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ABSTRACT

CHARACTERIZATION OF MURINE INTERLEUKIN-4 (IL-4) BIOLOGICAL
ACTIVITIES AND INITIAL IDENTIFICATION OF SIGNAL TRANSDUCTION
MECHANISMS IN IL-4-MEDIATED MACROPHAGE ACTIVATION

by

Henkie Pierre Tan

IL-4, in the presence of macrophages (M#s), has previously been
demonstrated to be tumoricidal in vitro and in vivo, possibly through M¢
activation. In the current study, the biological activities of murine I1L-4
on Més, and the initial identification of signal transduction mechanisms in
IL-4-mediated M¢ activation were determined. Hamster M$s were
activated with IL-4 to study M¢ tumoricidal activity against hamster
pancreatic adenocarcinoma in vivo. Through this initial study, it was
observed that murine IL-4 is species specific and incapable of crossing the
narrow phylogenetic barrier to hamster and perhaps rat (partially). The
effects of murine IL-4 on allogeneic peritoneal and bone marrow-derived
(14M1.4 cell line) Mé$s were then evaluated. Results showed a marked,
dose-dependent stimulation of chemiluminescent oxidative burst by IL-4-
activated M¢s, an activity which was IL-4 monoclonal antibody reversible.
In addition, it appeared that 14M1.4 M$s were more responsive than
peritoneal M$s to IL-4 in that they responded quicker and released greater
quantities of reactive oxygen intermediates. Based on this preliminary

work, the 14M1.4 Més were used to study the yet unknown signal



transduction mechanisms in IL-4-mediated M¢ activation. By means of
flow cytometric techniques and the membrane potential sensitive dye,
DIOCe(3), it was shown that IL-4 caused no apparent biological but a
statistically significant change in the membrane potential of M$s. Using
flow cytometry and indo-1AM, it was determined that intraceliular
calcium levels changed. An optimal concentration of IL-4 caused a rapid
increase in the initial (inhibited by BAPTA-AM, a specific intracellular
chelator of calcium) and then sustained (inhibited by EGTA) level of
intracellular calcium. Through assessments of chemiluminescence
oxidative burst activity, it was demonstrated that the initial and
sustained increase in intracellular calcium was required and important for
IL-4 enhancement of thevoxidative burst by 14M1.4 M?s. Increase in
production of IP3 but no change in levels of cAMP, immediate or delayed,
were demonstrated using competitive binding assays. These findings were
further supported by the fact that cholera toxin and prostaglandin E;
(agents which increase cAMP), did not enhance chemiluminescence, nor did
PMA, a potent activator of PKC. Surprisingly, IL-4-stimulated M$s were
not cytolytic to tumor cell targets; yet, IL-4 was directly cytostatic to

some of the same cell lines.
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CHAPTER 1

INTRODUCTION

1.1. Structure and biochemical characteristics of IL-4 and

IL-4 receptor
1.1.1. IL-4

IL-4, a cytokine, was originally described as a .murine B cell growth
factor (Howard et al., 1982) in the laboratory of William E. Paul at the
National Institute of Allergy and Infectious Disease. The structure and
biochemical characteristics of IL-4 have been reviewed (Ohara, 1989;
Moller, 1989; Spits, 1992). Briefly, murine IL-4 complemenfary (c)DNA
was first isolated from a mouse Thy cell library as a cDNA coding for a
unique mouse interleukin that expresses B céll-, T-cell-, and mast cell-
stimulating activities (Lee et al., 1986; Noma et al., 1986; Mosmann et al.,
19864, b). Subéequently, a human IL-4 cDNA was isolated by cross-
hybridization from an activated human T cell clone cDNA library (Yokota et
al., 1986). Both murine and human IL-4 genes occur as a single copy per
haploid genome and are mapped on chromosomes 11 and 5, respectively
(Otsuka et al., 1987; Arai et al.,, 1989). The IL-4 genes reside as part of a
cluster of lymphokine genes that includes IL-3, granulocyte macrophage
colony-stimulating factor (GM-CSF), and IL-5 (LeBeau et al., 1989,
VanLeeuwen et al., 1989). This region is known to be deleted (del[5q])
frequently in patients with myeloid disorders. Like other lymphokine
genes, such as IL-2, GM-CSF, interferon (IFN)-y, and IL-5 genes, the IL-4
genes are composed of four exons and three introns (Otsuka et al., 1987;

Arai et al., 1989). The mature polypeptides of murine and human IL-4 are



2

120 and 129 amino acid residues long, respectively, and both begin with a
histidine residue. The predicted molecular weight of the nonglycosylated
murine and human IL-4 proteins are 13,558 and 14,963, respectively
(Trotta, 1992). The murine and human IL-4 proteins share about 50%
homology. Amino acid positions 91 to 128 of human IL-4, share very little
homology with the corresponding region of murine IL-4 at either amino
acid or nucleotide sequence levels (Yokota et al., 1988; Arai and Arai,
1992). There are no predicted sites for phosphorylation in either murine
or human IL-4, based on the sequence Arg-Arg-Ala-Ser-Leu, the
recognition sequence for cyclic adenosine monophosphate (CAMP)-
dependent protein kinase (Trotta, 1992). Murine and human IL-4 have
alkaline isoelectric points of 9.7 and 10.5, respectively.

The secondary structure of murine and human IL-4 has been predicted
to be significanﬂy a-helical (64%) (Trotta, 1992). Human recombinant
(r)IL-4 appears to have a highly stable tertiary structure which has been
demonstrated to be stable to extreme pH (Windsor et al.,, 1991). In
addition, human rlL-4 has recently been crystallized (Cook et al., 1991).
Elucidation of the tertiary structure will constitute the first major step
toward identifying the receptor-binding domain, and will provide the basis
for the design of second-generation agonists and antagonists of human

IL-4 with therapeutic potential.
1.1.2. IL-4 receptor

Interest in the {L-4 receptor (R) is reflected by the intense rate of
publications, including Ohara, 1989; Banchereau and Galizzi, 1990;
Maliszewski and Fanslow, 1990; Maliszewski et al., 1990; Jacobs et al.,

1991; Garrone et al., 1991; Fernandez-Botran, 1991; Fansiow et al., 1991,



Miyajima et al., 1992; Harada et al., 1992; and Tan et al., 1992a. Only a
single class of the high affinity IL-4R has been isolated. It has a Kq of
20-80 pM and is expressed on a wide variety of cells including
nonhemopoietic cells such as fibroblasts, neuroblasts, keratinocytes,
hepatocytes, and stromal cells (Lowenthal et al.,, 1988). The IL-4R on
resting B cells is upregulated by lipopolysaccharide (LPS), anti-IgM, or
IL-4 itself, and the IL-4R on resting T cells is likewise increased by
stimulation with concanavalin (con) A or IL-4 (Lowenthal et al., 1988,
Ohara and Paul, 1987). Chemical cross-linking revealed multiple cross-
linked proteins of 140-, and 50- to 75-kDa (Ohara and Paul, 1987; Park et .
al.,, 1987). The smaller proteins appear to be degradation products of the
140-kDa protein. Gibbon IL-4R was purified by human IL-4 affinity
chromatography. Purified gibbon IL-4R of 130-kDa bound IL-4 with a Kd of
35 pM (Galizzi et »al., 1990a), indicating that a single molecular species
binds IL-4 with high affinity. IL-4R cDNAs cloned from T cells, mast

cells, and myeloid cells encode a protein of 140-kDa which binds IL-4 with
high affinity when expressed in COS cells (monkey kidney cell line) (Mosley
et al.,, 1989; Galizzi et al., 1990b; Harada et al., 1990; Idzerda et al., 1990).
The mouse and human IL-4R, like the lymphokine, are about 50% identical
at the amino acid level, and contain the common motif of cytokine
receptors (ldzerda et al., 1990; Galizzi et al., 1990b; Harada et al.,, 1992).
A mouse cDNA encoding a soluble extracellular domain of the IL-4R has
been isolated, and shown to be capable of binding IL-4 with high affinity
(Mosley ef al., 1989). There is no consensus sequence for any known
enzymes in the large cytoplasmic domains of 553 (mouse) and 569 (human)
amino acid residues, but there are many prolines and serines in the
cytoplasmic domains which could potentially be sites of phosphorylation.

The human IL-4R molecules expressed in CTLL, a mouse T cell line, and



BaF3, a proB cell line, are capable of transmitting growth signals in

response to human IL-4 (ldzerda et al.,, 1990; Harada et al., 1992).
1.2. Known biological activities of IL-4

The biological activities of IL-4 have been reviewed (Paul, 1987,
Paul and Ohara, 1987; Moller, 1989; Spits, 1992). IL-4 was originally
described as a murine B cell growth factor (Howard et al., 1982) and has
subsequently been shown to have pleiotropic effects on mulitiple
hematological and nonhematological cellular lineages (Monroe et al., 1988;
Moller, 1989; Ohara, 1989; Banchereau et al.,, 1991; Tan et al., 1990,
1991a-d, 1992a, b). The host of functions ascribed to murine IL-4, on the
basis of in vitro studies, includes stimulation (in conjunction with antigen
or anti-IlgM antibody) of B cell proliferation (Howard et al.,, 1982), T cell
proliferation (Mosmann et al.,, 1986b), mast cell proliferation in
conjunction with IL-3 (Mosmann et al., 1986b), stimulation of
hematopoietic precursors of multiple lineages (Peschel et al., 1987,
Rennick et al., 1989a, b), fibroblast proliferation (Monroe et al., 1988),
macrophage (M$) activation (Crawford et al., 1987; Tan et al.,, 1990,
1991a, d, 1992b), and polymorphonuclear leukocyte (PMN) activation (Boey
et al.,, 1989). IL-4 has also been shown to heighten the expression of class
| (Stuart et al., 1988) and class Il MHC antigens on M$s (Crawford et al.,
1987; Stuart et al., 1988), and class || MHC antigens on B cells (Noelle et
al.,, 1984; Roehm et al.,, 1984), and to promote class switching for the
production of IgE and IgG1 (Snapper and Paul, 1987; Lutzker et al., 1988;
Tan et al.,, 1992a). Hart et al. (1989, 1991) and Gautam et al. (1992) have
suggested that IL-4 may be a powerful, previously unrecognized, anti-

inflammatory agent.



Of greatest potential relevance to the use of IL-4 in clinical trials
are the findings related to activation of T cells, LAK cells, and M$s. In
this regard, IL-4 is a T cell growth factor stimulating the proliferation of
antigen- and mitogen-stimulated T cells of both T helper and cytotoxic
function, often working synergistically with IL-2 (Widmer et al.,, 1987). It
appears to enhance the proliferation of resting thymocytes and peripheral
blood T cells, maintains their viability, and induces the proliferation of
activated T cells including lines and clones derived from tumor
infiltrating lymphocytes (Kawakami et al., 1988; Spits et al.,, 1988). |t
also reduces the nonspecific cytolytic activity induced by IL-2 from
peripheral blood lymphocytes and tumor (Kawakami et al., 1988, 1989).
The ability of IL-4 to. induce proliferation of activated T cells and to
synergize with IL-2 in T cell growth is of potential importance in its

clinical application.
1.3. Potential anti-tumor properties of IL-4

Interest in the potential anti-tumor properties of interleukin (IL)-4
stemmed from in vitro studies that had demonstrated the ability of murine
IL-4 to activate M$s (Crawford et al.,, 1987), lymphokine-activated killer
(LAK) cells (Mule et al.,, 1987) and cytolytic lymphocytes (Widmer and
Grabstein, 1987) to kill tumor cells. Very recently, it was shown that
IL-4 inhibits in vitro cell growth of human melanomas and carcinomas of
lung, gastric, breast or renal cell origins (Hoon et al., 1991, 1992).
Additionally, the tumoricidal activity of IL-4 has been confirmed in vivo
(Tepper et al., 1989; Bosco et al., 1990; Golumbek et al., 1991; Redmond et
al., 1992). Tepper et al. (1989), while working in the laboratory of Philip



Leder!, developed transfected murine IL-4 gene cell lines that
spontaneously produce IL-4; when these cell lines were injected with
transplantable tumors, the production of IL-4 by the IL-4 transfected cell
lines correlated with the growth inhibition of tumor in Balb/c, athymic
nu/nu (deficient T cell), and beige (bg/bg, deficieht natural killer (NK) and
cytotoxic T cell) mice. These investigators, in order to confirm that the
production of IL-4 was indeed directly involved in tumor growth

inhibition, injected anti-IL-4 monoclonal antibody (mAb) into tumor-
burdened mice and found a reversal of tumor growth inhibition. However,
more convincing data could have been presented had these authors
measured the serum levels of IL-4 and correlated them to tumor growth
inhibition. Tepper et al. (1989) also provided data indicating that IL-4
could cause the regression of established tumors. In addition, they found
many M$s and eosinophils at the site of tumor inhibition suggesting that
the tumoricidal activity of IL-4 may be associated with the activation and
effector function of these M$s and eosinophils. Finally, recent clinical
trials using IL-4 and IL-2 combination therapy in patients with melanoma,
breast or renal cancer, have shown partial and complete tumor regressions
(Wong et al., 1992; Lotze, 19923, b).

1.4. Possible. mechanisms of IL-4-mediated tumoricidal

activities

The current speculated mechanisms of |L-4-mediated tumoricidal
activities are numerable. Given the results of in vitro studies, the (a)
generation of cytotoxic T lymphocytes or (b) activation of LAK and (¢) NK

cells by IL-4, could be considered possible mechanisms in vivo. However,

1 This data was presented in the American Association of Immunologists plenary lecture at the
Federation of American Society of Experimental Biology meeting, 1991.
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Tepper et al. (1989) have shown that the anti-tumor effect of IL-4 in vivo
for several tumor types is operational in the athymic (nu/nu) host,
suggesting that a primary role for cytotoxic T lymphocytes is unlikely.

Peace et al. (1988) found that murine riL-4 could generate both T
cell-ike and NK-like LAK cells. However, a 500-fold (2 ng/ml) higher
concentration of IL-4 was required compared to that needed to induce
class Il MHC antigen expression of B cells. On the contrary, several
investigators have found that human riL-4 not only suppressed IL-2-
induced LAK activity but strongly inhibited the induction and function of
LAK in tumor cell killing (Widmer et al.,, 1987; Spits et al., 1988; Gallagher
et al.,, 1988; Gerosa et al., 1988; Keever et al., 1989), thus pointing to the
existence of variability among the immune cells of different species in
response to the species specific IL-4.

While a mechanism involving NK cells remains a theoretical
possibility, the absence of lymphoid cells in the inflammatory lesions at
the tumor rejection site in Tepper's (1989) studies argues against such a
hypothesis. In addition, his preliminary studies indicate that the
anti-tumor effect of murine IL-4 is still operational in the beige (bg/bg)
mouse, which is deficient in NK activity (Roder and Duwe, 1979) and
cytotoxic T cell functions (Saxena et al.,, 1982). These data are further
supported by findings which indicate that human IL-4 inhibits the
augmentation of NK cell activity by IL-2 (Spits et al., 1988; Keever et al.,
1989), and the generation of NK cells (Migliorati et al., 1989).

Finally, the appearance of a striking number of eosinophils, as well
as activated Més, at the tumor site in vivo suggests that mechanisms
independent of the lymphoid system may be operative. The presence of
- activated Més at the site of IL-4 production raises the possibility that

tumoricidal products are derived directly or indirectly from the M¢9.



Among the mediators released by M$s are the reactive oxygen
intermediates (02", HoO2 HO", and '05), which have been correlated with
enhanced ability of Més to kill bacteria (Gabay, 1988), parasites (Wirth et
al., 1989), and tumor cells (Wiltrout and Varesio, 1990). Other tumoricidal
secretory products include IL-1 (Onozaki et al., 1985a, b; Lovett et al.,
1986), tumor necrosis factor (TNF)-a (Urban et al., 1986), and macrophage
colony-stimulating factor (MCSF) which, in turn, could activate M¢ to
produce tumoricidal products such as interferon-a, TNF-o, and GM-CSF
(Warren and Ralph, 1986; Grabstein et al.; 1986a; Ralph and Nakoinz, 1987,
Wieser et al., 1989). Although it has been claimed that murine |L-4
enhances the production of IL-1 (Wolpe et al., 1987) and TNF (Somers and
Erickson, 1988), others (Hurme et al., 1988; Hart et al.,, 1989, 1991; Essner
et al., 1989) have reported that species-specific human IL-4 inhibits IL-1
and TNF synthesis in monocytes and macrophages. While Crawford et al.
(1987) have shown that IL-4 increases the Fc receptor expression of bone
marrow-derived Més, Ralph et al. (1988) found that riL-4 did not stimulate
antibody-dependent cellular cytotoxicity by peritoneal M$s. However, Fan'
et al. (1991) were able to strqngly stimulate both'rapid and slow antibody-
dependent cellular cytotoxicity. These differences may be attributable to
differences in target susceptibility. The tumoricidal activity of IL-4-
activated M®s through a non-specific mechanism remains a possibility
(Alexander, 1973; Kurland et al.,, 1979).

The role of eosinophils in the IL-4-mediated anti-tumor effect also
remains to be defined. Eosinophils are khown to ‘possess antibody-
dependent and -independent phagocytic properties and. play an important
role in controlling certain parasitic infections (Weller and Goetzl, 1979),
and their possible role as anti-tumor effectors has been suggested (Jong

and Klebanoff, 1980). The presence of eosinophils in histologic sections of



human gastric and colonic malignancies has been associated with an
improved prognosis (lwasaki et al., 1986, Pretlow et al., 1983). In their
review, Gleich and Adolphson (1986) have stated that eosinophils produce
tumoricidal proteins and enzymes which include major basic proteins
(Butterworth et al., 1979) and endoperoxidase enzymes. Nathan and
Klebanoff (1982) have prpvided evidence that endoperoxidase enzymes act
synergistically with H,O2 generated by Més, in destroying tumor cells. [t
is currently unknown whether the promotion of eosinophil chemotaxis in
vivo is mediated directly by IL-4 or involves the secondary expression of
other factors known to stimulate eosinophils, such as the eosinophil
chemotactic factor A released by activated mast cells (Gleich and
Adolphson, 1986), platelet aggregating factor (Braquet and Rola-
Pleszczynski 1987), and eosinophil differentiation factor or IL-5
(Sanderson et al., 1986). While IL-4 in conjunction with IL-3 is known to
stimulate mast cells in vitro (Arai et al., 1990), no increase in tissue
mast cells was observed in Giemsa-stained tissue sections studied after

administration of IL-4 in vivo (Tepper et al., 1989)..
1.5. Significance of macrophage activation

The importance of the M$ in the immune system can not be over
emphasized, as indicated by a recent review entitl;ed "Lymphocytes Play
the Music but the M$ Calls the Tune" (Solbach et. al., 1991). Animals will
not survive in the absence of an intact mononuclear phagocytic system
while they will if their lymphoid system is not completely functional
(Esgro et al., 1990). The M¢$ plays many roles including an active role in
the immunosurveillance of cancer. The tumor celly killing by M¢s, which
avoids damaging normal tissue, is apparently not associated with the

development of tumor-specific resistance. The tumoricidal activity



10

appears to be independent of target cell characteristics such as
immunogenicity, metastatic potential, and sensitivity to drugs (Esgro et
al., 1990, Whitworth et al., 1990, Pak and Fidler, 1991). However, the
destruction of tumor cells is, in part, due to the M$ secretory repertoire
(Adams et al., 1981; Nathan, 1982; Johnson et al., 1986; Lefkowitz et al.,
1986; Hamilton and Adams, 1987; Adams and Hamilton, 1988a). Among the
important mediators released by M¢s are the reactive oxygen
intermediates, which have been correlated with an enhanced ability to Kkill
bacteria (Gabay, 1988), parasites (Wirth et al., 1989), and tumor cells
(Wiltrout and Varesio, 1990). The release of these highly reactive oxygen
metabolites is enhanced by the M$ activation factor IL-4 (Phillips et al.,
1990; Redmond et al., 1990; Tan et al., 1990, 1991a, d). The importance of
the reactive oxygen intermediates is further demonstrated in patients
with chronic granulomatous disease where patients with this disease
suffer various chronic inflammatory conditions and infections due to
opportunistic and pathogenic microorganisms because their phagocytes
fail to produce reactive oxygen intermediates (Curnette, 1992).

There are four well-characterized means of assessing M$ activation
_that do not involve cellular interactions between Més and live target cells
(Stein et al.,, 1991): 1) respiratory burst activity with
chemiluminescence?; 2) MHC class |l antigen expression; 3) mannosyi
fucosyl receptor expression; and 4) M$ cytokine release after activation
with M activation factors. The choice of assay depends on the need to
discriminate between 1) resident and elicited, 2) resident and

immunologically active, or 3) elicited and activated M¢s.

2 Analysis of the individual reactive oxygen intermediates can also be tested. For example,
superoxide anion can be measured by the reduction of cytochrome C and hydrogen peroxide by
the dichlorofluorescin diacetate assay using flow .cytometry {Robinson, 1990).
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1.6. Macrophage activation by respiratory oxidative burst

When M$s and other professional phagocytic cells (monocytes, PMNs
and eosinophils) are appropriately stimulated by opsonized
microorganisms, antigen-antibody complexes, chemotactic factors or
other stimuli, a reduced nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidase-dependent respiratory oxidative burst is activated
resulting in the release of reactive oxygen intermediates (Abo et al.,, 1991;
Cross, 1992). These intermediates include superoxide anion (O2°),
hydrogen peroxide (H202), and hydroxyi radicals (OH-). At the outer surface
of the plasma membrane, Oz is released through the univalent reduction of
molecular oxygen, H2O2 by spontaneous dismutation of Oz°, and after a
further univalent reduction of oxygen in H202, OH' is generated (Ellis,
1990). Unstimulated M$s have no detectabie activity of the NADPH oxidase
(Sasada et al., 1983; McPhail and Snyderman, 1983).

-The NADPH oxidase (extensively reviewed by Babior, 1987, 1988;
Segal, 1989; Gallin et al., 1991, Jesaitis and Dratz, 1992) constitutes a
transmembrane electron transport chain containing a flavoprotein and a
cytochrome bssg, with cytosolic NADPH as the donor and oxygen as the
acceptor of a single electron. This cytochrome has been purified and was
found to consist of two subunits, one 60- to 66-kDa and the other 22-kDa
subunits (Pick et al., 1990). Recent experiments have shown that two
cytosolic components of 47-kDa (p47P"°X) and 67-kDa (p67P"°X) form a
complex with the cytochrome bsss. In guinea pig Més, it has been
demonstrated that the two cytosolic components interact with yet a third
cytosolic heterodimer, a small guanosine triphosphate (GTP)-binding
protein p21rac! and the guanosine diphosphate (GDP)-dissociation inhibitor,
rhoGDI (Abo et al., 1991).
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The level of M$ luminol-dependent chemiluminescence has been
demonstrated to be proportional to the rate of reactive oxygen
intermediates formation and thus directly reflects the activity of the
NADPH oxidase (Allen, 1986; Wymann et al., 1987; Tosk et al., 1989).

1.7. Signal transduction in macrophage activation by respiratory

oxidative burst

The identification of extracellular signals modulating cell behavior
is central to cell biology. Progress in this area may uitimately identify
pharmacologic agents capable of selectively modulating the function of
various cells. M®s are of particular interest as they have been shown to
play a significant role in host defense against.microbes and tumors,
homeostasis, and disease such as carcinogenesis and atherogenesis. The
function of M$s in all these roles is stringently regulated by extracellular
signals (Adams and Hamilton, 1987, 1988a; Adams, 1989). Such signals
can stimulate the immediate execution of various complex functions which
include destruction of tumor cells by the release of reactive oxygen
intermediates (Adams and Hamilton, 1984, 1988a, b; Hamilton and Adams,
1987; Baggiolini and Wymann, 1990) or damage of normal cells and tissues
in inflammatory diseases (McCord, 1992). Other extracellular signals can
alter the potential of M$s so that competence to respond to extracellular
signals of the first type is markedly enhanced or diminished.

Physical and chemical changes in receptors, in the membrane itself,
and in other cellular structures occur following ligand interactions with
cell surface receptors (Fig. 1, Shapiro 1988; Jesaitis and Dratz, 1992).

The earliest detectable biochemical changes occur in seconds after the
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increase in number of occupied receptor sites following exposure of cells
to ligand. These include alterations in transmembrane Ca2* and other ion
fluxes resultihg in a change in pH and membrane potential (Shapiro, 1981,
Adams and Hamilton, 1987; Riches et al., 1988; Forman and Kim, 1989).
The major signal transduction pathways utilized by receptors on
eukaryotic cells are those that regulate activity of adenylate cyclase,
polyphosphoinositide-phosphodiesterase, or tyrosine kinase (Rigley and
Hicks, 1991). Emerging evidence (Klaus et al., 1987) indicates that these
second-messenger systems feedback on each other in both a negative and
positive way, suggesting that the summation of signals will drive an
appropriate response. Thus, it appears that the underlying complexities
controlling cell growth and activation lie not in the nature of the signal
generated but the manner in which these signals impinge on each other.
These difficulties are further compounded by the fact that, for IL-4-
mediated M¢$ activation, the types and modes of action of second and/or
third messengers are currently unknown.

We do know, however, a little about the signal transduction pathways
in phagocyte activation leading to the release of reactive oxygen
intermediates by chemoattractants. The signal transductional events of
leukocyte activation by reactive oxygen intermediates production has been
reviewed extensively (Snyderman et al., 1986; Sadler and Badwey, 1988;
Baggiolini and Wymann, 1990; Jesaitis and Dratz, 1992). Within seconds to
minutes, there may be changes in cyclic nucleotide concentrations,
increased protein phosphorylation, and alterations of membrane uptake of
sugars, amino acids, and fatty acids. In polymorphonuclear phagocytes, it
is known that receptor activation by chemoattractants induces
conformational changes in one or more G proteins (Verghese et al.,, 1987;

Baggiolini and Wymann, 1990; McPhail et al.,, 1992). The G protein then
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interacts with and activates a target enzyme, usually a phospholipase
(Snyderman et al., 1986; Gilman, 1987). Several phospholipases are
activated by chemoattractants including phospholipases Az, C, and D
(Verghese et al., 1987; Bauldry et al., 1988; Agwu et al., 1989). It is not
yet clear which phospholipases (A2, C, D) are directly regulated by or
interactive with a receptor-G protein, or whether the activation of the
other phospholipases is due to signalling through second messengers
generated by the first enzyme. The second messengers generated by
phospholipase activation (McPhail et al., 1992) include: 1) inositol-1,4,5-
trisphosphate (IP3) (Berridge, 1987; Berridge and Irvine, 1989; Rana and
Hokin, 1990) and 1,2-diacylglycerol (DAG) (Berridge, 1987; Uhing and
Adams, 1989) by phospholipase C (PLC); 2) phosphatidic acid by PLD, and 3)
arachidonic acid by PLA,. Second messengers exert their signalling
effects by either activating target enzymes/receptors or metabolizing to
other products, some of which are inactive while others are active second
messengers. IP3 binds to receptors on intracellular calcium-storage
organelles and releases calcium (Lew, 1989). Targets for calcium include
protein kinase C (PKC) and calmodulin. DAG is a direct activator of PKC
(Ashendel, 1985) and can also synergize with certain amphiphiles for
activation of PKC, and can directly activate NADPH oxidase in a cell-free
system (Bellavite et al., 1988). In addition, phosphatidic acid and DAG can
be interconverted via the enzymes phosphatidic acid phosphohydrolase and
DAG kinase. Arachidonic acid can also directly activate NADPH oxidase in
a cell-free system (Heyneman and Vercauteren, 1984), as well as be
metabolized to the lipoxygenase products leukotriene Bs4 and 5-
hydroxyeicosatetraenoic acid. These products may bind to their cell-
surface receptors causing further phospholipase activation (Verghese et
al.,, 1987; O'Flaherty et al., 1988).
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The role of the kinases activated by second messengers in NADPH
oxidase activation is still not clear. The correlative approaches and/or
inhibitors used have, thus far, given contradictory results (Lambeth, 1988;
Tyagi et al, 1988; McPhail et al., 1992). PKC can induce activation of
NADPH oxidase in a cell-free system, but activation is much lower than
that obtained with amphiphiles. Several oxidase components, including the
cytosolic components p47prhox, p21"a°“, and possibly cytochrome bssg, are
phosphoprotein and targets for various protein kinases. However,
convincing evidence that phosphorylation of any of these proteins
modulates NADPH oxidase is lacking. Tyrosine kinase activity may also be
important for signalling by chemoattractants. Tyrosine kinases are
activated during stimulation by chemoattractants and cytokines, and
inhibitors of tyrosine kinases block stimulation of the respiratory burst by
these agonists (Gomez-Cambronero et al., 1989; Berkow et al., 1989).
However, no oxidase components are yet known to be substrates for
tyrosine kinases. Possibly, tyrosine kinases partiéipate in an earlier
transductional step in the activation, such as during phospholipase
activation.

Later eventé, such as c-myc expression, synthesis of RNA, size
increases, and expression of cell-surface activation antigens, involve
more complex cell functions including activation of the nucleus and occur
within hours or days (Callard, 1991). Recently, |IL-4 has been
demonstrated to induce the expression of c-myc and c-vfos (Klemsz et al,,
1989; Isfort and Ihle, 1990).

At present, it is not known whether the signal transductional events
of IL-4-mediated M¢ activation by respiratory oxidative burst is similar
to that of PMNs activated by chemoattractants. However, a single pattern

of ionic events has been observed in most of the cell activation processes
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which have been examined to date (Shapiro, 1981, 1988). Following ligand

binding to cell surface receptors, there is a rapid influx of Ca2+*, usually
accompanied by release of intracellular "membrane-bound" Ca?*, and
resulting in a transient rise in free cytoplasmic [Ca?*], which lasts for a
few minutes. There is also typically an increase in intracellular pH,
resulting from Na*/H* exchange or antiport, which can be inhibited by
amiloride. Changes in memb‘rane potential, when thely are observed, can go
either in the direction of depolarization (decrease in transmembrane
potential) or hyperpolarization (increase in transmembrane potential) and

appear to be due primarily to Na* and/or K* shifts across the membrane.
1.7.1. Role of membrane potential

Resting cells maintain large gradients betweien intracellular and
extracellular concentrations of a variety of ions, including Ca2+*, K*, Na*,
and CI- (Shapiro, 1981, 1988). The relative permeability of the membrane
to K+ ions is greater than that to other ions; the leakage of K* ions
establishes an electron countergradient and the cytoplasm becomes
electron negative with respect to the external medium. This K*
electrochemical gradient (Gallin and McKinney, 198]8) is the most

significant contribution to the negative membrane {potential of most

mammalian cells. Maintenance of a large negative; transmembrane
_botential has been postulated to be a control mechanism to arrest cells in
an inactive stage, and changes in cell membrane p’otential (which occur in
various cell types rapidly after binding of ligands [to transmembrane
receptors) have been suggested to be mediators of subsequent physiologic
cellular responses. A confusing aspect of the study of lymphocyte
membrane potential following antigen receptor activation has been the

finding of either hyperpolarization (Tatham and Delves, 1984) or
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depolarization (Cambier et al., 1986). These differential effects may be

related to an inwardly directed calcium current (ca}us‘ing depolarization)

and to activation of calcium-dependent K* channels.‘(causing
‘ :
hyperpolarization). Heterogeneity among PMNs after activation has been

reported with subpopulations which hyperpolarize a|‘nd others which

depolarize (Seligmann et al., 1984). Other reports :‘indicate that there are

species differences in the Ca2+*-sensitive K* chanrfmel activity; for

example, that Con A-induced activity of the calcium-dependent K* channel
hyperpolarizes mouse thymocytes but cannot do so “in pig lymphocytes
because the channel is already maximally activated (Felber and Brand,
1983). The role of membrane potential in IL-4-activated M$s was
determined by using a fluorescent membrane potedtial probe, 3,3'-
dihexyloxa-carbocyanine (DiOCg(3), Shapiro et al., “1979; Lazzari et al.,
1986; Jenssen et al.,, 1986, Dwyer and Cuchens, 1987). The resting
membrane potential of adherent mouse peritoneal h}l¢s and J774 mouse M¢
cell line has been reported to be approximately -70mV (Sung et al., 1985).
In practice, a useful indicator should not itsélf perturb the
membrane potential, either by its very presence on“* by cellular toxicity, and
changes in the partitioning of the indicator should | be readily detectable.

DiOCg4(3), first described by Hoffmann and Laris (1974), belongs to a family

of cationic cyanine dyes (Appendix A), and is a Iibéphilic fluorescent
‘i
(green) dye having a single negative charge delocalized over an extensive

|
pi-electron system in a highly symmetric molecule. This charged

]
lipophilic molecule serves as an indicator of membrane potential, as it
\
partitions between the cell and surrounding medium according to the
Nernst equation: 3‘
X
[C+]c/[C+]0:e‘nFE/RT ‘f

;
§
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where C. and C, are the cytosolic and extracellular ibCe(S)
concentrations, E is the membrane potential, n (equals one) is the positive
charge of the cation DiOCg(3) and F, R and T are the Fgraday and gas
constants, and temperature.

}

Once cells have been equilibrated with DiOCg(3), depolarization of

the cells causes release of dye (decrease fluorescence in the cell) from
the cells into the medium, while hyperpolarization makes the cells take up
additional dye (incfease fluorescence in the cell) from the medium
(Jenssen et al.,, 1986). DiOCg(3) does not adequately represent the new
value of membrane potential until equilibrium has &gain been reached; this

process requires about 5 minutes (min, Shapiro, 1988).

1.7.2. Role of calcium and IP3

Calcium plays an important role as a mediator of transduction of
signals from the cell membrane; changes in intracellular free calcium
concentration ([Ca2*];) are part of the regulation of.diverse cellular
processes (Whitfield, 1990). In PMNs, Ca2* has beeh demonstrated to be
required for the induction of respiratory burst since cells depleted of their
Ca?2+ storage pool fail to produce Oz  or H2O2 in response to agonists
unless extracellular calcium is supplied (Lew et all, 1984). However, it
appears that influx of extracellular calcium is not éssential for the
induction of respiratory burst since the induction cannot be prevented by
chelation of extracellular Ca2*. Interestingly, the influx of extracellular
calcium does contribute to the overall rise in [Ca’-*];‘ (VonTscharner et al.,
1986)..

Eukaryotic cells have an internal calcium ion ‘concentration that is
usually maintained at 100 nM (June and Rabinovitch, 1988), far below the

extracellular environment, by regulation of calcium channels within their
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plasma membranes, and of storage and release of ;Cfaz* from intracellular
sites such as calciosomes, endoplasmic reticulum and mitochondria
(Rasmussen, 1986; Volpe et al., 1988). The transfer:of calcium across the
plasma membrane is regulated by calcium channels|which may be voltage
gated or receptor operated, the 3Na*/Ca2+ antiport, and the Ca2*/2H+*-
ATPase pUmp. Cellular calcium homeostasis is maintained by the
Na+/Ca2+ antiport (a high capacity, low affinity system) and the Ca2+/H+*-
ATPase pump (a low capabity, high affinity system); both extrude calcium
in order to maintain [Ca2*]; within a narrow range. | Plasma membrane
calcium influx is thought to be initiated by membrane depolarization which

opens voltage-gated channels or by the binding of |ligands to receptor

operated channels. The binding of agonist to its specific membrane
receptor causes the activation of a guanine nucleétide binding protein
(Snyderman et al., 1986; Gilman, 1987) which, in turn, activates PLC. PLC
causes the hydrolysis of a membrane phospholipid, phosphatidylinositol
4,5-bisphosphate, which yields water soluble IP; (Berridge, 1987; Berridge
and Irvine, 1989; Rana and Hokin, 1990) and a lipid DAG (Berridge, 1987).
IP3 and perhaps additional products of IP3 metabolism, then cause the
release of calcium from intracellular stores while DAG, at the membrane
and in conjunction with calcium ions, activate PKC (Kikkawa et al., 1989).
The resulting phosphoprotein (phosphorylated by PKC) and Ca2* may be
necessary for the stimulation of NADPH-oxidase (C!)urnette, 1990; Nath and
Powledge, 1990; Pick et al., 1990; Rotrosen et al.! 1990; Segal, 1990) thus
reducing Oz to Oz. Ca2* itself has a broad range of effects, activating a
variety of enzyme systems, both as a cofactor and in conjunction with the
calcium binding protein qalmodulin. While it appears clear that the initial
elevation of ionized calcium is due to the release of intracellular calcium

stores, little is known about the regulation of the influx of calcium from
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extracellular sources that is necessary to sustain the response. Recent

evidence indicates two additional products of IP3, jinositol 1:2-cyclic 4,5-

trisphosphate and inositol 1,3,4,5-tetrakisphosphate,| also have second
messenger function in that they are active in mobilizing cellular stores of
calcium (Zilberman et al.,, 1987; Luckhoff and Clapham, 1992). The
production of inositol 1,3,4,5-tetrakisphosphate may, be regulated in part

by cytosolic calcium concentration.

1.7.2.1. Measurement of change in calcium with indo-1

An optimal indicator of [Ca2*]; should span the range of calcium

concentrations from 100 nM to above a micromolar, with greatest

sensitivity to small changes at the lower end of that range. The response
to transient changes should be rapid and the indicator should freely diffuse
throughout the cytoplasm, but be easily and stably loaded. Finally, the
indicator itself should have little or no effect upon [Ca2*]; or on other
cellular functions and must not be toxic to the cell.| Grynkiewicz et al.
(1985) have described a new family of highly fluorescent indicators of

[Ca2?+]); which overcome most of these difficulties.

Indo-1  ([1-[2-amino-5-[carboxylindol-2-yl]-phenoxy]-2-2'-amino-5'-
methylphenoxy)-ethane-N,N,N',N'-tetraacetic acid) I!mas spectral properties
and, therefore, is the choice indicator for flow cytometry applications, in
which the limited excitation wavelengths make monitoring two different
emissions more practical (Molecular Probes Handbcok, 1989). The
hypsochromic shift of indo-1 in absorption and excitation spectra upon
binding Ca2* is well understood (Tsien, 1980). In order for the nitrogens
(together with their attached acetate groups and the eth'er'oxygens) to
envelope and chelate a Ca2+ ion (Appendix B), the nitrogen ring bonds would

have to twist by nearly 90°, breaking the ring conjugation (485 nm) and
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giving a spectrum of a simple benzene (405 nm). Indo-1 is asssociated
with a 1:1 Ca2* binding stoichiometry and binds with a rather quick
association constant of 5 x 108 - 1x 10° M-1s*! (Jackson et al., 1987).
Rabinovitch et al. (1986) demonstrated that in lymphocytes loaded with
indo-1, the loss of blue and violet fluorescence is about 10% while the
ratio of violet to blue fluorescence loss is only about 4% at 25°C for 4 h.

Thus, indo-1 loaded cells are remarkably stable.
1.7.2.2. Advantages of indo-1 over other [Ca?*]; indicators

As compared to other [CaZ?*]; indicators, indo-1, 1) does not have as
-high an affinity for calcium and, therefore, does not perturb cellular
calcium metabolism nearly as much as quin-2, for example; 2) is
introduced into cells in the form of the permeant indo-1 acetoxymethyl
ester (AM) form, which undergoes hydrolysis by non-specific esterase in
living cells to yield the free dye; 3) has 30-fold greater quantum yield in
terms of fluorescence than quin-2 at a given dye concentration
(Grynkiewicz et al., 1985); 4) compared to quin2 is more selective for
divalent cations (selects for Ca2+ 105 more than for Mg2+) and is not
quenched by heavy metals which are found in the cytoplasm of some cell
lines; 5) undergoes substantial emission_spectral shifts upon binding
calcium; 6) makes ratiometric measurements of cytoplasmic [Ca2+]
possible (which cancel out many extraneous factors including uneven
illumination, light source noise and the effects of cell-to-cell variations
in dye content; the degree of dye loading is independent of dye
concentration, cell thickness, photobleaching and dye leakage, as long as
free dye is washed away); 7) is remarkably nontoxfc to cells subsequent to
loading; and 8) discriminates between live and dead cells as the latter do

not retain the hydrophilic impermeant dye.
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1.7.3. Role of cAMP

It has been known for many years that an accumulation of cAMP
exerts either a positive or negative effect on cell >ac"tivation and growth
(Klaus et al., 1987; Rigley and Hicks, 1991). However, it has recently been
shown that IL-4 induces the activation of adenylate‘ éyclase which leads to
the increased expression of cluster of differentiatioﬁ (CD)23 (high affinity
receptor to IgE) on B cells (Finney et al., 1990). The, requirement of
adenylate cyclase activation for signal transduction Has been well
established in cells posséssing receptors fdr growth factors and hormones
(Sutherland and Rall, 1960; Rickley and Hicks, 1991). To determine, the
role of the second messenger cAMP in the productioq of reactive oxygen
intermediates in IL-4-mediated M$ activation, a series of experiments )
were performed (Chapter 8, Tan et al,, 1992b). It is known that cAMP-
dependent protein kinase (Kammer, 1988; Taylor et al.,, 1990) can
phosphorylate substrate protein containing serine, threonine, or tyrosine
residues. Further introduction to the role of cAMP is briefly described in

Chapter 8 (Tan et al., 1992b)
1.8. Known IL-4-mediated signal transduction

The mechanism of signal transduction by IL-4 is not clear and has
recently been reviewed by Harada et al. (1992). Involvement of
phosphatidylinositol‘turnover, increase in intracellular calcium, cAMP, and
PKC activation in the IL-4 signal transduction pathway is controversial.
Mizuguchi et al. (1986) demonstrated that IL-4 on resting B cells does not
require elevation of inositol phospholipid metabolism or increased
calcium. However, it has been demonstrated that IL-4 activates human B

lymphocytes via a transient inositol lipid hydrolysis (Finney et al., 1990),

1
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an increase in calcium (Finney et al., 1990; Ashida et al., 1990), and a
delayed cAMP generation (Finney et al., 1990). Finney and colleagues
suggested that this is in contrast to that of previous results because
different sources of B lymphocytes were used, and the very rapid and
transient increase in calcium may not have been recognized. Interestingly,
Finney et al. (1991) and Galizzi et al. (1988) found that IL-4 does not have
an appreciable effect on cAMP levels in IL-4-mediated CD23 expression by
murine B cells or the human B cell line Jijoye, respectively. Justement et
al. (1986) and Dancescu et al. (1992) demonstrated that IL-4 did not
stimulate PKC translocation from cytosol to membrane in resting murine B
cells and that IL-4 regulates the expression of CD20 by B cells through a
PKC-independent pathway. In contrast, Chaikin et al. (1990) have reported
that IL-4 increased PKC activity in the membrane fraction of mouse bone
marrow-derived mast cells. One possible explanatiocn for these
dichotomous results is that IL-4 may bind to at least two functionally
distinct types of receptors on target cells (Mosley et al., 1‘989; Finney et
al., 1991). Recent data have suggested that there exist two separate
signal transduction pathways stimulated by IL-4 in B cells, one that is
dependent (IL-4-induced expression of CD23) and the other independent

(IL 4-induced expression of sigM) of the hydrolysis of phosphatidyl

inositol 4,5-bisphosphate and generation of cAMP (Rigley et al., 1991).
One could assume, therefore, that each signal transduction pathway is
coupled to a distinct IL-4R subtype or that IL-4R signalling in different
cells may involve distinct intracellular activation pathways (Nikcevich et
al., 1992). An alternative explanation is that there= may exist a single type
of IL-4R (since only a single high affinity type has been isolated) that

interacts with muiltiple signal transduction components (each different
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type of cell using a unique component) which transmit different
intracellular signals.

In- some factor-dependent mouse myeloid cells, IL-4 clearly induces
protéin tyrosine phosphorylation within 10 min, suggesting a possible
involvement of a tyrosine kinase in IL-4 signal transduction (Moria et al.,
1988; Isfort and lhle, 1990). However, Nikcevich et al. (1992)
demonstrated that IL-4 stimulated tyrosine phosphorylation in some
murihe T cell lines but not in others. Collectively, these data suggest that
IL-4R signalling in different cells may involve distinct pathways.
Interestingly, Idzerda et al. (1990) demonstrated that the cytoplasmic
domain sequence of human IL-4R possesses no sequence homologies with
protein kinases or sequences found at phosphorylation acceptor sites for
protein tyrosine kinases or PKC. They also demonstrated that the murine T
cell line, CTLL, which is stably transfected with the human IL-4R cDNA,
proliferated in response to human IL-4. These results indicate that the
molecularly cloned human IL-4R protein is able to interact with the mouse
signal transduction machinery. Interestingly, about 400 amino acid
residues that form the C-terminus can be deleted without loss of the
biological function of the human IL-4R in mouse stable transfectants,
indicating that the restricted region of the IL-4R is required for
interaction with a signal transducing molecule(s) for proli.feratioh (Harada
et al., 1992). Recently, IL-4 has been demonstrated to induce the
expression of c-myc and c-fos (Klemsz et al., 1989; Isfort and lhle, 1990),

protooncogenes known to be involved in cell activation and proliferation.
1.9. Goals and objectives of the project

In view of the dismal clinical results in treating pancreatic cancer

(Tan and Strong, 1986; Tan et al., 1987a, b), the goal of our early research
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had been to develop in vitro and in vivo hamster models in which protocols
applicable to the treatment of epithelial cancers, e.g. pancreatic cancer,
could be tested. The hamster model was chosen because pancreatic cancer
induced in Syrian Golden hamsters with the PC-1 trahsplantable pancreatic
bancer cell line has been shown to share many characteristics with the
equivalent human disease (Pour et al., 1981; Egami et al.,, 1989). A series
of experiments were performed to activate‘hamster peritoneal Més with
IL-4 to release free reactive oxygen intermediates (Chapter 4, Tan et al,,
1991b). ‘ | |

In mid 1987, it was not known whether murine IL-4 is species-
specific or will cross narrow phylogenetic barriers for biological activity
on hamster M$s. However, it was found later that there is no species
cross reactivity between murine IL-4 and human cells, and human iL-4 and
murine cells (Mosmann et al.,, 1987; Ohara and Paul, 1987) although both
human riL-4 and murine riL-4 cDNA clones share 50% homology at the
amino acid level (as inferred from nucleotide sequence; Yokéta et al.,
1988) and exhibit similar activities in many instances. Later, Leitenberg
and Feldbush (1988) found that murine IL-4 will not induce class Il MHC
antigen expression on rat B cells. To determine tﬁe species specificity of
murine IL-4, a series of experiments was undertaken to determine if
murine IL-4 could activate hamster and rat peritoneal M$s (Chapter 4, Tan
et al., 1991b). | |

Next, the biological activity of IL-4 on murine peritoneal Més was
further characterized (Chapter 5, Tan et al., 1990, 1991d). In this study,
the M$-activating  properties of murine IL-4 on the formation of reactive
oxygen intermediates was evaluated by monitoring zymosan-triggered
chemiluminescent oxidative burst. It was reported that IL-4 induced a

dose-dependent enhancement of chemiluminescence in murine peritoneal
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Mbs triggered with zymosan. In contrast, IL-4 inhibited the zymosan-
triggered chemiluminescence in the J774 murine M$ cell line.

Further work was undertaken to develop a model which could suitably
replace the use of murine peritoneal M$s (Tan et al.,, 1991a, 1992b). The
bone marrow-derived M¢$ (BMM#®) cell line, 14M1.4, responds to IL-4 in a
manner similar to murine peritoneal M¢$s but has advantages that include
shorter kinetics for response, better reproducibility, shorter preparation
time, and avoids the use of animals. These characteristics enabled me to
study the signal transduction mechanism of M¢ activation by IL-4 (Chapter
6-8; Ralph, 1981, 1986; Tan et al.,, 1991¢; Tan ét al., 1992b). Thus, in
using the 14M1.4 BMM¢$ and J774 M¢ cell lines as models, it became
possible to study the contrasting effect of IL-4 on the respiratory
oxidative burst. The yet unknown signal transduction mechanisms of IL-4-
mediated M$ activation was determined at the second/third messenger
levels. Using the 14M1.4 M¢s, the change in mgmbd'ane potential (Chapter
6) and the role of IP3' and calcium (Chapter 7), and cAMP (Chapter 8) as
possible mediators of transduction signals in IL-4-activated M$s were
investigated. An attempt to correlate the tumoricidal activity to the
release 6f reactive oxygen intermediates in IL-4-mediated M¢ activation
in 14M1.4 and J774 M$s was done by assaying c_ytolysis and cytostasis of
tumor target cells (Chapter 9).

Beyond the scope of this dissertation, the long-term goal of this in
vitro study is to determine a protocol whereby mononuclear phagocytes are
activated in vivo by IL-4 to kill host tumor cells. Difficulty in studying
this is expected, however, because it is known that |L-4 (and other
lymphokines), when administered systemically, manifest a very brief half-
life. For example, in cancer patients receiving IL-2 (Koths and Halenbeck, -
1985), the most well studied |ymphokiné, and IL-4 (Custer and Lotze,
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1990), the a distribution phases are approximately 5 and 8 min,
respectively, followed by apparent p clearance phases of approximately
30-40 and 48 min, respectively. One way to circumveﬁt the problem of a
short half life would be to deliver liposome encapsulated IL-4. These
liposomes would be recognized and engulfed by M@s, the first line of
immune defense (Cohn, 1986). Of course, the success .of this proposal will
work only if M$s possess cytosolic receptors for IL-4. 'The concept of
using M¢ activating factors, e.g. M¢ lipopolysaccharide' derivatives,
encapsulated in liposomes has-been demonstrated to be successful
(Kleinerman et al., 1983; Kleinerman and Fidler, 1985; Sone et al., i985;
Fidler, 1985, 1989). If such a treatment regimen wefe applicable in vivo,
it might compfise a néw therapy regimen for patiehts diagnosed as having
cancer. Another alternative might be to conjugate IL-4 to fumor-spécific
or tumor-associated