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Abstract

Doxorubicin is an anthracycline antibiotic that is widely used to treat different types of 

malignancy. Here we studied whether doxorubicin could be used to render tumor cells susceptible 

to apoptosis by NK and T cells. Pretreatment with sub-apoptotic doses of doxorubicin sensitized 

tumor cell lines of various histotypes to both NK and T cells resulting in a 3.7 to 32.7 % increase 

in lysis (2.5 mean fold increase, p<0.0001) and 2.9 to 14.2 % increase in lysis (3.0 mean fold 

increase, p<0.05) respectively. The sensitizing effect of the drug was primarily dependent on 

TRAIL/TRAILR signaling, but not on Fas-ligand (FasL), perforin, NKG2D or DNAM-1. The 

central role of the TRAIL signaling pathway was further supported by an increased expression 

of TRAIL-R2 on doxorubicin-treated tumor cells and by down-regulation of cFLIP, the inhibitors 

of death receptor-mediated apoptosis. Compared to untreated cells, pretreatment of tumor cells 

with doxorubicin showed increased processing and activation of caspase-8 upon co-culture with 

NK or T cells. The significance of this treatment strategy was confirmed using a xenogeneic 

tumor-bearing mouse model. Tumor progression was delayed in mice that received either NK 

cells (p<0.05) or T cells (p<0.0001) following doxorubicin treatment compared to mice receiving 

either cell type alone. Moreover, combined infusion of both NK and T cells following doxorubicin 

treatment not only delayed tumor progression, but significantly improved the long-term survival 

(p<0.01). Based on these findings we propose that doxorubicin can be used to improve the efficacy 

of adoptive cell therapy in patients with cancer.

Keywords

Doxorubicin; Adoptive cell therapy; Natural killer cells; Tumor-infiltrating lymphocytes

Address for correspondence: Andreas Lundqvist, Cancer Center Karolinska, R8:01, 171 76 Stockholm, Sweden, Phone: +46 8 517 
768 59, Fax: +46 8 30 91 95, andreas.lundqvist@ki.se. 

Conflict of interest 
None of the authors have any conflict of interest to declare

HHS Public Access
Author manuscript
Int J Cancer. Author manuscript; available in PMC 2022 January 04.

Published in final edited form as:
Int J Cancer. 2013 October 01; 133(7): 1643–1652. doi:10.1002/ijc.28163.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Several studies have demonstrated that intratumoral infiltration of T and NK cells correlates 

with favorable prognosis in patients with cancer 1–3. Although of clinical benefit, tumor-

infiltrating T cells can exert an immunological pressure leading to tumor escape variants 4–5. 

Two relatively frequent immune escape events include down-regulation of tumor antigens 

and MHC class I 6–8. If such events can be offset, clinical responses of adoptive cell therapy 

may be improved. Previous studies have demonstrated that several chemotherapy agents 

have immune-sensitizing effects on tumors through up-regulation of death receptors 9–11. 

The death ligand TNF-related apoptosis-inducing ligand (TRAIL) binds to TRAIL-R1 and 

-R2 which triggers an apoptotic signal initiated by cleavage of caspase-8 12–13. In contrast 

to tumor cells, non-neoplastic cells tend to express the TRAIL decoy receptors TRAIL-R3 

and -R4, which render them less sensitive to TRAIL-mediated killing 14–16. We recently 

demonstrated that exposure to the proteasome inhibitor bortezomib induces increased 

expression of TRAIL-R2 in a variety of tumor cells leading to increased susceptibility 

to TRAIL-mediated killing 17. These findings, in combination with reports from studies 

evaluating the safety and clinical efficacy of recombinant TRAIL (rTRAIL) or monoclonal 

antibodies directed against TRAIL-R1 and -R2 18–21, have warranted additional studies 

on the synergistic potential of combining chemotherapy with TRAIL targeted therapy. 

The topoisomerase II inhibitor doxorubicin have previously been demonstrated to sensitize 

tumors to killing by rTRAIL 16, 22–25. Upon activation, both NK and T cells express high 

levels of TRAIL 26–27. In order to increase the tumor immunogenicity to improve targeting 

of immune escape variants with differential expression of MHC class I, we studied whether 

conventional chemotherapeutic drugs sensitize tumors to combined NK and T cell therapy. 

Our data demonstrate that sub-therapeutic doses of doxorubicin sensitize human tumor cells 

to killing by NK and T cells via augmented TRAIL signaling. Furthermore, treatment with 

doxorubicin in combination with infusion of both NK and T cells significantly delayed 

tumor progression and prolonged survival in tumor-bearing mice. Our findings present 

a novel concept that administration of doxorubicin prior to adoptive transfer of ex vivo 
expanded NK cells and/or T cells augment the anti-tumor effect of the infused cells and 

that the sensitization of tumor cells to NK and T cell-mediated lysis is a result of increased 

signaling via the TRAIL/TRAIL-R pathway.

Materials and Methods

Isolation of NK cells and tumor specific T cells

NK cells were isolated from PBMC from healthy donors (ethical permission # 20010305, 

01-50) or melanoma patients (ethical permission # 2009/848-3) by negative selection 

using immunomagnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany). Before 

expansion, isolated NK cells were assessed for purity by flow cytometry using human 

anti-CD3 and CD56 monoclonal antibodies (Biolegend, San Diego, CA, USA). Purified 

NK cells (range 95.3 ± 6.1 % purity with no T cell contamination) were co-cultured 

with either irradiated autologous PBMC (25Gy) or allogeneic EBV transformed B cells 

(100Gy) at a 10:1 ratio (feeder cells:NK cells) in X-vivo 20 medium (Lonza, Verviers, 

Belgium) supplemented with 5% AB serum (Karolinska Hospital, Stockholm, Sweden) 
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and 1000 U/ml IL-2 (Novartis Pharma GmbH, Nurnberg, Germany) at 37°C. Medium 

was replenished with 500 U/ml IL-2 on days 5 and 8 after expansion start. NK cells 

were tested for their cytotoxic activity on days 11–14. Biopsies from HLA-A2 positive 

melanoma patients (ethical permission # 2009/848-3) were dissected into small pieces and 

transferred to 24-well plates in X-vivo 20 medium supplemented with 5% AB serum and 

6000 U/ml IL-2. Tumor infiltrating lymphocytes (TILs) were stained with monoclonal 

antibodies directed against CD56, CD4, and CD8 (Biolegend, San Diego, CA, USA) and 

screened for antigen-specificity by intracellular staining with antibodies against interferon-

gamma (IFNγ) and IL-2 (Biolegend, San Diego, CA, USA), after co-culture with T2 cells 

pulsed with HLA-A2 binding peptides; gp100, MAGE-3, Survivin and Mart-1 (Genecust, 

Dudelang, Luxembourg). 8.4 % of the cells from the TIL culture stained positive for 

IFNγ and IL-2 after co-culture with Mart-1(ELAGIGILTV) peptide pulsed T2 cells. None 

of the other epitopes tested were recognized by the TILs. Thereafter, TILs were rapidly 

expanded for two weeks in X-vivo 20 media supplemented with 50 ng/ml anti-CD3 antibody 

(Janssen-Cilag, Sollentuna, Sweden) and irradiated (40Gy) allogeneic PBMC at 37°C. IL-2 

(500U/ml) was added to the culture medium on days 1, 5 and 8. TIL cultures were on 

average 97.1 ± 2.8 % CD3 positive with no NK cell contamination. Killing by NK and T 

cells was confirmed against K562 cells (supplemental figure 1A). The reason for using our 

Mart-1 specific tumor cells from a melanoma patient to use as effector T-cells against the 

Mart-1 positive J82 cell line. There are not any known methods to obtain TILs from bladder 

biopsies and that type of material is not accessible to us. Therefore, we used TILs from a 

melanoma patient that was HLA-matched with J82 and that recognized the Mart-1 antigen 

which is expressed on J82.

Cell lines

The melanoma cell line GEWA-MEL was established from tumor biopsy and was passaged 

not more than 8 times when tested for functional and phenotypical properties. Cells were 

grown at 37°C in 20% RPMI1640 medium (Gibco, Paisley, UK), 20% F12 HAM medium 

(Biological Industries, Beit Ha’emek, Israel), 60 % DMEM medium (Gibco, Paisley, UK), 

25mM Hepes (Gibco, Paisley, UK), 200 mM L-Glutamine (Gibco, Paisley, UK), 100μg/ml 

Streptamycin (Gibco, Paisley, UK), 100 U/ml Penicillin (Gibco, Paisley, UK) supplemented 

with 20% FBS (Gibco, Paisley, UK). Cell lines tested include; melanoma: EST074, EST115, 

EST149, EST025, EST066, EST112, JUSO; bladder carcinoma: J82, renal cell carcinoma: 

A498, MAR, JOHW; colorectal carcinoma: HCT116; breast carcinoma: T47D; prostate 

carcinoma: DU145; fibroblast cell lines: BJ1, AG08164. The JOHW and MAR cell lines 

were established in NHLBI/NCI laboratories from surgically resected tumor specimens. All 

the cell lines were cultured in RPMI1640 medium supplemented with 10% fetal bovine 

serum, 25 mM Hepes, 100 μg/ml streptomycin, and 100 U/ml penicillin. STR identifier 

(Applied biosystems, Warrington, UK) was used to verify the origin of tumor cell lines 

EST112, EST074, EST149, EST025, EST066, EST115 and J82. Tumor cell lines were 

stained with monoclonal antibodies against TRAIL-R1, TRAIL-R2, MICA, MICB, ULBP 

(pan-antibody), MHC class I, HLA-E, FAS and acquired by LSR II flow cytometer (BD 

Biosciences, San Jose, CA, USA). All flow cytometry data was analyzed using the FlowJo 

software (Tree Star, Ashland, OR, USA). The J82 cell line was chosen for our mechanistic 

studies due to its resistance to killing by NK cells and T cells.
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Killing and degranulation assay

Target cells were treated for 16 hours with 150–500 ng/ml doxorubicin (TEVA, Helsingborg, 

Sweden). For each cell line, the dose of doxorubicin was titrated to levels where 

sensitization of tumor cells was achieved without affecting the viability of the cells. 

(Supplemental figure 1B). Subsequently, cells were washed and labeled with radioactive 
51Cr (30μCi) (PerkinElmer, Groningen, The Netherlands) for 1 hour at 37 °C. Expanded 

NK and T cells were seeded in a 96-well V-bottom plate (Corning lifesciences, New 

York, NY, USA) together with target cells (5,000 cells/well) and incubated for 4–18 

hours at 37°C at Effector-to-Target (E:T) ratios ranging between 0.1:1–10:1. Supernatants 

were transferred to 96 well LUMA-plates (Perkin Elmer, Groningen, Netherlands) and 

analyzed for chromium release in a Microbeta scintillation counter (TRILUX 1450, Wallac, 

Perkin Elmer, Groningen, The Netherlands). Specific lysis percentage was calculated 

according to the formula [(test sample release - spontaneous release) / (maximum release 

- spontaneous release)] * 100. Spontaneous release represents 51Cr release from target 

cells in medium alone and maximum release represents the 51Cr release from target cells 

lysed in medium plus 5% Triton X-100 (Sigma-Aldrich, Saint Louis, Missouri, USA). In 

blocking experiments, prior to co-culture with target cells, effector cells were pre-treated 

with blocking antibodies against TRAIL (RIK-2, 10μg/ml), Fas-ligand (NOK-1, 2.5μg/ml), 

NKG2D (1D11, 10μg/ml), DNAM-1 (5 μg/ml) or NKp44 (P44-8, 10μg/ml) (LEAF purified 

anti-human antibodies, Biolegend, San Diego, CA, USA). Concanamycin A (CMA, 100nM, 

Sigma-Aldrich, Saint Louis, Missouri, USA) was used to degrade perforin in killing assays. 

For degranulation assay, tumor cells were co-cultured with NK cells for 1 hour and stained 

for CD3, CD56, Annexin-V and Live/Dead cell marker and degranulation was measured by 

staining for CD107a (Biolegend, San Diego, CA, USA) and acquired on a Fortessa LSRII 

(Becton Dickinson, CA, USA). Statistical analysis of cytotoxicity data was performed with 

Student’s t-test.

RNA interference

Cells were seeded in 6-well plates 24 hours before transfection. Non-targeting siRNA 

(D-001810-10, Dharmacon, Chicago, IL, USA) and caspase-8 siRNA (L-003466-00, 

Dharmacon, Chicago, IL, USA) were diluted in 50 μl of OPTI-MEM I medium (Gibco, 

Paisley, UK) and mixed with 4 μl of INTERFERin siRNA Transfection Reagent (Polyplus-

transfection, 409-10, Illkirch, France). After a 10 min incubation at room temperature the 

complexes were added to the cells. The final concentration of siRNA in the medium was 50 

nM. Cells were tested in cytotoxicity assay 24 hours after transfection.

Immunoblotting

Cells were lysed in CelLytic M Cell lysis reagent (Sigma, St Louis, MO, USA), 

supplemented with protease inhibitor cocktail (Sigma St Louis, MO, USA). The protein 

concentration was determined using the BCA protein assay (Pierce, Rockford, IL, USA). 

The samples were mixed with Laemmli’s buffer, boiled for 5 min, subjected to SDS-PAGE 

and blotted onto nitrocellulose membrane (Bio-Rad Laboratories, Germany), which was 

blocked for 1 hour with 5% non-fat milk in PBS and probed with primary antibodies 

diluted in PBS containing 2 % BSA (A3059, Sigma, St Louis, MO, USA) and 0.05 
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% Tween-20 (P1379, Sigma, St Louis, MO, USA). The following antibodies were used: 

mouse anti-caspase-8 (kindly provided by Drs P. Krammer and I. Lavrik, German Cancer 

Research Center (DKFZ), Heidelberg, Germany), anti-c-FLIP (Cell signaling, Danvers, MA, 

USA), anti-b-actin (Sigma St Louis, MO, USA) and anti-GAPDH (Trevigen, Gaithersburg, 

MD, USA). The recognized proteins were detected using horseradish peroxidase-labeled 

secondary antibodies: anti-mouse IgG (Pierce, Rockford, IL, USA), anti-rabbit IgG 

(Pierce, Rockford, IL, USA), and an enhanced chemiluminescence kit (Amersham, 

Buckinghamshire, UK).

Xenograft mouse model

All animal studies were approved by the ethical review board at Karolinska Institutet 

(N42/10). SCID/Beige mice (Charles River, Sulzfeld, Germany) were injected with 3 × 106 

J82 tumor cells subcutaneously in the right flank. There are no known orthotopic xenograft 

mouse models present for the J82 cell line, why subcutaneous implantation was chosen, 

also facilitating the monitoring of tumor size by palpation. On day 7 (when tumors became 

palpable) and on days 14 and 21 after tumor inoculation, mice were injected intravenously 

(I.V. 100 μl) with 1 mg/kg of doxorubicin or with 100 μl PBS. Mice were euthanized when 

tumors reached a volume of 800 mm3. Twenty-four hours following doxorubicin injection 

(on days 8, 15 and 22 after tumor inoculation), mice were injected I.V (100 μl) with 1.0 – 

2.0 × 106 NK cells, 2.0 – 4.6 × 106 TILs (both isolated from the same melanoma patient) or 

PBS. In cytotoxicity assays, killing of J82 tumors was approximately 2-fold higher by NK 

cells compared to TILs; therefore a 1:2 ratio of infused NK cells and TILs was used. Mice 

treated with the combination of both NK and TILs received the same number of total cells 

compared to mice receiving NK or TILs alone. Statistical data on tumor progression and 

survival was analyzed by two-way ANOVA and Log-rank test respectively.

Results

Doxorubicin sensitizes human tumor cells to NK cell-mediated killing

To test whether doxorubicin could sensitize tumor cells to killing by NK cells, we first 

exposed the J82 bladder cancer cell line and the GEWA-MEL melanoma cell line to 

sub-apoptotic doses of doxorubicin for 24 hours followed by co-culture with allogeneic 

or autologous NK cells, respectively. Pretreatment with doxorubicin augmented NK cell-

mediated killing of J82 cells by 2.5 ± 0.6 fold (p<0.01, n=6) and GEWA-MEL cells by 4.0 ± 

1.8 fold (p<0.05, n=4) (Figure 1). To expand these findings, experiments were performed on 

a panel of tumor cell lines of various origins. We found that these experiments corroborated 

our initial finding showing a sensitizing effect on the cell lines tested ranging from 3.7 to 

32.7 % increase in lysis of doxorubicin treated compared to untreated tumor cells (2.5 mean 

fold increase, p < 0.0001, n = 14,) (Table 1). Importantly, doxorubicin treatment did not 

sensitize the fibroblast cell lines AG08164 and BJ1 to NK cell-mediated killing, suggesting 

a tumor antigen-specific effect (Table 1). Due to its relatively high resistance to NK and T 

cell lysis, the J82 cell line was later used for mechanistic studies of doxorubicin-induced 

sensitization.
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Improved NK cell-targeting of doxorubicin-treated tumor cells is mediated by up-regulation 
of TRAIL-receptors and down-regulation of cFLIP

To understand the mechanism behind the sensitization we assessed changes in NK cell 

receptor ligand expression on the tumor cell lines following exposure to doxorubicin. This 

experiment revealed an increased expression of TRAIL-R2 on the tumor cell lines studied 

following treatment with sub-apoptotic doses of doxorubicin for 12 hours (Figure 2A and 

B). In contrast, no changes in the expression of MHC class I, Fas, MICA/B, ULBP-1/2 and 

HLA-E were observed in any of the tumor cell lines studied (data not shown). As even 

low concentrations of doxorubicin (200 ng/ml) sensitized the J82 bladder cancer cell line 

to killing by recombinant TRAIL (Figure 2C) despite the relatively minor up-regulation 

of TRAIL-R2 expression (Figure 2B), we next assessed whether this was related to a 

downregulation of the caspase-8 inhibitory protein cFLIP as reported by Vucolova and 

colleagues 25. Indeed, Western blot analysis showed downregulation of cFLIP in the J82 

cell line following exposure to doxorubicin (Figure 2D), which highlighted the role for 

TRAIL-R signaling in addition to upregulation of TRAIL-R2. Downregulation of cFLIP 

was also observed in the GEWA and JOHW cell lines after incubation with doxorubicin 

(Supplemental figure 1E).

To verify the impact of TRAIL/TRAIL-R signaling in doxorubicin induced sensitization 

of tumor cells to NK cells, we next performed cytotoxicity assays following blockade of 

TRAIL, FasL or the perforin pathway. The relative reduction of NK cell-mediated killing of 

doxorubicin-treated J82 tumor cells was 52.0 ± 19.3 % (p<0.01) in presence of neutralizing 

antibodies to TRAIL. Conversely, the relative fold change in lysis of doxorubicin-treated 

tumor cells compared to untreated tumor cells was not significantly altered in presence 

of CMA targeting the perforin pathway or neutralizing antibodies to FasL, NKG2D or 

DNAM-1 (Figure 2E). An abrogation of DOX-induced sensitization to NK cell mediated 

killing was also observed in the GEWA cell line in presence of neutralizing antibodies to 

TRAIL (Figure 2F).

NK cell-mediated killing of doxorubicin-treated tumor cells is dependent on caspase-8 
activity

To further support that killing of doxorubicin-treated tumors is dependent on death receptor 

signaling, activity of caspase-8 in J82 tumor cells was analyzed by intracellular staining 

following co-culture with NK cells. These experiments showed a 2-fold increase in cells 

expressing active caspase-8 in doxorubicin-treated compared to untreated tumor cells 

(Figure 3A). Silencing of caspase-8 in J82 tumor cells resulted in significantly lower NK 

cell-mediated killing than in mock-transfected cells (p<0.05) and doxorubicin treatment did 

not induce sensitization of tumor cells with silenced caspase-8 (Figure 3B–C). In addition to 

caspase-8 activation, enhanced cleavage of Bid was observed in doxorubicin-treated tumor 

cells following co-culture with NK cells (Supplemental Figure 1C).

Doxorubicin sensitizes tumor cells to lysis by tumor specific T cells via augmented TRAIL 
signaling

Compared to resting peripheral blood T cells, the expression of TRAIL is up-regulated 

on activated CTLs and TILs 27–28. To investigate whether T cells would also exhibit an 
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increased ability to kill doxorubicin-treated tumor cells, TILs from a melanoma biopsy were 

expanded and tested for killing of HLA-A2-matched Mart-1 positive tumor cells. Compared 

to untreated tumor cells, an 8.5 ± 3.7 fold increase in T cell-mediated killing of doxorubicin-

treated J82 tumor cells, expressing low levels of Mart-1 antigen, was observed (p=0.057, 

n=3) and a 2.0 ± 0.2 fold increased killing (p<0.05, n=4) was observed for the autologous 

melanoma tumor cell line (GEWA-MEL) (Figure 4A–B). The role for doxorubicin-mediated 

sensitization of T cell-mediated killing was also verified using a panel of HLA-A2 positive, 

Mart-1 positive tumor cell lines, where we observed a 2.9 to 14.2 % increase in killing 

(3.0 mean fold increase, p<0.05, n=6) in the analyzed cell lines after doxorubicin treatment 

(Table 1). Similar to when co-cultured with NK cells, co-culture of tumor antigen-specific 

T cells with tumor cells increased activity of caspase-8 in doxorubicin-treated compared 

to untreated tumor cells (data not shown). In presence of TRAIL neutralizing antibody, 

but not FasL, NKG2D, DNAM-1 or CMA neutralizing antibodies, the relative change in 

T cell-mediated killing of doxorubicin-treated J82 tumor cells was reduced by 42.6 ± 18.3 

% (p<0.05) (Figure 4C). A reduction of T cell-mediated killing was also observed in 

doxorubicin treated GEWA cells, in presence of neutralizing antibodies to TRAIL (Figure 

4D).

Combined doxorubicin treatment and adoptive NK and T cell infusion result in significantly 
delayed tumor progression and prolonged survival in vivo

Tumor-bearing SCID/Beige mice were treated with doxorubicin followed by infusion of NK 

cells and/or TILs. Compared to untreated mice, treatment with doxorubicin alone did not 

result in any delay of tumor growth (Figure 5A). Treatment with doxorubicin resulted in a 

reduced expression of cFLIP in tumors (data not shown). In mice treated with doxorubicin, 

a significantly delayed tumor growth was observed after infusions of NK cells (p<0.05, 

Figure 5B) or TILs (p<0.0001, Figure 5C) compared to mice treated with doxorubicin 

alone. Following doxorubicin treatment, a further delay in tumor progression (p<0.001) and 

prolonged survival (median survival 72.4 ± 10.0 days) was observed in mice receiving a 

combination of NK cells and T cells compared to mice receiving this combination without 

doxorubicin (median survival 53.8 ± 6.9 days, p<0.01) (Figure 5D–E). Furthermore, in all 

mice receiving doxorubicin, we observed an initial delay in tumor progression (from start 

of treatment until day 35 after treatment start) in mice receiving combined infusion of NK 

cells and TILs compared to mice receiving infusion of NK cells (p<0.05, Supplemental 

figure 2A) or TILs (p<0.05, Supplemental figure 2B). However, after 35 days a rapid tumor 

progression was observed in all treatment groups and no difference in survival was observed.

Discussion

Here we demonstrate that doxorubicin sensitizes tumors to NK and T cell-mediated killing 

via augmented TRAIL signaling. Several different chemotherapy agents have recently been 

shown to sensitize tumors to TRAIL-mediated killing 9–11, 16, 22–25, 29–31. We and others 

have demonstrated that the proteasome inhibitor bortezomib can sensitize tumors to NK 

cell-mediated killing via augmented TRAIL signaling 17, 23. In an ongoing clinical phase I 

trial of bortezomib treatment followed by infusion of autologous NK cells, clinical responses 

include 10/20 patients with stable disease including two patients with metastatic tumors 
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who had more than a 30% decline in serum tumor markers and four patients with a 

minor response 32. Although durable clinical responses may be achieved, more patients 

need to be evaluated to determine the efficacy of adoptive NK cell therapy. Adoptive T 

cell therapy based on transfer of tumor infiltrating lymphocytes has produced objective 

clinical responses in patients with melanoma 33–34. In addition, with the advent of adoptive 

transfer of genetically engineered T cells, response rates have improved in the past few years 
35–36. However, randomized clinical trials of adoptive T cell transfer are warranted in order 

to interpret the clinical response of this individualized treatment strategy. Moreover, the 

frequency of patients with a complete response is relatively low. Thus, further improvements 

in cell-based therapies are needed.

A relatively frequent event used by tumors to escape T cell mediated recognition is down-

regulation of MHC class I 6–8. Such tumors instead become sensitive to killing by NK 

cells. Thus, targeting tumors by both T and NK cells may result in improved clinical 

responses. In the present study, we sought to identify an agent with the ability to sensitize 

tumors to killing by both NK and tumor specific T cells. Instead of sensitizing tumors to 

NK cell-mediated killing, proteasome inhibitors render tumors resistant to killing by tumor 

specific T cells possibly due to disrupted presentation of tumor antigens. Therefore, the 

use of bortezomib is precluded as pre-treatment to adoptive T cell therapy 37. Mizutani 

et. al, demonstrated that doxorubicin can sensitize fresh bladder cancer cells to lysis by 

lymphokine activated killer cells, as well as resting purified natural killer cells and T 

lymphocytes in vitro 38. In our study, we show that doxorubicin sensitizes tumors of several 

different origins to TRAIL-mediated lysis by NK cells and TILs that have been expanded 

for adoptive transfer ex vivo. In addition, in tumor-bearing mice receiving doxorubicin 

pretreatment prior to adoptive transfer, a significantly delayed tumor progression was 

observed in mice receiving infusions of both NK cells and TILs compared to mice 

receiving either NK cells or TILs. Possibly, the combined use of NK and T cells increased 

the targeting of tumor cells with different immune escape phenotypes, which may have 

contributed to the reduced tumor progression. However, in mice that did not receive 

doxorubicin pretreatment, we observed that combined transfer of NK and T cells resulted in 

a faster tumor progression than in mice receiving NK cells or T cells alone. Possibly, in the 

absence of doxorubicin, the infused cells may compete for growth factors or the NK cells 

have killed the T cells. It has previously been demonstrated that infused NK cells can kill 

stressed T cells via NKG2D39. It has also been shown that NK cells can inhibit other NK 

cells via the 2B4 receptor which can also induce fratricide among NK cells40

In our phenotypic analysis of doxorubicin-treated tumor cells, we confirmed other reports 

demonstrating upregulation of TRAIL-R2 in several cell lines after treatment with 

doxorubicin 22, 24. In our experiments sensitization of J82 cells to rTRAIL was observed 

even at low doses of doxorubicin and only minor changes in TRAIL-R2 but no changes 

in TRAIL-R1 expression after exposure to doxorubicin in ranges between 125–250 ng/ml. 

However, the anti-apoptotic cFLIPs were rapidly degraded in these tumor cells following 

exposure to doxorubicin. Several studies have investigated the role of doxorubicin in 

modulating the expression of cFLIP in tumor cells 41–42. As a consequence, tumors treated 

with doxorubicin were more sensitive to killing by activated NK cells expressing high 

levels of TRAIL. Furthermore, doxorubicin treatment of the J82 tumor cell line which 
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has a very low expression of melanoma antigen was sufficient to sensitize this tumor 

to killing by TILs. Importantly, not all cell lines were sensitized to NK cell and TIL 

killing by low dose doxorubicin. It is possible that a higher dose of doxorubicin may 

have sensitized these tumors. Furthermore, tumor cell lines not responding to doxorubicin 

treatment may lack expression of essential molecules in the TRAIL apoptotic signaling 

pathway. Ramakrishnan and colleagues demonstrated that murine T cells raised against 

tumor antigens were able to kill tumor cells that lacked expression of the corresponding 

tumor antigen following treatment with doxorubicin. A doxorubicin-mediated increase in 

the tumor cells permeability to granzyme B was reported to create a bystander effect that 

augmented the anti-tumor response also against tumor cells that lacked antigen expression 
43. Our studies demonstrate that selective blockade of the perforin/granzyme pathway had 

only a minor effect on the ability of TILs to kill doxorubicin-treated tumor cells. However, 

in presence of neutralizing TRAIL antibodies, the level of both NK and T cell mediated 

cytotoxicity was significantly reduced. Furthermore, the NK cell-mediated apoptosis in 

tumor cells was dependent on caspase-8 signaling.

Several studies have evaluated targeting TRAIL receptors in patients with advanced solid 

tumors. Although the maximum tolerated dose was not reached, in the majority of these 

trials, the common consensus is that TRAIL receptor targeting should be combined with 

chemotherapy. In three recent phase I clinical studies, TRAIL targeting in combination 

with chemotherapy has demonstrated objective clinical responses 44–46. In combination 

with paclitaxel and carboplatin, administration of dulanermin (recombinant human TRAIL) 

or mapatumumab have generated overall response rates of 58% and 19% respectively in 

patients with non-small-cell lung cancer 44–45. Although the results from these studies 

are promising, combined therapy with doxorubicin and cell-based adoptive therapy may 

have additional clinical benefits for several reasons; the terminal half-life of dulanermin, 

lexatumumab and mapatumumab is less than one hour, 16 and 19 days respectively 
20, 47. The anti-tumor effect of adoptively transferred immune cells, which can be detected 

several months after cell transfer 48, is potentially greater. Moreover, immune cells in the 

tumor micro-environment produce cytokines that can recruit other immune cells that could 

further contribute to tumor eradication. At therapeutic doses, paclitaxel as well as other 

commonly used chemotherapy agents, can significantly inhibit NK cell mediated killing 

while doxorubicin has a minimal impact on the viability and cytotoxicity of NK cells 49. 

Our results indicate that following exposure to doxorubicin, tumor cells remained sensitive 

to NK cell killing for 72 hours in vitro, thus providing a relatively long therapeutic window 

for NK cell therapy (supplemental figure 1D).

Our findings present a novel use of doxorubicin as a pre-treatment of adoptive infusion 

of expanded NK cells and T cells. Since a combination approach increases the chances of 

targeting immune escape variants of tumor cells, with variable expression of MHC class I 

and low expression of tumor antigens, doxorubicin pre-treatment coupled with infusion of 

autologous NK and T cells may be a therapeutic option for the treatment of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief description

We show for the first time that doxorubicin sensitizes tumor cells to killing by ex 

vivo expanded NK cells and tumor-specific T cells due to increased TRAIL-receptor 

signaling. In addition, we demonstrate that pre-treatment with doxorubicin augments the 

anti-tumor effect of adoptively transferred NK and T cells in tumor-bearing mice. Our 

findings will have an impact on the advancement of novel treatment strategies in the field 

of adoptive cell therapy against cancer.
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Figure 1. Increased NK cell-mediated killing of doxorubicin-treated allogeneic and autologous 
tumor cells
(A) J82 tumors (allogeneic) and GEWA-MEL tumors (autologous) were treated with 200 

ng/ml doxorubicin and tested for susceptibility to NK cell-mediated killing in an 18h 

51Cr-release assay. (B) Summary of 51Cr-release assays of allogeneic (n=6, p<0.01) and 

autologous (n=4, p< 0.05) NK cell killing of J82 and GEWA-MEL cell lines respectively. 

Effector-target (E:T) ratios ranged from 0.1:1–3:1, UNT = untreated, DOX = doxorubicin-

treated.

Wennerberg et al. Page 15

Int J Cancer. Author manuscript; available in PMC 2022 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Doxorubicin up-regulates TRAIL-R2 and reduces cFLIP expression and sensitizes 
tumors to TRAIL-mediated killing
(A) Surface expression of TRAIL-R2 on tumor cells after treatment with DOX (18 

hours). Open histograms represent isotype control. Values in histograms represent mean 

fluorescence intensity (MFI) of TRAIL-R2 expression. (B) Fold change in MFI of TRAIL-

R2 expression in tumor cells after DOX-treatment. Similar results were obtained in the 

repeated experiment. (C) Killing of J82 cells that were either untreated (UNT) or treated 

with 200 ng/ml doxorubicin (DOX) by rTRAIL (200 ng/ml) measured in an 18h 51Cr-

release assay. The experiment was repeated twice with similar results. (D) Expression of 

the short form (cFLIPS) and the long form (cFLIPL) of cellular FLICE inhibitory protein 

(cFLIP) in J82 cells after treatment with DOX (200 ng/ml). (E) NK cell-mediated killing 

of DOX-treated J82 tumors. The figure illustrates fold change in cytotoxicity between 
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untreated and doxorubicin-treated tumors in presence of blocking agents. (unblocked is 

set to 1.0, white bar). Blocking agents used were concanamycin A (CMA, n=4) or 

neutralizing antibodies against TRAIL (n=4), FasL (n=4), NKG2D (n=3) and DNAM-1 

(n=2). (F) Killing of GEWA tumor cells that were either untreated or treated with 200 ng/ml 

doxorubicin by expanded NK cells, measured in an 18h 51Cr-release assay. NK cells were 

incubated with blocking antibody against TRAIL (10 μg/ml) 30 min prior to co-culture with 

tumor cells. (E:T ratio = 1:1). UNT = untreated, DOX = doxorubicin treated.
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Figure 3. Increase in cleavage of caspase-8 in doxorubicin-treated tumor cells following culture 
with NK cells
(A) Activation of caspase-8 in J82 tumor cells after treatment (18 hours) with 200 ng/ml 

DOX and 4 hour co-culture with NK cells. Effector : Target ratio = 1:1. Experiment was 

repeated once with similar results. (B) Expression of pro- and cleaved form of caspase-8 in 

untreated or DOX-treated (200 ng/ml, 16 hours) J82 cells after 2 hour co-culture with NK 

cells. Effector : Target ratio = 1:1 Graph is representative of three independent experiments. 

(C) NK cell-mediated killing of J82 tumor cells transfected with non-targeting or caspase-8-

targeting siRNA with or without treatment with 200 ng/ml DOX. Graph is representative of 

three independent experiments. UNT = untreated, DOX = doxorubicin-treated.
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Figure 4. Doxorubicin sensitizes tumors to lysis by tumor specific T cells via augmented TRAIL 
signaling
(A) TIL killing against untreated or DOX-treated (200 ng/ml) allogeneic J82 tumors or 

autologous GEWA-MEL tumors in an 18 h 51Cr release assay. (B). Summary of 51Cr-

release assays of allogeneic (n=3, p=0.057) and autologous (n=4, p<0.05) TIL killing 

of J82 and GEWA-MEL cell lines respectively. Effector-target (E:T) ratios ranged from 

0.1:1–3:1 (C) Summary of TIL-mediated killing of DOX-treated J82 tumors. The figure 

illustrates fold change in cytotoxicity between untreated and doxorubicin-treated tumors in 

presence of blocking agents (unblocked is set to 1.0, white bar). Blocking agents used were 

concanamycin A (CMA, n=4) or neutralizing antibodies against TRAIL (n=4), Fas-ligand 

(n=4), NKG2D (n=3) and DNAM-1 (n=2). (D) TIL-mediated killing of GEWA tumor cells 

that were either untreated or treated with 200 ng/ml doxorubicin, measured in an 18h 

51Cr-release assay. TILs were incubated with blocking antibody against TRAIL (10 μg/ml) 

30 min prior to co-culture with tumor cells (E:T ratio = 3:1). UNT = untreated, DOX = 

doxorubicin-treated.
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Figure 5. Anti-tumor effect of adoptively transferred NK and T cells is augmented by 
doxorubicin pretreatment
(A) Tumor progression in mice receiving either injections of DOX or PBS (UNT). 

Progression of J82 tumors in SCID/Beige mice receiving cell therapy alone or in 

combination with doxorubicin (DOX) from day of treatment start until sacrifice of 

mice. Comparison of (B) NK cell therapy (p<0.05, tumor progression), (C) TIL therapy 

(p<0.0001, tumor progression) or (D) NK and TIL combination therapy (p<0.001, tumor 

progression). (E) Log-rank test of survival of SCID/Beige mice receiving adoptive transfer 

of NK cell and TILs without pre-treatment (median survival 72.4 ± 10.0 days) or with 

pre-treatment with 1 mg/kg DOX (median survival 53.8 ± 6.9 days) (p<0.01). At least 5 

mice were included in each group. Statistical data on tumor progression and survival was 

analyzed by two-way ANOVA and Log-rank test respectively and Student’s t-test was used 

to calculate differences in tumor size at the indicated time points. The experiment was 

performed twice with similar results. * p < 0.05, ** p < 0.01, *** p < 0.001
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