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Cancer immunotherapy relies on the ability of the
immune system to identify and destroy tumor cells and
to elicit a long-lasting memory of this interaction.
Under ordinary circumstances, however, the ability of
tumor cells to trigger an effective immune response is
limited. The nominal poor immunogenicity of tumor
cells results in part from their weak expression of MHC
antigens, adhesion molecules, and costimulatory sig-
nals that could allow complete T-cell activation.
Tumors may also secrete immunosuppressive mole-
cules, such as IL-10, TGF-3, and PGE2, and they often
fail to express cytokines that activate local immune
responses (1). These evasive strategies can be overcome
by introducing immunomodulatory molecules or
genes into the tumor milieu. Over the last 2 decades,
researchers have sought to identify cytokines and
chemokines that induce the maturation, activation,
and migration of inflammatory cells and have used
these factors to activate the immune system against
tumor cells. Most of this work has been conducted in
animals, but results have been encouraging enough
that several human trials have been initiated.

Use of cytokines and cytokine genes
to boost antitumor responses

The concept that cytokines, such as IFNs and ILs, can
enhance immunogenicity and promote tumor regres-
sion has lead to increasing interest in their study and
clinical application. Clinical trials using IFN or IL-2
have indicated that objective antitumor response
could be elicited by systemic administration of exoge-
nous cytokines. For instance, Panelli and Marincola
recently analyzed the records of 283 patients with can-
cer who were treated with high doses of IL-2, and they
showed that IL-2 induced a complete response in 9%
of patients with renal cell carcinoma and 7% of those
with melanoma (2). Other studies have confirmed the
observation that systemic and repeated administration
of high doses of IL-2 result in often dramatic tumor
regression. Cytokines profoundly affect inflammato-
ry cells, and they activate immune responses by multi-
ple mechanisms, but their systemic use is limited by
substantial toxicity and effectiveness of circulating
cytokines is blunted by rapid degradation and elimi-
nation. Local delivery of cytokines was proposed to
address these drawbacks. These factors are well suited
to local delivery because their biologic activities gen-
erally arise from paracrine effects. So delivered,
cytokines can promote T-cell responses against weak

immunogenic tumor antigens, activate nonspecific
killing by natural killer (NK) cells, lymphokine-acti-
vated killer cells, monocytes, and macrophages and
can enhance presentation of tumor antigens. Indeed,
repeated local administration of exogenous cytokines
directly into the tumor or in the vicinity of draining
lymph nodes appears to promote tumor rejection (3).
However, to elicit continuous local secretion of
cytokines, gene immunotherapy seems more promis-
ing than repeated injections of the protein.
Introduction of cytokine genes into tumor cells, an
approach described as ex vivo gene therapy, allows the
sustained local release of cytokines capable of enhanc-
ing the intensity and quality of the immune response
to tumor. Studies in various mouse tumor models have
established that administration into syngenic hosts of
tumor cells engineered to secrete IL-1, -2, -4, -6, -7, 12,
-18, as well as TNF-a, G-CSF, GM-CSF, or IFN-y, can
lead to tumor rejection by stimulating both specific
and nonspecific antitumor responses. Rejection
depends on a high level of cytokine production by the
gene-modified cells and is due in part to stimulation of
host antitumor effector response (4, 5). In some cir-
cumstances, altering the immunological environment
of the tumor allowed the complete rejection of a tumor
inoculum and even protected the host against subse-
quent challenge with unmodified tumor cells (6).
Acute rejection of modified tumor cells probably
involves a combination of specific and nonspecific
immune mechanisms (3). The induction of antitumor
immunity is not completely understood, but it is likely
that the various cytokines selectively elicit recruitment
of granulocytes, macrophages, dendritic cells, and NK
or T cells. T cells are the most potent effectors in the
host antitumor response, and systemic antitumor
immunity induced by cytokines depends for the most
part on CD8* or CD4" T cells. Cytokine gene therapy
focuses on the harvesting and activation of these cells,
especially CD8* cytotoxic T lymphocytes, which medi-
ate specific responses to tumor cells and can persist even
after the initial tumor inoculum is cleared. The impor-
tance of nonspecific immune responses in the genesis
of an effective adoptive immune response is most clear-
ly demonstrated by the efficacy of IL-2 for stimulating
NK cells to become lymphokine-activated killer cells,
which can nonspecifically lyse NK-resistant cell lines (7).
Table 1 summarizes the reported results of the effi-
cacy of various cytokine secreting tumor vaccines in
animal models (8), as assessed by studying the cellular
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Table 1
Current ongoing cytokine gene therapy protocols (Adapted from ref. 8)

Cytokine Effector cells

IL-2 Neutrophils and NK cells
CD4"and CD8" T cells
Macrophages
IL-4 Macrophages
Eosinophils
CD8" T cells
NK cells
IL-6 CD4*and CD8" T cells
IL-7 CD4* and CD8* T cells
Macrophages
NK cells
CD4* and CD8* T cells
NK cells
Macrophages
NK cells
CD4* and CD8* T cells
CD8* T cells
NK cells
Macrophages
NK cells
Macrophages
Eosinophils
CD8" T cells
Neutrophils
CD4*and CD8" T cells
Macrophages
NK cells

IL-12

IL-18

IFN-y

GM-CSF

TNF-a

Memory Effect on
response established tumor

Yes +

Yes +

Yes +

Yes +/-

Yes +

Yes +

n
Yes +
Yes +

infiltrates in regressing tumors, assaying cytotoxic T
lymphocytes, and monitoring long-term resistance to
tumor growth. The first experimental models and clin-
ical applications of cytokine gene therapy used IL-2 (9).
In most experimental systems, the expression of IL-2 by
weakly immunogenic tumor cells resulted in growth
inhibition of tumor mass. The inhibitory effect is dose
dependent, and the degree of suppression of growth
correlates directly with the amount of IL-2 produced by
the tumor cells (10). Transgenes encoding several other
ILs (IL-1, IL-4, IL-6, IL-7, IL-12, and IL-13), IEN's (IFN-
yand IFN-a), hematopoietic growth factors (GM-CSF,
G-CSF, and M-CSF), and TNF have also shown prom-
ising tumoricidal effects, apparently by different effec-
tor mechanisms than IL-2. Although rejection of estab-
lished tumors occurred in only some of these
experimental systems (11), these promising results
established the basic biologic value of gene therapy
with cytokine-secreting cells that are now applied in
clinical trials. More than 60% of recent cytokine-sup-
ported clinical cancer gene therapy trials use IL-2; in
others, IL-4, -7, and -12; IFN-y; GM-CSF; or TNF are
administered individually or in combination (12).

Limitations of ex vivo cytokine gene therapy

Despite the considerable interest in this approach, ex
vivo engineering of autologous cells suffers from sev-
eral major drawbacks. Isolation of primary autologous
cells that stably express high levels of the therapeutic
gene is not only cumbersome and expensive, but also

poorly reproducible. Batch-to-batch variation of engi-
neered cells complicates analysis of the biologic effects
observed in each patient. Furthermore, implantation
of mouse tumor cells into syngenic hosts only imper-
fectly mimics the biology of spontaneous human can-
cers (13). In fact, the therapeutic efficacy of cytokine
gene-transduced tumor cells is low. In most cases, only
a minority of tumor-bearing mice can be cured by
administration of cytokine gene transduced tumor
cells, especially under conditions that mimic the way
these agents would be used in the clinic. The limited
efficacy of these vaccines was completely lost if they
were not administered in the first few days after
implantation of tumor cells. Therapeutic immuniza-
tion has shown no consistent effect on growth of estab-
lished tumors beyond the period of concomitant
immunity. The situation is slightly more encouraging
in the case of micrometastases; a significant reduction
in tumor metastasis has been documented with appli-
cation of several cytokines. Once again, however, only
a minority of the mice are cured. A similar picture is
emerging from phase I studies of vaccination of
patients with cancer with transduced human tumor
cells. Even though the approach itself is safe, the avail-
able results show that only about 10% of patients dis-
played an objective response (14-16).

Some of the limitations of ex vivo gene therapy may
be addressed by use of viral vectors for intralesional in
vivo gene transfer. A number of studies have demon-
strated the effectiveness of directly transducing estab-
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lished tumors with cytokine genes using retroviral vec-
tors (17). Similarly, adenovirus-mediated in vivo trans-
duction of tumors with cytokine genes has stimulated
significant systemic antitumor response (18).

Strategies to enhance cancer immunomodulation

Combination cytokine therapy. In a physiological immune
response, cytokines are not produced singly, but in suc-
cession, and multiple cytokines may be required to
ensure an effective response. Several recent studies have
reported greater therapeutic activity using vaccines
consisting of tumor cells transduced with multiple
genes when compared with single-gene vaccines. Com-
binations of GM-CSF and IFN-y (19); IL-2 and IL-4
(20); GM-CSF and IL-4 (21); IEN-Y, IL-4, and IL-6 (22);
IL-2 and IL-12 (23); and IL-12, pro-IL-18, and IL-
1B-converting enzyme (24) have been shown to signif-
icantly augment antitumor effects. The objective of
such “multiple” gene therapies is to orchestrate an
effective multicellular response. Hence, the order, the
type, the dose, and the duration of produced cytokines
can have distinct biologic effects in antitumor gene
therapy, reflecting in part the complexities of the
underlying immune response.

Use of replicating viruses for delivery of cytokines. For most
cytokines, dosage seems to be crucial for eliciting an
immune response, and both IL-2 or TNF-a show a
more potent antitumor effect when expressed at high-
er concentrations (25, 26). Likewise, repeated intratu-
moral injections of IL-2-expressing adenovirus increase
the efficiency with which implanted tumor cells are
rejected (1). Thus, direct cytokine gene transfer to
tumor cells in vivo may have a therapeutic potential,
provided that a high-enough transduction efficiency
and production can be achieved. Poor tumor penetra-
tion has been an intractable problem for other system-
ically administered macromolecules (27), so nonrepli-
cating vectors may not be suitable for efficient tumor
cell gene delivery or high-level expression of transgenes.
All other conditions being equal (e.g., dose and route of
administration), a replicating vector should deliver
genes more efficiently into tumors than a nonreplicat-
ing vector owing to local spread from initially trans-
duced cells. As Heise and Kirn (this Perspective Series,
ref. 28) discuss, the replication-competent adenovirus-
derivative ONYX-015 was developed to specifically
replicate in tumor cells that lack functional pS3 pro-
tein. ONYX-015 achieves a higher transduction effi-
ciency and oncolysis of transduced p53 mutant tumor
cells (29) and can also confer a dramatically higher
expression of a transgene in transduced cells, relative to
a replication-defective version (30).

Despite their promise, ONYX-015 and related aden-
ovirus derivatives are limited by several factors. First, as
with other adenoviral vectors, robust immune respons-
es make it impractical to readminister a given viral
serotype after an initial infection. Within 24 hours after
intravenous administration, 90% of the adenovirus vec-
tor is eliminated from the mouse liver, indicating the
involvement of innate immune mechanisms (31, 32). A
rapid CD8* cytotoxic T lymphocyte (CTL) response to
viral proteins eliminates virus-infected cells, and a long-

lasting humoral response to viral epitopes, further
limit the readministration of the virus. Initial studies
with adenoviral vectors have established an in vivo cor-
relation between serum levels of antiviral antibodies
and inhibition of viral transduction (31-33). The
immune response to intratumoral delivery is less well
defined, but the efficient replication of the ONYX-015
adenoviruses within tumor cells results in increased
intratumoral viral titers by 100- to 1,000-fold over the
course of 72 hours after intravenous injection (34).
This effective replication is expected to elicit both a cel-
lular and humoral response against the viral genes.
Unlike the humoral response, which may preclude
repeated treatment regimens, CTL-mediated respons-
es to tumor-infected cells may play an important addi-
tional role in tumor destruction.

Other potential limitations to the use of ONYX-015
relate to its limited ability to replicate and its restricted
range of host cells. This virus appears to spread ineffi-
ciently within a tumor mass, relative to a wild-type ade-
novirus. For the virus to destroy a tumor mass effective-
ly, at least 5% of the tumor cells have to be transduced
(34). These observations are confirmed by phase I clini-
cal trials of head and neck cancer, wherein patients
receiving five daily doses of ONYX-015 intratumorally
were more likely to experience significant tumor necro-
sis than those receiving a single injection (29). Further-
more, by design, ONYX-015 adenovirus replicates selec-
tively in tumor cells lacking functional p53, yet many
human tumors show intratumoral heterogeneity with
respect to p53 status (35). As Heise and Kirn (this Per-
spective Series, ref. 28) note, some of this heterogeneity
may be more apparent than real, as there are many epi-
genetic and genetic changes that can diminish p53 func-
tion. Nevertheless, the possibility remains that this virus
will not eradicate tumors but merely select for the emer-
gence of p53* cells

To address the concerns about the limited efficacy of
this treatment, it may be helpful to combine the
oncolytic ability of the virus with other antitumor
modalities. ONYX-015 has been used successfully to
deliver suicide genes. The recombinant virus causes
tumor regression not only by inducing oncolysis but
also by promoting a cytotoxic bystander effect (ref. 36;
see also Springer and Niculescu-Duvaz, this Perspective
Series, ref. 36). If used to deliver cytokine genes to
tumors, this vector should allow high expression of the
desired cytokines and should elicit an effective and
potent immune response against the virus and the
lysed tumor cells. However, at high concentrations,
cytokines such as IL-2 and TNF-a are clearly associat-
ed with systemic toxicity and fatality (25, 26). These
effects do not preclude the use of replication-compe-
tent viruses for cytokine gene therapy, but they may
necessitate the use of regulatable systems to control
cytokine gene expression. We turn in the accompany-
ing article (Agha-Mohammadi and Lotze, this Perspec-
tive Series, ref. 37) to the challenge of designing regu-
lated transgene expression for gene therapy vectors.
Such regulation may be a key feature of a later genera-
tion of replication-competent viruses that will be used
for gene delivery into cancer cells.
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