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Abstract

Immunotherapy with interleukin-2 can cure 5 to 10% of patients with metastatic melanoma and 

renal cancer. Recent adoptive cell transfer (ACT) immunotherapies have improved cure rates in 

metastatic melanoma to 20 to 40%. Genetic engineering of T cells to express conventional alpha/

beta T cell receptors or antibody-based chimeric antigen receptors provides an opportunity to 

extend ACT to patients with common epithelial cancers.

There has been little progress in the development of curative treatments for patients with 

metastatic solid cancers since the development over 30 years ago of curative chemotherapy 

for patients with metastatic germ cell tumors and choriocarcinomas. One important 

exception has been the recent development of immunotherapy, which can cure patients with 

metastatic melanoma. Recent progress in the development of T cell transfer studies has 

improved cure rates for melanoma patients, and the genetic engineering of T cells to express 

anticancer receptors is extending this approach to the treatment of common epithelial 

cancers (1, 2).

THE NEED FOR CURATIVE CANCER TREATMENTS

The inability to cure patients with metastatic common solid cancers such as breast, colon, 

prostate, ovary, and others resulted in the cancer-related deaths of over 560,000 Americans 

in 2010. Even the most successful new drugs such as trastuzumab (Herceptin) and 

bevacizumab (Avastin) (which cost patients $6 billion and $7.4 billion, respectively, in 2010) 

prolong survival of patients with meta-static cancer only by months when combined with 

chemotherapy—and cure no one with metastatic disease. The bar for the approval of new 

cancer drugs by the U.S. Food and Drug Administration (FDA) is low, and drugs are 

commonly approved that have minimal impact on survival. A course of erlotinib (Tarceva) 

for pancreatic cancer that can prolong median survival by less than two weeks and results in 

no cures costs over $15,000 per course (and has substantial side effects) (3).

Eighteen new drugs to treat cancer were approved by the FDA between July 2005 and 

December 2007—none of which had curative potential for patients with metastatic solid 

exclusive licensee American Association for the Advancement of Science. No claim to original U.S. Government Works
*Corresponding author. sar@nih.gov. 

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2018 December 13.

Published in final edited form as:
Sci Transl Med. 2012 March 28; 4(127): 127ps8. doi:10.1126/scitranslmed.3003634.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancers (4). Conventional cytotoxic chemotherapy agents are limited by toxicity to normal 

tissues. New “targeted” agents are designed to exploit specific mutational events in vital 

signaling pathways, and although impressive cancer regressions can be seen, the redundancy 

in these pathways appears invariably to lead to tumor regrowth and death of the patient. 

Indeed, a major cost of cancer care in the United States results from cancer patients moving 

from one minimally effective drug to another.

Curative treatments require the recognition, with a high degree of specificity, of changes that 

distinguish normal from malignant cells. The immune system of vertebrates evolved in part 

to detect, with exquisite sensitivity and specificity, molecules or cells that are “non-self” and 

exhibit aberrations from normal. Immunotherapy based on stimulating lymphocytes to detect 

distinct “non-self” changes in cancer cells represents an approach that can cure some 

patients with widespread bulky metastatic melanoma and kidney cancer. The development of 

immunotherapy for melanoma holds lessons for both the progress and pitfalls of extending 

immunotherapy to the cure of patients with additional cancer types.

IMMUNOTHERAPY CAN CURE PATIENTS WITH METASTATIC MELANOMA 

AND RENAL CANCER

The discovery of T cell growth factor (inter-leukin-2, IL-2) in 1976 enabled, for the first 

time, the growth of T cells in the laboratory and thus greatly expanded studies of the role 

and function of lymphocytes (5). The cloning of the gene encoding IL-2 and its expression 

in recombinant vectors enabled the production of large amounts of this molecule and 

provided an important stimulus to the development of cancer immunotherapy (6, 7). IL-2, 

which is naturally produced by T lymphocytes, can mediate the in vivo growth and 

expansion of immune cells that express high-affinity IL-2 receptors, which appear on the T 

cell surface when it encounters its cognate antigen. The ability of IL-2 administration to 

mediate antitumor effects in experimental animals led to its clinical study in patients with a 

wide variety of cancer types.

The administration of IL-2 to patients with metastatic cancer was the first reproducible 

demonstration in humans that manipulation of the immune system could lead to durable 

cancer regressions (8). Patients with metastatic melanoma or renal cancer experience a 5 to 

10% rate of complete cancer regression, with an additional 10% experiencing a partial 

regression (RECIST criteria) (9–12). Approximately 70% of complete responders to IL-2 

therapy do not recur and are likely cured. In patients with metastatic melanoma or kidney 

cancer treated in the Surgery Branch of the National Cancer Institute (NCI) with high doses 

of IL-2, 24 of 33 complete responders have ongoing complete regression up to 25 years after 

treatment (10), which is similar to findings in a multi-institutional study of patients with 

metastatic melanoma treated with IL-2 (11). A recent prospective randomized trial showed 

that adding a melanoma peptide vaccine to IL-2 administration significantly improved the 

overall as well as the complete response rates in melanoma patients as compared with 

treatments of IL-2 alone (13). The ability of high-dose IL-2 to mediate durable complete 

regressions led to its approval by the FDA for the treatment of patients with metastatic renal 
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cancer in 1992 and metastatic melanoma in 1998. Patients that did not achieve a complete 

regression of metastatic disease ultimately progressed and died of their disease.

Before the approval of IL-2 by the FDA, the only approved treatment for patients with 

metastatic melanoma was the chemotherapy agent dacarbazine, which only rarely, if ever, 

produced complete regressions (14). More recently, two new treatments for patients with 

metastatic melanoma have been approved (Table 1). Blockade of CTLA-4 with ipilimumab, 

a monoclonal antibody reactive with the inhibitory CTLA-4 cell-surface molecule, blocks 

inhibitory signals on T lymphocytes and has been shown to prolong median survival in 

patients with melanoma by 3.7 months as compared with a peptide vaccine (15). However, 

of 540 patients treated with ipilimumab only three (0.6%) had a complete regression of their 

disease, and it is thus unclear how many will ultimately be cured. Vemurafenib, which is an 

inhibitor of the mutant BRAF molecule expressed in approximately 50 to 60% of metastatic 

melanomas, can improve median progression-free survival by about 3.7 months compared 

with dacarbazine (14). Although response rates are high, only two of 219 (0.9%) patients 

achieved a complete regression, and it appears that most, if not all, responding patients 

ultimately experience recurrence of their metastatic melanoma.

The superior ability of IL-2 to mediate durable complete regression is also seen in renal 

cancer. There are now seven FDA-approved treatments for patients with meta-static renal 

cell cancer. Complete regression data are available for five of these agents. Sorafenib (16), 

sunitinib (17), everolimus (18), and pazopanib (19) have complete regression rates of 0.2%, 

0.2%, 0%, and 0.5%, respectively, in studies encompassing more than 1000 patients. In 259 

consecutive patients treated in the Surgery Branch of the NCI with IL-2, 9% experienced 

complete regressions, and over two-thirds of these patients have never recurred—with many 

ongoing beyond 20 years (9).

Although nonspecific immune stimulation with either IL-2 or ipilimumab can mediate tumor 

regression in patients with melanoma, other more common epithelial histologies do not 

appear to respond to these agents. It thus appears that patients with melanoma and renal 

cancer naturally generate endogenous antitumor T cell precursors that are inactive in vivo 

until these cells are stimulated by IL-2. Multiple shared target antigens in melanoma have 

been characterized; however, it appears that the predominant endogenous immune reactions 

effective in treating melanoma are directed against mutations expressed specifically on 

individual melanomas. Melanomas have among the highest mutation rates of any cancer 

type, which may explain, in part, their singular responsiveness to IL-2 (20). It has been far 

more difficult to identify target antigens in patients with renal cancer, and alternate 

mechanisms involving the action of natural killer cells may be involved in mediating the 

immuno-therapy response against this cancer.

Surprisingly, immunotherapy with IL-2 administration—which in most circumstances is the 

only curative treatment available to patients with metastatic melanoma and kidney cancer—

is often not used for the treatment of these patients. Sales estimates of IL-2 suggest that less 

than 10% of eligible metastatic melanoma and renal cancer patients actually receive this 

potentially curative drug, probably because IL-2 is more difficult to administer because it 

requires hospitalization and has an unusual toxicity profile compared with conventional 
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chemotherapies. Thus, many patients are being denied potentially curative treatment and 

receive instead treatments that are more convenient to administer but result in few, if any, 

cures.

ACTIVE IMMUNIZATION APPROACHES TO CANCER TREATMENT (CANCER 

VACCINES) DO NOT CURE

An alternate approach to immunotherapy has been the attempt to actively immunize patients 

against their metastatic cancer (“cancer vaccines”). Many thousands of patients in many 

hundreds of clinical trials of cancer vaccines using immunization with whole cells, proteins, 

peptides, recombinant viruses, dendritic cells, and naked DNA combined with a variety of 

adjuvants have failed to show any reproducible ability to mediate regression of metastatic 

cancer. A review of 58 published trials including 1306 metastatic cancer patients treated 

with cancer vaccines before 2004 (21) and a review of 936 patients treated in vaccine 

clinical trials between 2004 and 2010 (22) both revealed an overall objective response rate of 

3 to 4%, with only rare complete responders. Although the FDA recently approved a 

dendritic-like vaccine for men with castration-resistant prostate cancer that improved 

survival by approximately 4 months, there were no complete responses and only one 

objective partial response in 330 patients (0.3%) (23). There was no difference in 

progression-free survival, and it appears that all patients ultimately progress and die of their 

disease. Although no cancer vaccines capable of reproducibly mediating cancer regression 

have been described to date, this approach continues to receive considerable attention as a 

potential treatment for metastatic cancer, perhaps in part because of the allure of easy 

distribution by pharmaceutical companies and outpatient administration.

ADOPTIVE CELL THERAPY AS A CURATIVE TREATMENT FOR PATIENTS 

WITH METASTATIC MELANOMA

Adoptive cell therapy (ACT) involves the transfer of autologous immune T cells with 

antitumor activity to the cancer-bearing patient. ACT using either endogenous anti-tumor T 

cells or cells genetically engineered to express antitumor receptors represents the most direct 

evidence of the ability of T cells to mediate a high level of durable complete regressions in 

patients with metastatic cancer (2, 24).

Tumor infiltrating lymphocytes (TILs) grown from resected melanoma deposits can be 

grown to large numbers in IL-2 while retaining reactivity against endogenous tumor-

associated antigens. An important advance, reported in 2002, was the demonstration that the 

administration of a lymphodepleting regimen that eliminated T regulatory cells as well as 

lymphocytes that competed for homeostatic cytokines could lead to in vivo clonal expansion 

of administered autologous antitumor TILs and result in high levels of complete durable 

responses (25). In 93 patients with meta-static melanoma treated with autologous TILs 

expanded in vitro, 20 (21.5%) achieved the complete regression of their metastatic 

melanoma (Table 1) (1), with 19 of the 20 patients potentially cured—maintaining complete 

regressions from 4 to more than 8 years after therapy (1, 26). Seventeen of the 20 complete 

responders had Mlb or Mlc disease (visceral metastases), and the incidence of durable 

Rosenberg Page 4

Sci Transl Med. Author manuscript; available in PMC 2018 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complete responses was the same regardless of any prior treatment the patient had received 

(1). There was also no relationship between the tumor burden or the BRAF or NRAS tumor 

mutation status and the likelihood of achieving a durable complete regression. When 12 Gy 

total-body irradiation was added to the cyclophosphamide and fludarabine lymphodepleting 

regimen, 40% of 25 patients achieved a complete cancer regression (overall response rate 

was 72%). Patients with metastatic melanoma who are capable of receiving this ACT 

treatment with autologous TILs have the highest chance of cure of any available treatment.

USE OF GENE MODIFIED LYMPHOCYTES FOR ADOPTIVE CELL THERAPY 

OF PATIENTS WITH NON MELANOMA METASTATIC CANCERS

The high curative potential of ACT in patients with metastatic melanoma has stimulated 

attempts to apply this approach to treating other cancer types. The identification of T cells 

with appropriate recognition of cancer antigens without detrimental effects on normal cells 

is the major challenge to extending the use of ACT beyond melanoma. TIL cells with 

antitumor activity can only be grown from melanoma deposits and not from other common 

epithelial cancers, perhaps because of the higher mutation rates seen in patients with 

melanoma as compared with other cancers. To overcome this obstacle, efforts have turned to 

the in vitro creation of cells with antitumor activity by the genetic engineering of circulating 

autologous lymphocytes from cancer patients by using genes that encode receptors capable 

of recognizing cancer antigens. Two types of antitumor receptors have been studied: 

conventional T cell receptors (TCRs) composed of a heterodimer of alpha and beta chains 

that recognize processed peptides presented on cell surface major histocompatibility 

complex (MHC) molecules, and chimeric antigen receptors (CARs) constructed in the 

laboratory that contain the genes encoding the variable regions of the heavy and light chains 

of antibodies attached to T cell intracellular signaling molecules such as CD3 zeta, CD28, 

and 41BB (27). These CARs provide the T cell with the ability to recognize antigens based 

on the qualities of the encoded antibody.

There are major advantages as well as challenges involved in the genetic engineering of 

lymphocytes. Conventional TCRs with reactivity against antigens on solid cancers are rare, 

but even rare cells with antitumor activity can serve as the source of genes encoding 

appropriate antitumor receptors. If identified from either human cells or immunized MHC 

transgenic mice, these TCR genes can be incorporated into retroviruses and used to convert 

normal lymphocytes from patients into cells with anticancer activity (28–30). Similarly, 

antibodies reactive with cancer-associated antigens can be given a very powerful effector 

function by providing them with the killing activity of effector lymphocytes.

The first successful application of T cells genetically engineered with a conventional TCR 

targeted the MART-1 melanocyte/melanoma differentiation antigen (31) and achieved an 

objective regression in 2 of 15 (13%) patients with one complete regression that is now 

ongoing beyond 6 years. A follow-up study using higher-affinity receptors against the 

MART-1 and gp100 antigens achieved objective responses in 9 of 36 (25%) patients but also 

led to vitiligo, uveitis, and auditory toxicity because of the presence of targeted melanocytes 

at these sites (29). These initial studies demonstrated the power of using genetically 
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engineered cells to attack metastatic cancer but also pointed to the importance of selecting 

an appropriate target antigen to avoid toxicity to normal tissues.

A class of antigens that appears ideal for targeting by autologous gene-engineered cells are 

the cancer-testes antigens, which are expressed during fetal development and are reexpressed 

in approximately 20 to 30% of common epithelial cancers but not in any normal adult 

tissues except for the testes (which do not express class 1 MHC molecules and thus are 

immunologically protected) (32). The first gene therapy studies in humans targeting cancer-

testes antigens targeted the NY-ESO-1 antigen in patients with metastatic melanoma and 

metastatic synovial cell sarcoma (33). In these studies, 8 of 17 (47%) patients with 

metastatic melanoma and 8 of 10 (80%) patients with metastatic synovial sarcoma, all 

heavily pretreated with standard therapies, showed objective regressions of their metastatic 

cancer with no toxicity against normal tissues. There are more than 100 cancer-testes 

antigens that share cancer-associated expression, and TCRs targeting other cancer-testes 

antigens such as MAGE-A3 and SSX2 are under investigation.

The use of CARs has broadened the potential application of adoptive cell therapy using 

gene-modified cells to a wider variety of cancers. CAR T cells targeting the GD2 antigen 

can mediate modest clinical impact when applied to patients with neuroblastoma (34). The 

most successful use of CARs in the treatment of patients with metastatic cancer is the ability 

to target the CD19 molecule expressed on virtually all B cell lymphomas as well as normal 

B cells. The first report of this in 2010 used a CAR targeting CD19 and mediated tumor 

regression in a patient with advanced heavily pretreated B cell lymphoma that is now 

ongoing over 25 months after the patient received two treatments (35). Five of 6 additional 

patients exhibited an objective response, including one with an ongoing complete regression 

and four with partial regressions of greater than 80% on going between 10 and 28 months 

(36). This CAR gene therapy also eliminated normal B cells that expressed the CD19 

antigen. These results have recently been confirmed by others (37).

The ability to genetically modify lymphocytes has greatly expanded the opportunities for 

manipulating the immune system against cancer. Cytokine genes can be inserted into 

lymphocytes to improve their function and survival. Additional target antigens are being 

explored, such as the EG-FRvIII mutation expressed on the surface of ~40% of 

glioblastomas as well as on head and neck cancers; a CAR recognizing this mutation is 

currently in clinical trial in the Surgery Branch, NCI, in patients with recurrent glioblastoma. 

Stromal components of the tumor such as the vascular endothelial growth factor-2 

(VEGFR-2) molecule on tumor vasculature (38) or the fibroblast activation protein (FAP) 

are also being targeted, thus providing an alternative to the need to target specific cancer 

antigens.

A general strategy of personalized treatment is being developed on the basis of the 

expression of antigens on individual cancers that will guide the genetic modification of 

autologous lymphocytes with TCRs or CARs appropriate for targeting that specific antigen 

(Fig. 1). A summary of clinical trials in the Surgery Branch, NCI, using genetically 

engineered autologous lymphocytes for cancer treatment is shown in Table 2.

Rosenberg Page 6

Sci Transl Med. Author manuscript; available in PMC 2018 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental ACT approaches for patients with metastatic melanoma are only available in a 

limited number of academic institutions, and there appears to be minimal but increasing 

commercial interest in their development. ACT represents the ultimate “personalized” 

cancer therapy—a new drug is created for every patient—and thus does not fit the paradigm 

attractive to pharmaceutical companies, which desire drugs that can be vialed for ease of 

administration. Possible strategies to promote widespread use of ACT include the production 

of TILs or genetically engineered T cells by cell production laboratories that are available in 

blood banks, or the establishment by commercial companies of central facilities that can 

accept shipped tumors or phereses and prepare the therapeutic cells for delivery to the 

treating institution. The use of ACT approaches can cure patients with metastatic melanoma 

refractory to other treatments and has the potential to cure other cancer types as well. An 

important challenge is the development of a means to make these potentially curable cell 

transfer approaches more widely available to patients with cancer.
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Fig. 1. A schema for personalized immunotherapy using gene-modified cells.
The antigen expression is determined on a tumor biopsy. An appropriate T cell receptor that 

recognizes that specific antigen is then retrovirally transduced into the patients’ autologous 

lymphocytes. The lymphocytes are expanded in vitro and infused.
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