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Abstract

Multidrug resistance (MDR) renders cancer cells relatively invulnerable to treatment with many 

standard cytotoxic anti-cancer agents. Cancer immunotherapy could be an important adjunct other 

strategies to treat MDR positive cancers, as resistance to immunotherapy generally is unrelated to 

mechanisms of resistance to cytotoxic agents. Immunotherapy to combat MDR positive tumors 

could use any of the following strategies: direct immune attack against MDR positive cells, using 

MDR as an immune target to deliver cytotoxic agents, capitalization on other immune properties 

of MDR positive cells, or conditional immunotoxins expressed under MDR control. Additional 

insights into the immunogenic potential of some cytotoxic agents can also be brought to bear on 

these strategies. This review will highlight key concepts in cancer immunotherapy and illustrate 

immune principles and strategies that have been or could be used to help destroy MDR positive 

tumor cells, either alone or in rational combinations.
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1. Background

1.1 Brief historical perspective on tumor immunotherapy

When tumor-specific immunity was demonstrated by the mid-1950's (Prehn and Main, 

1957), this achievement promised to usher in an era of successful anti-cancer 

immunotherapy. Unfortunately we have not yet fully attained this goal, but our 

understanding of the shortcomings of prior approaches to cancer immunotherapy is growing 

rapidly. Cancer cells display antigens that should make them susceptible to immune attack. 

These antigens are processed and presented in conjunction with major histocompatibility 

complex (MHC) molecules and immune co-signaling molecules that together could help 
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mount an effective anti-tumor immune response. Dendritic cells are specialized antigen 

presenting cells that are key mediators of initiating anti-tumor immunity by processing and 

presenting tumor antigens to anti-tumor effector cells. Antigens captured by dendritic cells 

can prime an anti-tumor immune response consisting of tumor antigen-specific CD4+ and 

CD8+ T cells that ultimately should kill the cancer cells (Fig. 1). Innate (antigen-

independent) immune mechanisms that can kill tumor cells include natural killer cells and 

macrophages. Despite this vast armamentarium of naturally-occurring immune weapons, 

immunologically-mediated spontaneous rejection of clinically apparent cancers is rare, and 

meaningful clinical responses to cancer immunotherapy are uncommon (Zitvogel et al., 

2006). It is now clear that tumors employ a myriad of active immune escape mechanisms to 

evade destruction by host immune defenses (Curiel, 2008; Zitvogel et al., 2006) (Fig. 2). In 

response to these new insights, investigators have developed newer strategies to attempt to 

overcome cancer-driven immune defenses and allow clinically meaningful anti-tumor 

immunotherapy.

Cytotoxic chemotherapeutic agents have also been developed that could help improve the 

success rates for cancer therapies. These approaches likewise have limitations, most notably 

resistance through MDR, which is discussed in detail elsewhere in this special issue.

Most conventional cancer therapies are multi-modal, combining several approaches 

simultaneously, such as cytotoxic agents plus surgery plus radiotherapy. Despite rational and 

logical combinations, progress towards effective therapy against most advanced-stage 

cancers remains frustratingly slow. A significant clinical issue is the development of 

resistance to anti-cancer cytotoxic agents, and also resistance to the newer anti-growth factor 

agents and other treatment modalities. Because mechanisms of tumor resistance to cytotoxic 

agents, growth factor pathway inhibitors and the like are generally distinct from those 

driving resistance to immunotherapy, it is worthwhile to consider how immunotherapy could 

be used in conjunction with conventional agents to help improve treatment efficacy. It 

should be possible to combine specific cytotoxic agents and other anti-cancer strategies with 

specific immunotherapeutic approaches in rational approaches based on our improved 

understanding of anti-tumor immunity to help overcome the individual limitations of each 

individual approach. A second significant cause of cancer treatment failure is relapse from 

clinically unapparent micrometastatic disease. The exquisite sensitivity of immune 

responses could help deal with this latter issue. This review will summarize the current state 

of knowledge in anti-cancer immunotherapy and the approaches that could help overcome 

the MDR issue by combinations of immune and non-immune approaches.

1.2 Major types of anti-cancer immunotherapy

Cancer immunotherapy can be considered from several perspectives, but one convenient 

way to categorize immunotherapy is to think of active or passive approaches. An active 

therapy uses an agent or agents to drive a desired downstream immune response. Examples 

include vaccines to generate an antigen-specific immune response, or cytokines and 

interferons to boost activity of immune effector cells. Passive strategies are those that 

deliver a relatively finished immune product directly to the host. Examples include adoptive 

transfer of killer T cells or antibody infusions. Any of these approaches potentially could be 

Curiel Page 2

Drug Resist Updat. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



used to improve the kill rate of MDR-expressing tumor cells when used alone or in 

combination with other approaches.

1.3 Major mechanisms of anti-tumor immunity

CD8+ T cells recognizing antigens in the context of major histocompatibility complex class I 

(known as cytotoxic T lymphocytes, CTLs) are important mediators of anti-cancer 

immunity. Their optimal generation and function could require help from CD4+ T 

lymphocytes. Both CD4+ and CD8+ T lymphocytes are primed (turned on for the first time 

in an antigen-specific manner) by professional antigen cells, most notably dendritic cells 

(Apetoh et al., 2011; Steinman and Banchereau, 2007). Thus, many cancer immunotherapies 

are attempts to improve the performance of these key immune cells, primarily through 

vaccinations or adoptive cell transfers. Immune cytokines such as interleukin (IL)-2 

(McDermott, 2009) improve the function of T cells and natural killer cells, as could 

interferon-α. Other agents such as granulocyte-colony stimulating factor (GM-CSF) increase 

the numbers of, and beneficial functions of dendritic cells, among other mechanisms.

1.4 Major mechanisms of immune dysfunction in cancer

A more recent development in tumor immunology is the understanding that mechanisms of 

failure of anti-tumor immunity, including attempts at immunotherapy include tumor-

associated immune dysfunctions (Curiel, 2007; Zitvogel et al., 2006). Examples include 

reduced antigen or immune co-signaling expression on tumor and antigen presenting cells, 

altered effector cell trafficking into the tumor or its draining lymph nodes, outright killing of 

anti-tumor immune cells by the cancer, resistance of cancer cells to immune apoptosis-

inducing factors, or unfavorable pro-inflammatory conditions. Regulatory T cells (Zou, 

2006) and myeloid derived suppressor cells (Gabrilovich and Nagaraj, 2009) are immune 

cells significantly increased in the majority of cancers that actively suppress anti-tumor 

immunity through a variety of mechanisms. Reversing or mitigating tumor-associated 

immune dysfunction is a promising new area of development of potentially more effective 

anti-tumor immunotherapy.

In the following sections we will review how past approaches to cancer immunotherapy 

have been used or could be tailored to help combat MDR+ cancer, and how the newer 

approaches fit into the equation.

2. Using cytotoxic chemotherapy in immunotherapy

2.1 Immunochemotherapy

Immunochemotherapy is a strategy combining cytotoxic agents with immune therapy to 

attempt to capitalize on the best of each modality (Zitvogel and Kroemer, 2009). This 

approach is most used in cancers that are notoriously refractory to killing by conventional 

cytotoxic agents. In the United States, immunochemotherapy is most often used to treat 

renal cell carcinoma, melanoma and some hematologic malignancies including certain 

lymphomas and leukemias. In Europe, the cytokine tumor necrosis factor (TNF)-α is also 

used with cytotoxic agents to treat certain sarcomas. Although these cancers all have a high 
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prevalence of MDR expression, little specifically to tailor an immunochemotherapeutic 

regimen to MDR expression or its consequences has been reported thus far.

Melanoma can be treated with the cytotoxic agent dacarbazine combined with either IL-2, 

interferon-α or both. Renal cell carcinoma can be treated with 5-fluorocil plus IL-2 or 

interferon-α, among other combinations of cytotoxic agents and immune modifiers (Bierer 

et al.; Tarhini et al., 2008). Chemoimmunotherapy for chronic lymphocytic leukemia can 

include the B cell-targeting anti-CD20 antibody rituximab plus the cytotoxic agents 

fludarabine and cyclophosphamide (Riches et al., 2011). Because both fludarabine and 

cyclophosphamide have immunomodulating properties as well, mechanisms of action of 

these combinations are complex and incompletely understood. Bendamustine can improve 

the rituximab response in fludarabine-refractory chronic lymphocytic leukemia (Fischer et 

al., 2011). Some practitioners add the anti-CD52 antibody alemtuzumab to chronic 

lymphocytic leukemia chemoimmunotherapy with fludarabine, cyclophosphamide, and 

rituximab (Parikh et al., 2011). There is no current immunochemotherapy that is usually 

curative for any advanced-stage cancers, prompting much additional investigations, of 

which several illustrative examples are given.

The small molecule multi-tyrosine kinase inhibitors sunitinib and sorafenib increase 

NKG2D ligands on human nasopharyngeal carcinoma cell lines and make them more 

sensitive to natural killer cell-mediated cytotoxicity (Huang et al., 2010). Cytokine induced 

killer cells are T cells cultured ex vivo with activating cytokines such as IL-2 or tumor 

necrosis factor (TNF)-α to improve their efficacy in adoptive cancer immunotherapy. 

Cytokine induced killer cells plus oxaliplatin were more effective in vitro and in vivo against 

oxaliplatin-resistant gastric carcinoma tumors (Zhao et al., 2010). Cytokine induced killer 

cells plus docetaxel was better than either agent alone in a mouse xenograft model of human 

lung adenocarcinoma (Liu et al., 2009). Aside from cytotoxic agents and small molecule 

growth factor inhibitors, the anti-epidermal growth factor receptor antibody cetuximab 

promotes antibody-dependent cell-mediated cytotoxicity in vitro against primary human 

rhabdomyosarcoma cell lines (Herrmann et al., 2010).

In a mouse model of mammary carcinoma, combining cyclophosphamide with IL-12 plus 

granulocyte-colony stimulating factor helped reduce regulatory T cell accumulation and 

boosted clinical and immune outcomes (Rowswell-Turner et al., 2011). Anti-transferrin 

receptor antibodies can improve cytotoxic drug efficacy for human glioma tumors in vitro 

(Xu et al., 2011).

A significant issue to consider in immunochemotherapy is its potential for the cytotoxic 

agents to reduce immunity as these agents typically target rapidly dividing cells, which 

include not only the cancer but also cells of hair follicles, gut and bone marrow. As bone 

marrow is the reservoir from which most immune cells come, it is clear why cytotoxic 

agents wreak such damage on the immune system. In fact, the term “bone marrow 

transplant” is commonly misused to describe a high-dose cytotoxic approach to treating 

cancer. However, the transplant is usually not specifically to treat the cancer itself (although 

in certain hematologic malignancies that is the case) but is primarily used to rescue the bone 

marrow after destruction from the high-dose cytotoxic agents, to avoid complications from 
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reduced marrow reserves, including significantly compromised immune function. Thus, a 

successful immunochemotherapy regimen must provide for adequate timing of immune-

degrading agents to ensure that the efficacy of combined immune stimulating agents is not 

compromised.

In this regard, there have been two interesting developments in the past few years that could 

help improve rational combinations of cytotoxic agents and immunotherapy for maximal 

therapeutic effects, including in MDR+ cancers. First, some cytotoxic agents have been 

shown actually to improve anti-tumor immunity, and second, others have been shown to 

reduce tumor-associated immune dysfunction. Some of these agents are well-known targets 

of MDR-mediated resistance, including doxorubicin (Apetoh et al., 2008a; Machiels et al., 

2001;Tesniere et al., 2008).

2.2. Using cytotoxic chemotherapy as immunotherapy

As just discussed, cytotoxic anti-cancer drugs kill rapidly dividing cells, including those of 

the bone marrow. Thus, reduced immune function is frequently an unfortunate and 

unintended consequence of their use. Nonetheless, certain cytotoxic agents can enhance anti-

tumor immunity in specific conditions (Apetoh et al., 2008b). Mechanisms of action to 

improve anti-tumor immunity for these agents include increasing the immunogenicity of 

tumor cells, reducing immune dysfunction, or inducing apoptotic cancer cell death that 

improves anti-tumor immunity (generally through activating antigen presenting cells) 

(Apetoh et al., 2008a; Apetoh et al., 2008b; Casares et al., 2005; Machiels et al., 2001; 

Obeid et al., 2007; Shurin et al., 2009; Suzuki et al., 2005; Vincent et al., 2010). Each 

particular mechanism will be discussed in more detail below.

Some drugs, including the MDR targets anthracyclines, induce preapoptotic exposure of 

calreticulin by translocation to the plasma membrane and also cause release of non-histone 

chromatin binding high-mobility group box 1proteins by tumor cells, which mediates 

dendritic cell antigen uptake and maturation, thereby making the dendritic cells more 

efficient in priming anti-tumor immunity (Apetoh et al., 2008a; Obeid et al., 2007). Aside 

from these mechanisms, maximally tolerated doses of the MDR target doxorubicin (as well 

as intravenous cyclophosphamide and paclitaxel) boosted the performance of a cancer 

vaccine by breaking self tolerance to tumor antigens (Machiels et al., 2001).

The anthracyclines doxorubicin, idarubicin and mitoxanthrone, as well as oxaliplatin and 

other drugs can induce apoptotic tumor cell death, which leads to greatly increased antigen 

uptake by dendritic cells, key inducers of anti-tumor immunity (Apetoh et al., 2011; 

Steinman and Banchereau, 2007). This capture of apoptotic antigen induces dendritic cell 

maturation that improves their capacity to prime or activate immune responses against 

captured tumor antigens as a form of in situ immunization (Apetoh et al., 2008b; Casares et 

al., 2005). Non-cytotoxic concentrations of the MDR targets doxorubicin and vincristine can 

boost dendritic cell function in an IL-12-dependent manner that might include mechanisms 

other than apoptosis induction. This pathway can also be induced by non-MDR targets such 

as paclitaxel (Shurin et al., 2009).
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Thus, appropriate combinations of MDR-targeted cytotoxic agents could help elicit an anti-

tumor immune response that could be augmented by specific and complementary immune 

approaches to help kill MDR+ tumor cells. Since immune effects occur in drug 

concentrations below those needed to achieve cytotoxicity, these cytotoxic agents can still 

have anti-cancer effects through boosting anti-tumor immunotherapy even if they are largely 

ineffective in killing tumor cells directly.

2.3. Cytotoxic agents that can also reduce tumor-driven immune dysfunction

Aside from cytotoxic agents that can directly augment anti-tumor T cell activity, improve 

dendritic cell function or boost tumor immunogenicity, other agents appear able to mitigate 

tumor-driven immune dysfunction, which augments anti-tumor immunity indirectly. Perhaps 

the best-studied example is cyclophosphamide, which was shown decades ago to modulate 

anti-tumor immunity in mouse models and in humans (Berd and Mastrangelo, 1988). When 

the importance of tumor-associated regulatory T cells in inhibiting anti-tumor immunity was 

demonstrated, it was then shown that cyclophosphamide at low doses selectively (but not 

absolutely specifically) reduced regulatory T cell numbers and function. This reduction in 

inhibitory regulatory T cells allows more effective function of anti-tumor effect cells such as 

tumor-specific cytotoxic CD8+ T cells. These results have been replicated in humans, where 

low dose, metronomic cyclophosphamide reduces regulatory T cells in cancer patients and 

improves their immune function (Ghiringhelli et al., 2007). More recent work suggests that 

cyclophosphamide improves anti-tumor immunity through mechanisms in addition to 

regulatory T cell reduction. For example, after high-dose cyclophosphamide sufficient to 

cause myelosuppression in a mouse model, regenerated dendritic cells produce more IL-12 

that polarizes anti-tumor T cells towards a beneficial Th1 pathway, and less IL-10 that can 

inhibit T cell responses (Radojcic et al.).

2.4. Timing issues in combining immune and cytotoxic therapies

We have previously demonstrated how timing of immune agents in cancer immunotherapy 

can affect their immune and clinical efficacy (Litzinger et al., 2007). Interestingly, the 

timing of cytotoxic agent administration can also alter immune effects. For example, 

maximally tolerated doses of cyclophosphamide, doxorubicin or paclitaxel given with an 

experimental cancer vaccine in a mouse model reduced vaccine efficacy. Surprisingly, 

though, the same doses given prior to vaccination improved vaccine efficacy as evidenced 

by increased tumor-reactive T cells (Machiels et al., 2001). Based on results of pre-clinical 

animal models and human observations such as these, it appears possible to combine 

cytotoxic agents with immunotherapy in effective ways that boost the clinical efficacy of 

both approaches. Generally speaking, low dose administration and/or metronomic dosing of 

cytotoxic agents appears to be more effective than giving maximally tolerated doses based 

on currently available data. However, to optimize such strategies, a better understanding of 

mechanisms of action of the various doses and schedules of cytotoxic agents, alone and 

when combined with immune agents is required, as is a better understanding of optimal 

timing of the combinations.
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3. Specific therapies targeting MDR+ cancer cells

3.1 Eradicating MDR+ cancer cells with immunotherapy

Specifics regarding MDR-mediated mechanisms contributing to resistance to conventional 

cancer therapies are well-discussed elsewhere in this special edition. Progress has also been 

made regarding using immunotherapy to help treat MDR-expressing cancer cells.

3.1.1 Antibody strategies—MDR expression is a particularly vexing issue in acute 

myelogenous leukemia. Monoclonal antibodies recognizing specific MDR1 epitopes have 

been developed, but their ability to detect clinically relevant MDR expression has been 

questioned (Taylor et al., 2001). Synthetic peptides directed at MDR and made into 

liposomes after coupling to polyethylene glycol were shown to induce anti-MDR antibodies 

in mice vaccinated with this construct that augmented doxorubicin sensitivity of multidrug 

resistant P388R leukemia cells in vitro. Mice vaccinated with these peptides that induced 

anti-MDR antibodies and challenged with P388R cells survived longer than control mice 

when given doxorubicin in vivo, demonstrating that targeting MDR gene product function 

can be chemosensitizing (Gatouillat et al., 2007).

An antibody directing CD8+ cytotoxic T cells to MDR-expressing tumor cells is effective in 

vitro and can eliminate the P glycoprotein+ MDR leukemia cell line K562/A02 in vivo in 

xenografted nude mice adoptively transferred with human immune cells, although tumor 

rapidly recurred. Adding soluble 4-1BBL to agonize the 4-1BB immune co-signaling 

pathway in conjunction with these MDR-directed CD8+ cytotoxic T cells helped achieve 

total eradication of K562/A02 in xenografted nude mice in vivo (Guo et al., 2008).

3.1.2 Antibody-directed toxins—Most acute myeloid leukemias express CD33. 

Gemtuzumab ozogamicin is a conjugate of the cytotoxic agent calicheamicin with 

humanized anti-CD33 mouse monoclonal antibody. It is widely used to treat acute myeloid 

leukemia. MDR-mediated P-glycoprotein actively induced calicheamicin efflux from human 

acute myeloid leukemia cell lines in vitro, which was mitigated using the MDR inhibitors 

PSC833 or MS209 and improved drug sensitivity in vitro (Matsui et al., 2002).

3.1.3 Antibody-enhanced cytotoxicity—Cripto is an epidermal growth factor family 

member implicated in drug resistance in a number of cancers. In the MDR+ human leukemia 

cell line CEM/A7R, an anti-Cripto monoclonal antibody enhanced sensitivity of cells in 

vitro to the MDR substrates epirubicin and daunorubicin and also to the non-MDR substrate 

ara-C. Cytotoxicity was associated with augmented c-Jun N-terminal kinase/stress-activated 

protein kinase and AKT inhibition with associated activation of the mitochondrial apoptosis 

pathway involving Bad activation. Anti-Cripto monoclonal antibody reduced growth of 

CEM/A7R cells in a SCID mouse xenograft model, but augmented efficacy with cytotoxic 

chemotherapy in vivo was not tested in this paper (Hu et al., 2007).

CD147 (also known as extracellular matrix metalloproteinase inducer, basigin or emmprin) 

is a multifunctional glycoprotein with plieotropic effects including activating proteinases, 

inducing factors that promote angiogenic tumor and stromal cell angiogenesis, regulating 

tumor growth, and promoting survival of micrometastatic cancer cells, in addition to 
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promoting the MDR phenotype. CD44, the major hyaluronan receptor, is another protein 

with pleiotropic effects on cell adhesion, cell trafficking and the MDR phenotype. It is a 

major component of the extracellular matrix in many cancers that is involved in tumor 

pathogenesis. Targeting CD44 or CD147 is under consideration to make MDR+ cells more 

sensitive to cytotoxic agents (Hao et al.).

3.2 Single chain antibody constructs

Single chain antibody scFv constructs have been engineered to recognize the MRP3 MDR 

epitope in glioblastoma multiforme in vitro (Kuan et al., 2009) but efficacy in drug 

sensitization was not reported. Patients with hepatocellular carcinoma generate cytotoxic T 

cell responses against the MDR gene product MRP3 (Mizukoshi et al., 2008) suggesting it 

as an immune target for immunotherapy.

3.3 Experimental issues with in vitro studies of MDR+ cells in immunotherapy

A complication of some studies of MDR+ cancer cell lines is that they are generated by 

chronic drug exposure in vitro, and thus their features might not fully or accurately reflect 

those of de novo MDR+ cells. As an example, it has been postulated that MDR expression 

renders cancer cells refractory to complement-mediated cytotoxicity. However, careful 

analysis of MDR contributions versus complement receptor and inhibitor expression in in 

vitro induced MDR ovarian cancer cell lines demonstrated that complement resistance was 

due to secondary features acquired during drug exposure in vitro used to generate the MDR 

phenotype, but MDR gene products did not contribute to complement refractoriness 

(Odening et al., 2009).

3.4. Exploiting other MDR+ cell properties in immunotherapy

3.4.1 Overcoming apoptosis resistance—The effects of MDR gene products on 

chemosensitivity are well-described in this special issue. Nonetheless, MDR expression 

confers additional properties on cancer cells that bear on treatment efficacy. For example, 

MDR gene products can confer apoptosis protection (Johnstone et al., 2000). As this 

protection is caspase-dependent but not caspase-independent, a targeted approach to induce 

caspase-independent apoptosis in MDR+ cells could be useful. In one approach, granzyme 

A, an immune protein inducing caspase-independent apoptosis, was genetically to make an 

IL-2/granzyme A fusion protein that delivered granzyme A to IL-2 receptor-expressing 

malignant cells, killing them in vitro, and improving the doxorubicin sensitivity of the MDR

+ lm1-mdr cell line (Grodzovski et al., 2010). MDR-mediated apoptosis resistance can also 

render leukemia cells less susceptible to immune attack including through natural killer cell-

mediated cytotoxicity, which could be granzyme-mediated. N6/ADR is a doxorubicin-

resistant MDR+ subline of the human acute lymphoblastic leukemia cell line NALM6. In 

vitro studies demonstrated reduced tumor cell conjugate formation between tumor cells and 

natural killer cells, with concomitant reductions in TNF-α release as the major mechanism 

of MDR-mediated natural killer cell cytotoxicity resistance in MDR+ N6/ADR tumor cells 

(Treichel et al., 2004). Thus, additional strategies could be developed to overcome resistance 

to natural killer cell-mediated effects, and to overcome other MDR-mediated anti-

cytotoxicity/anti-apoptosis mechanisms.
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3.4.2 Cytokine-based strategies—In early studies of immunotherapy to improve 

cytotoxic agent-mediated tumor cytotoxicity of MDR+ cells, various cytokines were used in 

vitro. TNF-α, interferon-γ and IL-2 were added to cultures of the human colon carcinoma 

cell lines Lo Vo, HT 115, SW 480, and LS 174T. Mdr1 expression was reduced although the 

effect was not seen in all lines and took up to 72 hours to become evident. Notably, 

vincristine and doxorubicin sensitivity was improved in those cell lines in which mdr1 

expression was reduced, but only when added after mdr1 reduction. Cytotoxicity was not 

enhanced when these drugs were added at the same as the cytokines (Walther and Stein, 

1994). These data were an early indication that immunotherapy could be useful to treat 

MDR+ cancers, and demonstrated early that timing of interventions could have significant 

effects on treatment outcomes. Timing issues are additionally discussed in section 2.4.

Soon thereafter, in vitro studies of human ovarian and cervical cancer cell lines 

demonstrated that TNF-α improved topoisomerase II inhibitor-mediated (but not cisplatin-

mediated) tumor cytotoxicity in vitro. Augmentation of topoisomerase II inhibitor activity 

was irrespective of the TNF-α resistance or sensitivity of the tumor cells (Aluigi et al., 

1995). Breast cancer cells overexpressing the MDR gene ABCG2 are intrinsically more 

sensitive to cytotoxicity in vitro by TNF-α (Mosaffa et al., 2011). In other early work, IL-2 

gene transfer increased sensitivity of MDR colon carcinoma cell lines to chemotherapy in 

vitro (Stein et al., 1998), but this approach has not become established clinically.

Chemotherapy-induced MDR expression is extensively discussed elsewhere in this issue. To 

capitalize on the fact that cytotoxic agents could induce MDR expression, it could be 

possible to design therapy that is activated in response to MDR upregulation in tumor cells. 

In one approach, nude mice were xenografted with MCF-7 breast cancer cells engineered to 

express TNF-α driven off the human mdr1 promoter in response to cytotoxic drugs. Mice 

bearing MCF-7 cells with the cytotoxic agent-inducible TNF-α cassette exhibited greater 

tumor reductions in response to doxorubicin treatment compared to mice bearing MCF-7 

cells with a cassette constitutively overexpressing TNF-α (Walther et al., 2000).

3.4.3 TNF-related apoptosis-inducing ligand (TRAIL)-related strategies—TNF-

related apoptosis-inducing ligand (TRAIL) is a TNF gene superfamily member that can 

induce apoptosis by engaging specific death receptors. There is great interest in using 

TRAIL for tumor-specific immunotherapy because it is relatively selective for apoptosis 

induction in malignant rather than normal cells. TRAIL cytotoxicity also appears to be 

partially independent of major pathways controlling chemotherapy resistance including 

those mediated through MDR pathways (Secchiero et al., 2004). Many osteosarcomas are 

MDR+ and are highly refractory to cytotoxic agents. In a recent study, the MDR-negative 

human osteosarcoma cell line U2OS was shown to be TRAIL-resistant. By contrast, the 

MDR+ subline MDR-U2OS was TRAIL sensitive. The mechanism of TRAIL sensitivity 

was shown to include reduced AKT activation (Cenni et al., 2004). These data demonstrate 

that improved understanding of MDR signaling alterations could be used to increase anti-

tumor therapy, and could be used specifically to boost cytotoxicity of MDR+ tumors (such 

as by combining treatments with an Akt inhibitor). Naturally-occurring c-MYC over-

expression improves TRAIL-mediated killing of MDR+ cancer cells in ovarian and breast 

cancer (Kim et al., 2011). TRAIL sensitivity can also result from down-regulation of P-

Curiel Page 9

Drug Resist Updat. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



glycoprotein by inhibiting the DNA-PKcs/Akt/GSK-3beta pathway and by caspase 

activation (Seo et al., 2011) or other mechanisms (D'Alessandro et al., 1998; Park et al., 

2006), suggesting additional pathways for therapeutic attack.

3.4.4 Inflammation-based strategies—Tumor-mediated inflammation could alter 

MDR expression. In in vivo studies in naïve, non-tumor-bearing mice (Hartmann et al., 

2001), systemic IL-6, or Toll-like receptor ligation with bacterial endotoxin reduced mdr1a, 

mdr1b, mdr2 and spgp genes in liver whereas IL-1β increased mdr1b gene and protein 

expression, but reduced gene expression of mdr1a, mdr2 and spgp. TNF-α increased mdr1b 

gene expression. These data help establish that inflammation can alter mdr gene expression, 

but specific functional consequences and particulars in individual cancers, where effects are 

likely to be cell-specific, remain little studied. In humans, TNF-α plus melphalan resulted in 

good clinical outcomes in isolated limb perfusion for sarcoma and did not induce MDR in 

tumors (Komdeur et al., 2001). Further work is required to determine if TNF-α (or other 

cytokines) can suppress MDR development and to determine if their addition to 

chemotherapy is useful in patients with MDR+ tumors.

4. Miscellaneous approaches and considerations

4.1 Targeting cancer stem cells or cancer initiating cells

A particularly exciting area for future research is investigation into cancer stem cells, or 

cancer initiating cells as they are also called. Cancer stem cells are similar to non-malignant 

stem cells in a variety of characteristics such as self-renewal and variable differentiation 

fates. They also share the features of relative quiescence and in their high resistance to many 

cytotoxic drugs (Gupta et al., 2009a). Cancer stem cells were first identified in acute 

myeloid leukemia but have since been putatively identified in a variety of epithelial 

carcinomas including important cancers such as those of breast, colon and lung (Visvader 

and Lindeman, 2008) and in important but relatively less common cancers such as 

melanoma, ovarian cancer, gastric cancer and others (Ji et al., 2009). Strategies aimed at 

eradicating cancer stem cells thus could be a means to eliminate the root cause of some 

MDR+ cancers.

Anti-vascular endothelial growth factor antibody synergizes with cyclophosphamide in a 

xenotransplant glioma model to reduce cancer stem cell like cells with results affected by 

dose and schedule of cyclophosphamide (Folkins et al., 2007).

A number of labs are employing various strategies to identify agents to treat cancer stem 

cells (Gupta et al., 2009b). As cancer stem cells express antigens that could make them 

objects of specific immune attack, they could be particularly amenable to immune 

approaches. Combining immune and conventional strategies against these cells could be an 

even more useful strategy. Evidence that immune attacks against cancer stem cells can be 

mounted (Visus et al.) lends credence and some optimism to this approach.

4.2 Targeting tumor stroma

Tumor-stromal interactions that protect from chemotherapy effects can be interrupted by 

blocking the chemokine receptor CXCR4 as demonstrated in multiple myeloma (Azab et al., 
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2009) and other cancers. Tumor stroma is also a key mediator of associated inflammation, 

which can influence MDR expression and the outcomes of immunotherapy and perhaps 

certain cytotoxic agents. Additional investigations of tumor stroma in regards to altering the 

outcomes of treatment of MDR+ tumors, both with conventional and with 

immunotherapeutic approaches are warranted.

4.3. Assessing gender differences

We recently demonstrated that blockade of the immune co-signaling B7-H1 pathway as 

cancer immunotherapy has sexually dimorphic outcomes, with females getting a better 

therapeutic response versus males in a mouse model of B16 melanoma (Lin et al., 2010). 

Because males and females experience some sexually dimorphic responses to drugs or drug 

metabolism (Fish, 2008), it is worthwhile to explore whether any combinations of 

immunotherapy with other approaches will benefit males or females better, or whether any 

hormonal manipulations will improve treatment effects in a specific sex.

4.4. Age considerations

Although most cancers occur in aged hosts, most research on cancer therapies is done in 

young hosts. There are no published studies regarding effects of age on combining 

immunotherapy with other treatment approaches to avoid multidrug resistance. Age is 

associated with significant alterations in immunity and in generalized inflammation 

(Komdeur et al., 2001) that could alter mdr gene expression. Thus, understanding age-

specific consequences of mdr expression, effects of inflammation and effects of 

immunotherapy on mdr+ tumors are worthy areas for further studies.

5. Summary

Immunotherapy could be a useful adjunct to help treat multidrug resistant tumors. Numerous 

approaches are possible, and a number have been attempted in early or limited in vitro and 

in vivo studies. MDR gene products themselves could be used in targeted therapies for 

MDR-expressing tumors, or could be used as the principal targets of such attack. MDR-

mediated cell signaling alterations, or toxins driven off MDR expression are additional 

approaches for exploration. Although no immune strategy for treating MDR+ cancers is a 

clear favorite at this early juncture, immune targeting of MDR+ cancer initiating/cancer 

stem cells appears promising in theory, even though little has yet been reported. Despite 

many attempts and approaches, little progress in combining immunotherapy with other 

agents specifically to combat MDR+ tumors has been reported. With rapid advances in 

understanding MDR mechanisms and in understanding guiding principles of effective anti-

tumor immunotherapies, faster progress towards effective individual and combination 

approaches in now possible, with work being pursued in labs around the world. Issues of 

dosing, schedule and timing of individual agents could significantly affect efficacy and 

toxicities, and bear much additional scrutiny.
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Figure 1. 
The critical elements of anti-tumor immunity. Tumors express tumor antigens that should be 

objects of immune attack (1). Antigen presenting cells (2) take up antigen, and process and 

present them to antigen-specific cells, including CD4+ and CD8+ T lymphocytes (3), that 

should lead to immune elimination of the tumor (4). Cytokines, such as IL-12, and surface 

molecules such as CD80 and CD86 provide signals that should promote this tumor-specific 

immune response. Antigen presenting cells such as dendritic cells, and other non-specific 

cells suck as natural killer cells and macrophages collectively comprise the innate immune 

system. Adaptive immunity includes antigen-specific cells such as CD4+ and CD8+ T cells, 

and B cells (not shown). Despite this sophisticated immune response, which does occur in 

most cancers, immune elimination does not occur owing to the immune dysfunction shown 

in figure 2. Figure adapted from (Curiel, 2007).
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Figure 2. 
Critical elements of tumor-associated immune dysfunction. Although anti-tumor immunity 

is elicited according to the scheme outlined in figure 1, and shown in the top half of this 

figure, active tumor-driven immune dysfunction (boxed portion in bottom half of the figure) 

thwarts immune cancer elimination. Antigen presenting cells, which in the top half can 

activate tumor-specific immunity, can also elicit dysfunctional immune cells that turn anti-

tumor immunity off, or inhibit it through subversion by tumor factors. Factors responsible 

for this dysfunction can derive from the tumor itself, or from local stroma or immune cells. 

These agents include immune suppressive vascular endothelial growth factor (VEGF), 

transforming growth factor (TGF)-β and interleukin (IL)-10. These molecules can directly 

inhibit immunity, such as the ability of TGF-β, IL-10 or VEGF to inhibit T cell activation, or 

can indirectly elicit other dysfunctional cells. In this latter instance, tumor IL-10 or VEGF 

can promote antigen presenting cells to express B7-H1, an immune molecule that can 

directly inhibit T cells, or promote generation of regulatory T cells (Tregs) that inhibit anti-

tumor immunity. Novel strategies to overcome these complex and potent tumor-driven 

active defenses against anti-tumor immunity represent major new opportunities to improve 

the efficacy of anti-tumor immunotherapy. Figure adapted from (Curiel, 2007).
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