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I. Pharmacological Challenges of a Novel Protein

Drug

Since its identification by Morgan et al. (1976), T cell

growth factor or interleukin-2 (IL-2)t has been studied

extensively as a molecule of central importance in the

long-term culture of T lymphocytes and as a mediator of

immune cell activation and interaction mechanisms. Al-

though the potential of IL-2 for therapy of deficiencies

in the T cell system was obvious from the date of its

discovery, its potential as an anticancer therapeutic was

not so clear until studies in which the intraperitoneal

(i.p.) or intravenous (i.v.) injection of immune spleen

cells, stimulated by incubation with IL-2 in vitro, pro-

duced cures in mice carrying syngeneic tumors such as

the FBL-3 lymphoma (Cheever et al., 1982; Eberlein et

al., 1982). These cures occurred with or without addi-

tional injections of IL-2 (Cheever et al., 1982; Donohue

et al., 1984a; Eberlein et al., 1982).

Soon after these initial studies, it became possible to

utilize recombinant deoxyribonucleic acid technology to

produce human and mouse recombinant IL-2s (rIL-2s)

(Devos et al., 1983; Taniguchi et al., 1983; Fujita et al.,

1983). Although several different expression systems

have been developed, a majority of preclinical studies

require quantities of rIL-2 generated at industrial levels.

This, coupled with the facts that (a) the structure of IL-

2s and, therefore, by assumption, their functions appear

to be reasonably conserved from mouse to man (Tani-

guchi et al., 1983), (b) rIL-2s generated in bacterial

expression systems compare identically with IL-2 from

multiple lymphoid preparations (Thurman et al., 1986),

and (c) the industrial development of rIL-2 has coincided

with the availability of the recombinant form of the

molecule for clinical studies, provides the rationale for

this review which focuses on preclinical studies with

highly purified, human rIL-2 produced in Escherichia

coli.

The importance of dose, route, schedule, tumor type,

tumor burden, rIL-2-stimulated lymphoid cells (immune

versus nonimmune), and combinations of rIL-2 with

other lymphokines and xenobiotics has been evaluated

in experimental cancer research, but, unlike the histori-

cal flow of research in immunology, studies of rIL-2

effects in animal models of infectious diseases have fol-

lowed, rather than preceded, studies in cancer. Thus,

although only a limited amount of literature exists, very

recent data concerning the therapeutic uses of rIL-2 for

infectious diseases suggest that there may be some im-

portant differences in the pharmacology and toxicology

of this lymphokine when compared to its properties as

an antitumor agent. It is, therefore, important to review

the work done during the past 5 years using rIL-2 as a

therapeutic for both neoplastic and infectious diseases

with the idea that such an overview will lead to a finer

appreciation of underlying promises for and problems

with this new biological drug. For this reason, informa-

tion from the recent preclinical literature has been se-

lected for comparison and critical discussion.

As with other proteinaceous “drugs” the rIL-2 mole-

cule presents a host of challenges to the experimental

pharmacologist. Native human IL-2 is a core-type gly-

coprotein with about 10% of its composition being car-

bohydrate. The protein portion is comprised of 133

amino acids and weighs about 15,000 daltons. There is

some heterogeneity in molecular size, probably due to

microheterogeneity of carbohydrates, but a key feature

is that IL-2 is about 100 times larger than conventional

chemical drugs. With IL-2’s size and its role as an

immune system modulator come increased complexities

of structure-function relationships and pharmacoki-

netics.

The primary structure of human (and mouse) native

IL-2 consists of a relatively large proportion of hydro-

phobic amino acids which is common for proteins that

must interact with cell surface receptors. However, the

rIL-2 counterpart, although maintaining predominant

primary, secondary, and tertiary structural features, also

lacks carbohydrate moieties. This most likely adds to the

hydrophobic nature of the molecule necessitating for-

mulation in albumin or detergent(s) to maintain solubil-

ity.

The secondary structure of IL-2 has been evaluated

(Cohen et al., 1986) and, unlike globular proteins, the

lymphokine has a large surface to volume ratio consisting

of a predominance of a-helical regions which make up

about 50% of the molecule in either a classical 4-helix or

less common 5-helix bundle. The tertiary structure of

rIL-2 has also been discerned by low resolution (5.5 A)

x-ray crystallography (Brandhuber et al., 1987), and re-

sults show an overall cup-like structure with dimensions

of 40 X 40 x 20 A which probably bridges two IL-2

receptors on the lymphocyte surface by contact through

helices near the amino terminus. Quite interestingly, the

molecule has three cysteines and folds during posttrans-

lational events such that the proper disulfide is formed

across cysteines 58 and 105, leaving a free sulfhydryl at
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HUMAN RECOMBINANT INTERLEUKIN-2 3

position 125 in the linear sequence. Because the recom-

binant molecule is produced by fermentation in E. coli

rendering a rIL-2 that is not soluble or properly folded,

extraction of the recombinant protein is followed during

manufacturing by a folding and disulfide bond-forming

process (reviewed by Mark et al., 1987). This tends to

allow improper disulfide bonding; however, through a

clever application of techniques of site-directed mutage-

nesis, Wang et al. (1984) substituted a serine for cysteine

125 which is not required for biological activity, thereby

leading to a fully active rIL-2 “mutein.”

Because rIL-2 is a protein, conventional techniques

for (extraction and) assay of drug and/or metabolites,

such as high pressure liquid chromatography, are not

practical. Thus, both native human rIL-2 and the mutein

form are followed during pharmacological studies by

enzyme-linked immunosorbent assays and/or bioassays.

The latter involve incubating samples containing rIL-2

with lymphocytes (such as the mouse HT-2 cell line,

which have proliferation-dependent, highly specific IL-2

receptors) in the presence of [3H]thymidine for several

days, after which proliferation is evaluated. Such biolog-

ical assays are plagued by an inability to differentiate

possible metabolites. Thus, the enzyme-linked immuno-

sorbent assay will detect inactive rIL-2, and bioassays

will detect partially active forms, including any active

metabolites of rIL-2. In fact, the metabolism component

in studies of the adsorption, distribution, metabolism,

and elimination of protein drugs is an as yet undeveloped,

but fundamentally important, area for further studies.

By far the greatest challenge to understanding rIL-2

as a therapeutic is the fact that it is a biological response

modifier. This means that, unlike conventional chemical

drugs that often directly affect targets of disease such as

infectious microbes or malignant cells, rIL-2 depends

upon the host’s response as the “drug.” For this reason,

an appreciation of the pharmacodynamics of IL-2 is

essential prior to discussion of its pharmacokinetics and

therapeutic properties.

II. Pharmacodynamics of rIL-2

A. Effects on the Immune System

1. Effects of rIL-2 on ontogeny and development of

immune responses. The normal immune system is unable

to respond to immunogens encountered during early

states of development (Billingham, et al., 1953). The

time course and extent of this unresponsiveness varies

from fetal stages to early neonatal periods depending

upon animal species. This phenomenon, known as “im-

munological tolerance” (reviewed by Nossal, 1983), ap-

pears in newborn mice to be at least partially due to a

deficit in IL-2 production (Ishizaka and Stutman, 1983).

Thus, the susceptibility of newborn mice to experimental

induction of humoral immune tolerance of non-self-an-

tigens is reversed by exogenous rIL-2 administration

(Malkovsky et al., 1985), and newborn mice injected with

semiallogeneic cells (to effect tolerance) then treated

with rIL-2, reject skin transplants as quickly as controls

(Malkovsky and Medawar 1984).

Although an effort to corroborate this finding using

another species, namely, the newborn chicken, failed

(Tempelis et a!., 1988), the attempt points out that

species variability in both the time to onset of immune

competence and basic immune system differences be-

tween species makes all-encompassing conclusions dif-

ficult. On the other hand, the chicken does provide a

model for spontaneous autoimmune thyroiditis in an

obese strain, which also overproduces IL-2 (Schauenstein

et al., 1985), and this model brings to question the role

of IL-2 in continuation of tolerance during adult life.

More studies are clearly needed to probe this possibility

as well as the extent to which IL-2 may be involved in

autoimmune processes.

When a therapeutic dose of rIL-2 is first administered

to an animal or human, one of the initial responses is a

pronounced peripheral blood leukopenia (e.g., Lotze et

al., 1986). Preclinical data suggest that this initial de-

crease in peripheral blood leukocytes may be due to

margination of cells to parenchymal organs, most notably

to the lung and liver (Talmadge et al., 1987), rather than

to any type of cell destruction. In fact, several pieces of

clinical and preclinical evidence have indicated that IL-

2 may actually play a role in natural hematopoiesis. For

example, rIL-2 has been found to stimulate bone marrow

cell mitosis in rodents in vivo (Gearing et al., 1986), and

Estrov et al. (1987) reported that rIL-2 stimulates gran-

ulopoiesis in human bone marrow. Although a systematic

study of the direct or indirect bone marrow-stimulating

activities of rIL-2 over the course of weeks has not been

reported to date, it would not be surprising to find that

such a phenomenon could occur because accelerated re-

covery from myelosuppression and prolonged survival

following lethal doses of ‘y-irradiation or cyclophospha-

mide treatments has been observed with lymphokines

(Neta et al., 1986). Furthermore, Conlon et a!. (1985)

showed a striking ability of exogenously administered

rIL-2 to overcome both cyclophosphamide and glucocor-

ticoid hormone-induced immune responsiveness when

given to mice 48 h after the suppressive agent. Similar

rIL-2-induced reversals are seen using cyclosporin A in

studies of contact sensitivity and antibody production in

mice (Xue et a!., 1986), and Medawar’s group has shown

that T cell depletion of allogeneic bone marrow prevents

the accelerated graft-versus-host disease they see with

rIL-2 administration in transplantation studies (Ma!-

kovsky et al., 1986).

Although these observations point to a role for IL-2

stimulating myelopoiesis, it is not clear whether the

observed effects are a direct consequence of IL-2-stem

cell interactions or a secondary effect, such as T cell

production of colony-stimulating factors (Metcalf, 1986).

Such findings along with the discovery of IL-2 receptors
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4 WINKELHAKE AND GAUNY

on human B cells (Waldmann et a!., 1984), however, led

several groups to study rIL-2 adjuvant-like effects on the

IgG and 1gM antibody-producing capabilities of geneti-

cal!y low-responding mice. One group found that rIL-2

administration allowed B10.BR mice to overcome Ir

gene-controlled low responsiveness to myoglobin immu-

nogen, irrespective of immunoglobulin class (Kawamura
et a!., 1985), whereas another group found a polyclonal

stimulation of 1gM but not IgG antibody (Weyand et al.,

1986). Because concomitant rIL-2 administration with
myog!obin did not result in enhanced antibody produc-

tion in high-responder B10.DR mice, these studies sug-
gest a pivotal role for IL-2 in primary immunity to

antigens whose recognition requires participation of mol-

ecules from the host’s major histocompatibility complex.

At the end of the developmental process is the well-

documented decline in immune system function with

age. T lymphocytes appear more sensitive to the aging
process and display earlier, more severe reductions in

activity than B cells (Makinodan and Kay, 1980). Tho-
man and Weigle (1981, 1985) showed that the capacity

to synthesize IL-2 declines with age in mice, although
the ability of aged mouse T cells to respond in vitro to
IL-2 appears unimpaired. While initial studies were per-

formed with native IL-2 of variable purity, this obser-

vation was extended to show that rIL-2 administration

enhances the immune response capabilities of aged mice.

Similar types of studies in young adult mice also mdi-

cated modest but significant increases in both natural

killer (NK) cell and cytolytic T lymphocyte (CTL) gen-

eration as a result of IL-2 injections (Conlon et al., 1982;
Hefeneider et a!., 1983).

2. Cytolytic cell-activating functions. In addition to

serving as a growth factor for T lymphocytes, two addi-
tional biological activities of rIL-2 suggest its potential
value as an anticancer therapeutic. The first is its ability

to activate lymphoid cells to perform cytolytic functions

in vitro. This activity can occur independently from the
immune status of the lymphocyte population. Thus, in
vitro studies during the past 5 years have shown that

rIL-2 not only induces the proliferation of antigen-de-
pendent (immune) T lymphocytes and their activation

to CTLs but also induces growth and activation of anti-

gen-independent NK (Hefeneider et a!., 1983; Handa et

a!., 1983) and lymphokine-activated killer (LAK) cells

(Mule et al., 1984; Rosenstein et a!., 1984).

Several important in vitro distinctions are made be-
tween these three types of cytolytic lymphocytes. The

major differences are in the patterns of serologically
defined, cell surface antigens and in the range and spec-

ificity of target cells that they kill. In the human, LAK

cells are serologically similar to CTLs in that they are

both positive for OKT3 and OKT8 (cytolytic/suppressor
cell) surface antigens and are devoid of surface markers
such as OKT4 (helper/inducer antigen) and OKM1 and

Leu-7 which are NK cell markers (Grimm and Rosen-

berg, 1984). LAK cell populations are further enriched

for antigens that define T cell subsets OKT9 and OKT1O,
for the TAC antigen which is a component of the IL-2

receptor, and histocompatibility markers of the HLA-

DR phenotype. Similarly, for the mouse, Rosenstein et

al. (1984) showed that LAK activity-expressing cells

express conventional CTL phenotypic antigens on their

surfaces (e.g., Thy-1�, Lyt-1-2�) but do not express func-
tional antigen or Fc receptors and thus appear to be

distinct from CTLs as well. Very recent findings of F4/
80, a monocyte/macrophage cell surface antigen, ex-

pressed on the same, rIL-2 expanded, L3T4-positive cell
population (C. Johnson, personal communication), point

to the difficulties faced when trying to relate serologically

defined cell surface markers with functional character-

istics.

Human CTLs have antigen-binding receptors, using

in vitro function as a mechanism for defining cell subsets.
CTLs also form rosettes with sheep erythrocytes (and

are correspondingly seropositive for the OKT1 1 rosette
receptor), whereas LAK and NK cells do not express

these receptors and attendant functions. LAK cells can

be further differentiated from CTLs in that the latter
have Fc receptors and are “smaller” than LAK cells
(Grimm and Rosenberg, 1984). In the mouse, too, NK

and LAK cells are differentiated from each other by their
range of tumor cell target specificities and the rates at

which they lyse those targets in vitro. Unlike NK cells,

LAK cells can lyse targets from a wide range of fresh,

solid tumors of both human and mouse origin (Grimm

et al., 1983a,b, Grimm and Rosenberg, 1984).
While it is clear that rIL-2 can augment cytolytic cell

activities ex vivo, it is not clear to what extent this
happens in vivo. Because investigators believe that NK

and LAK cells are intricately involved in antitumor

responses (e.g., Talmadge, 1985), as well as in mediating

toxic effects of rIL-2 (see section III and Gately et a!.,

1988), it is important to understand the potential con-
tributions of these cells in pharmacological terms.

Significant augmentation of splenic, alveolar, hepatic,

and systemic lymphocyte NK activity is observed after a
single moderate dose (625 IU) of rIL-2 (Talmadge et a!.,

1985). Whereas this dose is optimal for augmenting lung
and liver NK cells, doses a log unit higher are optimal

for augmenting NK cells of the spleen and blood, sug-

gesting that lung and liver are more responsive. In ad-

dition, daily high-dose (6,250 to 31,250 IU) bolus injec-

tions for greater than 4 to 5 days induce a total systemic

NK cell hyporesponsiveness. This phenomenon could be

due to “exhausted” NK cells, a result of a negative
feedback or down-regulation mechanism, or the result of

extensive NK cell margination to nonstudied anatomical

sites. In any case, one could interpret this finding as a
toxic response, and such a response may be more general
for cytokines than is currently appreciated.

Just as NK cells appear to exhibit an organ-associated
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HUMAN RECOMBINANT INTERLEUKIN-2 5

dose response, it is important for therapeutic purposes
to understand which/where lymphocytes can be con-

verted to LAK by rIL-2 treatments in vivo. The potential
for a lymphoid cell population to be stimulated in vitro
to express LAK activity is the operational definition of

a “LAK precursor.” Cells with this potential are much
more widely distributed throughout the body than are

NK cells. For example, human thoracic duct lymphocytes

are devoid of NK activity but develop into LAK cells
when incubated with rIL-2 (Andriole et a!., 1985). In the

mouse, LAK cell precursors appear to be devoid of all T

cell markers characteristic of CTL precursors (reviewed

by Grimm and Rosenberg, 1984), but they do possess the
asialo-GM1 surface antigen (Lafreniere and Rosenberg,

1985a). Also in the mouse, LAK precursors represent
about 1 in every 5000 normal splenocytes, and upon
incubation with rIL-2, these cells express Thy-i and

enter the more mature T cell lineage of the animal. This
makes one wonder about the ontogenic origins of LAK
cells and, in fact, studies by Damle et a!. (1986) indicate

that a host of lymphocyte subpopulations (including B

cells) can exhibit cytolytic activities commonly ascribed

to LAK “cells.” These authors propose that LAK is an

activity rather than a discrete cell type.
The broad distribution of LAK precursors in lymphoid

tissues and tumors in both man and mouse (Yron et a!.,
1980; Vose, 1982; Kedar et a!., 1982) coupled with the

fact that LAK cell activities can be generated from
sp!enocytes of mice with combined immunodeficiencies

in both B and T cell systems (Andriole et al., 1985)
suggest that they may play important physiological roles

in immune surveillance. In fact, studies in these immune-

compromised animals show poor correlations between
NK or CTL activity and tumor growth control (Fodstad

et a!., 1984). Thus, if tumor growth can be affected by

cytolytic cells, by process of elimination these cells must

have LAK activity.

The problem with this logic is that the naturally oc-
curring LAK cell has been elusive. Thus, only circum-

stantial evidence for the natural formation of LAK in

vivo is available for example, from studies showing that

cortisone acetate treatment of animals does not affect

the ability to generate LAK cells from isolated spleno-

cytes but does reduce the absolute number of LAK pre-
cursors and, by inference, therefore, restricts LAK for-

mation in vivo (Papa et a!., i986a). Further suggestive
evidence correlating naturally occurring LAK cells and
antitumor responses comes from studies showing that,

whereas five of six methylcho!anthrene-induced sarco-

mas of Bi0 mice can be completely growth inhibited if
rIL-2 treatments are carried out early during the tumor

latency period, the sixth, rIL-2-insensitive tumor was

also the only one that was resistant to the cytolytic
effects of LAK cells in vitro (Indrova et a!., 1986).

The search for native LAK cells in rIL-2-treated ani-

mals has been led by Rosenberg et al. (1985a) who showed

that mice given high-dose rIL-2 (33,000 to 66,000 IU)

divided into three daily doses for 5 days, i.p.) had some

LAK activity in subsequently isolated, organ-associated
lymphocytes. Although similar results were obtained by
Thompson et a!. (1986) with splenocytes and mesenteric

lymphocytes, other investigators have been unable to

show that LAK cells can be generated in vivo by rIL-2
treatments. No one has been able to isolate LAK activity

from the peripheral blood of animals treated in vivo with

rIL-2 alone, perhaps because LAK cells, while they do

not adhere to nylon wool (as do macrophages), are

“sticky” and, when administered i.v., they marginate and

adhere in vascular beds where they possess a short (ap-
proximately 40-h) half-life (Ettinghausen et a!., 1985).

These same cells do not appear to demarginate.
Finally, while discussing the biological relevance of

cytolytic activities measured in vitro, the phenomenon
of antibody-dependent cellular (macrophage-mediated)
cytotoxicity, while also an unproven in vivo mechanism,

is well described for tumor targets in vitro. And rIL-2

appears to augment this process in vitro (Ralph et a!.,

1988). Whether this activity is a result of increased Fc-

receptor production or increased cellular cytolytic activ-

ities as a result of rIL-2 treatment is an important, but

as yet unstudied, area for further investigation.

3. Lymphoid cell-recruiting functions. In addition to its

potential to act as a T cell growth factor in vitro and to

activate leukocytes in areas of inflammation/immune

reaction, a third major in vivo biological activity of rIL-

2 that suggests its potential utility as a therapeutic agent
is its ability to recruit other lymphoid cells to sites of

malignancy and/or infection. The basic but controversial

tenet underlying the importance of this activity in rela-

tion to rIL-2 therapy is that the immune system is
continuously monitoring “normal” cell/organ homeosta-

sis and can detect and respond to invasion not only from

without (e.g., by microorganisms) but also from within.

Thus, as reviewed by Laroye (1973), defects in normal

immune surveillance mechanisms may allow neoplastic

cell growth. Implicit in any surveillance mechanism is

the concept that the host uses cytokines as attractants
to help recruit immune cells into neoplastic or inflam-

matory sites where they can perform cytolytic functions.
Early in vivo studies in which lymphocytes stimulated

by rIL-2 in vitro were administered to tumor-bearing
animals led to varying conclusions with regard to the

cell-recruiting activities of rIL-2. The key question was
whether the same cells responding to rIL-2 in vitro, when

administered to animals, also functioned in vivo or
whether new lymphoid cells are actually recruited to

destroy cancer cells. For example, Cheever et a!.

(i984a,b) concluded that T cells expanded by incubation

with rIL-2 in vitro were the major mediators of tumor
rejection after transplanting those cells into congenic

mice. However, Forni et al. (1985) concluded that local,

rIL-2-dependent clonal expansion was not required for
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6 WINKELHAKE AND GAUNY

antitumor effects because irradiated immune lympho-

cytes incubated with rIL-2 and injected with tumor cells
were as effective as nonirradiated cells in causing tumor

implant rejections, apparently facilitated by lymphocytic
infiltrates. Based on this latter observation, the impor-

tance of recruitment (or at least involvement) of other
!ymphoid cells in vivo was convincingly demonstrated
when tumor destruction by local rIL-2 treatments of

subcutaneous (s.c.) cancer cells mixed with immune cells
was prevented by prior sublethal whole-body irradiation

(Forni et al., i985). As provocative as these findings are,
the actual role of rIL-2 as a direct recruitment agent or

protein attractant remains unproven, as does the relative
impact of other factors on antitumor responses.

What has become clear is that many types of lymphoid

cells can be expected to respond to rIL-2 treatments by

proliferation, recruitment to sites of immune responses,
and, importantly, the production of other lymphokines

(Handa et a!., i983). For example, following T cell acti-
vation, it may be that the release of �‘y-interferon (IFN-

7) at tumor sites also recruits NK cells (Henney et al.,
i981) and perhaps cytolytic macrophage. In addition to

these types of effects, one potentially important indirect

activity of rIL-2 may be its activation of leukocytes to

release tumor necrosis factor (TNF) and/or IFN-�y, both

of which have been reported to alter major histocompat-

ibi!ity complex antigen expression on lymphocytes and

tumor cells (e.g., Pfizenmaier et a!., i987) and both of
which may contribute to toxicity (section III).

4. rIL-2 effects on other subcompartments of the im-

mune system. a. THE IL-2 RECEPTOR COMPARTMENT. As

with many other cell surface receptor systems, the IL-2

receptor regulates T cell growth and differentiation. In-
vestigations into the mechanism of signal transduction

by the IL-2 receptor indicate that the pathways which

utilize increased intracellular calcium, stimulate phos-
phatidy!inosito! hydrolysis, and activate protein kinase

C are not required (Kozumbo et a!., 1987; Mills et al.,
i988; Valge et al. 1988). However, as with numerous

other polypeptide growth factors, IL-2 induces activation

of a tyrosine protein kinase (Saltzman et al. i988). After
binding IL-2, three parameters suffice to initiate entry

of the T cell into the cell cycle: IL-2 receptor density,

IL-2 concentration, and the duration of interaction be-

tween the two. As a result, a critical threshold signal

generates an all-or-none quanta! entry into cell division

(Cantrell and Smith, i984). Transferred to the in vivo
situation, this means that control of the number and
expression of IL-2 receptors is not only regulated by IL-

2 concentration but is also the central mechanism for
either immune enhancement or immune suppression.

Exogenous administration of rIL-2 could induce the for-

mer and removal of IL-2 receptor-bearing cells might
induce the latter. Modulation studies (in which one treats

with rIL-2 or with antibody to the IL-2 binding or TAC

portion of the receptor, with resulting internalization of

the receptor complex) have implicated the IL-2 receptor

in myelopoiesis (Burdach et a!., i987), in generation of

cells expressing T cell receptors (Jenkinson et a!., i987),
and in the pathogenesis of uncontrolled growth of adult

T cell leukemia (Wa!dmann, i988). What has come out

of these studies is a keener appreciation for IL-2’s role
in immune homeostasis, and one of the most powerful
tools for deeper understanding of this role may be

through the use of IL-2, IL-2 receptor, and combined IL-
2/IL-2R transgenic mice (Ishida et a!., 1989a,b; Nishi et

a!., i988).
There are two affinity classes of IL-2 receptors; about

i5% of �M affinity and the remaining bind IL-2 in the

nM range (reviewed by Waldmann, i986). T cells, B cells,
and macrophage/monocytes express both forms of IL-2
receptor. While the high-affinity receptor appears to

mediate the key physiological response to rIL-2, one of

the more fascinating aspects of the therapeutic use of
rIL-2 is the finding of soluble, low-affinity IL-2 receptors

[which can still bind rIL-2 (Rubin et a!., i986)] in the

circulation of humans and animals during rIL-2 therapy
(Osawa et a!., i986). Release of soluble IL-2 receptors

has been described for activated human lymphoid cel!s
in vitro (Rubin et a!., i985) as well as in patients with

immune system disorders such as systemic lupus ery-

thematosus and rheumatoid arthritis (Semenzato et a!.,
i988). This phenomenon of cells releasing soluble, cir-

culating, receptors in response to therapeutic proteins is

not unique to this paracrine hormone, but the phenom-

enon requires much closer evaluation than it has been
given to date. For IL-2, it may represent a mechanism

by which lymphokine concentration is controlled locally

in areas of inflammation. Release of soluble IL-2 recep-

tors may be one of a myriad of immune suppression
mechanisms, and it clearly suggests that careful regula-

tion of IL-2 concentrations in vivo is crucial in immune
system homeostasis.

The recent findings that the high-affinity IL-2 recep-

tor complex is expressed preferentially on antigen-acti-
vated T cells (i.e., most unstimulated, resting T cells

have little detectable IL-2 receptors) and that the IL-2-
binding p55 fl-chain (or TAC portion) of the IL-2 recep-

tor is expressed at high levels in certain forms of aplastic

anemia and adult T cell leukemia (Waldmann, 1988)

have led to several new approaches which appear to
suppress experimental autoimmune disorders such as

autoimmune diabetes mellitus and systemic lupus ery-

thematosus (Kirkman et a!., 1985; Kelley et a!., 1988).
Two of these approaches involve the selective removal

of IL-2 receptor-bearing T cells either (a) by the use of

antibodies reactive with TAC which, in addition to pre-

venting experimental autoimmune syndromes noted

above also specifically prevent cardiac allograft rejection,

or (b) by the use of a genetically engineered, covalent-

complex of rIL-2 and diphtheria toxin (Williams et a!.,

1987; Bacha et a!., 1988), a form of “hormonotoxin” that
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HUMAN RECOMBINANT INTERLEUKIN-2 7

can kill T cells involved in graft rejection. These ap-

proaches provide the impetus for further development of

novel therapeutic agents such as monoclonal antibodies

to the p75 a-chain of the rIL-2 receptor and alternative
rIL-2-toxin conjugates.

b. THE SUPPRESSOR CELL/FACTOR COMPARTMENT OF

rIL-2. While it is clear that rIL-2 activates CTLs to

cytolytic activities in vitro, and there is evidence for

similar activity in vivo, the role of rIL-2 in regulating

mechanisms of self-tolerance or even fetal tolerance (e.g.,

Tezabwala et � 1989) is not at all clear. While it is

difficult to ima,, ie a role for rIL-2 in clonal deletion or

clonal anergy (Nossa!, 1989), which is one possible mech-

anism(s) of self-tolerance, it is not difficult to imagine
rIL-2 playing an active role in immunosuppression. Sero-
logically, it is possible to classify subsets of T lympho-

cytes by their expression of surface antigens derived from
the CD8 gene complex. These cells are then defined

functionally in vitro by their ability to inhibit the devel-
opment and/or continuation of an antibody response.

The cells that actually suppress the response are called

T suppressor (Ts) cells. Ts cells are initially activated by

a cell type that has helper activity called a T suppressor-

inducer or cognate Ts cell.

There appear to be at least two distinct, antigen-driven
mechanisms for generating Ts cells, one major histocom-

patibility complex restricted and one antigen-only driven

(Asano and Tada, i989). A key dilemma in the immune

suppression field is whether or not T cells exist that can

down-regulate on-going cytolytic T cell function; such

cells may be differentiated from those that inhibit a

humoral immune responses by calling the former T sup-

pressor-effector cells. The problem is that in vitro studies

indicate that high concentrations of murine, rat, or hu-

man rIL-2 generate T suppressor-effector cells that are,

indeed, inhibitory to the development of an in vitro

alloantigen-specific mixed lymphocyte culture response
(Nomi et a!., 1984; Ting et a!., i984), but the data suggest

that the alloantigen-specific T suppressor-effector cell

may also be an alloreactive cyto!ytic T cell (Schwartz et

a!., i982). Thus, a less teleologically pleasing, rIL-2-
inducible, suppressor mechanism could be proposed such

as activation of allogeneic “veto” suppressor cells which

actually are thought to kill cytolytic T cells (Miller,

1980).
While it appears that macrophages also have suppres-

sor-like activity when evaluated in a mye!oma cell-spleen
ce!l cytolysis assay (Ye et a!., i984a,b), the isolation of a

T cell that inhibits the activities of non-T cytolytic cells

has also not been reported. It is possible that unrespon-

siveness seen with high doses of rIL-2 in in vitro tumor

cell cyto!ysis is a function of the release either of a

suppressive factor (Hardt et a!., 1981) or simply a func-
tion of rIL-2’s overwhelming the ability of the cytolytic

T ce!! to mount an in vitro response, perhaps through
antigenic receptor down-regulation or cell hypoactiva-

tion. Clearly, much more work needs to be done, and the

assumption that suppression is a constitutive, dynamic
process in vivo leaves room for a myriad of potentially
testable hypotheses about how IL-2 may fit in.

B. Vascular, Wound Healing, and Lymphocyte-

Trafficking Effects of rIL-2

Most investigations to date have focused on under-
standing the molecular and cellular mechansims behind

the therapeutic index of rIL-2 with only very recent

attention to pharmacoydnamic parameters such as ef-

fects on fibroplasia or on macromolecule and cell trans-

port and trafficking. Such parameters are not only im-

portant for normal homeostasis but are also very impor-
tant when considering rIL-2 anticancer efficacy because

fibroplasia and the transport of macromolecules and cells

into the interstitium of normal tissues (reviewed by

Aukland and Nicolaysen, 1970; Hay, 1981; Bert and
Pearce, 1984) both differ from the same processes in

neoplastic tissue (reviewed by Jam, 1987). In general,

solid tumor interstitial space is larger than that found in

most normal tissues, has a higher concentration of co!-

lagen, higher fluid pressure and flow rate, and lacks well-

defined, functioning lymphatic networks. Tumor inter-
stitium also has a higher marcomolecular diffusion rate

and larger convection components than normal tissues

(Jam, 1987). From this standpoint, rIL-2 flow from vas-
cu!ar to interstitial spaces would be favored in solid

tumors, and rIL-2 access to tumor infiltrating lympho-

cytes might be greater than to normal interstitial lym-

phocytes except, perhaps, in !ymphoid organs. Thus, the
infiltration of leukocytes from blood pools or across

endothelial barriers into tumor masses may be an impor-
tant component of successful rIL-2 therapy, whether it

happens prior to or in conjunction with that therapy.

Basic clues as to the nature of this importance can be
gleaned from studies of the effects of lymphokines on

fibroblast migration, replication, and collagen synthesis
in vitro (e.g., Wahl and Wahl, 1980). These studies have

been extended to show that rIL-2 augments fresh wound-
breaking strength and collagen synthesis in a rat model

(Barbul et a!., 1986). Such results indicate not only that
lymphocytes are important in wound healing but also

that rIL-2 plays important modulatory roles in complex

cascades of growth and tissue organizational events. Sim-

ilarly, there are discrete physiological mechanisms that
regulate lymphocyte trafficking.

Polymorphonuclear leukocytes or neutrophi!s, lym-

phocytes, and probably monocytes utilize related recep-
tor systems to recognize tissue-specific vascular endothe-
ha! cell determinants during the process of extravasation
(Lewinsohn et a!., 1987). This process is regulated by

lymphocyte surface recognition elements which bind
high endothe!ial venules (HEV) (Butcher, 1986). At least

two serologically identified and functionally distinct

classes of lymphocyte receptors for HEV exist in the
mouse: one mediates the recognition of peripheral !ymph
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8 WINKELHAKE AND GAUNY

node HEV and the other is in mucosal lymphoid organs

of Peyers patches (Butcher et a!., 1980; Gallatin et al.,
1983). While unproven, it is likely that rIL-2 stimulation
of lymphocytes bearing such receptors provokes changes

in cell trafficking through HEVs, as well as through flat-

walled venules. There also appear to be other mecha-
nisms for this latter form of trafficking (Hall, 1980;

Rannie and Donald, 1977), and IL-2 could be involved.

Trafficking mechanisms have important implications
when rIL-2 is used in conjunction with exogenously

administered lymphoid cells. The migration/lodging of
administered lymphocytes in the lung has been noted in
several studies (LeFever et a!., 1984; Stevens et a!., 1982).
This phenomenon is not likely due to simple trapping of

cel!s in the first capillary bed encountered after i.v.
injection because similar results are seen after carotid
artery injections (Weisberger et a!., 1952), and pulmo-
nary homing is significantly decreased by heat treatment
of the cells (Sprent, 1976). One possible explanation is

that many tissue sites of lymphocyte infiltration are

associated with lymphatic channels, perhaps in areas of

increased HEV receptors for lymphoid elements. In the
lung, lymphatics travel with pulmonary veins, arterioles,
and bronchi and beneath visceral pleura (Lauweryns,
1971). In the kidney, lymph channels lie beneath the

renal capsule and freely communicate with plexi and
perirenal fat (Peirce, 1944). These are generally areas in
which one finds exogenously administered LAK cells.
However, LAK cells are also found in several areas

including liver sinusoids which do not contain lymphatic

vessels (Ettinghausen et a!., 1985), and “hepatic trap-

ping” after LAK cells flow through the lungs cannot be
ruled out.

Finally, when considering potential roles of lympho-
kines in regulating lymphocyte trafficking de novo, the
effects (direct or indirect) of rIL-2 on primary mediators

of acute inflammatory responses, i.e.,, circulating neutro-
phi!s, should not be underestimated. These cells exist in
dynamic equilibrium between a freely borne pool and a
marginating pool interacting reversibly with the endo-

the!ium (Athens et a!., 1961). In response to inflamma-
tory stimuli, freely circulating neutrophils adhere tightly
to the vascular endothe!ium, migrate through vessel

walls, and move along chemotactic gradients toward the
stimulus (Harlan, 1985). During this process, a host of
factors are released, and such leukocyte-endothehial cell
interactions could we!! be a central mechanism in rIL-
2’s cell recruiting activities. For example, this action of
rIL-2 could help explain nonimmune mechanisms of
tumor destruction (by indirectly mediating tumor vas-
cular bed collapse) and cou!d contribute to dose-limiting
toxicities which are described briefly in section III.

III. Toxicity: The Dose-Limiting Characteristics
of IL-2

A dose-limiting toxicity of rIL-2 in clinical studies is
a capillary network-based “vascular leak syndrome”

(VLS) which results in anasarca and multiorgan system

dysfunction (Lotze et a!., 1986). Although reversible upon

termination of rIL-2 therapy, this phenomenon caused
Rosenstein et a!. (1986) to evaluate VLS in a mouse

model in which they found that the degree of leak of
radiolabeled albumin into tissues correlates with rIL-2

dose and duration of rIL-2 treatment. While the data

may be difficult to interpret because lymphoid organ

hyperplasia was not included in evaluating the degree of
“leak,” it appears that this process also occurs in mice,

and the time course of events (days rather than minutes)
is similar to that reported in human studies.

Generalized VLS induced by high, repeated doses of
rIL-2 is seen reproducibly in other animal model (Rosen-

stein et a!., 1986; Fairman et a!., 1987), but a potentially
related phenomenon, namely, increased leak of macro-

molecules across the blood-brain barrier after single, low-
dose rIL-2 treatments in a cat mode! (El!ison et a!., 1987)

may not be reproducible because these latter studies

suffer from technical problem. However, rIL-2 does pen-

etrate the blood-cerebrospinal fluid barrier (Saris et a!.,

1988), and this may be exaggerated when the barrier is

disrupted as with a ghioma mode! (Alexander et a!., 1989).

This is not to imply that rIL-2 may not affect neuroen-
docrine mechanisms. A resurgence in studies of the ef-

fects of neuroendocrine hormones on immune function

led Farrar et a!. (1984) to report the stimulation of

endorphins by IL-2, and recent studies by Rosenberg’s

group have shown increased levels of �3-endorphin, cor-

ticotropin, cortisol, and corticotropin-releasing hormone

in patients (Denicoff et al., 1989). In a perhaps related,
provocative finding, Tuttle and Boppana (1990) showed

that single, low-dose injections of rIL-2 permanently
reverses hypertension in the spontaneously hypertensive

rat-perhaps as a result of affecting endocrine/immune

system imbalance in this model. However, a pulmonary

“leak syndrome” remains the major dose-limiting effect
of rIL-2 treatment in clinical studies, and the question

of a good prechinical model for evaluating this phenom-

enon is, therefore, of concern as a topic of this review.

While the rat does not apparently demonstrate a strong
VLS upon rIL-2 administration, at least in the lung,

studies in rats given rIL-2 daily for 14 to 16 days yielded

hematologica!, clinical chemical, gross pathological, and

histopathological findings similar to those reported in

man. Hemolytic anemia, lymphocytosis, neutrophihia,

eosinophi!ia, thrombocytopenia, increased hepatic trans-

aminases, hyperbihirubinemia, hypoalbuminemia,

marked lymphocyte infiltration of liver and eye (associ-
ated with hepatic necrosis and retinal damage), and
splenic extramedullary erythropoiesis and eosinopoiesis

were all dose-related findings (Anderson and Hayes,

1989). Of importance in later discussion of rIL-2 phar-

macokinetics is the finding that the severity of these

toxic effects was increased if the dosage was split into a

twice-daily regimen.
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HUMAN RECOMBINANT INTERLEUKIN-2 9

The fact that rodents tend to make more of a hepato-
splanchnic response in deference to cardiopulmonary

response during inflammatory reactions (and apparently

during IL-2 treatments) led several investigators to shift
focus to an animal model that has more of the human

type of (cardiopulmonary) response during systemic in-

flammation. The sheep provides such a model and, be-

cause it also has a uniquely accessible lymph-draining

system, cardiopulmonary effects of rIL-2 have been eva!-

uated in a conscious sheep/lung-lymph fistula model

(Glauser et a!., 1988). This model, as is seen in the clinical

setting (Rosenberg et a!., 1987), shows that most of the

pulmonary VLS effects appear to be secondary to a
decreased systemic vascular resistance and an (presumed
related) increase in capillary permeability (Jesmok and

Gunther, 1989). The time course of these toxic events

suggests activation of cascades of pharmacological me-

diators, which could potentially be inhibited by phar-
macological intervention.

Several potential mechanisms could be blocked. For
example, the indirect effects of rIL-2 on leukocytes could

involve production of oxygen-free radicals or arachidon-

ate metabolites by activated macrophages (Geczy, 1984).

Potential rIL-2-associated secretion ofvasoactive amines

and similar factors by lymphocytes and neutrophils (re-

viewed by Willoughby, 1973; Sobel and Lagrue, 1980)
could be targets for toxicity amelioration. These media-

tors, if responsible, would likely act directly on endothe-

hal cells by making them “stickier,” by facilitating lym-

phocyte-endothehial cell interactions or by causing a

relaxation of gap junctions. Alternatively, based on in

vitro models, investigators propose that rIL-2 acts in

vivo by the production of cytokines such as TNF and IL-

1 which then, along with rIL-2, can activate human

lymphocytes to exhibit enhanced adhesion to normal
vascular endothehial cells with an ultimate effect being

endothehial lysis (Tracey et a!., 1986; Damle et a!., 1987;
Aronson et a!., 1988). While this is an unlikely event in

vivo, the controversy concerning whether cell damage/
lysis occurs or gap junctions merely open needs resolving

with an eye toward improving rIL-2’s therapeutic index.

Successful pharmacological approaches to ameliorating

VLS should help resolve this issue.

Most of the cumulative toxicities of rIL-2 are remark-
ably similar to the well-documented hemodynamic
changes in septic shock (Thijs et a!., 1988), including

potential activation of complement components via TNF
or IL-i secretion (Okusawa et a!., 1988). The sequence

of events in septic shock is also similar to the sequence

of events in rIL-2 toxicity, but a key question which

remains unresolved is whether the rIL-2-induced leak

reflects a generalized, systemic inflammatory reaction or

is, in some way, a unique property of high-dose rIL-2

therapy.

This is an important question. If rIL-2 induces gener-

alized inflammation, then secondary effects such as com-

plement activation and eliciting of acute phase proteins

would tie rIL-2 toxicity perhaps too closely with efficacy

to hope for improvements in therapeutic index by phar-

macological intervention.

One approach that could help clarify the similarities

between rIL-2 toxicities and septic shock syndrome

would be to unravel the time course of events in VLS.

Normal migration of lymphocytes across HEVs appears

to occur without significant associated fluid loss (Schoefi,

1972). In acute inflammatory responses, increased vas-

cular permeability occurs with a fluid leak phase that is

temporally separated from and often completed by the

time of onset of leukocyte emigration from vessels (Hur-

hey, 1963, 1984). Investigations into the temporal rela-

tionship between rIL-2-induced VLS and leukocyte mi-

gration may lead to ways to prevent leukocyte adhesion,

especially if cells migrate before fluid leak.

IV. Efficacy: rIL-2 in Cancer Therapy

A. Immunological Parameters

1. The immune response and tumors. The concept of

manipulating the immune response as part of anticancer

therapy is a historically venerable one that dates back to

the i890s (Herecourt and Richet, 1895). In addition to

assuming immune surveillance (Laroye, 1973), the basic

premise underlying immunotherapy for cancer is that

malignant cells contain specific antigens that differen-

tiate them from normal tissue and that the immune

response of the tumor-bearing host recognizes these an-

tigens and could make a more effective (rejection) reac-

tion to them if given some outside help. Approaches to

specific immunotherapy, whether active (by vaccination)

or adoptive, require that there be tumor-related antigens.
All other immune therapies rely on the concept that,

even if the immune response cannot be directed specifi-

cally against the tumor, the process of eliciting an irrel-

evant immune reaction, an inflammatory response, or

simply lymphoid cell recruitment to the neoplasm/vicin-

ity may lead to tumor destruction via innocent bystander

phenomena.

Fundamental aspects of tumor cell surface antigenic-

ity, mechanisms of tumor escape from the immune re-

sponse, and alteration of tumor surface antigens have

been reviewed previously (Jelsema et a!., 1981). Virtually
all experimentally induced neoplasms have tumor-re-

hated or tumor-specific transplantation antigens associ-

ated with their cell surfaces that can be detected both in

vitro and in vivo (Klein, 1966), but one of the most

controversial features of studies of progressive growth of

immunogenic tumors of mice is the problem of discerning

the relative roles of host immunity versus tumor cell

heterogeneity in the mechanism(s) of escape from im-

mune rejection. There are two clearly opposing views.

First, there is evidence that mice develop Ts cells that

down-regulate antitumor responses before these re-
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10 WINKELHAKE AND GAUNY

sponses can develop enough to cause tumor rejection

(North, 1982, 1985).

On the other hand, escape of immunogenic tumors

from immune recognition has also been attributed to

phenotypic (antigenic) heterogeneity which appears to
be an inherent characteristic of many tumors (Nowel!,

1976). Investigators favoring this latter line rely on in

vitro data which suggests that T cells exert strong selec-

tive pressure leading to the outgrowth of cells expressing

fewer or different tumor-associated antigens (Urban et
a!., 1982). Antibodies have also been implicated, at least

in the process of tumor progression (Winkelhake et a!.,

1979). However, the loss of susceptibility to lysis by CTLs

in vitro or the loss of surface antigens during progressive
growth does not imply that later tumor cell populations

have the capacity to escape immune rejection in vivo
(Fahey and Hines, 1987). Current evidence favoring tu-

mor antigen recognition by T cells is strongly circum-
stantial and, in fact, there is really no formal evidence

that conclusively links CTLs to tumor destruction in

vivo (Robins and Baldwin, 1985). More than likely, the

answer for human cancer lies in some combination of

humoral and cellular immunity and, if the patient can

mount an immune response against his or her tumor,

immunotherapy will be efficacious.

While the presence of tumor-associated antigens on

human neoplasms is not established, experimental ani-

ma! tumor models still provide the idea! testing ground

for evaluating rIL-2’s role as a component of the immu-

notherapy strategy for cancer. Of primary concern, how-

ever, is the question of the degree of tumor immunoge-
nicity in relation to rIL-2’s potential therapeutic index
and other pharmacological parameters with possible hu-

man clinical significance. Because most animal tumors

can be described as immunogenic to one extent or an-
other, one would expect that when low, nontoxic doses

of rIL-2 provide adequate antitumor responses investi-

gators may be working with high!y immunogenic tumors.

In addition, one would not expect successful rIL-2 ther-

apy when rodent tumors, responsive in immunologically

intact animals, are evaluated in immune-compromised
animals (e.g., the congenitally athymic, nude mouse).

Similarly, when the question of rIL-2 efficacy is studied
in relation to an ongoing host immune response, it would
be predictable to find that immunosupportive effects of

rIL-2 therapy are hidden.

Masking of potential therapeutic effects is, in fact,
what Vaage et a!. (1987) found in mice preimmunized for

6 days with the MC2 mammary carcinoma. In these

studies, rIL-2 therapeutic effects on new tumors im-

planted in the opposite flank 6 days after a primary

implant could not be distinguished from controls receiv-
ing no rIL-2 therapy. Results led the investigators to

speculate that, in “strongly immunized” mice, rIL-2 ther-

apeutic efficacy could be obscured by “well developed
resistance factors.” It is not difficult to take the next

step in logic and then conclude that, with highly immu-

nogenic tumors, rIL-2’s potential therapeutic efficacy

could be easily overestimated.

2. Adoptive immunotherapy of cancer: theoretical con-

siderations. The concept of adoptive immunotherapy
with lymphoid cells or with immune sera stemmed from

observations of Landsteiner and Chase (1942) who dem-
onstrated that delayed hypersensitivity skin reactions

could be transferred successfully via immune cells from
immune guinea pigs to nonimmune recipients. Old et a!.
(1961) later showed that transplantation of syngeneic

lymphoid cells from actively immunized mice conferred

tumor-specific immunity to the recipients. The fact that

antitumor effects of such passive!y transferred immune
cells were abolished by either splenectomy or blockade

of the host’s mononuclear phagocyte system with col!oi-
dal carbon (Alexander et a!., 1966) suggested that trans-

ferred lymphocytes do not exert their effects alone but
rather act as immunostimu!ants for host defense mech-

anisms. Thus, the host’s immune system “adopts” tumor

immunity. A key point is that adoptive immunotherapy

requires an active participation by the host’s immune
response and is not solely the passive transfer of immune

cells or serum.
While basic immune cell transfer experiments are gen-

erally successful with animal tumors, the major obstacle
with passive transfer of immune lymphocytes in man

(making the assumption that tumor antigens exist and

are limited in number or are specific to tumor types) is

the incompatibiity of transplantation antigens. One ap-

proach that by-passes these problems, but that has met
with inconsistent success, has been the in vitro activation

of autologous immune lymphocytes by mitogens with

reinfusion into patients (Mazumder et a!., 1984a,b). If
this approach were extended to the use of auto!ogous

nonimmune !ymphoid cells, it would be possible to imag-
me a therapy for individual tumors even if they are not

immunogenic.

Rosenberg and colleagues capitalized on this latter

concept by incubating murine or human lymphocytes

(isolated from autochthonous, tumor-bearing anima!s/
humans) with rIL-2 for subsequent adoptive cellular

immunotherapy (Yron et al., 1980; Lotze et a!., 1981).

Using radio!abe!ed LAK cells, these investigators also
showed that, after adoptive transfer, mouse cells undergo

active in vivo proliferation that is dependent upon con-

comitant administration of rIL-2. Furthermore, when
rIL-2 is administered alone, lungs, liver, spleen, kidneys,
and blood show expansion of endogenous !ymphoid cells,

whereas rIL-2 + LAK administration results in addi-

tional increased cell numbers and cytolytic activity of

lymphocytes isolated from lung, mesenteric nodes, and
liver (Ettinghausen et a!., 1985).

The conversion of human peripheral blood or murine

splenic lymphocytes to LAK cells/activities has decided

advantages for therapy because these cells have tumor
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HUMAN RECOMBINANT INTERLEUKIN-2 11

cytolytic activity whether or not they have been exposed

to the auto!ogous tumor antigens before. And, because

the cells are initially isolated from the individual who

will receive them after rIL-2 incubations, there are no
known problems with histocompatibihity antigens. The

question of whether human HLA or murine H2 antigen

distribution/expression could be altered by in vitro cul-
ture, thereby contributing to LAK activity, has not been

evaluated.

B. Pharmacological Parameters of the Antitumor Effects

of rIL-2

Under normal physiological conditions, rIL-2 is
thought to be a paracrine hormone that operates in
localized areas of inflammation or immune reaction and
is not measurable in the circulation. Therapeutic use of

this lymphokine assumes benefit in the amplification of

presumed insufficient immune mechanism(s) by admin-
istering rIL-2 at pharmacological doses rather than in

reconstitution of an abnormal physiological response (as

is the case with insulin therapy). Because the host is not
normally exposed to high circulating levels of this pro-
tein, and because rIL-2 is administered with the inten-
tion of converting the host to a biologically responsive

“drug,” pharmacological characteristics of dose, route,
and schedule of administration become perhaps even
more important than classically considered as a means

of understanding efficacy. These parameters have been
best evaluated in immune-competent rodent models and,

unless otherwise stated, will be the subject ofthis section.
1. Pharmacokinetics. Initial pharmacokinetic studies

performed with rIL-2 showed that, irrespective of route,
T cell growth was augmented when donor T cells were

implanted i.p., implying good whole-body bioavai!abi!ity

(Cheever et a!., 1985a,b; Donohue and Rosenberg, 1983).
In fact, if one evaluates areas under blood clearance

curves, the volume of distribution of rIL-2, irrespective
of route, for mouse, rat, monkey, and man is about
equivalent to the total calculated extravascu!ar space,

irrespective of species. Furthermore, clearance profiles
show that this protein drug follows classical pharmaco-

kinetic behavior as animal species size increases, namely,
the systemic clearance value for rIL-2 is normalized when
one compares dose on a mg/m2 rather than mg/kg basis
(J. D. Young, personal communication).

Fo!lowing i.v. administration to mice and rats, rIL-2
disappears from the circulation with a pharmacokinetic

profile of either a two- or three-compartment model
depending upon assay sensitivity. The first phase has a
half-life of between 4 and 6 mm, during which time
approximately 75% of the dose disappears from the cir-

culation. The secondary phase has a half-life of between
2 and 4 h, as does the major clearance phase seen with
either i.p. or s.c. injections (Donohue and Rosenberg,
1983; Donohue et a!., i984b; Matory et a!., 1985).

In initial bioavailabihity studies, growth of i.p. im-
planted T cells correlated with duration of rIL-2 serum

levels rather than peaks. Because initial bioassays al-

lowed looking only at early time points, it appeared that
rIL-2’s serum half-life was shortened when administered

i.v. compared with when given i.p. or s.c. This is not the

case because rIL-2 is only about 50% bioavailable from

the peritonea! cavity, but, as the i.p. route is much more

convenient for multiple dosing regimens in rodents, a
majority of antitumor efficacy studies have used this

route of administration.

The kidney is known to play a major role in filtering

and metabolizing proteins of less than 50,000 to 60,000
molecular weight (Strober and Waldmann, 1974) and, as
expected, the primary organ of rIL-2 clearance is the

kidney (Donohue and Rosenberg, 1983). Investigators
find no intact (bioassayable) rIL-2 in the urine, and

bilateral ureteral ligation, unlike total renal ligation, has
little affect on the short half-life, suggesting renal tubular

degradation (Donohue et a!., 19Mb; Koths and Halen-

beck, 1985) with a mechanism perhaps similar to the

serum clearance, metabolism, and excretion of Bence-

Jones proteins (Wochner et a!., 1967).
2. Controlled/sustained-release dosage forms of rIL-2.

Based on the initial pharmacokinetic data, three separate

approaches have been taken to develop controlled or

sustained-release dosage forms of rIL-2. In the first case,

the !ymphokine has been trapped in sustained-release
vehicles such as gelatin or a pluronic gel copo!ymer

(Morikawa et a!., 1987). In the second case, mini-osmotic

pumps have been implanted to provide a continuous

infusion dosage form (Nishimura et a!., 1986a,b). Finally,

rIL-2 has been “polyethylene glyco!ated” (Katre et a!.,
1987) and, as is seen with many other small proteins,

covalent modification with polyethylene glyco! enhances

circulatory longevity (Davis et a!., 1980; Beauchamp et

a!., 1983; Abuchowski et al., 1984). In the case of rIL-2,

this means extending the half-life of the major phase

about 15-fold (from hours to days), presumably by inhib-

iting renal clearance, and it means marked improvement

in potency and antitumor efficacy (Zimmerman et a!.,

1989a). No matter what method ofsustaining blood !eve!s

of rIL-2 is used, antitumor efficacy is improved, and peak

doses required for the same effects are lowered, implying
an improved potency and perhaps an improved therapeu-

tic index, although this latter point remains speculative.
3. The role of dose. Some controversy exists regarding

the importance of dose in prechinical studies of rIL-2
efficacy. While most investigators report that repeated

injections of low (hundreds of units) doses of rIL-2 fail
to reduce tumor growth in syngeneic rodent systems, a

few have demonstrated efficacy with low-dose therapy.

The latter find that antitumor effects of low-dose rIL-2

are also independent of schedule. To date, it appears that

these differences may be attributed to tumor type, to the

degree of tumor immunogenicity, and to the route of rIL-
2 administration.

For example, while most investigators (Rosenberg et
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12 WINKELHAKE AND GAUNY

a!., 1985b; Cheever et a!., 1982; Forni et a!., 1985; Dono-

hue et a!., 1984b; Mule et a!., 1984) using either i.p., i.v.,

or s.c. routes for doses that are considered “low” and

range from several hundred to several thousand IU saw

little efficacy, Vaage et a!. (1987) showed significant
tumor growth inhibition at 100-lU doses when the rIL-2

was administered s.c. around the tumor in a strongly

immunogenic cancer model. Because human tumors are

not as likely to be as immunogenic and because met-
astatic cancer is often not accessible to peritumoral in-

jection, these types of animal models tend to over-opti-
mistically suggest a potent therapeutic index for rIL-2.

They certainly suggest that the drug is potent if delivered

directly to an immunogenic tumor.

The first evidence that “high-dose” rIL-2 (15,000 to
20,000 lU/day) is more efficacious was obtained by Ro-

senberg et a!. (1985a) who showed that thrice daily
injections of doses totaling up to 18,000 lU/day of rIL-2
induced regression of metastases established 10 days

prior to initiation of therapy in a methylcho!anthrene-
induced sarcoma, MCA-i05. This model involves inject-

ing 3 X iO� tumor cells i.v., injecting india ink intratra-

chea!!y 15 days later (tumor nodules then appear white

against a b!ack lung background), and counting pulmo-
nary metastases. Results of these studies showed that

these high daily doses gave remarkable antitumor effects.
What was most provocative about the studies was the

additional fact that pulmonary metastases allowed to

“take” for 10 days were more amenable to treatment than
3-day-established pulmonary tumors.

Similar results were found in the s.c. MCA-i05 sar-

coma model in which more established tumors respond
with cures of between 15 and 40% of the animals com-

pared to very few cures if treatment is carried out for

only a few days after tumor implantation (Rosenberg et
a!., 1985a). The conclusion after initial interpretation

would be that the longer period between tumor implant

and onset of therapy allows for building a host immune
response, which is then augmented with rIL-2. Such a

mechanism could explain why Thompson et al. (1986)

found that, when moderate doses of rIL-2 were given to

animals bearing the FBL-3 leukemia (8000 IU, daily, i.p.)
between 5 and 9 days after tumor implantation, 50%

were cured, whereas the same therapy between days 0
and 5 was ineffective.

The relationships between rIL-2 therapeutic dose/

schedule and time of host exposure to tumor are complex,

and antitumor effects appear to be unique to the animal

model under study. For example, a multiphasic dose

response is seen with rIL-2 treatment in a spontaneous

metastasis model using footpad-implanted B16 mela-

noma cells, hindhimb amputation after 4 weeks, and lung

colony assay at 8 to 10 weeks (Talmadge et a!., 1987).
The authors’ theoretical explanation for the triphasic

dose response seen in this study is that low rIL-2 doses

activate the T cell system, high doses activate NK/LAK

cells/activities, and intermediate doses of rIL-2 (8,000 to
16,000 IU) activate suppressor cytolytic T cells or cause

release of macrophage suppressor factors (Hardt et al.,
1981). Such an interpretation is consistent with the

finding that athymic nude mice exhibit only the high-

dose response (Talmadge et a!., 1987).
However, at least two alternative hypothetical expla-

nations for the triphasic dose-response curves come to
mind. First, it may be that low-dose effects are primarily
augmented CTL-type immune responses, intermediate

doses could result in overwhelmed tumor antigen-specific
immune mechanisms, perhaps altering CTLs to a non-

specific mode (Damle et a!., 1986), while high-dose effects

could be the result of vascular and/or generalized and

nonspecific inflammatory reactions. Second, in models
in which such triphasic responses are seen, the time

course from therapy to measurement of response is gen-

erally well beyond 3 to 4 weeks (enough time for an
animal to mount a neutralizing anti-rIL-2 antibody re-

sponse). Thus, low-dose therapy may be efficacious be-

cause there is not enough rIL-2 to elicit significant levels
of rIL-2-neutrahizing antibodies. High-dose therapy may

be efficacious because there is plenty of rIL-2 around
such that it “floods” the humoral response; while mod-

erate doses of rIL-2 may not show efficacy because they

provide for an optimal humoral response and subsequent

“neutralization” of rIL-2 efficacy.

4. Route-related phenomena. Early pharmacokinetic

data suggested that when given i.p. or i.v. rIL-2 distrib-

utes readily into various bodily compartments (Donohue
and Rosenberg, 1983), and few studies have been per-
formed using other routes of administration. However,
some basic, supportive information about rIL-2 phar-

macology is available from nonstandard route studies.

For example, in studies of antigen-specific combination

therapy using cyclophosphamide, rIL-2 and an extract of

the MCA fibrosarcoma antigens, Nomi et al. (1986)

compared direct intrasplenic injections of rIL-2 with i.p.

injections. These authors believe that high doses of rIL-
2 generate Ts cells and thus did not test very high doses.

However, this and a similar study with combination rIL-
2 and chemotherapy (Kahan et al., 1986) clearly showed

increased inhibition of s.c. tumor growth when rIL-2 was

administered intrasplenically. Improved efficacy was at-
tributed to local lymphatic drainage of the s.c. tumor site

by the spleen. These results support conclusions from

the peritumoral, low-dose studies in that both suggest

that, if one is able to direct rIL-2 to specific sites includ-

ing the tumor and nearby lymphoid organs, improved

efficacy should be anticipated.

5. Schedule of administration. The question of how

often and how long to administer rIL-2 has been a
perplexing one since early in vivo studies. The problem

is characterized by a general lack of knowledge of mech-
anisms involved in rIL-2 pharmacodynamics and by the

fact that animal tumors are so fast growing that they
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HUMAN RECOMBINANT INTERLEUKIN-2 13

result in death or massive tumor burdens which can
overwhelm even the heartiest immune system within a

few weeks. Human tumors are much slower growing.

This fact added to data from clinical studies using con-

tinuous infusion rIL-2 and LAK (West et a!., 1986) and
prechinical pharmacokinetic data suggesting improved

efficacy with controlled-release rIL-2 (Morikawa et a!.,

1987; Nishimura et a!., 1986a,b; Katre et a!., 1987) pro-
vided a rationale for continuous infusion studies in the
10- to 12-week B16 melanoma model of spontaneous
metastasis after hindlimb amputation (Talmadge et a!.,
1987). In this model, rIL-2 treatment begins after pri-
mary amputation, and with continuous rIL-2 adminis-

tration, significantly greater activity is seen with doses
of 35 lU/animal/h than is seen with i.v. daily bolus doses
of 10-fold greater or 10-fold lower. A very recent and

provocative set of studies by Zimmerman et a!. (1989a)

showed a tight schedule dependency to the murine anti-
tumor effects of rIL-2 such that they proposed the need

for daily “threshold” levels of continuous rIL-2 exposure
in order to elicit an optimal host (immune) response to

the tumor and a daily “drug holiday” to reduce toxicity.
Thus, in both prechinica! and clinical studies, contin-

uous infusion or even thrice daily bolus dosing of rIL-2
appears to provide better efficacy than a maximum to!-
erated dose (MTD) daily bo!us schedule. And, as ex-

pected from conclusions drawn so far, daily bolus treat-
ments at MTD for less than 4 weeks in the mode!

described above gives insignificant efficacy, while daily

bolus therapy for 4 weeks or greater gives significant
reduction in the number of metastases (Talmadge et a!.,
1987). This latter result speaks strongly against immune

response augmentation as the only mechanism of rIL-2
efficacy and coupled with the recent provocative discov-

ery of an apparent separate schedule dependency for rIL-
2 efficacy and toxicity (Zimmerman et a!., 1989a), sug-
gests that it may be possible to separate efficacy and

toxicity by manipulating the scheduling of rIL-2 treat-

ment.
In summary, it is reasonable to conclude at this time

that, for slow-growing tumors, continuous presence of

rIL-2 for long periods is more efficacious, whereas for
rapidly growing immunogenic tumors, high dosages early
after tumor challenge give better efficacy. This line of

thought would predict that administration of high doses
of rIL-2 for brief (pulsed) intensity/duration periods
would be most efficacious.

C. Oncological Parameters of the Antitumor Effects of

rIL-2

There seem to be no genera! principles relating tumor
type to efficacy results with rIL-2 therapy in animal

models. Immunogenicity is one key but is not the sole
determinant. In the one investigation reported using a
rat mode! of spontaneously arising, chemically induced
carcinoma (colorectal), there was no apparent correlation
between delayed tumor growth and immunological pa-

rameters (Garzon et a!., 1986). It is also of interest that,

unlike the common, transplanted, immunogenic rodent

tumors, neoplasms that are known to be particularly
aggressive (i.e., grow rapidly and metastasize readily from

primary s.c. implants) and are difficult to treat with
conventional xenobiotic agents [such as the pancreatic

carcinoma of the C57B1 mouse, PAN-02 (Corbett et a!.,

1984)] are also extremely refractory to rIL-2 therapy
(persona! observations). Thus, in addition to immuno-
genicity, other factors that have been shown to impact

the antitumor effects of rIL-2 include tumor burden,
tumor site (e.g., i.p. versus s.c. sites), and metastatic/
growth potentials.

1. Relative degrees of tumor immunogenicity. Because

rIL-2 augments immune/inflammatory responses from

the host, the therapeutic ratio of rIL-2 is very dependent

upon the individual host’s susceptibility to immune mod-
ulation. Thus, while untested, it is possible to imagine

that individual strains of animals might be more or less
readily affected by rIL-2 than other strains. Similarly, a

host/tumor treated with immune system-altering drugs/
radiotherapy, etc., would be less responsive to rIL-2 than

an uncompromised animal. Add to possible host varia-

bihity the differences in immunogenicity of rodent tu-

mors, and one finds that the question of determining a
rIL-2 therapeutic index becomes very complex.

The classical definition of tumor immunogenicity is

based on in vivo parameters, for example, how often can

the same tumor be reimphanted into the same animal

before being rejected? This is a very rigorous definition

because the answer relies on the host’s total capacity to
reject a tumor graft. Chemically induced neoplasms tend

to be more readily recognized and rejected on reimp!an-
tation after removing the primary tumor than do spon-

taneously arising neoplasms. However, even within the

former class, it is possible to subc!assify tumors into

various categories of immunogenicity. For example, Ro-

senberg’s group chose to classify “weak!y and nonim-

munogenic” sarcomas based on whether tumor growth

(progression) is affected by prior vaccination of the ani-

ma! with viable tumor cells and Corynibacterium parvum.

In this scheme, if reimplanted tumors grow well after

primary amputation and if the tertiary tumor implant
grows at the same rate as that at the vaccination site,

the tumor is classified as nonimmunogenic (Lafreniere
et a!., 1985a). Because these tumors vary in their abilities

to “escape” immune recognition and/or destruction, for

example, through antigenic modulation, the potential for

misclassification (especially as nonimmunogenic) exists.

In addition to chemically transformed sarcoma/carci-

noma models such as those described above, there are a

number of other rodent tumor types that have been
utilized for evaluating chemotherapeutic anticancer
agents. These tumors retake readily in animals that have

had the primary implant removed or cured, and they a!!
generally tend to induce a pronounced immune suppres-
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14 WINKELHAKE AND GAUNY

sion after a week or two of growth. By the criteria listed

above, these tumors would be listed as weakly immuno-

genic or even nonimmunogenic, but they all have defin-

able tumor-associated antigens. For immunotherapy pur-

poses, such tumors should be considered moderately im-
munogenic, and all seem to respond marginally to rIL-2.

An example of this phenomenon is the P815 masto-
cytoma of DBA/2 mice (Takei et a!., 1976) which grows

relatively rapidly and disseminates widely with a meas-
urable but transient immune response about 8 to 10 days

after i.p. tumor cell administration. The host’s immune

response appears to slow tumor growth during the first
week, but the tumor soon overcomes this effect and

continues to grow resulting in host death between 20 and
30 days after cell implantation. Treatment of s.c. P815

tumors with rIL-2 alone results in a measurable but also

transient inhibition of tumor growth if therapy is initi-

ated within 1 to 3 days after tumor cell implantation
(Winkelhake et a!., 1987), suggesting that an adjuvant-

like mechanism is involved. However, later growth (2
weeks after cell implantation) and survival are not af-

fected. Similarly, the ultraviolet light-induced, B16 me!-

anoma of C57B1 mice, which contains tumor-associated

surface antigens (Winkelhake et a!., 1979), induces a
measurable NK cell immune suppression after 6 to 7

days of growth (Lala et a!., 1985) and responds in the
s.c. site only marginally to MTD daily bolus rIL-2 ther-
apy (Winke!hake et a!., 1987). The reason(s) for tumor

progression, for example, whether tumor-induced

suppression occurs or anti-rIL-2 antibodies “neutralize”

rIL-2 antitumor effects, etc., have not been evaluated.

However, mechanisms are crucial because the human
antitumor response often occurs at some time after rIL-

2 therapy and may be tied into similar mechanisms(s).

2. Rok of tumor burden. One genera! conclusion that

can be derived from nearly every animal model study

using immunomodu!atory proteins is that repeated ad-

ministration with therapy initiated during the very early

0- to 3-day “latency” period after s.c. tumor implantation

is more effective than identical therapy initiated after
the tumor has “taken” (Talmadge and Herberman, 1986;
Winke!hake et a!., 1987). There can be overriding phe-

nomena such as those related to immunogenicity or

anomalies of tumor location that make this conclusion
less firm, but early and prolonged treatment regimens

are usually superior. For example, Bubenik et a!. (1986)
found that the methy!cholanthrene-induced sarcoma

MC11 could be prevented from appearing in 39% of the

animals if treatments were given during the first 12 days
after tumor cell imp!antationss. There was, however, no

significant antitumor effect if the same 12-day rIL-2
therapy was initiated 1 week after tumor cell implanta-
tion.

There are probably several, interrelated reasons why
s.c. rodent tumors are especially susceptible to rIL-2

therapy very early after implantation. First, as discussed

above, the animal can mount a rigorous immune response

during the first weeks, and the magnitude of this re-

sponse may be boosted by rIL-2 in an adjuvant-!ike

fashion. This boost may then be sufficient for rejecting

small tumor burdens especially if tumor “escape” mech-

anisms, such as the release of soluble tumor antigens,
are poorly developed during this early period. Second, it
appears to take several days for tumors to establish a

vascular bed prior to rapid growth (Zeidman, 1967), and
rIL-2 interference with angiogenesis and/or endothelial
cell functions could provide antitumor/antimetastatic

effects during this latency period. The importance of
these latter phenomena are only now being recognized,
and many more studies are needed to understand and

perhaps to take advantage of potential antineovascular

effects of rIL-2.

3. Role of tumor location. a. PERITONEAL TUMOR

MODELS (EXTENSION OF LIFETIME STUDIES). The use of
the peritoneal cavity as a compartment for studies of

antitumor efficacy is based on its well-defined limits,
ease of accessibility for treatment regimens, presence of

relevant effector cells (NK and macrophage), and the

fact that the effector cells may have ready access to

tumor cells. Practically, i.p. models can also serve to

some extent as representatives of the minimal residual
disease that often then recurs in the clinical setting. The

peritoneum is thus an idea! setting for evaluating cyto-

toxic compounds and has been an integral part of oncol-

ogy for many years (Markman, 1985, 1987). However, it
probably has limited usefulness for !ymphokine evalua-

tion for two important reasons: First, despite rIL-2’s
ability to transiently augment NK cell activity in the

peritoneum (Ta!madge, 1985), the treatment of i.p. tu-

mors with rIL-2 alone has met with little meaningful

success irrespective of dose or schedule. When efficacy
is found in i.p. tumor models, it is after early initiation

of therapy, with low tumor burdens, and rarely are cures

seen (Salup et a!., 1985; Winkeihake et a!., 1987). The

reason for this go beyond the findings of NK cell macti-
vation during the period of tumor growth (Lala et a!.,

1985) and depend upon the relationships among tumor
growth rate, immunogenicity, and the uniqueness of the

peritoneal cavity in these regards.
Some tumors grow and metastasize locally with greater

ease from the peritoneum than from s.c. sites. Such rapid
growth rate precludes time for adequate host immune

response even for highly immunogenic tumors such as

the Meth-A sarcoma or EL-4 !ymphoma. Thus, these

tumors are refractory to rIL-2 therapy when growing in
the peritonea! cavity, whereas they show significant re-

sponses to rIL-2 treatments when growing in a s.c. site
where time-to-death is also much extended (Winkelhake

et a!., 1987). Similarly, the i.p. models of moderately
immunogenic, but rapidly growing, murine tumors such

as the B16 melanoma, L1210 leukemia, and P815 mas-
tocytoma are not significantly affected by i.p. therapy
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with rIL-2 alone, even though their growth in s.c. sites

is inhibited by the same dose regimens (Winkelhake et

al., 1987).

Conversely, tumors that are lethal within 4 to 8 weeks

tend to show more significant responses in i.p. models.
For example, the renal cell carcinoma of BALB/c mice,

Renca, described originally in a subrena! capsule mode!

by Murphy and Hrushesky (1973), is responsive when
growing i.p. whether rIL-2 is administered at 550 IU/

dose once or on a daily x 5 schedule for 4 weeks. Al!
animals bearing i.p. Renca cells show approximately
180% test/control extension of lifetime. This is a signif-

icant result and may be due to the time afforded the

animals to mount an appropriate antitumor immune
response in the peritoneum and to the degree of immu-

nogenicity of this tumor (Salup et a!., 1985). However,

this result, as with extension of lifetime data used, per-
haps, too optimistically during prechinica! evaluation of
chemotherapeutics, does not translate to “cures” and

should be maintained in perspective.

In addition to oncological parameters of tumor growth
rates and immunogenicity, the second important factor

which complicates evaluating i.p. tumor models in rela-

tion to immunotherapy is the uniqueness of the perito-

neal immune response. It is possible, for example, to

imagine the difficulty of mounting an inflammatory type

of reaction against tumor cells growing in semisolid or

fluid ascites, and peritoneal access to T cells is probably

restricted. In fact, supplementing the immune cell pop-

u!ation of the peritonea! cavity using antigen-specific,

adoptive immunotherapy with CTLs (syngeneic spleno-

cytes incubated ex vivo with irradiated P815 cells and

rIL-2) appears to extend lifetime about 150% only if the

rIL-2-stimulated CTLs are administered i.p. on the same

day as i.p. tumor cell inoculations (Mills et a!., 1980).

Similar effects are even observed in nude mice with

nonspecific (LAK) cell adoptive immunotherapy of i.p.
human ovarian carcinoma xenografts (Ortaldo et a!.,

1986).
b. “METASTATIC” TUMOR MODELS. Metastatic tumor

model rigor, defined operationally in relation to respon-
siveness to therapy, varies in experimental rodent tumors

with cancer type and with protocols of the particular

model. For example, in the very aggressive, sponta-
neously metastatic pancreatic tumor of the C57B1

mouse, PAN-02 (Corbett et a!., 1984), rIL-2 has very
little effect when administered in MTD bolus doses for

weeks after initial s.c. tumor cell implantation. This

tumor is also unresponsive to most single-agent chemo-
therapeutics and can thus be classified as very “rigorous”

Models in which the tumor cells metastasize from
primary implants at a very low rate can be made more

rigorous by artificially introducing tumor cells into the
peripheral circulation for pulmonary trapping (Fidler,
1973). Such experimental metastases models are less

“rigorous” than aggressive, spontaneously metastatic tu-

mors, but they are more amenable to experimental ma-

nipulations and, by experimentally implanting many tu-

mor cells in the lungs, protocols can be designed that
result in host mortality within about 4 weeks. Pulmonary

tumor load defines mode! rigor in this case, and, because

high-dose rIL-2 induces immune cell activation/recruit-

ment in the lung, it is not unexpected that the experi-
mental metastasis B16 melanoma model is responsive to
moderate-/high-dose rIL-2 therapy (Rosenberg et a!.,

1985a).
An example of the “least rigorous” metastasis model

is the primary tumor (hindlimb) amputation protocol

which allows spontaneously metastasizing B16-6 cells to
then kill the host 10 to 12 weeks after primary implan-
tation. While this model is more relevant to the human

setting, it is one of the least rigorous rodent metastatic
models because it allows for long-term exposure to tumor

antigens, stress induced by amputation, and low tumor
burden when the therapy is initiated. With this protocol,
rIL-2 gives marginal to significant responses with both

moderate/high daily bolus doses and continuous infusion

of rIL-2 (Talmadge et a!., 1987).

D. Combining rIL-2 with Other Therapeutic Modalities

It has become clear that single-agent and single-mo-
dahity therapy for the treatment of cancer will never be
optimal. Thus, a natural progression of research in corn-

bination studies of rIL-2 with lymphoid cells, other !ym-

phokines, cytokines, and cytotoxic chemicals has oc-

curred during the past few years. In particular, the ad-
mixing of proteins promises to be an exciting and
informative approach to immune therapy because nature

has designed these molecules to operate via cascade

networks and, presumably, in finite sequences. A syn-
opsis of combination studies follows in historic sequence.

1. Combining rIL-2 with cells for adoptive immunother-

apy. a. CTLS versus LAK + rIL-2. Initial approaches to
adoptive immunotherapy of cancer in animal models
almost a!! used the strategy of infusing specifically sen-
sitized (immune) syngeneic lymphocytes [or T cell clones
(Matis et a!., 1986)] to mediate regression of well-defined,
established, transplantable tumors (Borberg et a!., 1972;

Rosenberg and Terry, 1977). When rIL-2 became avail-
able in quantities sufficient for therapeutic use, studies

with these immune cells in conjunction with rIL-2 in
vivo rapidly followed (Cheever et a!., 1984a,b; Donohue
et a!., 19Mb; Pa!ladino et a!., 1984), and in a!! cases,
antitumor efficacy was improved with the addition of
rIL-2 to treatment regimens. In fact, Ettinghausen and

Rosenberg (1986) verified the basic concepts that sus-

tained presence of rIL-2 generated by i.p. injections
thrice daily for periods of at least 6 days was optima! for
proliferation of exogenously administered !ymphoid cells.

There seems to be little argument that immune lym-

phocytes represent a much more effective population for
adoptive immunotherapy in rodent tumor models than
do nonimmune cells. However, because of the !ack of
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knowledge regarding the immunogenicity of human tu-

mors, and because clinical protocols call for autochtho-

nous peripheral blood lymphocytes cultured with rIL-2
in vitro (which could be immune or nonimmune in na-

ture), preclinical investigations largely from one group
at the National Institutes of Health have been focused
on the nonimmune cell approach using sp!enocytes from

naive animals to generate LAK cells in vitro. Rosenberg’s

group is concerned with helping develop pharmacological

principles for this form of adoptive immunotherapy in

concert with clinical studies.

Of the few other investigators who have compared
immune CTLs with (nonimmune) LAK cells, Thompson

et a!. (1986) have conducted the most complete and

representative studies. These investigators found that

the culture of nonimmune, syngeneic murine spleen cells

with rIL-2 (55 IU/ml for 2 to 3 days) generates LAK

cells capable of lysing FBL-3 leukemia cells in vitro. The
same LAK cells were able to mediate an antitumor effect

in vivo in a peritonea! model of FBL-3 such that i0�
LAK cells injected i.p. prevented lethal outgrowth of 102

FBL-3 leukemia cells from the peritoneum of about 50%

of the mice. The same number of LAK cells were inef-

fective against 106 FBL-3 cells.
One convenient way to express and compare such

results with other studies is to identify an “effector to
target ratio,” or the ratio of LAK cells to tumor cells,

which in this case was 100,000:1. This type of data,

coupled with the short lifetime and differing biodistri-

bution patterns of exogenously administered LAK cells

compared with CTLs (Ettinghausen et a!., 1985) and the
fact that immune spleen cells (CTLs) cultured under
similar conditions and tested similarly give 100% cures

in the FBL-3 model at effector to target ratios of 10:1,

has led investigators to utilize LAK cells in combination
with rIL-2 at effector to target ratios of 100 to 1000:1 in

animal models.
Combination studies with LAK and rIL-2 in a weakly

immunogenic, fast-growing and rapidly (11 day) lethal

i.p. MCA-105 tumor model were performed in both the
classic extension of lifetime manner and in an unortho-

dox fashion, namely, by sacrificing animals for visual
scoring of i.p. tumor burden (Ottow et al., 1987). This

latter analysis was performed because the investigators

were interested in dose effects for rIL-2 in the adoptive

immunotherapy mode, and the model is apparently too

rigorous (i.e., too short a time-to-death) for classical

evaluation. Results showed that tumor contro! was op-

timum in an rIL-2 and LAK dose-response fashion if the
5500-lU rIL-2 dose was split into four daily injections
rather than given as a single daily bo!us. They also found

that the best effects were seen if all treatments were
given i.p. Despite the short time-to-death of controls,
rIL-2 alone gave greater than 150% (test to control)

extension of lifetime, and the addition of rIL-2 LAK
(+rIL-2) gave greater than 200% (test to control) results.

Thus, as with single-agent rIL-2 therapy, fractionating

the daily rIL-2 dose with LAK cells gives better efficacy

than single daily bolus rIL-2 +LAK dosing. Also, the

addition of LAK allows lower daily total rIL-2 dosing to

achieve efficacy similar to high-dose rIL-2 alone.
When comparing the requirement for (apparently)

continued presence of between 5 and 55 units rIL-2/m!
for in vitro generation of LAK cells with what would be

an average “continua! presence” with fractionated in vivo

doses, the rIL-2 concentrations found in the circulation
during each of the 24-h periods in the high-dose rIL-2
study described above would be about equivalent. How-

ever, using the experimentally induced (i.v. injection)

pulmonary micrometastasis variation of the MCA-i05
sarcoma mode!, which is marginally sensitive to high-

dose rIL-2 if treatment is initiated within 3 days of cell
implant, Mule et a!. (1985) showed that even 10-day
established micrometastases were significantly reduced

in number if rIL-2 was given at thrice-daily moderate

doses (250 to 1000 IU) on the same day and for several

days after i0� LAK cells were given. These doses of rIL-

2 alone are ineffective in this mode!. Two doses of i0�
LAK cells (separated by about 3 days) were more effi-
cacious than one dose, even one large (near MTD) dose,

of 108 LAK cells. Apparently, then, for rIL-2 + LAK
therapy, at least in animal models, the rIL-2 doses can

be cut back at least an order of magnitude (well below
toxic levels) for therapeutic efficacy at or exceeding that

obtained with rIL-2 alone.

Interestingly, in the studies described above, the in-

vestigators also showed that the LAK cell source did not

have to be a syngeneic animal, i.e., they found that LAK
cells from sp!enocytes of al!ogeneic (DBA = H2d) ani-
mals were as effective as splenocytes from syngeneic

(C57B1 = H2b) animals. Shiloni et a!. (1986) extended

these observations and showed that, while allogeneic

LAK cells do provide efficacy, they are measurably less

effective than syngeneic LAK cells unless they are ad-
ministered intraportally for treating hepatic metastases.

Thus, cell-cell recognition does not appear to be re-
stricted at major histocompatibihity loci for LAK activity,

in contrast to findings of H-2 restriction for specific

(CTL) adoptive immunotherapy (Greenberg et al., 1981).

Ultimate success and clinical applicability for this form

of adoptive cellular immunotherapy may depend on so!v-
ing several basic problems: (a) the ability to reproducibly

create/identify LAK cells or activity under quality con-
trolled conditions, (b) the potential for additive effects

of repeated courses of treatment, (c) the relative immu-
nogenicity of human tumors, and (d) tumor histiotype

and location.

The first problem is perhaps the hardest to deal with.

That is, the in vitro sensitivity of different tumor types
to LAK cytotoxicity does not appear to correlate with in

vivo sensitivity, namely, while there were clearly more-

and less-sensitive tumor cell types in culture, antitumor
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responses to rIL-2 + LAK in vivo did not correlate with
in vitro data (Papa et al., 1986b). Similar conclusions

were gleaned by Gregg et a!. (1987) using LAK and rIL-

2 therapy in a guinea pig mode! of acute B cell leukemia,

namely, that despite in vivo antitumor effects, lytic ac-

tivity of LAK effector populations against the B cell
leukemia targets could not be demonstrated. In this latter

mode!, an added anomaly was found in that, while single-

agent rIL-2 and single-agent LAK cells gave similar

extensions of lifetime, admixing that LAK cell dose and
rIL-2 doses in combination studies did not significantly

extend lifetime, even in an additive fashion.
The second question, that of whether additive effects

might be obtained with repeated courses of therapy, was

approached in studies of rIL-2 + LAK cell therapy in i.p.

models of the MCA-102 and 105 sarcomas. In these

models, one cycle of immunotherapy consistently re-
duced tumor load but cured few if any mice with estab-

lished tumors. Studies by Eggermont et a!. (1987) showed

that four consecutive cycles of treatment at weekly in-

tervals did not increase survival when compared to mice
treated with only one cycle of treatment (once again

using the MCA-102 and 105 i.p. mode! described above).
In a follow-up study, Eggermont and Sugarbaker (1987)

investigated potential reasons for this by repeatedly chal-

!enging mice with rIL-2 + LAK cell therapy (six “im-

munizations”) prior to i.p. tumor cell injections. After

implanting tumor, rIL-2 + LAK cell therapy was totally

ineffective even when evaluated using the visual scoring

technique. These investigators found that the serum for

LAK + rIL-2 animals contained antibodies to LAK cell
surface antigens (which could lyse the LAK cells) and

“serum inhibitors” of rIL-2 which abrogated antitumor

efficacy.

Because they were concerned with the relevance of

rodent rIL-2 + LAK adoptive immunotherapy vis-a-vis

immunogenicity and human tumors, Papa et a!. (1986b)

further adapted their artificial pulmonary metastasis

model to what they defined as “weakly” and “nonimmu-

nogenic” tumors. Criteria for a particular tumor mode!

being immunogenic were (a) the ability to immunize

syngeneic mice such that, after hindlimb (primary tumor
site) amputation, reimplanted tumors would be rejected
and/or (b) animals could be “vaccinated” with C. pay-

rum/viable tumor cell mixtures at one site and a subse-
quent challenge resulted in no tumor progression at a

separate site. While these criteria could inaccurately

show that tumors that could induce immune suppression

(e.g., by blocking antigen shedding, etc.) are nonimmu-

nogenic, they do, nonetheless, provide rationale for grad-

ing tumor immunogenicity. And, within the limitations

of the definition, all tumor types responded similarly to

rIL-2 + LAK therapy (Lafreniere and Rosenberg, 1985a;
Papa et a!., 1986b).

The studies mentioned above also afforded an oppor-

tunity to determine whether this form of therapy worked

equally well with tumors of varying histological type.

This was the case for sarcoma, adenocarcinoma, and, as

previously shown, melanoma (Mule et a!., 1986a,b). Sim-

ilarly, the successful application of rIL-2 + LAK to tumor

metastases does not appear to depend upon tumor loca-

tion. That is, hepatic metastases are as amenable to
treatment as are pulmonary metastases (Lafreniere and

Rosenberg, 1985b). However, in view of the organ-horn-

ing properties of LAK cells, one would not necessarily

expect lung or liver metastases to be refractory. Brain
metastases might provide a quite different result.

In summary, the currently available, prechinical effi-

cacy data that directly compare rIL-2 therapy with rIL-

2 + LAK cell adoptive immunotherapy come primarily
from one group of investigators whose goals were to help

establish parameters for the use of adoptive cellular

immunotherapy in the clinic. A majority of the data are

generated with a moderately immunogenic, chemically
transformed murine sarcoma cell, MCA-105, which con-
sistently responds in a dose-related manner to the corn-

bination of rIL-2 and LAK cells. This tumor (and several
other murine tumors evaluated) does not respond to LAK

cells alone but does respond to high-dose rIL-2 alone if
the tumor has been implanted for 10 days prior to therapy

(enough time for the host to mount an immune response).

It is impressive that rIL-2 + LAK cell therapy is effective

at reducing the numbers of metastatic nodules in both
pulmonary and hepatic metastasis models, and this phe-

nomenon does appear to correlate with extension of

lifetime, but the facts that exogenously administered

LAK cells tend to “home” to lung and liver (Ettinghausen

et a!., 1985) and that repeated cycles of therapy generate
anti-LAK and anti-rIL-2 activities in the syngeneic host

(Eggermont and Sugarbaker, 1987) must be kept in mind

to decrease the risk of overinterpreting the data in din-
ical correlations.

Two general conclusions can be made from the cumu-

lative data. First, high-dose rIL-2 alone is as effective as
moderate-dose rIL-2 + LAK cell therapy. Second, as

long as one is working with transp!antab!e rodent tu-

mors, the success of therapy with nonimmune LAK cells

and rIL-2, while not as influenced by tumor cell and

donor (lymphoid) cell factors as other forms of adoptive
immunotherapy, is probably most limited by the ability
to reproducibly generate LAK cells in vitro and to then
deliver those LAK cells to the tumor in the presence of

rIL-2.
b. rIL-2 WITH ALLOGENEIC CELLS (ALLOADJUVANT IM-

MUNOTHERAPY). Steller et a!. (1986) showed a marked

augmentation of the immunotherapeutic effects of mod-

erate-dose rIL-2 (2,800 IU, twice daily x 6 from day 0)

when they promoted a tumor-localized, but syngeneic,

tumor-nonspecific immune response by admixing syn-
geneic and allogeneic tumor cells prior to inoculation

into the animal. While basically a modification of the

bacillus Calmette-Guerin vaccine (BCG) peritumora! ad-
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18 WINKELHAKE AND GAUNY

juvant immunotherapy approach, the logic behind this

protocol, confirmed by Sherburne et al. (1987) using

simultaneous L1210 and EL4 tumor cell inoculations in

DBA/2 mice (syngeneic for L1210) and rIL-2 therapy at
2800 to 5600 IU, every 2 days X 5 or daily X 10, appears
valid. In fact, increased, nonspecific, tumor-localized in-

flammatory response mechanisms should be kept in mind

when evaluating studies in which synergies are seen
between xenobiotics and rIL-2.

2. rIL-2 with other lymphokines and cytokines. a. rIL-2

+ IFNS. Antitumor effects of IFNs have been reported in

animal models (Gresser and Bourahi, 1970; Kataoka et
a!., 1985) as we!! as human studies (Spiegel, 1987). The

mechanism(s) of this activity is unknown, but the IFNs

can directly inhibit tumor cell growth (Brunda and
Wright, 1986), promote reversal of the malignant phe-

notype (Hicks et a!., 1981), and enhance expression of Ia
or HLA-DR antigens (Steeg et a!., 1982; Basham and
Merigan, 1983; Wan et al., 1987), fl-2-microglobulin
(Heron et a!., 1978), and Fc receptors (Aguet et a!., 1981)

on normal as well as tumor cell surfaces (Weber et a!.,
1988). IFNs can inhibit T cell suppressor activities

(Knop et a!., 1987), modulate B cell function (Goodman,
1987), and activate macrophages (Chen and Najor, 1987).

Because IFN-�’y has been detected in the circulation of

patients after rIL-2 therapy (Lotze et a!., 1985), and

because IFN-’y induces IL-2 receptor expression on
peripheral blood monocytes (Ho!ter et a!., 1986), studies

of rIL-2’s antitumor synergies with IFN--y were called

for.
The problem from an experimental standpoint relates

to the high degree of species specificity of IFNs. Produc-
tion of !arge amounts of murine IFNs for prechinica!

studies has lagged behind production of recombinant

human IFNs. However, when investigators have worked
with murine IFNs, they find that the combination of

rIL-2 with either murine IFN-a or IFN-j3 exhibits much

increased efficacy compared to either agent alone (Iigo

et a!., 1988). The synergy observed did not occur in
immune-compromised animals. What is interesting

about these types of studies is that there may be model-
related clues as to the potential mechanisms of synergy

because, in the study mentioned above, combination rIL-

2 and recombinant murine IFN-�y did not show synergy,
whereas using a melanoma mode!, Si!agi et a!. (1988)

showed a potent synergy between rIL-2 and mouse IFN-

‘y. Because there are known to be two different IFN
receptors [one for a/fl and one for �y (Branca and Bag-

!ioni, 1981)], it is possible that the receptor or its differ-
ential expression on different immune cells is crucial to

therapeutic synergy seen as a function of different tumor

types.
In vivo generation of NK cell activity is an autonomous

function of the bone marrow (Ha!ler et a!., 1977). In
vitro studies show that rIL-2 and IFNs are able to

influence the growth and differentiation of precursor

cells to cytolytic NK cells and, using a bone marrow
transplantation model in B6D2F! Li mice, which are

congenitally low in NK cell precursors, Riccardi et a!.
(1986) were able to demonstrate synergy between IFN-

treated bone marrow and rIL-2-treated Li recipient mice
when they observed earlier and higher NK cell re-con-

stitution, provided treatments were performed during the
first 3 days after bone marrow transplantation. Similar

studies by Sha!aby et a!. (1985) showed that the com-

bined therapeutic regimen of IFN-�y and rIL-2 augments
NK activity in mice, and recently Eggermont et a!. (1988)

showed that the IFN-inducer, 2-amino-5-bromo-6-
pheny! 4-pyrimidinone, shows synergy with rIL-2 in gen-

erating LAK cell activities in peritoneal exudates. 2-
Amino-5-bromo-6-phenyl 4-pyrimidinone also showed
synergy with rIL-2 and LAK cells in early implant mu-

rine tumor models if the inducer was administered before

the adoptive immunotherapy.
b. rIL-2 + TNF. Because rIL-2 induces TNF-a produc-

tion in human peripheral blood monocytes (Nedwin et

a!., 1985), TNF up-regulates the expression of norma!
cell surface as we!! as tumor cell surface histocompati-

bi!ity antigens (Collins et a!., 1978; Pfizenmaier et a!.,

1987), rIL-2 augments the cytotoxicity of monocytes
(Ma!kovsky et a!., 1987), and TNF/cachetin plays a

central role in acute inflammatory states such as septic

shock (Cerami and Beutler, 1988), studies of the combi-

nation of rIL-2 and TNF in s.c. murine tumor models

were also logical. In particular, findings that certain

murine tumors (such as the Bi6 melanoma) cause a
transient stimulation followed by lasting suppression of
NK activity about 1 week after tumor implantation (La!a

et a!., 1985) suggested that appropriate immune cell

activation and perhaps the sequence and timing of corn-

bination studies are keys to successful !ymphokine ther-

apy (Winkelhake et a!., 1987). Such studies with human

rIL-2 and human recombinant (r)TNF in mice show a

striking synergy in that the simultaneous administration

of MTD daily bolus doses of TNF and even 90-fold less

than MTD doses of rIL-2 completely blocked the growth

of Bi6 melanoma, Li2iO leukemia, P815 mastocytoma,
and EL-4 lymphoma cells (Winke!hake et a!., 1987).
Synergy was apparently dependent upon tumor burden

and relative degree of immunogenicity because complete
inhibition of tumor take correlated with the day of mi-
tiation of combination therapy, i.e., blockage of tumor
growth was seen for BiG melanoma only if therapy was

initiated within 1 day of implanting 106 cells, while for

Li2iO leukemia and P815 mastocytoma, the day of ther-

apy initiation could be delayed until 3 to 5 days after

implanting 106 cells. The admixed combination of rIL-2

and TNF was also effective in the BiG melanoma exper-

imental pulmonary metastases model but not effective
for BiG cells implanted i.p., even with i.p. therapy. Sim-
ilar results have been recently reported by McIntosh et

a!., 1988).
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These observations have been extended to evaluate

potential sequence/timing effects, and it was discovered

that, for rodent s.c. tumor models, the sequence of TNF

(daily X 3) followed by rIL-2 (daily x 11) was able to

block and even cure B16 melanoma tumors that had been

implanted for 5 or 10 days prior to initiating therapy
(Zimmerman et a!., 1989b). Nishimura et a!. (1987) re-
ported similar synergistic activity by intratumoral se-

quential treatment with TNF and rIL-2. Of particular
interest is that this potent synergy is apparently not

observed when using rIL-2 with murine rTNF using the
same tumor models (H. Brunda, et al., manuscript sub-

mitted for publication). One possible explanation lies in
species specificity such that, unlike human rTNF in the

mouse, murine rTNF activates murine T cells (perhaps

causing a hypoactivation and actual inhibition of rIL-2
efficacy). Human rTNF does activate human T cells

(Scheurich et a!., 1987), and clinical studies of rIL-2 and
rTNF have not shown as dramatic results as those found

with mice.

While mechanisms underlying the potent synergy of

these two human proteins in mice are very poorly under-

stood, differing results as a function of species are ex-

tremely provocative in that they suggest both that im-

mune network cascades and sequences of events can be
manipulated with therapeutic benefit and that there are

obvious strategies for designing new cytokines with ce!-

lular activities in man similar to those seen with human
proteins in the mouse.

c. rIL-2 + COLONY-STIMULATING FACTORS. As of this

writing, studies combining rIL-2 with colony-stimulating

factors are in their infancy. The colony-stimulating fac-
tors appear to be able to stimulate bone marrow cells

much more specifically than rIL-2, but more data are

needed. In any event, the potential for selectively stim-

ulating the production of subpopulations of leukocytes

as a mechanism for immune system augmentation is

overwhelming and is the key hope for biological thera-
peutics.

3. rIL-2 with chemotherapies. In any combination ther-

apy, there is generally a rationale for schedule and se-

quence dependency. So too there appear to be immuno-

pharmacological rationale to explain findings of schedule

and sequence dependence of rIL-2 in combinations with
chemotherapies.

a. rIL-2 + IMMUNOSUPPRESSIVE DRUGS. The impor-

tant component of combination therapies with rIL-2 and
most chemotherapy regimens is that chemotherapy is

many times (but not always) immunosuppressive. Thus,

a!kylating agents such as cytoxan (CTX) and the nitro-

soureas (nucleic acid analogs such as G-mercaptopurine

and azathioprine, 5-fluorouracil and cytosine arabino-
side, folate agonists such as methotrexate, Vinca alka-

bids such as vincristine, and all corticosteroids) are
generally immunosuppressive (reviewed by Kempf and

Mitchell 1984, 1985).

There are several theoretical reasons for using immu-

nosuppressive drugs in combination with rIL-2, but the

most logical and experimentally verifiable one is based

on the fact that most chemotherapeutics selectively sup-

press immune system functions, thereafter allowing the

experimentalist to augment immunity with rIL-2. Agents

that are known to selectively suppress immunity include

CTX at low doses, co!chicine, adriamycin (duanorubi-

cm), and some prostaglandin antagonists at specific

doses/schedules. The basic mechanism appears to be
indirect in that they preferentially inhibit Ts cells or

precursors of CD4-type cells, but CTX is thought to

decrease tumor antigen-specific Ts cells as we!! (Nomi

et a!., 1984).

Conversely, cisplatin can increase immunity appar-

ently by increasing the potency of nonspecifically cyto-
toxic macrophages (K!einerman, 1980). Another example

of this type of up-regulating mechanism is seen in the

basic observation whereby cures of mice bearing the
MOPC-3i5 tumor can be obtained using low-dose CTX

at stages of tumor growth when antitumor immunity is

depressed (Mokyr et a!., 1979; Mokyr and Dray, 1983).

Theoretically, this occurs because the CTX reverses mac-

rophage-induced suppression and allows the appearance

of immunopotentiating T cells (Ye and Mokyr, 1984; Ye

et a!., 1984).

Whatever the basic mechanism, there is, in fact, a

definable synergy between CTX and rIL-2 (Silagi and
Schaefer, i98G; Papa et al., 1988). And, whi!e schedule/

sequence phenomena have not been extensively studied,

synergies between rIL-2 and CTX are found in animal
models when the lymphokine is given at approximately

the same time or after chemical therapeutic (personal

observations). In this case, one of the mechanisms may

be related to our finding that CTX delays the rodent’s

anti-rIL-2 antibody response such that several rounds of

sequential combination rIL-2 + CTX treatments give

additive effects.

There is, of course, a less complex argument for ad-

ministering chemotherapies before rIL-2 and that is as a

tumor-debulking technique. Chemotherapy can reduce
the sheer number of viable tumor cells that the immune

system has to contend with, and subsequent administra-

tion of rIL-2 would initiate a “potato pee!” effect wherein

drug destroys s.c. neoplastic cells on the tumors’ vascu-
larized periphery resu!ting in lymphocytic infi!trates.

Evans (1983) described such a tumor-debulking effect

for CTX. With less tumor bulk, rIL-2 could then activate

tumor-infi!trating lymphocytes to augment a localized

inflammatory response (tumor cell surface antigen-spe-

cific or nonspecific) which cou!d subsequently facilitate

the second-cycle drug access to cells closer to the tumor’s

necrotic region(s).
This is a particularly tantalizing hypothesis which

seems to be supported by data suggesting greater effec-

tiveness of CTX in more immunogenic tumors, although
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even this tendency is controversial (Evans, 1978). Merely
slowing tumor growth would also afford more time for

the immune response to act against immunogenic tu-

mors, and this hypothesis suggests that care must be
taken in interpreting efficacy results when animals/pa-
tients have been pretreated with chemotherapies. A lot

depends upon immune status when rIL-2 is administered.
b. rIL-2 + NONIMMUNOSUPPRESSIVE DRUGS. With very

immunogenic tumors in animabs, the most effective

chemotherapeutic agents are those that are least immu-

nosuppressive. Agents that are a!so antibiotics such as

bleomycin, mithramycin, doxorubicin and its congener,

daunorubicin, and some a!kylating agents such as dacar-

bazine and bisulfan have little immunosuppressive activ-
ity (reviewed by Mitchell, 1988). Only in these cases or
in the case of fluorinated quinilones which induce hyper-

production of rIL-2 (Reisbeck et a!., 1989) is there a
teleological reason to concomitantly administer chemo-

therapy with rIL-2.

c. rIL-2 + IMMUNE SYSTEM-AUGMENTING DRUGS. 5ev-
era! chemotherapeutics such as adriamycin, dacarbazine,

nitrosoureas, and methotrexate can apparently alter tu-

mor cell membranes and make them more immunogenic,

perhaps by acting as a hapten or by selecting more
immunogenic, drug-resistant mutants. In fact, a possible

general mechanism of action in the case of all combina-

tions with cytotoxic chemicals is that subsequent admin-

istration of rIL-2 may help promote a bocalized, nonspe-
cific immune “clean-up” of damaged tumor cells. In these

cases, logic dictates combination therapy or even admin-
istering rIL-2 after chemotherapy, but there is not much
reason to believe that chemotherapy should follow rIL-

2.

d. rIL-2 AS AN ANTITOXIC IN CHEMOTHERAPY. A ben-

eficial effect of rIL-2 in reversing or blocking the toxici-
ties of chemotherapeutics has been suggested by the work

of Talmadge (1985, 1987; Talmadge and Herberman,
198G). The stimulation of bone marrow cobony-forming

units in mice appears to protect them from lethal mye-

bosuppression induced by chemo- or radiation therapy.
The situation is complex, however, in that, while rIL-2

and other cytokine therapy was found to induce colonies

and correlate with potentiation of chemotherapy, T cells
were involved because this effect was not seen in nude

mice. More studies are needed in this area because the

role of rIL-2 in mechanisms of nonspecific to!erance

c!early need unraveling. If rIL-2 were able to induce a
nonspecific tolerance to toxic xenobiotics, then admin-

istration of rIL-2 prior to the xenobiotic would make
sense, especially if chemotherapeutic toxicity was a major

!imiting factor to efficacious treatment. This logic could

be equally applied when attempting to schedule rIL-2 in

a combination regimen with radiotherapy for cancer. In
this case, the optimal rIL-2 schedule would be not only

prior to but also after radiotherapy.

e. rIL-2 + ANTI-INFLAMMATORY DRUGS (INDOMETHA-

CIN). In a provocative series of studies based on the

purported role of prostag!andins in immunosuppression

in cancer (Murray et al., 1983; Young et a!., 1984; Lala

et a!., 1985), Lala and Parhar (1988) showed that the
combination of chronic indomethecin and repeated
rounds ofrlL-2 therapy activates ki!ler cells ofthe broad-

est spectrum (compared with rIL-2 alone) and geographic
distribution. This effect included the tumor site and

resulted in lasting cures of experimental B16 melanoma

metastasis. NK cells play a key role in the mouse models
and likely contribute to toxicity by release of prostaglan-

dins as well. However, these approaches are promising

because they further suggest that efficacy and toxicity

may be separated, at least in time. And, in fact, there is

no reason not to speculate that efficacy, which is based

on an immune response with memory, can be separated
in time from immediate, nonspecific, and nonanamnestic

toxic effects.
f. rIL-2 AS A VACCINE ADJUVANT. Using the National

Institutes of Health test for rabies vaccine potency, Nun-

berg et a!. (1989) found that daily systemic administra-

tion of rIL-2 to mice in conjunction with inactivated
rabies virus increased vaccine potency at least 25-fold.

Enhanced protection as measured by survival following
challenge with virulent rabies virus did not correlate with

increased virus-neutralizing antibody titers, however.
Similar findings were obtained in a study in a guinea pig

mode! using herpes simplex virus vaccine in which the
authors (Weinberg et al., 198G) conc!ude that, while not

correlating with elevated antibody titers, enhanced vac-

cine potency did correlate with rIL-2 enhanced specific
cytotoxicity due to T cell immunity.

4. Triple combinations: rIL-2 + LAK and xenobiotics.

As might be expected, there appears to be a substantial

addition of effects between xenobiotics and adoptive

immunotherapy with LAK + rIL-2. Thus, with the i.p.
Renca model which results in extensive peritonea! car-

cinomatosis, hemorrhagic ascites, metastases to abdom-

ma! nodes, liver, spleen, and, in some animals, lungs, i.p.

treatment with doxorubicin or LAK + rIL-2 results in
20 or 50% cures, while the combination of a!! three (drug,

rIL-2, and LAK) results in a 90% cure rate (Salup and
Wiltrout, i986a,b). Additional studies are solely needed
in this important area which capitalizes on different

mechanisms of synergy between any two of the three
therapeutic components.

IV. Efficacy: rIL-2 Therapy for Infectious

Diseases

A. rIL-2 for Bacterial Infections

Prophylactic administration of a single high dose

(about 5500 IU) protects mice from an otherwise lethal,

acute E. coli infection (Chong, 1987). However, this
phenomenon is route specific, that is, efficacy is seen

only when rIL-2 and bacteria are administered by the
same route. This perplexity exists as a caveat for virtually
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all infectious disease models and may be related to the

fact that host resistance to infections is dramatically
enhanced by even ng doses of endotoxin, teichoic acids,

fungal surface carbohydrates, etc. (e.g., Chong and Hus-

ton, 1987). Perhaps best studied with endotoxin, the

nonspecific enhancement, known as “pharmacological

tolerance,” is time dependent and requires about 18 h to

develop fully. Thus, in infectious disease models in gen-

eral, route and schedule of therapy and microbial cha!-

lenge are keys to efficacy and extreme care must be taken
to assure that animals do not receive contaminants (e.g.,

endotoxins) which potentially are found at low concen-
tration on laboratory equipment and in reagents.

One other controversial theme that comes from the
more recent studies is that the therapeutic efficacy of
rIL-2 in infectious disease models, especially for extra-

cellular microbes such a Klebsielki pneumoniae, may not

be due to NK cell activation or the presence of antigen
(Iizawa et a!., 1988). Rather, rIL-2 therapy for certain
diseases may be advantageous simply because it substi-
tutes for disease-associated inhibition of auto!ogous IL-

2.

B. rIL-2 Effects in Microbial Immunosuppression

Models

High doses of Mycobacterium bovis BCG, injected i.v.
in mice, rats, and guinea pigs, cause a T cell unrespon-

siveness (Collins et a!., 1987; Lamoureux and Poisson,

1974). Both the specific delayed-type hypersensitivity

skin reactions and T cell responsiveness to lectins reverse
when low doses (hundreds of units) of rIL-2 are admin-
istered to M. bovis BCG-infected mice (Cohizzi, 1984).

What is unique about this finding is that the rIL-2

treatments resulted in a monophasic dose response if
treatments were carried out daily for greater than 4 days
and before 8 to 12 days postinfection, i.e., during a period
in which Ts cel!s are probably not operative (Collins and

Watson, 1979). These authors propose that the disease-
associated defect is due not to the presence of Ts cells

per se [as is proposed to be the major BCG-induced

suppressive mechanism in both humans and animals
(Nakamura and Tokunaga, 1980; Turcotte, 1981)] but

rather to the action of a substance that suppresses rIL-
2 production, as has been shown to be the T cell lesion

in Mycobacterium lepraemurium-induced immune

suppression (Hoffenbach et al., 1983). Circumstantial
support for this was recently presented by Jeevan and
Asherson (1988) when they confirmed that rIL-2 efficacy

(limiting the replication of M. lepraemurium in vivo) is
not related to increased NK cell activities, the presence
of antigen, or an increased number of phagocytic cells.

In fact, reduced autobogous IL-2 production is seen in
unresponsiveness to several contact-sensitizing agents

such as oxazobone and picry! chloride (Asherson et a!.,
1983).

Similarly, mice infected with Trypanosoma cruzi (ex-
perimental Chagas disease) exhibit an early and pro-

found suppression of parasite-specific and nonspecific

immune responses (Clinton et a!., 1975; Tarleton and

Kuhn, 1984). One effect ofthis experimental disease is a

decrease in IL-2 production (Harlen-Bellan et a!., 1983),

and rIL-2 administration reverses both specific and non-

specific immune unresponsiveness if administered during

the period of marked immune suppression, between 7

and 16 days postinfection (Chromomanski and Kuhn,
1985, 1987).

In the case of toxoplasmosis, in which immunosup-
pressive effects of the intracellular parasite Toxoplasma

gondii are less clear (i.e., NK cell activity is actually

enhanced during the infection process), Remington’s

group showed that rIL-2 doses as low as 5 IU adminis-

tered every 2 days to mice during the first week after a

lethal challenge with T. gondii significantly decreased

mortality and tissue cyst formation (Sharma et al., 1985).

Despite this significant effect of low-dose rIL-2, these

investigators were unable to identify a cell-based phe-

nomenon such as significantly increased NK activity,
increased macrophage cytolytic activity, or reversal of T.

gondii-induced, concanavahin A nonresponsive lympho-

cytes, and these results remain provocative from both

the mechanistic and pharmacological standpoints.

Clearly many more studies are needed to even begin

to understand whether anti-infectious disease properties

of rIL-2 are at all based on mechanisms similar to those

operating in antitumor efficacy and whether increased

sensitivity of animals to the toxic effects of rIL-2 when

they have an infection (K. Chong, persona! communica-

tion) are tied in some way to efficacy in infectious dis-

eases.

C. Adoptive Immunotherapy for Infectious Disease

In an adoptive transfer model of murine cytomegalovi-

rus, Reddehase et a!. (1987) obtained immune lympho-

cytes from animals recovered from a cytomegabovirus

infection and injected them into 7-irradiated (immune-
depleted) animals with chronic viral infections. In these

latter animals, cytomegabovirus rep!icates in, and can be
plaque-assayed from, the lungs, and rIL-2 was shown to

enhance the antivira! function (i.e., a reduced lung infec-
tion) of defined, but insufficient numbers of, transferred

lymphocytes. The antiviral effects were not seen in the

adrena! glands of these same anima!s.
Similarly, in an experimental model of herpes virus

infection with antigen-specific adoptive immunotherapy,

Rouse et a!. (1985) showed that splenocytes incubated
with ultraviolet light-inactivated herpes simplex virus
type 1 for 5 days in vitro were much more effective than

nonimmune splenocytes when administered to animals
2 h after infection with the virus. The addition of rIL-2
1 h prior to infection and in gelatin G, 24, and 48 h after

infection augmented the immune cell’s abi!ity to reduce

viral plaques. No protection against systemic challenge

with herpes simplex virus type 1 was seen with rIL-2

alone in this mode!. However, Weinberg et a!. (1986) did
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show lower numbers of lesions and prolonged survival in

a guinea pig mode! of acute genital infection with herpes

simplex virus type 2.

The latter studies also showed that the animals that
were protected against herpes simplex virus type 2 did

not seroconvert, i.e., they did not acquire immunological
memory, antibody, or sensitized T lymphocytes. The
frequency of spontaneous recurrence was, however, not

affected in this model, and these investigators found a
biphasic dose-response curve in which protection was
lost at high doses of rII-2, perhaps due to inhibitory
effects on IFN-’y production (Pear!stein et a!., 1983).

V. Conclusions

Bio!ogica! response modifiers represent a new class of
agents for cancer therapy and promise to become a fourth

treatment modality in addition to surgery, radiotherapy,
and conventional chemotherapy. During the short, 5-

year history of preclinica! testing of rIL-2, a remarkable

amount of literature has accumulated in concert with

deservedly optimistic excitement over the new drug’s
potential as a biotherapeutic. As was the case for the
IFNs, this literature is made possible by a healthy, free

flow of materia! and information among industrial and
governmenta! and academic scientists, and several con-
chusions can already be made because of this relative!y

new approach to drug development.
First, there is no question that rIL-2 leads the way as

a novel biological drug in immunotherapeutic approaches

to cancer and infectious diseases. The central robe of rIL-
2 at physiological concentrations in promoting T cell
growth and in activating and recruiting other lymphoid
elements in immune responses is, we be!ieve, now we!!

established.
Second, it should come as no surprise that rIL-2, when

used at pharmacological doses, elicits toxic responses. As
with classical anticancer drugs, it appears that at least

some of the mechanisms that contribute to toxicity may

also p!ay key roles in antitumor efficacy as we!!. For

example, VLS may translate to tumor vascular bed ef-
fects and may actual!y contribute to tumor necrosis and
regression for certain types of tumors. This toxicity-
efficacy relationship may not be surprising to onco!ogists

used to studying chemotherapeutics, but it may come as
some surprise that there is ample reason to believe that
toxicity and efficacy may be separated for rIL-2 by
learning more about how this paracrine hormone plays
its part in immune regulation. Thus, future studies of

the mechanisms behind wanted and unwanted effects of
(now nine) interleukins are sore!y needed to provide new

concepts for cancer therapy in fashions analogous to
those discovered with conventional xenobiotics.

In particular for rIL-2, it is easy to imagine that a
major efficacy mechanism, namely, a memory-based im-
mune antitumor response, can be separated in time from
nonspecific toxicity that occurs only during the period of
treatment. Thus, much more work is needed even on the

early time course of toxic manifestations, especially as

they relate to fluid and lymphocyte flow. There are clues

in the literature that something fundamental to the

exhuberant pharmacological activities of rIL-2 begins

happening at approximately 4 to 6 days after initiating
high-dose rIL-2 therapy (at least in animal models). This

is quite different from the general scheme of events with

systemic inflammatory responses and is likely an impor-

tant clue to toxicity mechanisms. Meanwhile, for thera-

peutic utility, antitumor effects may occur weeks or even
months after rIL-2 treatment is terminated.

Third, the rapid b!ood clearance of rIL-2 has probably
contributed to some delay in understanding how best to

use this lymphokine as a therapeutic, but important clues

and information are now being obtained with second

generation rIL-2 (e.g., polyethylene glycol-modified rIL-
2) and in continuous infusion studies. Early efficacy data

showed that, whi!e some animal models are sensitive
enough to respond to low doses, administration of more

rIL-2 for longer periods generally gave more efficacious
resu!ts. When multiphasic dose responses were evaluated

in vivo, they were usua!!y triphasic, and optimal efficacy
was seen at how- and high-dose levels. This, along with

slow-release and continuous infusion data, suggests that

efficacy resu!ts are due to multiple, interacting processes

and are large!y affected by tota! exposure period (area

under the blood clearance curve) as well as the shape of

the clearance curve with time. Thus, because the host is

the “drug,” there appear to be threshold levels for toxicity

and efficacy that are intricately tied to concentration-

over-time rather than simp!e dose-response parameters
which drive many conventional drug pharmacodynamics.

These data also suggest that it may be possible to mini-

mize toxic (unwanted) effects that are clear!y related to
dose intensity and duration by developing analogs of rIL-

2 with uniquely different pharmacokinetic profiles.

Immunotherapy has its forte in situations in which an

insufficient or inappropriate immune mechanism is a!-

ready at work. In virtual!y all animal mode!s of neoplasic

or infectious disease, this is the case. While this is not
so clearly the case for human cancer (and this makes the

animal model efficacy studies biased in favor of rIL-2),

there are stil! major clues within the prechinica! data that

should be useful in testing rIL-2 (and other lymphokines)
in the clinical setting. For example, weakly immunogenic

models and therapies involving immune-suppressed an-

ima!s suggest that expansion of the host’s lymphocytes

(whether antigen-specific CTLs or less specific LAK

cells) can have a beneficial antitumor effect. These find-
ings coupled with the leukopoietic activities of rIL-2 and

recent findings of a strong sequence dependence between

other cytokines and rIL-2 a!! suggest that it may be

possible to manipu!ate the overall immune “steady state”

of the host. In fact, it may be possible to capitalize on
mechanisms of nonspecific, pharmacological tolerance
simply through the proper pharmacological use of cyto-
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kines. Prechinical studies with rIL-2 in the infectious

disease realm strongly support this conclusion and sug-

gest that rIL-2 may have a very important role in therapy

(and prophylaxis) for infections in patients receiving
immunosuppressive chemotherapies or radiation ther-

apy.

A chief difference between animal tumor models and

human cancer is in the time course of the disease. For
most animal tumors, the time window during which it is

possible to augment the immune response without adding

exogenously expanded cells is relatively short. Even with

LAK cell additions, animal tumors grow so rapidly that
it is usually only a matter of weeks before they can
overwhelm immune responses. Also, there is apparently

a limit beyond which stimulating lymphoid cell produc-

tion becomes counterproductive, if not toxic. Thus, with
animal models one is forced to give high and continuous

doses of rIL-2 to see optimal efficacy. This may or may

not be viewed as suggesting that animal tumors are more

rigorous than their slow-growing human tumor counter-

parts. But it seems that to really evaluate rIL-2’s rele-

vance for human use, one needs a model with the exact
parameters that most animal models are selected against,

i.e., a spontaneous, slow-growing and metastatic tumor.
Of course there is no animal disease model that is

ideal, but there may well be an ideal combination of rIL-
2 with other lymphokines, cytokines, and chemothera-

peutic drugs. Clearly, the development of a pure rIL-2

has allowed us to begin to examine the pharmacological

principles of immunotherapy to an extent never possible

in previous approaches such as with BCG therapy. With

the advent of these types of pure biological response

modifiers comes the increasing hope that the experimen-

tahist wi!l be able to meaningfully orchestrate immune

responses with proteinaceous cytokines in the very near

future.
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