAMPs). Interestingly, enhanced macroautophagic/
autophagic activity is often found to be accompanied by necroptosis. However, the possible role of
autophagy in the immunogenicity of necroptotic death remains largely obscure. In this study, we
investigated the possible mechanistic correlation between phytochemical shikonin-induced autophagy
and the shikonin-induced necroptosis for tumor immunogenicity. We show that shikonin can instigate
RIPK1 (receptor [TNFRSF]-interacting serine-threonine kinase 1)- and RIPK3 (receptor-interacting serine-
threonine kinase 3)-dependent necroptosis that is accompanied by enhanced autophagy. Shikonin-
induced autophagy can directly contribute to DAMP upregulation. Counterintuitively, among the released
and ectoDAMPs, only the latter were shown to be able to activate the cocultured dendritic cells (DCs).
Interruption of autophagic flux via chloroquine further upregulated ectoDAMP activity and resultant DC
activation. For potential clinical application, DC vaccine preparations treated with tumor cells that were
already pretreated with chloroquine and shikonin further enhanced the antimetastatic activity of 4T1
tumors and reduced the effective dosage of doxorubicin. The enhanced immunogenicity and vaccine
efficacy obtained via shikonin and chloroquine cotreatment of tumor cells may thus constitute a
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compelling strategy for developing cancer vaccines via the use of a combinational drug treatment.

Introduction

Recently, cell demise in certain contexts has been shown to
elicit immune responses against specific cellular determinants,
a phenomenon described as immunogenic cell death (ICD)."*
ICD can be characterized by the expression of damage-associ-
ated molecular patterns (DAMPs). DAMPs are a group of mol-
ecules that can confer specific cellular functions in normal live
cells but are actively released from the stressed or injured cells
or exposed on their cell surface, mediating the onset of a spec-
trum of cell-mediated immune responses.” ICD can be found
in 3 types of cellular activities, apoptosis, cell death with/by
autophagy, or necrosis. Necrosis has been previously consid-
ered to be a result of accidental cell death. However, recent
genetic and biochemical studies have revealed that there are
multiple regulatory pathways for necrosis.* Regulated necro-
sis, also termed necroptosis, was originally considered as a
form of nonapoptotic cell death that takes place upon treat-
ment of specific test cells with TNF in the presence of CASP/
caspase inhibition.>®” Other studies have also suggested that
necroptosis could be mediated via different cell events and

signaling pathways.® Irrespective of the possible difference in
the contributing pathways, necroptosis is commonly character-
ized by the assembly of receptor interacting protein (RIPK1)-
and RIPK3-expressing necrosomes that could be inhibited by
necrostatin-1 (NEC-1).°

Necroptosis has been suggested to generate immunogenic
activity which is conventionally defined as a consequence of the
release of DAMPs upon secondary necrosis.'® Conversely, the
process of necroptosis has also been shown to be closely associ-
ated with enhanced autophagic activity."""*> Although some evi-
dence has demonstrated the indispensable roles of autophagy in
the release of DAMPs and DAMP-mediated apoptotic ICD
activity,'*"” the direct involvement of autophagy in DAMP-
mediated immunogenicity in necroptotic death is lacking.

Hundreds of candidate or commercialized cancer drugs have
been screened for their ability to induce ICD.'®'* Among these
ICD drugs, shikonin (SK) is classified as a type I ICD inducer
that promotes either apoptosis or necroptosis depending on the
cell types and treatment regimens.”’*” In this study, we show
that SK can induce RIPK1/3-mediated necroptosis in mouse
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mammary tumor cells, 4T1-luc2 cells. The resultant necroptotic
cell death was accompanied by enhanced autophagy, which was
in turn generated by an elevated level of reactive oxygen species
(ROS). In addition, the ectolocalization of DAMPs was upregu-
lated in an autophagy-dependent manner. The SK-treated
mammary tumor cells were a very efficient treatment model
when used in a DC-based cancer vaccine formulation. Most
interestingly, this increase in immunogenicity can only be
attributed to the surface DAMPs (ectoDAMPs), but not the sol-
uble DAMPs. Moreover, the ectoDAMP activities in test cells
were further enhanced by interrupting the autophagic flux, and
the SK treatment with blockage of autophagic flux also effec-
tively stimulated DC activation and the derived vaccine effi-
cacy. Together, our findings demonstrate that the onset of
immunogenicity by necroptosis can be attributed to autoph-
agy-dependent DAMP expression. Our results also revealed a
specific and alternative mechanism for mediating the immuno-
genicity of necroptosis in tumor cells, and provide a strategy
for improving the DC-based cancer vaccine.

Results
Shikonin induced necroptosis in 4T1-luc2 tumor cells

Shikonin (SK) has recently been classified as an ICD
inducer.'®'” that can instigate cell apoptosis and necroptosis,
depending on the test concentrations and treated cell
types.”>***®* To determine the cell death mode of SK-treated,
mouse stage IV mammary carcinoma 4T1-luc2 cells, increasing
dosage of SK was applied and cell viability was determined at
24 h by MTT assay. Test 4T1-luc2 cells remained completely
viable until the SK concentration reached 1 1M, at which point
approximately 70% cells were still viable. Cell survival rate con-
tinued to decrease in a dose-dependent manner, and complete
cell demise was detected at 16 uM SK. The ICs, value was
determined to be 1.58 uM (Fig. 1A). Furthermore, our results
showed that expression of both cleaved CASP3 (caspase 3) and
CASP8 (caspase 8) were only detectable in the TNF plus cyclo-
heximide (TC) treatment and these activities were not detect-
able with any of the other SK treatments (Fig. 1B). Results
obtained from the time course experiment were also consistent
with the notion that 4T1-luc2 cells treated with SK under our
test conditions did not undergo apoptosis (Fig. S1A). In accor-
dance, SK-mediated cell death was also not rescued by the pan-
caspase inhibitor, zVAD-fmk (Fig. 1C). In addition, SK-
induced cell death was not affected by treatment with the
autophagy inhibitor, 3-methyladenine (3-MA) (Fig. 1C) and,
consistently, when expression of ATG5 and BECN1/beclin-1
was suppressed by treatment with specific siRNA (Fig. 1E).
Together, these results demonstrate that 4T1-luc2 cell demise
resulting from SK treatment could not have been attributed to
apoptosis or excessive autophagic activities. In contrast, as the
inhibitors that specifically diminish necroptotic activity via
binding to RIPKI and RIPK3, necrostain-1 (NEC-1)” and
GSK'872%° were indeed able to protect test 4T1-luc2 cells from
death rendered by such SK treatment (Fig. 1C). In addition,
specific siRNAs, such as siRipkl and siRipk3, were used to
inhibit necroptosis and were applied to further support the pos-
sible mechanism of necroptosis signaling in SK-induced cell
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death by using ANXA5/annexin V and propidium iodide (PI)
double-staining assay. As Fig. 1E shown, SK mainly induced
ANXA5- and PI-double-positive cells, and much fewer
ANXAS5-positive and PI-negative cells. This result suggests that
4T1 cells treated with SK underwent necrosis, rather than early
apoptosis. In cells treated additionally with siRipkI or siRipk3,
SK-induced cell death was drastically inhibited, ie., with SK
treatment ANXA5- and PI-double-positive cells were drasti-
cally reduced from 75% to around 20% or even 15%. We also
detected cell death in treatment with a known necroptotic stim-
ulus, TNF + cycloheximide + zVAD-fmk (TCZ), in combina-
tion. The level of ANXA5- and PI-double-positive cells with
TCZ treatment was similar to that observed for SK treatment.
In cells treated additionally with siRipkI or siRipk3, SK-induced
cell death was drastically inhibited, ie., with SK treatment
ANXAD5- and PI-double-positive cells were drastically reduced
from 75% to around 20% or even 15%. This result suggests that
SK-induced necrotic cell death can be regulated by the RIPK1
and RIPK3 signaling pathway system. According to RIPK3-
dependent necroptosis, SK also increased the expression of
phosphorylated MLKL in a dosage-dependent way, and this
effect was also detected in necroptotic cells (via TCZ treatment)
(Fig. S1B). Together, our results strongly suggest that a complex
mode of RIPK1/3 involving necrosome activity is necessary for
the onset of necroptosis in 4T1-luc2 cells when treated by
5 uM SK for 24 h. When subjected to morphological examina-
tion revealed by transmission electron microscopy (TEM),
4T1-luc2 cells treated as above displayed severe vacuolation
and mitochondria swelling without chromatin condensation,
and all of which were absent in untreated control counterparts
(Fig. 1F). Based on these results, we thus conclude that 4T1-
luc2 cells treated with SK for 24 h exhibited strong necroptotic
activity under our experimental conditions.

SK-treated 4T1-luc2 cells effectively immunized mice
against primary tumors

One key criterion for effecting ICD activity is the capability of
the in vitro treated tumor cells to elicit an immune protection
response in mice against a subsequent challenge with the
untreated tumor cell counterparts in the absence of any adju-
vant treatment.”’”> To examine whether the SK-treated 4T1-
luc2 cells can die from the ICD pathway, we then carried out
the following experiments. Two groups of 10 wild-type mice
each were immunized via subcutaneous injection with either
10° or 5 x 10°> 4T1-luc2 cells treated by 5 uM SK for 24 h.
Sham operation and mice immunized with the same number of
4T1-luc2 cells that underwent freeze and thaw (F/T) cycles
were included as control mice. At 7 d postvaccination, mice
were orthotopically implanted into mammary fat pad with 5 x
10° live 4T1 tumor cells. Tumor growth was measured every 3
d and mice survival was monitored starting at 7 d post-tumor
implantation. As shown in Fig. 2A, in comparison with the
control mice groups and F/T treatment groups, mice treated
with half a million, dying SK-treated 4T1 cells showed signifi-
cantly less activity in tumor growth (Fig. 2A). In accordance,
this group of vaccinated mice also showed a lower rate of tumor
formation (Fig. 2B) and a prolonged survival time (Fig. 2C).
The bioluminescence imaging (BLI) data further demonstrated
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Figure 1. Shikonin (SK) induced necroptosis in 4T1-luc2 tumor cells. (A) The effect of SK on cell viability. 4T1-luc2 cells were treated with increasing concentrations of SK
for 24 h and cell survival was determined by MTT assay. (B) Effect of SK on enzyme markers. Test cells were treated with 0, 1.25, 2.5, and 5 M SK for 24 h and total cell
lysates were harvested and subject to SDS-PAGE. Combinational treatment with 20 ng/mL TNF and 10 p.g/mL cycloheximide (TC) for 24 h was applied as the positive con-
trol for apoptosis. Expression of CASP8, CASP3, and PARP1 was determined by western blot analysis. (C) Effect of NEC-1, GSK'872, zZVAD-fmk, and 3-MA on SK-induced cell
death and TCZ (TNF+cycloheximide+zVAD-fmk)-induced necroptosis. 4T1-luc2 cells were treated with 50 M SK for 24 h and in presence or absence of 50 uM NEC-1,
40 M zVAD-fmk, 5 mM 3-MA, or 3 uM GSK'872. Test cells also were treated with 20 ng/mL TNF, 10 £g/mL cycloheximide, and 40 M zVAD-fmk in combination for 24 h
as the necroptotic stimulus. Cell viability was determined using the MTT assay. (D) Efficacy of specific siRNAs for Atg5, Becn1, Ripk1, and Ripk3 in 4T1-luc2 tumor cells. 4T1-
luc2 cells were transfected with siAtg5, siBecnl, siRipk1, and siRipk3 for 24 h and interference efficacy was determined by using western blot at 72 h post transfection.
Numbers below each strip indicate the relative staining intensities of test proteins. (E) Effect of knocking down siAtg5, siBecn1, siRipk1, and siRipk3 expression on SK-medi-
ated cytotoxicity and TCZ-induced necroptosis. 4T1-luc2 cells with or without treatment with siAtg5, siBecn1, siRipk1, or siRipk3 siRNA were then treated with 5 uM SK or
TCZ for 24 h and cell viability was determined by ANXA5 and PI staining. (F) Subcellular morphology of SK-treated cells. Ultrastructure of typical 4T1-luc2 cells treated
with 5 M SK for 24 h was visualized by transmission electron microscopy. Numerous swollen mitochondria (=) and vacuoles (<) were observed as indicated. Data are
expressed as mean =+ SD of triplicate determinations. Data presented are from one of 3 representative experiments.

the substantial effect on primary tumor growth (Fig. 2D).
Human breast cancers with triple-negative (TN) characteristics,
the estrogen receptor-negative, progesterone receptor-negative,
and human epidermal growth factor receptor 2-negative phe-
notypes, are resistant to target therapies and possess the highest
relapse and metastasis rates among breast cancers.”>>* There-
fore, we next investigated whether SK-treated 4T1 cells could
mediate a therapeutic benefit on distant visceral metastasis. In
this treatment model, mammary tumors orthotopically
implanted were removed at 18 d postimplantation. One day

post tumor resection, mice were subjected to vaccination via
intraperitoneal (i.p.) injection of 5 x 10> SK-treated 4T1-luc2
cells once a wk for 2 consecutive wk. Mice with sham operation
and 4T1-luc2 cells with F/T were used as controls. Post-tumor-
resection metastasis was determined by bioluminescence imag-
ing (BLI) results (Fig. S2A) and survival rates were recorded.
As shown in Fig. S2B, after tumor resection, tumor metastasis
in test mice developed with virtually identical kinetics regard-
less of the treatments. In addition, survival benefits were
also not observed (Fig. S2B and S2C). Therefore, whereas
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Figure 2. SK-treated 4T1-luc2 cells effectively immunized mice against primary tumors. Test mice (n = 10) were vaccinated with varying dosages (cell numbers) of F/T
treated 4T1-luc2 cells or test cells treated with 5 M SK for 24 h. At 7 d post-vaccination, live 4T1-luc2 tumor cells were implanted. (A) Tumor growth rate. Tumor volume
was monitored until 37 d post tumor implantation. (B) Tumor-free incidence and (C) mouse survival rates were recorded until 70 d post tumor implantation. (D) Tumor
progression in test mice visualized by bioluminescence imaging (BLI). BLI was determined at 28 d post tumor implantation. Fluorescence images are shown to present

data on tumor growth.

SK-instigated ICD activity may be effective against the primary
mammary tumor formation, it failed to confer protection
against tumor metastasis under the specific experimental con-
ditions shown in Fig. S2B and S2C. As direct vaccination with
necroptotic 4T1-luc2 cells failed to protect test mice from
tumor metastasis, we next attempted to evaluate the capacity of
a DC-based vaccine regimen.

SK-DC vaccine is effective in preventing metastasis

To demonstrate the in vivo efficacy of a DC-based vaccine we
generated as described above, 10-d BM-DCs samples were
cocultured with 4T1-luc2 cells which were treated with 5 uM
SK for 24 h or underwent 4 repeats cycles of F/T. Naive DCs,
F/T-DCs, and pulsed DCs (SK-DCs) were then washed and iso-
lated and 1 x 10° cells were i.p. injected into test mice, starting
at one d post tumor resection. Mice were vaccinated weekly for
2 wk. Mice of the counterpart group were treated with 5 mg/kg
doxorubicin (Dox), as scheduled with DC vaccine. In addition,
a therapy regimen combining the DC vaccination with Dox
(Dox + SK-DCs) was also performed with identical scheduling.
The percentages of tumor-free mice and survival rates were
monitored and recorded up to 80 days post tumor implanta-
tion. Results of this 4T1 tumor-resection experiment showed
that as compared with phosphate-buffered saline (PBS)-treated,

naive DCs (DCs), and F/T-DCs mouse group, all treatment
groups showed a significantly lower level of metastasis and pro-
longed survival time (Fig. 3A and 3B). Dox is known to be quite
effective in suppression of tumor metastasis, which was con-
ferred a 66% metastasis-free rate at the end of the experiment
(P < 0.001), and the DC vaccine treatment was comparatively
effective in this regard (P < 0.01). In comparison with the
mock-treated mice that die with a median survival of 33 d,
experimental treatment groups all showed significant improve-
ment in median survival (Fig. 3B). The survival time of Dox-
treated mice (P < 0.01), SK-DCs (P < 0.01), and combinational
therapy (P < 0.001) were all significantly different from F/T-
DCs treated mice. Furthermore, the bioluminescence imaging
(BLI) data at 40 d post-tumor implantation further showed the
antimetastatic effect of all treatment groups as compared with
the PBS-treated group (Fig. 3C). In our other similar experi-
ment, tumor-free mice and survival rates were monitored and
recorded up to 160 d post-tumor implantation. Interestingly,
this result showed that DC vaccine and combinational therapy
could maintain the higher survival rates and low metastasis
incidence of test mice (50%) at the experimental endpoint as
compared with Dox-treated group (20%) (Fig. S3A and S3B).
Based on our findings, we consider that this vaccine could be
more benefit in prolonging survival rate of test mice than the
chemotherapy alone under our experiment conditions.
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Figure 3. SK-DC vaccine is effective in preventing metastasis. Mice (n = 9) were implanted with 4T1-luc2 cells and tumors were surgically removed at 18 d postimplanta-
tion. Test mice were then vaccinated 1 d later via i.p. injection with 1 x 10°/100 L naive DCs, F/T-treated 4T1 cell-pulsed DCs, or SK-treated 4T1 cell-pulsed DCs (SK-
DCs). Two groups of mice were also treated intravenously with 5 mg/kg Dox, but with or without i.p. injection of test DC vaccine, named the Dox and Dox + SK-DCs
groups. (A) Bioluminescence imaging of metastatic tumor progression in mice followed. Levels of tumor metastasis in test mice at 40 d post tumor implantation were
determined by BLI. The label “D” indicates the mouse died before imaging. The metastasis-free incidence (B) and survival rate (C) of test mice were recorded until 80 d
post- tumor implantation. Log-rank test was applied for statistical analyses of survival rate and metastasis-free incidence analysis.

SK-induced DAMP release and DAMP ectolocalization by
4T1-luc2 cells

The success of a DC vaccine regimen has been reported to be
most likely attributed to the upregulated expression of DAMPs
by treated tumor cells that in turn activate the cocultured
DCs.” To examine the release of DAMPs by SK-treated 4T1-
luc2 cells, conditioned culture media were collected from test
cells in culture and subjected to western blot analysis. As shown
in Fig. 4A, the release of DAMPs including HSP90AAI,
HSPA1A and CALR (calreticulin) was found to be gradually
increased when cells were treated with increasing concentra-
tions of SK. The levels of both LDHA (lactate dehydrogenase
A) and the examined DAMPs, except CALR, in test media
from SK-treated cells were similar to those collected from F/T
treated cell counterparts. The extracellular expression of test
DAMPs was verified by using correspondent ELISA, which was
consistent to our results in western blot analysis (Fig. S4). These
results suggested that at 24 h post SK treatment, 4T1-luc2 cells
were basically intact in comparison to F/T-treated cells. To our
surprise, expression of ectoDAMPs that have been previously
reported only for apoptotic cells’® was also readily detected in
our test cells. SK-treated tumor cells were visualized for expres-
sion of ectoDAMPs by confocal microscopy through indirect
immunofluorescent staining. The expression of DAMPs includ-
ing HSPA1A, HSP90AA1, and CALR in SK-treated tumor cells
was mainly located on the cell surface as compared with
untreated tumor cells (Fig. 4B). At 1 h post treatment with
2 uM or 5 uM SK, approximately 20% and > 60% 4T1-luc2
cells were detected to induce the ectolocalization of HSP90AA1,
respectively (Fig. 4C, upper panel). At 2 uM SK, the population

of test cells having ecto-HSP90AA1 kept increasing to approxi-
mately 50% over a time course of 9 h of treatment, and then
remained at a plateau level. At the test concentration of 5 uM,
the ectolocalization of HSP90AA1 was reached and maintained
at a maximal level of approximately 80% of test cells (Fig. 4C,
upper panel), beginning at 3 h post-treatment and was then
sustained there after (Fig. 4C, upper panel). The ectolocaliza-
tion kinetic of HSPA1A also followed a similar dose- and time-
dependent pattern, but considerably lower percentages
(approximately 38% to 56%) of test cells were involved
(Fig. 4C, middle panel). CALR was known to provide the “eat
me” signal for phagocytes to pick up the apoptotic cells. In this
study, we were able to detect the upregulation of ecto-CALR on
SK-treated cells, though at a much lower level (= 14 to 31%)
with fewer test cells responding (Fig. 4C, lower panel). As for
the expression intensity at the cellular level, 5 uM SK elicited
the highest ectolocalization level of 3 DAMPs among all test
dosages (Fig. 4D).

Immunogenicity of SK-induced 4T1-luc2 ICD occurs in a
cell-to-cell-interaction-dependent manner

The immunogenicity of cell necroptosis has been previously
attributed to passively secreted or released DAMPs. Given that
both the secreted and the surface forms of DAMPs were upre-
gulated by SK-treated 4T1-luc2 cells, we decided to examine
their respective contribution to the action of DC activation.
Test 4T1-luc2 cells were treated with 5 uM SK for 24 h, cells
were pelleted and the supernatants were collected. Pelleted
tumor cells were resuspended and cocultured with 10-d bone



AUTOPHAGY (&) 783

A 1 mM NAC
SK(M) 0 125 25 5 0 125 25 5 FIT
HSPI0AA1 e e

B HSP90AA1 HSPA1A CALR

Ctrl

SK

D $
& 100 §  500) ——p<001—
%eo % 400{ —p<005—
T o geg™
% 40 S <20
20 % 100
w
= 0 e
7 0 05 1 2 5
SK (uM)——
— 60, M Cri
-y 5 e
p ’ , —p <005
g 40{ O 5,MsK A
< 8 60
i $c
% T = 40
T, g=
1 3 6 9 122 24 < 20
Time (h) g
40y W Cti I 0 05 1 2 5
§ 0.5 yM SK SK (uM)
.320< ‘ § 1009 =—p <0.05=
gm S e
gf 60
0 8=
1 3 6 9 12 24 g“ 40
Time (h)
@ 20
3
0 05 1 2 5
SK (yM)

Figure 4. SK induced DAMP release and DAMP ectolocalization by 4T1-luc2 cells. (A) Effect of SK on the release of test DAMPs and LDHA from tumor cells. 4T1-luc2 cells
were treated with increasing concentrations of SK for 24 h and test culture media were harvested. Proteins in conditioned media were fractionated by SDS-PAGE and sub-
jected to western blotting using anti-HSP90AA1, HSPA1A, and CALR Ab. LDHA was used as a control. (B) Imaging of DAMP ectolocalization in SK-treated cells. The expres-
sion levels of a single surface DAMP (white triangle) were visualized by confocal microscopy and compared among treatment groups. Ectolocalizations of HSP90AAT1,
HSPA1A, and CALR were compared. Bar: 20 um. (C) Time course and dosage effect of SK on 4T1 cells. Test cells treated with different concentrations of SK for 1 to 24 h
were subjected to the corresponding antibody staining and subjected to flow cytometry analysis. Percentages of cells expressing respective ectoDAMP were determined.
(D) The dosage-dependent effect of SK on the ectolocalization of HSPATA/90 and CALR. Test cells treated for 24 h with the indicated SK dosage were analyzed for the
ectolocalization of DAMPs. Data are expressed as mean + SEM of triplicate determinations. P value was determined by a one-way ANOVA with Tukey's test. Data pre-
sented are from one of 3 representative experiments. MFl, mean fluorescence intensity.
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expression of CD40, CD80, CD86, and H2-1 molecules was determined on 10-d-old freshly purified BM-DCs (thin line/white area). The corresponding isotype controls were
also used (gray area). (B) The effect of ectoDAMPs versus the release of DAMPs on DC activation. 4T1-luc2 cells treated in the presence or absence of 5 M SK for 24 h
were centrifuged. The resulting supernatants were collected and used as conditioned media for BM-DC culturing. The expression of 4 activation markers in DCs was ana-
lyzed at 24 h postcoculturing with tumor cells (upper panel). 4T1-luc2 cells that were collected were washed, resuspended, and used to coculture BM-DCs using a trans-
well apparatus. DCs were harvested 24 h after incubation and the cell activation status determined (middle panel). Aliquots of collected 4T1-luc2 cells were also mixed
with BM-DCs at a 1:1 ratio and expression of CD40, CD80, CD86, and H2-l molecules were determined by flow cytometry analysis (lower panel). (C) Antibody blocking of
ectoDAMP expressions in SK-treated tumor cells suppressed DC activation. SK-treated 4T1 cells were incubated with or without anti-HSPA1A, anti-HSP90AA1, and anti-
CALR antibodies (+ Abs) for 2 h before they were cocultured with BM-DCs. After incubation for 24 h, test cells were harvested and the expression of CD40, CD80, CD86
and H2-I molecules on BM-DCs was determined via flow cytometry analysis. (D) The effect of SK-treated cells on expression of specific proinflammatory cytokines in DCs.
Conditioned coculture medium of DC + 4T1 cells was harvested and the levels of secreted IL1B, IL6, and IL12B were determined by ELISA. Data are expressed as mean +
SEM of triplicate determinations. P value was determined by a one-way ANOVA with Tukey’s test. Data presented are from one of 3 representative experiments.



marrow-derived DCs (BM-DCs) for 24 h. Another set of BM-
DCs were cultured with the supernatant. Test 4T1-luc2 cells
were also cultured with BM-DCs by using transwell apparatus.
BM-DCs were harvested at 24 h postculturing and the expres-
sion of CD40, CD80, CD86, and H2-1 molecules was quantified
by flow cytometry analysis. Fig. 5A shows that BM-DCs consti-
tutively expressed basal levels of the 4 specific markers exam-
ined. Culturing DCs in the DAMP-containing, conditioned
medium collected from necroptotic 4T1-luc2 cells did not
result in any change in the expression of test markers (Fig. 5B,
upper panel). These results were also supported by the results
obtained from the transwell experiments, which showed that
the release of DAMPs into the culture medium was unable to
efficiently activate test DCs (Fig. 5B, middle panel). Interest-
ingly, expression of 4 test markers on test DCs were reduced in
coculture with untreated 4T1-luc2 cells. In contrast, the upre-
gulation of 4 test markers was able to detect on DCs in coincu-
bation with SK-treated 4T1-luc2 cells as comparison with
untreated 4T1-luc2 cells (Fig. 5B, lower panel). To determine
the role of ectoDAMPs in tumor cells on DC activation, treated
tumor cells were incubated with anti-HSPA1lA, anti-
HSP90AA1, and anti-CALR antibodies for 2 h prior to cocul-
ture with BM-DCs. As shown in Fig. 5C, the expression of 4
test molecules were reduced to a similar level of untreated
tumor cells as the ectolocalization of DAMPs in SK-treated
tumor cells was retarded by the antibody treatment. Impor-
tantly, these apparent cellular interaction-mediated activities
were substantially increased upon direct interaction of test DCs
with SK-treated 4T1-luc2 cells. In accordance, significantly
higher levels of IL6 (interleukin 6), IL1B (interleukin 1 beta),
and IL12B (interleukin 12B) were also produced by the cocul-
tured BM-DCs (Fig. 5D). We also conducted an in vivo experi-
ment to block the function of ectoDAMPs with neutralizing
antibodies in a DC-based therapy model, and investigated the
contribution of ectoDAMPs to immunogenicity in necroptotic
tumor cells. Our results show that the SK-pulsed DC vaccine
(SK-DCs) was able to significantly reduce 75% of test tumor
metastasis and prolonged survival time (75% prolonged sur-
vival) of test mice at the end of experimental period (at 83 d
post-tumor implantation). Furthermore, when DCs were
pulsed with SK-treated tumor cells in which the function of
SK-induced ectoDAMPs was disrupted by the specific antibod-
ies treatment, the antimetastasis efficacy of the test vaccine (SK
+Abs-DCs) was effectively reduced to the level of the control
group (Ctrl). From bioluminescence imaging on 47 d post
tumor implantation, 6 and 4 test mice (n = 8) had visible tumor
metastasis in Ctrl and SK+Abs-DCs groups. In contrast, the SK
group had only 2 test mice with tumor metastasis (Fig. S5A). In
addition, the median of survival time for the SK+Abs-DCs
group (71.5 days) was similar to that of the Ctrl group (69
days) (Fig. S5C). These results together strongly suggest that it
is the presence of cell surface ectoDAMPs, instead of the pas-
sively released DAMPs secreted from treated 4T1-luc2 cells,
that instigated the in vitro activation of testing DCs.

SK induced autophagy in 4T1-luc2 cells

A number of recent studies have illustrated the indispensable
role of autophagy in DAMP release and the subsequent cell

AUTOPHAGY (&) 785

death-mediated immune responses.3 7 However, the involve-
ment of autophagy in the ectolocalization of DAMPs during
cell necroptosis has not been previously revealed. To examine if
autophagy can be triggered in tumor cells by SK, cell lysates
were prepared from 4T1-luc2 cells that were treated for 24 h
with increasing concentrations of SK, then harvested and ana-
lyzed for autophagic activities. As shown in Fig. 6A, de novo
formation of the ATGI2-ATG5 complex and synthesis of
ATG?7 were found to be gradually increased at relatively high
concentrations of SK.*' Lipidated MAP1LC3B (MAP1LC3B-II/
LC3B-II) level was also increased upon SK treatment with a
drastically similar dose-dependent pattern. In addition, time
course studies of 5 £M SK-treated cells showed that autophagic
activity was enhanced in a temporal manner, starting at 6 h
and continuing to increase throughout the 24-h experimental
period (Fig. 6A, right panel). At the last time point tested, LC3-
IT level was further enhanced when 4T1-luc2 cells were treated
with 5 uM SK by combination with chloroquine (CQ), and this
is a unique characteristic of an autophagic flux (Fig. 6B).”
These results were further analyzed using confocal microscopy,
which showed LC3B-positive green punctate staining in the
SK-treated and CQ-treated cells and in cells cotreated with
both SK and CQ (Fig. 6C, left panel), but not in control sample.
The level of puncta in test cells was then quantitatively ana-
lyzed, and the results showed that the numbers of LC3B-posi-
tive puncta were significantly higher than those presented in
control counterparts (Fig. 6C, right panel). Treatment of cells
with SK in combination with CQ was observed to further
enhance the formation of LC3B activity in this assay. In addi-
tion, 4T1-luc2 cells were then transfected with plasmids con-
taining mCherry-EGFP-LC3B; mCherry” GFP* and stable cell
clones were selected. Valid mCherry”™ GFP" stable clones were
then treated with 5 uM SK, and the effect examined by confo-
cal microscopy to characterize the sequential cellular activities
of autophagy. As shown in Fig. 6D, all green fluorescent puncta
in small sizes were found to coemit red fluorescence, indicating
the bona fide autophagosome nature of treated cells.”® In con-
trast, the majority of puncta emitted only the red fluorescence.
These red-only puncta were known to be characteristic of the
more acidic autolysosomes. In addition, such SK-treated 4T1-
luc2 cells were examined by TEM to observe the double-mem-
brane structure, which is the critical ultrastructure of autopha-
gosomes.””*” The result shown in Fig. 6E indicated that SK
induced autophagosomes that enclosed some membranous
organelles. Together, our results thus indicate that compared to
the untreated cells, readily detectable autophagic activities were
induced in SK-treated cells at all tested concentrations.

SK-induced DAMP ectolocalization is closely associated
with the enhanced autophagic activity

As shown above in this study, we clearly demonstrated that SK
elicited autophagic activity in 4T1-luc2 cells. We then investi-
gated the association of this autophagy with DAMP ectolocali-
zation. The expression of ATG5 and BECNI in 4T1-luc2 cells
was first diminished through siRNA knockdown. Test cells
were then subjected to treatment with 5 M SK for 24 h, a time
point at which the ectolocalization of DAMPs was found to
have plateaued. As shown in Fig. 7A, ectolocalization of
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Figure 6. SK induced autophagy in 4T1-luc2 cells. (A) Effect of SK on the expression of autophagy-related proteins in test cells. Expression of the ATG12-ATG5 complex,
ATG7 and LC3B in 4T1-luc2 cells treated with increasing concentrations of SK for 24 h were sequentially analyzed by SDS-PAGE and western blot analysis. The numbers
under each strip represent the relative protein densities of each treatment compared to the 0 h control (left panel). Relative expression ratios of LC3-II in cells treated
with 5 «M SK were examined in a time course experiment (right panel). (B) Effect of SK on autopagic flux. LC3-I and LC3-Il expression in 4T1-luc2 cells treated with 5 uM
SK for 24 h in the presence or absence of CQ, determined by western blot analysis. (C) Effect of SK on LC3B expression at the subcellular level. LC3B proteins stained as
fluorescent puncta were detected by indirect immunofluorescence using anti-LC3B monoclonal antibody and resolved by confocal microscopy in 4T1-luc2 cells treated
with SK as stated above, in the presence or absence of CQ (left column, left panel). Nuclei were stained with DAPI (in blue color, middle column). Subcellular localization
of puncta was indicated (right column) and scored. Bar: 60 um. The puncta (right panel) value indicates the mean + SEM scored from at least 30 cells. Data are
expressed as mean £ SEM of triplicate determinations. P values were determined based on a one-way ANOVA analysis with Tukey's test. (D) Effect of SK on autophagic
flux as visualized through the expression of mCherry-LC3B-GFP. 4T1-luc2 cells stably expressing transgenic mCherry-LC3B-GFP were subjected to SK treatment as above
and resolved by confocal microscopy. Cells expressing mCherry-LC3B or GFP-LC3B are indicated. Subcellular location was assessed by DAPI (in blue). Colocalization of
mCherry- with GFP-LC3B puncta is also shown. Bar: 15 ;um. Data presented are representative one of 3 different experiments. (E) Subcellular morphology of SK-induced
autophagy in test cells. Ultrastructure of 5 uM SK-treated 4T1-luc2 cells was revealed by transmission electron microscopy. The double-membrane structures of autopha-
gosomes (black arrowheads) are indicated.
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examined DAMPs, including CALR and HSP90AA1, was sub-
stantially (> 70%) suppressed and ectolocalization of HSPA1A
was partially inhibited (> 40%) upon the inhibition of autoph-
agy by Atg5 and Becnl siRNAs, suggesting that their expression
is an autophagy-dependent activity. Similarly, these effects on
inhibition of SK-induced DAMP ectolocalization could also be
found in necroptosis-deficient cells (siRipkl and siRipk3). To
further characterize the association of autophagy formation
with the expression of DAMP, mCherry-GFP-LC3B transfected
stable cell clones were treated as above and cell lysates were

prepared. Proteins conjugated with mCherry that remained
attached to the autophagy-related vesicles of different stages
were then pulled down by immunoprecipitation. Interestingly,
HSPA1A, HSP90AA1, and CALR were all readily co-immuno-
precipitated with mCherry-labeled LC3-II in SK + CQ treated
cells (Fig. 7B), suggesting a close association between the levels
of DAMPs and autophagic activity. This close association was
further supported by the significantly enhanced expression of
ectoDAMPs upon blockage of the fusion between autophago-
some and lysosome (Fig. 7C). To reflect the role of autophagy
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Figure 7. SK-induced DAMP ectolocalization is closely associated with enhanced autophagic activity. (A) Effect of knocking down ATG5, BECN1, RIPK1 and RIPK3 expres-
sion on SK-mediated DAMPs ectolocalization. 4T1-luc2 cells were transfected with a knockdown siRNA for Atg5, Becn1, Ripk1, and Ripk3. At 72 h post-transfection, cells
were treated with 5 uM SK for 24 h and ectolocalization of several DAMPs were determined by flow cytometry analysis. (B) Cell lysates were prepared from SK-treated
mCherry-GFP-LC3B-transfected stable cell clones. Protein complexes were pulled down via immunoprecipitation by using anti-mCherry antibody and subjected to SDS-
PAGE and western blotting analyses. (C) The effect of CQ on SK-mediated DAMP ectolocalizations. 4T1-luc2 cells were treated by 2 or 5 M SK in the presence or absence
of CQ. Ectolocalizations of DAMP were determined by flow cytometry analysis. Data are expressed as mean £ SEM of triplicate determinations. P values were determined
based on a one-way ANOVA analysis with Tukey's test. All data are from one experiment, representative of at least 3 independent experiments. MFI, mean fluorescence

intensity.

and necroptosis on subsequent DC activation, SK-treated
tumor cells with autophagy and necroptosis deficiency were
applied to co-incubate with DCs and examined DC activation.
As long as necroptosis signaling or autophagy activities were
hindered, the DC activation of SK-mediated immunogenicity
was significantly decreased to the level of the naive DCs group
(Fig. S6A). This finding indicated the critical role of autophagy
activity and necroptosis signaling on SK-mediated immuno-
genic cell death. Conversely, 4T1-luc2 cells treated with SK in
combination with CQ activated DCs with a much higher
potency (Fig. S6B).

22,40,41

Given that SK triggers ROS production and subsequent
proteasome damage*>*’ in a variety of cell types tested, we exam-
ined the possibility for these sequential events in SK-treated 4T1-
luc2 cells. One h after SK treatment, ROS levels in test cells were
significantly elevated in a concentration-dependent manner
(Fig. S7A). This effect was completely reversed when SK-induced
ROS production was inhibited by the ROS scavenger N-acetylcys-
teine (NAC). Compared to the untreated cells, proteasome activ-
ity was reduced to approximately 70% and 20% when cells were
treated with 1 and 5 uM SK, respectively (Fig. S7B, left panel).
Consistent with this result, the increased accumulation of
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ubiquitinated proteins in SK-treated cell lysate was also reverted
by treatment with NAC (Fig. S7B, right panel). Moreover, we
show that this ROS generation in SK treatment was able to
directly contribute to the detected cell death, because NAC pre-
vented the 4T1-luc2 cells from SK-instigated cell death (Fig. S7C,
SK 91.3% vs. NAC + SK 2.1%). In an attempt to verify the com-
pensatory role of selective autophagy during proteasome dysfunc-
tion as previously reported,” we then evaluated the activity of
ubiquitinated proteins and SQSTMI1 (sequestosome 1) in SK-
treated cells. As revealed in Fig. S7D, 4T1-luc2 cells treated with
SK displayed drastically more colocalization of ubiquitinated pro-
teins and SQSTMI proteins as compared with these of the
untreated controls. In addition, whereas CQ alone induced only
puncta formation of SQSTM1 proteins, cells treated concomi-
tantly with SK and CQ exhibited significantly more accumulation
of ubiquitinated proteins and SQSTM1 proteins (Fig. S7D, SK +
CQ). These results hence suggest that SK can induce selective
autophagy that can be further enhanced by blocking the fusion
activity between lysosomes and autophagosomes. Together, our
findings demonstrate that SK can elicit ROS production and
result in proteasome damage in treated tumor cells. SK-induced
ROS generation was apparently also involved directly in the elici-
tation of autophagy and the ectolocalization of DAMPs, as
revealed by the fact that NAC not only diminished the test auto-
phagic activity, but also the released forms (Fig. 4A) and ectoloc-
alization of DAMPs (Fig. S7E). These findings, we consider,
revealed important new insight into the mechanism(s) with which
cells undergoing necroptosis can orderly exhibit ROS-mediated,
autophagy-dependent ectolocalization of DAMP and then acti-
vate DCs.

SK + CQ benefitted DC vaccine

To further verify the effect of autophagy and necroptosis on
SK-mediated immunogenicity and subsequently antitumor
activity on the DC-based cancer vaccine, we executed an in
vivo experiment in which autophagy or necroptosis activities in
4T1 tumor cells were interrupted by specific siRNA or knockout
of Ripkl (Fig. S8A). Consistently, the pulsed DC vaccine (SK-
DCs) was able to strongly inhibit tumor metastasis and prolong
the survival of test mice as compared with control group (P <
0.05). However, when autophagy activity or necroptotic signal-
ing in tumor cells was hindered, the antimetastasis effect and
the prolonged survival time of the SK-meditated immunogenic-
ity on DCs would be significantly reduced as compared with
those of the SK-DCs group (P < 0.05) (Fig. S8B, S8C, and
S8D). SK-induced autophagy activity does play an important
role on the necroptosis activity and the subsequent immunoge-
nicity on the derived DC-based cancer vaccine. Additionally,
we demonstrated above that tumor cells upregulated ectolocali-
zation of DAMPs and significantly enhanced the potential to
activate DCs when the fusion activity of autophagosomes and
lysosomes was blocked by SK treatment.

We hence further investigated whether such effects could
result in subsequent immunogenicity. Mice implanted with
4T1 tumor cells and later receiving tumor resection were then
treated with Dox as described above. Additional counterpart
mouse groups were treated with 2 mg/kg and 5 mg/kg Dox,
2 mg/kg Dox in combination with DC vaccine pulsed with SK-

treated 4T1-luc2 tumor cells (2 mg/kg Dox + SK-DCs), and
2 mg/kg Dox in combination with DC vaccine cells pulsed with
SK and CQ-treated 4T1-luc2 tumor cells, where autophago-
some-lysosome fusion was blocked (2 mg/kg Dox + SK + CQ-
DCs). Interestingly, 2 mg/kg Dox could not significantly reduce
tumor metastasis and prolong survival as compared with the
untreated counterpart mice in the 80-d observation period
(Fig. 8A). In contrast, mice receiving 5 mg/kg Dox exhibited
significant benefit as compared with the untreated mice and
mice treated with 2 mg/kg Dox in metastasis-free rates (2 mg/
kg Dox 30% vs. 5 mg/kg Dox 60%) and survival rates (2 mg/kg
Dox 30% vs. 5 mg/kg Dox 60%) at the endpoint of this experi-
ment. Although the 2 mg/kg Dox + SK-DCs-treated group did
not provide an advantage over the 2 mg/kg Dox-treated group
alone, the antimetastasis efficacy and survival rates of the 2 mg/
kg Dox + SK + CQ-DC-treated group was significantly
increased to the level equivalent to that of the 5 mg/kg Dox
treatment and much improved as compared with 2 mg/kg Dox
+ SK-DC (2 mg/kg Dox + SK-DCs 40% vs. 2 mg/kg Dox + SK
+ CQ-DCs 70%). The bioluminescence imaging (BLI) data fur-
ther suggested the substantial effect on tumor metastasis at 33
d post-tumor implantation (Fig. 8B).

We then evaluated whether there is a beneficial effect in
body weight loss of combinational therapy as seen in Fig. 8C.
The body weight of test mice in all treatment groups except
5 mg/kg Dox showed no significant difference as compared
with mice without tumor implantation. The 2 mg/kg Dox +
SK + CQ-DCs-treated group gave the least side effects as
revealed by the degree of weight loss ((26.7-23.35)/26.7:213%
less) caused by 5 mg/kg Dox treatment (Fig. 8C, right panel).
Together, these results suggest that SK can stimulate anticancer
immune activities and effectively reduce the dosage needed for
Dox to reach the similar antitumor effect conferred by employ-
ing Dox alone for treatment.

Discussion

Necrotic cell death has long been recognized as a trigger for
various inflammatory activities. Specific passively released
DAMP molecules from necroptotic cells have been proposed to
play a critical role in the induction of immunogenicity'**>*S;
however, exactly how cell death mediated by necroptosis
becomes immunogenic cell death remains unclear. Based on
our in vitro and vivo results (Fig. 1, 4, and 5 and Fig. S5), the
immunogenicity of SK-induced necroptotic 4T1 tumor cells for
DC activation in vitro can be attributed to the upregulation of
ectolocalization of specific DAMP molecules. And this upregu-
lation of ectoDAMP activities effectively contributed to the
high potency of the resultant DC-based vaccine activity
(Fig. S5). In the future, it may be interesting to evaluate the pos-
sible importance of released DAMPs on the immunogenicity of
SK-induced necroptosis attributed to other immune cells types.
Importantly, blockage of the autophagic activity at the stage of
autophagosome processing further enhanced the ectolocaliza-
tion of DAMPs and that is very conductive for developing
immunogenicity against tumor cells.

The interplay between autophagic activity and expression of
DAMPs has been previously contemplated to play important
roles in progression and metastasis of cancerous cells.*”*®
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Figure 8. SK + CQ treatment benefited DC vaccine. Test mice (n = 10) were implanted with 4T1-luc2 tumor cells and the primary tumors were resected as described in
Fig. 3. Mice were then vaccinated with 5 mg/kg Dox, 2 mg/mL Dox, 2 mg/kg Dox plus SK-treated, 4T1-pulsed DCs (2 mg/mL Dox + SK-DCs), or 2 mg/kg Dox plus SK-
treated 4T1 cells where the autophagosome-lysosome fusion activity was blocked (i.e., 2 mg/kg Dox + SK + CQ-DCs). (A) The metastasis-free incidence and survival rate
of test mice were recorded until 78 d post-tumor implantation. (B) Representative bioluminescence images were shown at 33 d post tumor implantation. (C) Body weight
was measured for the treated mice. Data are expressed as mean =+ SEM. P values for the metastasis and survival rates were determined by the log-rank test. A one-way

ANOVA analysis with Tukey's test was applied to body weight.

These crosstalk activities are thought to assist the shaping of the
immune responses against dying cells upon onset of ICD.* In
an attempt to address this complex model of molecular mecha-
nisms, our current studies showed that the phytochemical SK,
isolated from medicinal plant Lithospermum erythrorhizon,
was highly efficacious in instigating 4T1-luc2 tumor cell
demise, and this cellular mechanism was mediated by necrosis
via ROS production and sequential proteasome inhibition. As a
result, high levels of ubiquitinated misfolded proteins became
accumulated,”®”! and this was followed by SQSTM1-mediated
selective autophagy.”> As such autophagic activity is enhanced
in treated cells, levels of both secreted DAMPs and its ecto-
counterparts, including HSPA1A, HSP90AA1, and CALR, were
increased, demonstrating their intimate association with the
tested autophagy.

The close association between autophagy and DAMP ecto-
localization was further demonstrated by the colocalization of

HSPAIA, HSP90AA1, and mCherry-GFP-LC3B proteins in
transfected 4T1-luc2 cells that were treated by SK. The dra-
matic drop in the ectolocalization levels of DAMPs on BECN1
and ATG5 knockdown, SK-treated 4T1-luc2 cells firmly illus-
trates the dependency of ectoDAMP upregulation on autopha-
gic activity. It has previously been shown that when both
proteasome and lysosome are inhibited, peptide intermediates
bound on HSP90AA1 proteins would become encapsulated
into autophagosomes and such a complex could serve as an
immunogenic substrate for DC-based cross-presentation.”>>*
In complete accordance with these previous findings, and in
comparison with SK-treated cells, the autophagic activity of
cells treated with SK + CQ in combination was strongly
enhanced, accompanied by further upregulated ectoDAMP,
resulting in additional DC activation and further increase in
DC vaccine efficacy. Therefore, our findings together may sug-

gest that SK-induced aggresomes and DAMPs were
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Figure 9. Hypothetical model depicting key molecular mechanisms of autophagy-related ectoDAMP expression in SK-mediated necroptosis in our test tumor cell system.

encompassed by autophagosomes and whose presentation on
the antigen donor cell surface could be drastically enhanced by
lysosome inhibition in cells undergoing necroptosis.

In our present study, we showed that dying 4T1-luc2 tumor
cells which lose their cell integrity could be employed for pulse-
triggering the DC activation and to establish the pulsed DC-
based tumor vaccine (Fig. 5); however, ectoDAMPs were still
found to remain attached to the plasma membrane. The trans-
well experiment (Fig. 4B) together with antibody blocking
experiments (Fig. 4C) clearly demonstrated that the immuno-
genicity of necroptotic 4T1-luc 2 cells was exclusively due to
ectoDAMPs, but not their released or secreted counterpart ver-
sions, or any equivalents that constituted the tumor cell lysates.
The role for ectoDAMPs in eliciting the cell immunogenicity
proposed here may differ from that of the primitive antigen
peptide chaperoning activity’>; however, the involvement of
ecto-HSPs in tumor cells in activation of DCs and subsequent
tumor-specific CD8" T cell cytotoxicity has indeed recently
been demonstrated in myeloma cells and ovarian cancer cells
that are subjected to death via apoptosis.”>”” Our results thus
suggest that the ectolocalization of DAMPs could act as the
bona fide, key immunogenic contributor to the mode of action
of necroptosis.

A number of studies have reported that in order to effec-
tively induce necroptosis, the system needs to trigger TNF
activity in the absence of CASP/caspase activation and this is
the current major opinion for this role of TNF.>*** To investi-
gate possible potential pathways that can lead to 4T1-luc2 cell
death, we first examined the expression of a variety of cytokines
secreted by SK-treated 4T1-luc2 cells and the possible role of
NFKB activation in SK treatment. Although little or no expres-
sion of several proinflammatory cytokines including TNF,
IL1B, IL6, and IL12B (Fig. S9A) was detected, NFKB activation
was readily detected transiently during a short time period
(30 min) post SK treatment (Fig. S9B). This finding provides
evidence of possible involvement of NFKB signaling pathways
in the SK-elicited 4T1-luc2 cell death.®*** In addition, as seen
in Fig. S7A, our results echoed previous results suggesting that
ROS is the major contributor to cell death by necroptosis.®>
In addition, our findings also suggest the important role of

autophagy in necroptosis, which correlates with the results of a
recent study reported by Goodall et al.*®

In this study, we investigated the effects of SK on mouse 4T1
mammary carcinoma cells. We conclude that SK can trigger
necroptosis through a ROS-damaged proteasome pathway, and
this activity can render cells with enhanced autophagic activi-
ties. The instigated autophagy can mediate a specific mode of
DAMP expression, where the ectoDAMPs, instead of the
secreted or released counterpart DAMPs, were found to act in a
cell-to-cell interaction mode, that is responsible for the subse-
quent activation of DCs, resulting in a high cancer vaccine effi-
cacy. This vaccine formulation, the SK-treated, 4T1 cell-pulsed
DCs, not only helped protect test mice from primary tumor
growth but were also quite effective against the metastasis after
the tumor resection protocol. Together, our findings demon-
strated that the expression of autophagy-related ectoDAMPs
appeared to be critical for immunogenicity in cells undergoing
necroptosis against metastasis (Fig. 9). Recently, it has been
shown that some tumor cells detached from primary tumor(s)
can circulate in the bloodstream, namely the circulating tumor
cells.®® These circulating tumor cells have been considered as
an important factor on tumor metastasis and drug resis-
tance.’”*® Prospectively, one may consider that the increase of
such ectolocalization of DAMPs on circulating tumor cells,
through a SK-mediated necroptosis, may provide a more con-
centrated effect against tumor metastasis as compared to the
release of DAMPs from tumor cells into the bloodstream. If
this hypothesis could be proven in the future, our findings may
have application for targeting specifically on circulating tumor
cells for an antimetastatic effect.

Materials and methods
Cell lines

4T1-luc2 cells (a kind gift from Dr. Pei-Wen Hsiao, Academia
Sinica, Taipei, ROC) were derived from mouse mammary
tumor 4T1 cells (ATCC, CRL-2539) that were stably trans-
fected with a luciferase transgene. 4T1-luc2 cells were cultured
and maintained in RPMI-1640 (Invitrogen, 31800)



supplemented with 10 ug/mL blasticidin S (Invivogen, ant-bl),
10% fetal bovine serum (Gibco™, 10082147), 1 mM penicillin-
streptomycin (Gibco™, 15140122) and 1 mM sodium pyruvate
(Gibco™, 11360070) at 37°C in 5% CO, and 95% humidity.

Mice

Female 6- to 8-wk-old BALB/c mice were purchased from the
National Laboratory Animal Breeding and Research Center
(Taipei, Taiwan). Test mice were maintained in a standardized
laminar airflow cabinet under specific pathogen-free conditions
at the Animal Room facility of Agricultural Biotechnology
Research Center, Academia Sinica. Experimental protocols
involving animals were approved by the IACUC office of Aca-
demia Sinica (Taipei, Taiwan).

Cell viability assay

Optimally growing 4T1-luc2 tumor cells at the density of 1 x 10*
cells/100 L were treated with SK (Nacalai Tesque, 04056) for the
indicated time in the presence or absence of 20 uM zVAD-fmk
(Selleckchem, S8102), 5 mM 3-MA (Enzo Life Science, BML-
AP502), 20 £#M NEC-1 (Selleckchem, S8037), or GSK’872 (BioVi-
sion, 2673). Necroptotic cells are induced by the combination of
20 uM zVAD-fmk, 20 ng/mL TNF (Peprotech, 315-01A), and
10 pg/mL cycloheximide (Sigma-Aldrich, C7698). Cells were then
washed with 1 x PBS (137 mM sodium chloride, 2.7 mM potas-
sium chloride, 10 mM sodium phosphate dibasic, and 2 mM
potassium dihydrogen orthophosphate) and incubated with
0.5 mg/mL MTT (Sigma-Aldrich, M5655) in complete medium at
37°Cfor 3 h. Test cells were then pelleted at 800 x gand the super-
natant was removed. The resulting pellets were dissolved in
100 uL 100% DMSO (Sigma-Aldrich, D4540) and quantified at a
wavelength of 570 nm using the Biotek PowerWave HT spectro-
photometer (Biotek, Winooski, VT, USA). In some experiments,
dying cells were determined by staining cells with ANXA5-FITC
and PI (BD Biosciences, 556547) according to the manufacturer’s
protocol. In brief, 1 x 10° cells were resuspended in 100 L bind-
ing buffer and then 2 uL ANXAS5-FITC and 5 uL PI were added
to test cells, incubated for 15 min at room temperature in the dark.
An additional 400 L binding buffer was then added to the reac-
tion prior to analysis.

Cell lysate preparation

For SDS-PAGE and proteasome activity assays, treated 4T1-
luc2 tumor cells were harvested and washed with 1 x PBS.
Washed cells were lysed with M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, 78501) as
described by the manufacturer. Protein contents were deter-
mined with the Bradford colorimetric method using the Quick
Start™ Bradford Protein Assay Kit (Bio-Rad, 5000201).

Western blotting

Proteins in test cell lysate samples were fractionated by 5% to
20% SDS-PAGE (20 ug protein per lane). After electrophoresis,
proteins were transferred onto Hybond-ECL membranes (GE-
Healthcare, RPN2020D) and immunoblotted with primary
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anti-CASP8/caspase-8 (Cell Signaling Technology, 4790), anti-
HSPA1A (Proteintech, 10995-1-AP), anti-HMGBI1 (Abcam,
ab18256), and anti-CALR (Cell Signaling Technology, 2891)
antibodies, and monoclonal antibody against PARP1 (Cell Sig-
naling Technology, 9532), LC3B (Cell Signaling Technology,
3868), HSP90AA1 (Cell Signaling Technology, 4877), ubiquitin
(Santa Cruz Biotechnology, sc-271289), and ACTB/actin, beta
(Santa Cruz Biotechnology, sc-47778). After removal of non-
specific binding, target proteins were detected by using the cor-
responding secondary antibodies. Protein bands were detected
by enhanced chemiluminescence (Bio-Rad, 1705061) and
developed by autoradiography. An Image Studio Lite Version
5.2 Software (Licor, Lincoln, NE) was applied in the densito-
metric ananlysis of target protein bands.

Knockdown experiments

To abolish specific protein expression in 4T1-luc2 tumor cells,
2 x 10* cells (4 mL) were transfected with 100 nM siRNA using
Lipofectamine 2000 (Thermo Fisher Scientific, 1166819)
according to the manufacturer’s instructions. Transfected cells
were incubated for 48 or 72 h as specifically indicated in the
text. The sequences of siRNA oligonucleotides were designed as
follows: siRipkl: sense: 5'-GUCUACUUACAUGACAATT-3/,
siRipk3: sense: 5'-GCUCU GGUGACAAGAUUCATT-3/,
siAtg5: sense: 5'-GCUACCCAGAUAACUUUCUTT- 3/, and
siBecnl: sense: 5'- GGAGCCAUUUAUUGAAACUTT-3’. The
efficacy of siRNA knockdown for protein expression was fur-
ther confirmed by western blotting analysis.

Immunoprecipitation

Test tumor cells were lysed in RIPA buffer (150 mM NaCl,
20 mM Tris-Cl, pH 7.5, 1% NP-40 [Calbiochem, 9016-45-9],
1 mM EGTA [Sigma-Aldrich, E3889], 5 mM sodium pyrophos-
phate [Sigma-Aldrich, 221368], and 0.1% sodium deoxycholate
[Sigma-Aldrich, D6750]) and the protein content was deter-
mined. The constitutively present antibodies were removed by
subjecting 0.5 mg/500 uL cell lysate to protein G microbeads
(Miltenyi Biotec, 130-071-101) and removed by magnetic bead
sorting. The resulting run-through was then incubated with
monoclonal antibody against mCherry (Thermo Fisher Scien-
tific, M11217) overnight at 4°C. Immune complexes that
formed were then enriched as above and eluted with 1 x
Laemmli sample buffer and analyzed by western blotting.

Detection of DAMP ectolocalization

Aliquots of 2 x 10 test cells were harvested and washed with 1
x PBS. Cells were then stained with APC-conjugated anti-
HSPA1A mAb (Miltenyi Biotec, 130-105-550), Alexa Fluor
488-conjugated anti-CALR Ab (Abcam, ab196158) and PE-
conjugated anti-HSP90AA1 Ab (Abcam, ab65171), and sub-
jected to flow cytometry analysis.

BM-DC preparation

BM-DCs were cultured and prepared as previously
described.”””° Briefly, total BM cells were collected from the
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femurs and tibias of BALB/c mice and depleted of red blood
cells with ACK lysis buffer (0.15 M NH,Cl, 1 mM KHCO;,,
0.1 mM EDTA, pH 7.2). Cells were then cultured in complete
RPMI-1640 medium supplemented with 20 ng/mL CSF2
(Peprotech, 315-03), 10% fetal bovine serum, 50 uM 2-ME
(Gibco™, 21985023), 100 unit/mL penicillin, and 100 pug/mL
streptomycin (Gibco™, 15140122) in a humidified 5% CO,
incubator at 37°C. On d 3, 30 mL fresh media with 20 ng/mL
CSF2 was added. On d 6 and 8, 30 mL culture media were
replaced with the equal volume of fresh media containing
20 ng/mL CSF2. On d 10, the nonadherent and loosely adher-
ent DCs were harvested. Alternatively, 10-d BM-DCs were fur-
ther labeled with magnetic bead-conjugated antibodies against
ITGAX (Miltenyi Biotec, 130-097-059) and subjected to mag-
netic field for cell enrichment. Purity of ITGAX™ DCs was
examined and the purity was routinely > 90%.

Assay for DC activation

For determination of DC activation, optimally growing 4T1-
luc2 tumor cells were exposed to 5 uM SK for 24 h and the
media were harvested and centrifuged at 800 x g for 3 min.
The supernatants were collected as conditioned media and
used to incubate BM-DCs at a density of 1 x 10° cells/2 mL at
37°C. Alternatively, aliquots of 1 x 10° test cells were washed
with 1 x PBS, resuspended and coincubated with 10-day BM-
DCs at a ratio of 1:1 in a total volume of 1 mL. For some tests,
aliquots of resuspended cells (1 x 10° test tumor cells/600 1L)
were seeded at the bottom of a 0.4—um pore size transwell
apparatus (Sigma-Aldrich, CLS3460). Samples of 1 x 10° BM-
DCs suspended in 100 uL of fresh media were added to the top
well and incubated at 37°C for 24 h. After 24 h incubation, cells
were detached, washed, and stained with APC-conjugated
monoclonal Ab against ITGAX Ab (BioLegend, 117310) in
combination with FITC-conjugated monoclonal Ab against
CD40 (BioLegend, 124608), FITC-conjugated CD86 (BioLe-
gend, 105006), PE-conjugated anti-TLR4 (BioLegend, 145404),
PE-conjugated anti-H2-I molecule (BioLegend, 107608), and
PE-conjugated anti-CD80 antibodies (BioLegend, 104708),
according to the manufacturer’s instructions. The cocultured
media were also collected and checked for the secretion of IL1B
(R&D Systems, DY401), IL12B (R&D Systems, DY499) and IL6
(R&D Systems, DY406) by ELISA, according to the manufac-
turer’s instructions. Cytokine production was quantified using
a Biotek PowerWave HT spectrophotometer (Biotek,
Winooski, VT, USA).

Flow cytometry

All cells were stained by 3-color analysis as previously
described.”" Briefly, cells were stained with respective antibod-
ies in 1% BSA (Sigma-Aldrich, A9418) and 0.1% NaN; (Merck,
26628-22-8) containing Mg**- and Ca**-free Dulbecco PBS
(Thermo Fisher Scientific, 14190144). Data were acquired via
LCR-II flow cytometer (BD Biosciences, San Jose, CA, USA)
and analyzed by Flow Jo (Treestar, Costa Mesa, CA, USA).

Confocal microscopy

For fluorescent immunostaining, cells were fixed with formal-
dehyde (3.7%) in 1 x PBS, permeabilized with 100% ice-cold
methanol, and then blocked with 1% BSA in 1 x PBS for 1 h.
Cells were then incubated with primary Ab against SQSTM1
(GeneTex, GTX100685), LC3B (Cell Signaling Technology,
3868), or ubiquitin (Santa Cruz Biotechnology, sc-271289). The
stained cells were washed 3 times with PBST (1% Tween-20 in
1 x PBS), incubated with fluorescently-labeled secondary anti-
body, washed 3 times with 1 x PBS. Finally, cell were stained
with 300 nM DAPI (Sigma-Aldrich, D9542) for 10 min at
room temperature and washed 3 times with 1 x PBS. Cells
were then examined under a confocal microscope (Zeiss
LSM510Meta NLO DuoScan; Carl Zeiss, Jena, Germany).

Construction of plasmid mCherry-EGFP-LC3B

Plasmid mCherry-EGFP-LC3B was constructed from plasmids
encoding EGFP-LC3B (21073, deposited by Tamotsu Yoshi-
mori) and plasmids encoding mCherry-LC3B (21075, depos-
ited by Tamotsu Yoshimori) purchased from Addgene. The
CMV_fwd_primer (5'-CGCAATGGGCGGTAGGCGTG-3)
and dsRedl_C_primer (5'-AGCTGGACATCACC TCCCA-
CAACG-3") with Nhel and Agel site exogenously added respec-
tively were used to amplify mCherry cDNA in pmCherry-LC3B
by PCR. The PCR product was digested by both restriction
endonucleases and subsequently cloned into the Nhel/Agel site
immediate upstream of the EGFP coding region in plasmid
encoding EGFP-LC3B.

Transfection and stable pool generation

Plasmid mCherry-EGFP-LC3B was transfected into 4T1-luc2
tumor cells for stable pool generation. Transfection
was performed using Lipofectamine 2000 according to the
manufacturer’s protocol. Stable transformants were selected in
complete medium containing 500 pg/mL G418 (BioVision,
1557).

Animal model

For prophylactic vaccination, mice were first immunized sub-
cutaneously with 4T1-luc2 tumor cells treated with 5 M SK for
24 h (10° and 5 x 10° cells/100 L 1 x PBS). Mice injected
with 1 x PBS were used as an experimental control. Alterna-
tively, 4T1-luc2 cells were subjected to the following freeze and
thaw (F/T) cycles: freezing cell suspension in liquid nitrogen
for 90 sec and followed by then thawing cells at 37°C in a water
bath, and the F/T cycles were repeated 4 times. At 7 d postvac-
cination, 5 x 10° live 4T1-luc2 tumor cells in 100 p© L PBS
were orthotopically implanted into mammary fat pad. Tumor
size was monitored by caliper measurements and tumor vol-
ume calculated using the following formula: 0.5 x length (mm)
x width.> (mm?) For the antitumor metastasis effect, 4T1-luc2
tumor cells (5 x 10° cells in 100 uL PBS) were orthotopically
implanted into mammary fat pad of test mice. At 18 d post
tumor implantation, the tumor mass was gently removed



surgically.”> One d after tumor resection, mice were intraperito-
neally injected with 1 x 10° and 5 x 10° F/T- and 5 uM SK-
treated 4T1-luc2 cells once a wk for 2 wk. For DC vaccination,
5 x 10° BM-DCs were pulsed with 4T1-luc2 cells that were
treated with 5 uM SK for 24 h at a 1:1 ratio for 24 h. BM-DCs
were then purified via magnetic cell sorting (Miltenyi Biotec,
130-097-059). Mice were then vaccinated via i.p. injection with
1 x 10° cells/100 £L BM-DCs at the first day post tumor resec-
tion and consecutively vaccinated once a week for 2 wk. For
doxorubicin (Enzo, BML-GR319) treatment, test mice were
injected intravenously with 2 or 5 mg/kg Dox at 2 d post tumor
resection and continuously treated twice a wk for 3 wk. Biolu-
minescence imaging of tumors was monitored by using a non-
invasive in vivo imaging system once a wk. Test mice were
injected intraperitoneally with 15 mg/kg D-luciferin potassium
(PerkinElmer, 122799) in 1 x PBS and waited for 15 min
before imaging. Mice were then anesthetized with 2.5% isoflur-
ane through the XGI-8 Gas Anesthesia System (PerkinElmer,
Boston, MA, USA) and XENOGEN IVIS 50 (PerkinElmer, Bos-
ton, MA, USA) was applied.

Statistical analysis

Data are presented in fold changes or in percentages with mean
=+ SEM as indicated in the figure legends. All statistical analyses
were determined using GraphPad Software. As a comparison
between multiple data sets, a one-way ANOVA analysis with
the Tukey-Kramer method was performed. The log-rank test
was applied for survival analysis and metastatic incidence
analysis.

Abbreviations

3-MA 3- methyladenine

ACTB actin, beta

ANXAS5 annexin A5

ATG5 autophagy-related 5

BECN1 Beclin 1, autophagy related

BM-DC bone marrow-derived dendritic cells

BLI bioluminescence imaging

CALR calreticulin

CASP3 caspase 3

CASP8 caspase 8

CD cluster of differentiation molecules

CQ chloroquine

CSEF2 colony stimulating factor (granulocyte-
macrophage)

Ctrl control

DAMP damage-associated molecular pattern

Dox doxorubicin

F/T freeze and thaw

HSPA1A heat shock protein 1A

H2-1 H2 I region, includes H2-Aa, Ab, Bl, Ea,
Eb, Eb2, Ob, Pb

HSP90AA1 heat shock protein 90, alpha (cytosolic),

class A member 1
ip. intraperitoneal
ICD immunogenic cell death
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IL1B interleukin 1 beta

IL6 interleukin 6

IL12B interleukin 12B

LDHA lactate dehydrogenase A

MAPILC3B/LC3B  microtubule-associated protein 1 light
chain 3 beta

MLKL mixed lineage kinase domain-like

NAC N-acetylcysteine

NEC-1 necrostatin-1

NFKB nuclear factor of kappa light polypeptide
gene enhancer in B cells

PARPI poly (ADP-ribose) polymerase family,
member 1

PI propidium iodide

RIPK1 receptor (TNFRSF)-interacting serine-
threonine kinase 1

RIPK3 receptor-interacting serine-threonine
kinase 3

ROS reactive oxygen species

SK shikonin

SQSTM1 sequestosome 1

TCZ TNF + cycloheximide + zVAD-fmk

TEM transmission electron microscopy

TNF tumor necrosis factor
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