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Colon cancer cell treatment with rose bengal generates
a protective immune response via immunogenic
cell death
Jianzhong Qin1, Nicholas Kunda1,2, Guilin Qiao1, Jed F Calata1,2, Krunal Pardiwala1,2, Bellur S Prabhakar3 and Ajay V Maker*,1,2,3

Immunotherapeutic approaches to manage patients with advanced gastrointestinal malignancies are desired; however,
mechanisms to incite tumor-specific immune responses remain to be elucidated. Rose bengal (RB) is toxic at low concentrations
to malignant cells and may induce damage-associated molecular patterns; therefore, we investigated its potential as an
immunomodulator in colon cancer. Murine and human colon cancer lines were treated with RB (10% in saline/PV-10) for cell cycle,
cell death, and apoptosis assays. Damage-associated molecular patterns were assessed with western blot, ELISA, and flow
cytometry. In an immunocompetent murine model of colon cancer, we demonstrate that tumors regress upon RB treatment, and
that RB induces cell death in colon cancer cells through G2/M growth arrest and predominantly necrosis. RB-treated colon cancer
cells expressed distinct hallmarks of immunogenic cell death (ICD), including enhanced expression of calreticulin and heat-shock
protein 90 on the cell surface, a decrease in intracellular ATP, and the release of HMGB1. To confirm the ICD phenotype, we
vaccinated immunocompetent animals with syngeneic colon cancer cells treated with RB. RB-treated tumors served as a vaccine
against subsequent challenge with the same CT26 colon cancer tumor cells, and vaccination with in vitro RB-treated cells resulted
in slower tumor growth following inoculation with colon cancer cells, but not with syngeneic non-CT26 cancer cells, suggesting a
specific antitumor immune response. In conclusion, RB serves as an inducer of ICD that contributes to enhanced specific
antitumor immunity in colorectal cancer.
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The highest 5-year cancer-related mortality worldwide is
secondary to solid organ gastrointestinal tumors, and the
most common gastrointestinal tumor is colon cancer. The
majority of patients with colon cancer will present with
advanced disease, resulting in it being the second leading
cause of cancer-related deaths in the United States.1 For most
patients with metastatic colon cancer, palliative chemotherapy
is the only present option; therefore, improved outcomes
through new therapeutic strategies are desperately needed.
The presence of activated and proliferating T cells within
primary colon tumors is associated with improved survival2,3
and we have previously demonstrated an association between
increased T-cell infiltrates and improved outcomes in patients
with colon cancer metastases.4,5 Thus, immunotherapy may
have a viable role in managing patients with advanced
gastrointestinal malignancies, including colon cancer,
although mechanisms to incite tumor-specific immune
responses remain to be elucidated for this disease.6
Rose bengal (RB), a synthetic dye used in the garment
industry, was first patented in 1882 and has been used for
many years in the medical field as a diagnostic of ocular
pneumococcal infections, a measure of hepatic function, and
as a stain for corneal ulceration.7–12 RB 10% in saline, or
PV-10, is not dependent on photostimulation for cytotoxic
effects and is formulated for intralesional injection where it has
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been evaluated in phase I and II clinical trials for the treatment
of in-transit metastatic melanoma. In these patients, direct
injection of cutaneous deposits resulted in tumor
destruction.13–15 Interestingly, occasional regression of noninjected bystander melanoma tumors occurred in these
patients, raising the possibility that RB-induced cell death
may generate an antitumor immune response.14–16 Therefore,
we have evaluated the potential of RB-induced cell death
to generate a tumor-specific immune response or to
expose tumor antigens for T-cell presentation in various
malignancies.17 Although we found that preclinical studies
support that intralesional RB is capable of inducing cell death
in multiple tumor cell lines without affecting normal dermal
fibroblasts, the mechanism of generating an antitumor
immune response remains to be elucidated. In these studies,
it was found that RB entered cancer cells, but were
excluded form normal cells, and that RB was not able to
inhibit cell growth of normal human fibroblasts at concentrations that affected ovarian carcinoma, melanoma, and gastric
cancer cells.16,18–20
Immunogenic cell death (ICD) is heavily regulated and
capable of activating an adaptive immune response against
tumor-specific antigens.21 It is characterized by the release
and/or increased expression of damage-associated molecular
patterns (DAMPs), including ATP, HMGB1, heat-shock protein
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90 (HSP90), and calreticulin (CRT), among other immunostimulatory molecules.22–29 There is limited data evaluating the
effect of RB on ICD in solid organ malignancies, including
colon cancer, where there is established potential and a great
need for immunotherapeutic strategies. The mechanism of
RB-induced cell death and whether RB treatment may
increase the immunogenicity of colon cancer cells is critical
to determine if RB is to be used as an immunotherapeutic
strategy in this disease.
Results
Intralesional treatment of established colon cancer cell
tumors with RB induced significant tumor regressions
in vivo. To determine if RB treatment was a viable antitumor
strategy for patients with colon cancer, it was critical to
determine if intralesional RB had an antitumor effect on
established colon cancer cell tumors. An immunocompetent
Balb/C murine model using the syngeneic murine colon
cancer cell CT26 was used.30 To characterize the effect of RB
on established CT26 subcutaneous tumors, tumors were
treated intralesionally with RB. Within one day of injection
with RB, tumors decreased in volume and showed evidence
of clinical ulceration. By 3 days, the difference in tumor
volumes between the RB-treated and control groups was
significant and persisted over the length of the experiment
(Po0.05; Figure 1a). The effect was durable after a single
injection on day 0, with some animals experiencing complete
tumor regressions (Figure 1b).
RB treatment induced potent colon cancer cell death
in vitro. Once it was determined that RB treatment could
impart clinical antitumor responses in established colon
cancer cell tumors in vivo, we wished to further investigate
the in vitro effects of titrated doses of RB on murine (CT26)

and human colorectal cancer cells. Murine and human
colorectal cells were treated with RB or 5-fluorouracil (5-FU)
for 24 h. At RB concentrations 4100 μM, there was a
significant decrease (Po0.01) in cell viability, as measured
with an MTS assay, in the CT26 group when compared with
the PBS-treated control group, which was similar to 5-FU
chemotherapy-treated cells (Figure 2a). Similarly, in HT29
human colon cancer cells, a significant difference in viability
was again seen upon exposure to RB, which increased from
250–1000 μM (Po0.01) (Supplementary Figures 1C and D).
Further, the MTS results were confirmed using quantitative
observations in colon cancer cells treated with RB for 1, 2, 4,
24, 48, and 72 h. With increasing concentrations of RB, cell
death increased as measured with Trypan blue exclusion.
Significant cell death occurred after exposure to 100 μM RB
and increased to 1000 μM RB at which point there was nearcomplete death of all cells (CT26 (Figures 2b and c) and
HT29 (Supplementary Figure 1B)).
RB induced G2/M growth arrest and predominantly
necrosis in colon cancer cells. After establishing that RB
decreased cell viability of murine and human colorectal cells
in a dose-dependent manner, we wished to determine the
mechanism of cell death. Given that RB-induced cell death
was evident upon exposure to concentrations 4100 μM,
CT26 cells were treated with 100–300 μM RB for 24 h for cell
cycle analysis. At higher doses of RB, colon cancer cells
displayed significant reduction of the cell fraction in the S
phase and increased cell fractions in G2/M and sub-G1
phase, consistent with G2/M growth arrest (Figure 3a,
representative flow cytometry analysis; Figure 3b, pooled
data from three experiments). To examine the pattern of cell
death, CT26 cells were treated with increasing concentrations of RB. RB induced cell death predominantly by cell
necrosis, as evidenced by the significantly increased

Figure 1 Effect of intralesional RB treatment on established tumors. (a) Subcutaneous tumors were established in the flanks of each mouse (n = 6 per group, representative
experiment of three). Animals were randomized and tumors were injected intralesionally with RB or PBS. Tumor growth was monitored daily. Animals were sacrificed when control
animals reached humane end points (b). Representative animals demonstrate treatment response at day 9 to intralesional PBS (top panel) and RB (bottom panel). *Po0.05 and
**Po0.01
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Figure 2 RB induces cell death in CT26 cells. (a) MTS assay performed after 24 h of RB treatment at various doses revealed cell death with increasing RB concentration.
5-FU, a known cytotoxic chemotherapeutic agent for colon cancer, was used as a positive control. Trypan blue exclusion at 1, 2, and 4 h (b) and 24, 48, and 72 h (c) demonstrated
significant RB-induced cell death at similar doses (*Po0.05 and **Po0.01)

population of DAPI+ (4′, 6-diamidine-2′-phenylindole dihydrochloride) and DAPI/Annexin V-double-positive cells
(Figure 3c). Minimal Annexin V-single positive cells at all
examined time points support that necrosis was the
predominant mechanism of cell death (Figures 3c and d).31
Cell death with RB was rapid with significant cell death
observed with 200 and 300 μM within an hour, and by 4 h at
all doses tested (Figure 3e). To investigate RB-induced cell
death in human colon cancer, HCT116, SW480 and HT29
cells were treated with the same doses of RB for 4 h
(Supplementary Figure 2).
As premortem autophagy is required for ICD-associated
secretion of ATP, CT26 cells were pretreated with chloroquine
(autophagy inhibitor) and treated with RB (200 μM) for 4 h.
Chloroquine was found to significantly inhibit RB-induced cell
death (Figures 3f and g).
RB treatment induced DAMPs in colorectal cancer cells.
That RB could induce in vivo and in vitro colon cancer cell
death, and that the mechanism of cell death was primarily by
rapid necrosis was determined; however, whether the
induced death was immunogenic (ICD) remained to be
evaluated. Therefore, we next sought to identify whether
RB treatment of colon cancer cells induced the release
of DAMPs.

Calreticulin: CRT expression was quantified, and the expression increased with RB treatment in a dose-dependent
manner. This was evaluated on both live and dead cell
populations after treatment (Figures 4a and b). Upregulated
CRT expression was rapid in CT26 cells starting minutes after
treatment and maintaining expression steadily for up to 1 h
(Figure 4c). Upregulated CRT expression upon RB treatment
was similar in multiple human colon cancer cell lines studied
(Supplementary Figures 3A–C).
ATP: Mean fluorescence intensity (MFI) percentages of
quinacrine were markedly decreased upon RB treatment
relative to untreated CT26 cells in a dose-dependent manner,
indicating that RB treatment results in diminished levels of
intracellular ATP (Figures 4d and e). The results obtained by
treating human colon cancer cell lines were similar to CT26
cells (Supplementary Figures 3D and E).
HMGB1: Passive cellular release of high-mobility group
box 1 (HMGB1) enhances the function of dendritic cells and
often occurs as cells are undergoing necrotic cell
death. Extracellular HMGB1 protein level in the supernatants
of cell culture significantly increased after treatment with RB
(Figure 4f).
Cell Death and Disease
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Figure 3 Mechanism of RB-induced cell death. (a,and b). Fluorometric-based cell cycle analysis was performed after 24 h RB treatment of CT26 colon cancer cells revealing
G2/M growth arrest and DNA degradation when exposed to increasing doses of RB. Representative flow cytometry data are presented (a) and repeated in three separate
experiments (b). (c and d). RB treatment induced cell death predominately by necrosis with increasing doses of RB. Representative flow cytometry data are presented (c) and
repeated in three separate experiments comparing necrotic (DAPI+, DAPI+/Annexin V+) to apoptotic cell populations (DAPI − /Annexin V+) (d) (e). Time-course evaluation
revealed that RB-induced cell death was initiated within 1 h, and by 4 h in all doses tested. (f and g) Cells were treated for 4 h with 200 μM RB in the presence or absence of the
autophagy inhibitor choloroquine (CQ) (*Po0.05, **Po0.01 and ***Po0.001)

HSP90: To examine whether RB treatment induced HSP90
translocation to the cell surface, protein levels of HSP90 in
cytosolic and cell membrane fractions were determined in
RB-treated CT26 cells by western blotting. RB treatment
led to reduced cytosolic levels of HSP90 and increased
membrane expression as the time of treatment increased
from 30 min to 6 h (Figures 4g and h). RB treatment of human
colon cancer cell lines also increased the cell membrane
expression of HSP90 in all tested cells (Supplementary
Figure3G).
Collectively, these results indicated that treatment
of colon cancer cells with RB induced DAMPs related
to ICD.
Cell Death and Disease

In vivo RB treatment generates a protective immune
response. To determine if RB-treated CT26 cells stimulated
a specific antitumor immune response in vivo, Balb/c mice
were vaccinated with a subdermal injection of in vitro RBtreated CT26 cells on days − 14 and − 7 before rechallenge
with untreated CT26 cells and syngeneic 4T1 breast cancer
cells on day 0 (Figure 5a). In the 2-week period after tumor
challenge, CT26 tumor growth was significantly reduced at
early time points in vaccinated mice compared with the
control group (Figure 5b). Colon cancer tumor weights from
vaccinated mice trended to be less than sham-vaccinated
animals (Figure 5c). In contrast, the growth curve of
syngeneic non-CT26 4T1 control mammary cell tumors at
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Figure 4 RB treatment induced the release and/or increased expression of DAMPs in colon cancer cells. (a and b) RB treatment of CT26 colon cancer cells induced
increased surface expression of CRT in a dose-dependent manner (a). Increased expression was observed on both dead (b, upper panel) and live cells (b, lower panel) based on
flow cytometry analysis after 1 h of treatment. (a) A representative example of three separate experiments summarized in (b). (c) CRT expression increased minutes after
exposure to RB, reaching significance by 10 min. (d and e) ATP content in colon cancer cells was determined by cytofluorometric detection of intracellular ATP with quinacrine,
expressed as the percentage of MFI relative to untreated cells. A representative histogram (d) and summary of three separate experiments (e) demonstrate a decrease in
intracellular ATP levels upon treatment with RB. (f) HMGB1 secretion significantly increased as measured in culture supernatants after treatment with 200 μM RB for 30 min.
(g and h) RB treatment resulted in increased membrane expression and reduced cytosolic levels of HSP90 as the time of treatment increased from 30 min to 6 h as measured on
western blot analysis (g) and after densitometric correction for housekeeping gene loading controls (h) (*Po0.05 and **Po0.01)

the same time points were almost identical between
vaccination and control groups, as were tumor weights
(Figures 5d and e).
Considering that generation of antitumor immunity secondary to ICD may be sensitive to specific time points during cell
death, and that in vitro treated CT26 cells used in a vaccination
may only retain DAMPs on the cell surface at certain time
points after treatment or during vaccination, we performed
in vivo treatment of colon cancer cell tumors with intralesional
injection of RB followed by tumor rechallenge (Figure 6a).
There was significant growth retardation of primary tumors
after intralesional injection of RB compared with the tumors
injected with PBS (Figure 6b). This finding confirmed the
in vivo efficacy of intralesional RB-induced tumor inhibition. In
animals that received RB treatment, subsequent tumor
challenge with CT26 resulted in complete inhibition of tumor

formation in 50% of animals and significantly extended the
tumor-free time in all animals (Figure 6c).

Discussion
Compared with melanoma, immunotherapy for solid organ
malignancies including colon cancer has met significant
challenges. Checkpoint blockade with antibodies including
ipilimumab, which have demonstrated impressive antitumor
activity in melanoma,32,33 have not resulted in clinical
responses in microsatellite-stable advanced colon cancer,34
and furthermore, function via generalized immune activation
that imparts significant autoimmune side effects. Adoptive cell
transfer, also successful in a subset of patients with
melanoma, is challenging to use in colon cancer patients
because of self-antigens, and a recent trial was closed
Cell Death and Disease
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Figure 5 Vaccination with RB-treated cells induced early decreased tumor growth. (a) Injection locations and experimental timeline. (b) RB-treated CT26 tumor cell
vaccination (vacc.) induced slower early challenge tumor growth in vaccinated mice. (c) CT26 challenge tumor weight trended to be decreased in vaccinated mice. (d and e) No
difference was observed in tumor growth (d) or weight (e) of 4T1 mammary tumors in vaccinated compared with non-vaccinated animals (*Po0.05 and **Po0.01)

Figure 6 Intralesional injection of RB induces potent antitumor responses in primary CT26 colon cancer tumors and untreated distant CT26 tumors. (a) Experimental
timeline. (b). Intralesional (i.l.) injection of RB resulted in significant growth retardation of primary tumors. (c) Intralesional injection of RB in CT26 colon cancer tumors significantly
decreased tumor growth of distant CT26 challenge tumors compared with subcutaneous (s.c.) PBS control injected animals (*Po0.05 and **Po0.01)

because of dose-limiting toxicity.35 Thus, there remains a gap
in our knowledge of how to generate antitumor immune
responses in colon cancer and new strategies are required.
The use of intralesional RB treatment in patients with dermal
metastases from melanoma demonstrated impressive clinical
tumor regressions in injected lesions, and revealed clinical
responses in a subset of patients in bystander lesions away
from the primary injected tumor.13,14 This combination of
findings raised the possibility that RB treatment may induce
antitumor immunity, a strategy that is desperately needed in
the far more common and lethal disease of colon cancer.
Therefore, we were very interested in further evaluating this
strategy in colon cancer cells.
Cell Death and Disease

To confirm clinical relevance, it was first necessary to
establish that RB could impart antitumor responses in
established colon cancer tumors. Using the intralesional
treatment protocol used in the melanoma phase II clinical
trial, it was established that a single RB injection resulted in
impressive tumor regressions and complete responses in a
subset of colon tumors. Given these findings, we then treated
murine and human colon cancer cell lines in vitro to
confirm cytotoxicity, and demonstrated a titratable effect
of RB. With these findings, it was left to establish the
heretofore incompletely understood mechanism of RBinduced cell death and its immunogenic therapeutic potential
in colon cancer.
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Cell cycle analysis revealed G2/M growth arrest; however,
only ~ 15% of the cells displayed hypodiploid DNA content,
indicating that apoptosis was not the primary pattern of cell
death. When using Annexin V/DAPI staining, a commonly
used assay for detecting cell death via apoptosis or necrosis,
we noticed that RB induced predominantly necrotic cell death
in a dose- and time-dependent manner. As autophagydeficient cancer cells do not generate therapy-relevant
immune responses,29 we treated cells in the presence or
absence of an autophagy inhibitor, confirming that autophagy
had a significant role in RB-mediated colon cancer cell death.
That chloroquine, a potent inhibitor of lysosome enzymes,
could significantly block RB-induced cell death also remained
consistent with evidence supporting the lysosome as a target
of RB-mediated cell death,36–38 including evidence that siRNA
knockdown of the lysosome enzyme cathepsin B protected
melanoma cells from RB-induced cell death.39 Thus, our data
provided an additional mechanistic connection between
lysosome integrity and RB-induced cell death. Given that
autophagy appeared to have a role in RB-induced colon
cancer cell death, the potential for ICD remained. As opposed
to normal apoptosis, which is primarily non-immunogenic, and
in many cases tolerogenic, ICD of cancer cells may activate
dendritic cells with the generation of a tumor-specific T-cell
response.40 Therefore, we evaluated RB-treated cells for
hallmarks of ICD.
ICD is defined by secretion of DAMPs. CRT, one of the
indispensable DAMP proteins, is translocated from the ER
lumen to the surface of dying cells where it functions to signal
phagocytosis.41 Heat-shock protein 90, another critical DAMP,
is translocated to the plasma membrane under stress
conditions where it stimulates antigen-presenting cell surface
receptors and aids in the presentation of tumor antigens on
MHC class I. Additionally, ICD is associated with the postmortem secretion of HMGB1, considered to be a late apoptotic
marker whose release into the extracellular space appears
crucial for optimal presentation of tumor antigens to dendritic
cells via binding to TLR4.42,43 Indeed, our data revealed that
RB-treated colon cancer cells expressed the distinct hallmarks
of ICD, including enhanced expression of CRT and HSP90 on
the cell surface, and the release of HMGB1. Notably, RB
induced rapid expression of these ICD markers. The
externalization of CRT and HSP90 was initiated as early as
5 and 30 min, respectively, and the peak level of extracellular
HMGB1 protein was detected 30 min post-RB treatment.
Recently, active secretion of ATP by dying cells during ICD has
also been found to have a significant role in activating antigenpresenting cells, and functions as a homing signal for
monocytes.29,44 Using a fluorescence probe, we confirmed a
marked reduction of intracellular ATP levels within 1 h of RB
treatment as a surrogate indicator of ATP release from cells.
That the mechanistic studies were performed in CT26 murine
colon cancer cells was critical to confirm ICD and then create
an immunocompetent syngeneic in vivo model for the
vaccination studies; however, the ICD phenotype was also
confirmed in human colon cancer cell lines. Collectively, our
results support that RB induced the hallmarks of ICD.
The operative definition of ICD is generation of a protective
immune response to dead cell antigens, suggesting that cells
undergoing ICD are immunogenic and can be monitored by

vaccination assays.21,29,43,45 Therefore, to confirm the ICD
phenotype, we vaccinated immunocompetent animals with
syngeneic colon cancer cells treated with RB. A key finding
was the demonstration that RB-treated CT26 cells could serve
as a vaccine against subsequent challenge with the same
colon cancer tumor cell in immune competent syngeneic mice.
In a prophylactic setting, vaccination with in vitro RB-treated
CT26 cells resulted in slower tumor growth following inoculation with CT26 colon cancer cells but not syngeneic murine
4T1 breast cancer cells, which suggested a specific antitumor
immune response. It should be noted that the antitumor growth
impact was most significant in the early stages of tumor
growth. Likely, repeated or additional vaccinations would be
necessary to generate sustained antitumor immunity.
Although effective in testing the operative implications of
ICD, a limitation of this strategy was that several key secreted
DAMPs (including as ATP and HMGB1) were removed during
cell processing for the vaccine. In addition, the optimal
expression of multiple DAMPs in the ICD process varies
between the molecules; therefore, an optimal single treatment
time from which to generate the vaccine is complex. We,
therefore, expanded the in vivo vaccination study using
intralesional RB treatment of established colon cancer cell
tumors to allow exposure of the various DAMPs to the immune
system. With this strategy, RB administration not only
substantially reduced the growth rate of the primary colon
cancer cell tumors, as expected, but also prevented subsequent challenge tumor formation in 50% of animals, highlighting the antitumor activity and potential protective immune
response generated by vaccination with RB-treated cells that
were undergoing ICD.29 Using intralesional RB as a treatment
strategy is directly translatable into clinical practice and is
already being safely performed on multiple human clinical
trials that include direct tumor injection into melanoma lesions,
breast cancer tumors, soft tissue sarcomas and colorectal liver
metastases. Thus, it is practical to consider endoscopic,
image-guided, or surgical approaches to direct tumor
injections.
In the current study, we have provided several lines of
evidence demonstrating that RB exhibited pronounced direct
cytotoxicity in colorectal cancer cells both in vivo and in vitro.
Our data also confirmed RB-induced prominent cell growth
arrest at the G2/M phase and predominant necrotic cell death
that was partially dependent on lysosome function. Furthermore, the findings from the current study identified that RB
promoted expression of hallmarks related to ICD in colon
cancer cell lines. Vaccination with RB-treated colon cancer
cells and intralesional tumor injection resulted in retardation in
tumor growth or prevention of subsequent tumor formation
following challenge with the same tumor cells. These findings
show that RB may serve as an inducer of ICD that contributes
to enhanced specific antitumor immunity in colorectal cancer.
Additional studies are warranted to elucidate the therapeutic
potential of RB-induced ICD.
Materials and Methods
Cell cultures and reagents. The murine colon carcinoma cell line, CT26,
murine mammary carcinoma cell line, 4T1 (gift of Yang-Xin Fu), and three human
colon cancer cell lines HCT116, SW480, and HT29 were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) where each lot was STR
Cell Death and Disease
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profiled. All cell lines were authenticated either by ATCC or IDEXX (4T1), tested for
mycoplasma, and used at low passage numbers within 6 months. Cells were grown
in the following media: RPMI-1640 (CT26); McCoy’s 5A (HCT116); minimum
essential medium Eagle (SW480); and Dulbecco’s modified Eagle's mMedium
(HT29). All media were supplemented with 10% FCS, 2 mM glutamine, and
penicillin–streptomycin antibiotic, and the cells were incubated at 37 °C in 5% CO2.
RB solution of 10% was provided by Provectus Biopharmaceuticals (Knoxville, TN,
USA). Annexin V-Biotin Apoptosis Detection Kit, streptavidin-FITC, and streptavidinAPC were purchased from eBioscience (San Diego, CA, USA). Anti-β-actin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-CRT (Abcam, Cambridge, MA,
USA), anti-HSP90, and anti-GAPDH (Cell Signaling Technology, Danvers, MA,
USA) antibodies were purchased and used according to the manufacturer’s
specifications. DAPI, quinacrin dihydrochloride, and chloroquine diphosphate were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell proliferation and viability assays. A total of 2x104 CT26 or HT29
cells were plated in each well of a 96-well plate. RB was added to achieve
concentrations ranging from 25 to 1000 μM. Positive control was achieved by the
addition of 50 μM of 5-FU. Cells were treated for 24 h, and cell proliferation was
determined using CellTiter96 Aqueous One Solution Cell Proliferation Assay Kit
(Promega, Madison, WI, USA) following the manufacturer’s instructions with
absorbance measured at 490 nm. For Trypan blue viability testing, cells were
collected at 1, 2, 4, 24, 48, and 72 h after the addition of RB, diluted 1 : 1 in Trypan
blue (0.4% in saline) (Lonza, Walkersville, MD, USA), and the cell number was
counted with a hemocytometer under a microscope.
Cell cycle and cell death analysis. CT26 cells were seeded in a 6-well
plate at 3 × 105 cells per well, incubated with increasing concentrations of RB
(0, 100, 200, and 300 μM) for 24 h, and processed for cell cycle analysis. For cell
death evaluation, both murine and human colon cancer cells were treated with RB
for 1, 4, 8, and 16 h, after which both floating and attached cells were collected for
further analysis.
Secondary to spectral overlap of RB with propidium iodide, DAPI was used to stain
DNA and label dead cells. For cell cycle analysis, harvested cells were fixed with 80%
ethanol on ice for 30 min and then incubated with 1 ml of DNA staining solution (1 μg/
ml DAPI, 0.1% NP-40 in PBS) at room temperature for 30 min. DNA content was
determined with FACS on a CyAn analyzer (Beckman Coulter, Brea, CA, USA) and
analyzed with the FlowJo software (Ashland, OR, USA).
Cell death was determined with an Annexin V-Biotin Apoptosis Detection Kit.
Briefly, cells were first stained with biotin-conjugated Annexin V in 1x binding buffer at
room temperature for 15 min and then incubated with streptavidin-APC for 30 min.
After being washed with PBS, cells were resuspended in PBS containing DAPI
(0.2 μg/ml) for 5 min followed by FACS analysis. Cell death profile was analyzed with
the FlowJo software. Necrotic cells were defined as DAPI+ and DAPI+/Annexin V+,
and apoptotic cells were defined as Annexin V+ only.46
Detection of CRT on the cell surface. Cell surface expression of CRT was
detected by immunofluorescence staining and FACS analysis. CT26 cells were
treated over 5–60 min with 50–300 μM of RB. Human colon cancer cell lines were
treated for 4 h. Cells were harvested with trypsin, washed in cold PBS with 3% FBS
without fixing, and incubated with rabbit anti-CRT antibody (1 : 250) on ice for
30 min followed by Alexa Fluro-488 labeled goat anti-rabbit IgG (1 : 500 dilution) for
30 min. After washing, cells were resuspended in 0.5 ml PBS containing 0.2 μg/ml
DAPI. Equal concentrations of normal rabbit IgG was used as an isotype control.
The percent of CRT-positive cells was determined in both alive (DAPI − ) and dead
(DAPI+) cell populations.
Determination of intracellular ATP. Cells were treated with or without RB
(200 μM) for 30 min, labeled with 5 μM quinacrine for an additional 30 min, and
collected and subjected to FACS analysis immediately. MFI of the FL1 channel was
determined using the CyAn analyzer and the relative ATP content was expressed as
the percentage of MFI relative to untreated cells. This technique avoided RB
autofluorescence interference with bioluminescent ATP reaction kits.
HMGB1 ELISA assay. HMGB1 levels were determined using a Mouse
HMGB1 ELISA Kit from Novatein Biosciences (Woburn, MA, USA) according to the
protocol. CT26 cells were treated for 30 min with or without RB (200 μM) and 100 μl
of each sample was added to a 96-well plate in triplicate. Optical density was read
Cell Death and Disease

at 450nm using a Bio-Rad Labortories iMark Microplate Reader (Hercules,
CA, USA).
Extraction of cell membrane proteins and western blotting. Cells
were harvested by scraping, and cell membrane protein was prepared with a MemPER Plus Membrane Protein Extraction Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Briefly, cells were washed, resuspended in cell permeabilization buffer, and
incubated on ice with frequent vortexing for 15 min. After centrifugation at 16000 g,
supernatants were collected as cytosolic fractions. The pellets with the membrane
fraction were solubilized, centrifuged, and collected. Membrane fractions were
confirmed by probing for the plasma membrane marker Na, K-ATPase (no. 3010;
Cell Signaling Technology). Whole-cell proteins were extracted with M-Per
Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) and supplemented with both protease and phosphatase inhibitor cocktails from EMD Millipore
(Billerica, MA, USA). Protein concentrations were determined using a Bradford
Protein Assay from Bio-Rad Laboratories (Hercules, CA, USA). Thirty micrograms
of each protein sample was resolved by SDS-PAGE and transferred to PVDF
membrane, followed by 1 h blocking with 5% non-fat milk in Tris-buffered saline,
0.1% Tween-20 (TBS-T). Blots were probed with primary antibodies overnight at 4 °
C, washed, and incubated with the corresponding HRP-labeled secondary
antibodies for 1 h at room temperature. Protein signals were revealed by exposing
Pheonix Research Products Premium X-Ray Film (Candler, NC, USA) with the blots
preincubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific). Densitometry analysis of each protein band was performed using
the NIH ImageJ software (NIH, Bethesda, MD; http://imagej.nih.gov/ij/).
In vivo colon cancer tumor studies. All mouse experiments were
approved by the Institutional Animal Care and Use Committee at the University of
Illinois at Chicago and performed in the animal facility (BRL) as per the approved
protocol. In all, 18–20 g of female CT26 cell syngeneic Balb/c mice were purchased
from Charles River Labs (Wilmington, MA, USA).
Direct tumor treatment with intralesional RB: A total of 1 × 106 CT26 cells
were subcutaneously inoculated into the flank of a mouse. When tumors were
palpable, RB (PV-10) was administered via intralesional injection in an amount
equal to half the volume of the tumor (0.5 ml/cm3). Tumor growth was measured
daily with a caliper and the volume was calculated according to the formula: V = 1/2
(dlong*d2short).
Vaccination study using in vitro RB-treated CT26 cells: CT26 cells were
treated in vitro with RB (300 μM) for 24 h and the cells were harvested and washed
with PBS. A total of 1 × 106 RB-treated cells in 100 μl PBS were injected
subcutaneously into the upper right flank of each mouse, on days − 14 and − 7,
whereas control mice received 100 μl injections of PBS. One week after the second
vaccination (day 0), 1 × 106 untreated CT26 cells and 1 × 106 4T1 murine breast
cancer cells were inoculated into the lower right flank and upper left flank,
respectively. Mice were killed 2 weeks after the challenge injection and the tumors
were excised in their entirety.
Vaccination study using in vivo RB-treated tumors: Mice received
subcutaneous inoculation of CT26 cells (1 × 106/100 μl) or PBS injection (100 μl) in
the right flank. When tumors were palpable in CT26-injected mice, these animals
were randomized into two groups (six mice per group), and tumors were injected
with 50 μl of RB solution or PBS. At 1 week after intralesional injection, all mice
were challenged by subcutaneous injection of 1 × 106 CT26 cells in the left flank.
Tumor growth was monitored every 2 days. Two weeks after challenge injection with
CT26 cells, all mice were killed and tumors were excised. Animals that reached
humane end points before 2 weeks were killed.
Statistics. All quantitative data are expressed as mean ± S.E. and differences
between groups were evaluated with a two-tailed T-test. Significance was defined as
Po0.05. Comparisons in tumor-free time between groups was determined with the
log-rank test.
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Supplemental Figures

Supplemental Figure 1: Rose Bengal induces cell death in HT29 cells
A. Intracellular pH increased with RB treatment as determined with a flow cytometry
based assessment of SNARF-1 expression upon RB treatment. 5-Fluorouracil, a known
cytotoxic chemotherapeutic agent for colon cancer, was used as a positive control. B.
MTS assay performed 24 hours after RB exposure revealed increased cell death with
increasing RB concentrations, similar to treatment with 5-FU. Trypan Blue exclusion
evaluated cell viability at 1, 2, and 4 hrs (C) and 24, 48, and 72hrs (D) demonstrating
significant RB-induced cell death upon exposure. (* p < 0.05; ** p < 0.01)
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Supplemental Figure 2: Mechanism of Rose Bengal-induced cell death
A. Representative flow cytometry analysis of RB-induced cell death in human colon
cancer cell lines HCT116, SW480, & HT29 with increasing doses of RB. B. Pooled data
from three experiments revealed increased cell death in all cell lines with increasing
doses of RB treatment. C. RB-treated HT116 cells show increased necrosis and
apoptosis. D. RB-treated HT29 cells show increased necrosis and apoptosis. E. RBtreated SW480 cells show predominantly necrosis.
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Supplemental Figure 3: Rose Bengal induces release and/or increases expression of
DAMPs in human cell lines
A. Representative FACS analysis of RB-treated HCT116, SW480, & HT29 reveals
increased expression of CRT with increasing doses of drug. B. RB induced a significant
increase in surface expression of CRT in viable cells ((DAPI-/CRT+) in HCT116 and
SW480 cells, and only trended to increase in HT29 cells. C. RB induced a significant
increase in surface expression of CRT in dead cells (DAPI+/CRT+) in HCT116, SW480,
and HT29 cells. D & E. Treatment with RB decreased intracellular ATP levels in
HCT116, SW480, & HT29. A representative histogram (D) and summary of three
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separate experiments (E) demonstrate a decrease in intracellular ATP levels upon
treatment with RB. F. Western blot reveals HSP90 levels in cytosol (C) and the cell
membrane (M) after treatment with 200 μM RB. G. Treatment with RB increased HSP90
expression on the cell membrane of HCT116, SW480, and HT29 cells.
(* p < 0.05; ** p < 0.01)
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